CD47 regulation of epithelial cell spreading and
migration, and its signal transduction

Masahiko Shinohara,"* Naoko Ohyama,'** Yoji Murata,' Hideki Okazawa," Hiroshi Ohnishi," Osamu Ishikawa?

and Takashi Matozaki'3

'Laboratory of Biosignal Sciences, Institute for Molecular and Cellular Regulation, Gunma University, 3-39-15 Showa-machi,
Maebashi, Gunma 371-8512; and ?Department of Dermatology, Gunma University Graduate School of Medicine, 3-39-22

Showa-machi, Maebashi, Gunma 371-8511, Japan

(Received March 25, 2006/Revised April 24, 2006/Accepted April 25, 2006/Online publication May 13, 2006)

CDA47 is an integrin-associated penta-transmembrane protein that
possesses an immunoglobulin-like domain in its extracellular
region. We have now investigated the role of CD47 in the
regulation of epithelial cell spreading and migration. CD47 is
colocalized with E-cadherin at cell-cell adhesion sites of epithelial
cells. A Ca?* switch experiment showed that CD47 was endocytosed
and then relocalized to cell-cell adhesion sites in a similar manner
to E-cadherin. Such polarized localization of CD47 required the
multiple spanning region of this protein. Forced expression of
CDA47 induced cell spreading with marked lamellipodium formation
and resulted in both partial disruption of cell-cell adhesion and
enhancement of the hepatocyte growth factor-stimulated
scattering of Madin-Darby canine kidney cells. The CD47-induced
cell spreading was blocked by inhibition of Src and mitogen-
activated protein kinase kinase. Thus, these results suggest that
CDA47 participates in the regulation of cell-cell adhesion and cell
migration through reorganization of the actin cytoskeleton in
epithelial cells. This function of CD47 is mediated by the
activation of Src and mitogen-activated protein kinase kinase.
(Cancer Sci 2006; 97: 889-895)

P roper regulation of the formation of cell-cell adhesions
is crucial for a variety of biological functions, such as
maintenance of the integrity of organized tissues, the control
of cell growth and differentiation, and tissue morphogenesis."
In contrast, dysregulation of such formation participates, in part,
in the promotion of invasion and metastasis of cancer cells. In
polarized epithelial cells, cell-cell adhesion is mediated by a
number of adhesion molecules, such as claudin at tight junctions,
and E-cadherin and nectin at adherens junctions.® These
adhesion molecules play central roles in the maintenance of cell
adhesion through homophilic binding in trans. These molecules
have also been implicated as participants in intercellular
signaling, which regulates cell spreading and migration by
reorganization of the actin cytoskeleton.® In addition to these
adhesion molecules, integrins, which are commonly present
at the contact sites between cells and the extracellular matrix,
are also localized at cell—cell adhesion sites and play multiple
roles in epithelial cell functions.*>

CD47, also known as integrin-associated protein, was originally
identified in association with the integrin owv3.© It is a member
of the Ig superfamily, possessing an Ig-V-like extracellular region,
five putative transmembrane domains, and a short cytoplasmic
tail.”’ The extracellular region of CD47 is responsible for its
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association with the integrin B3 subunit. Although most CD47-
mediated cellular responses likely involve the activation of
integrins, in particular owvB3 and oIIbB3,” the molecular
mechanism of such activation is not fully understood. CD47
is implicated in the regulation of multiple cellular processes
including neutrophil migration,®” platelet spreading"® and
Langerhans cell migration,'? all of which are processes that
require rearrangement of the actin cytoskeleton. More recently,
in N1E-115 neuroblastoma cells or cultured neurons, it was found
that CD47 promotes neurite and filopodium formation.'? Thus,
CDA47 regulates multiple cell functions by controlling the actin
cytoskeleton. Certain cellular responses triggered by CD47
appear to be mediated by the PTX-sensitive heterotrimeric G
protein G,.”” In addition, Rac and Cdc42 has also been implicated
to participate in the CD47-elicited promotion of polarity in B
cells"® and neurite formation."? In addition to integrin, the
extracellular region of CD47 binds the putative ligands
thrombospondin-17" and SHPS-1.1 SHPS-1 is a receptor-like
transmembrane protein that contains three Ig-like domains in
its extracellular region.!> We have recently shown that binding
of SHPS-1 to CD47 further enhances CD47-promoted neurite
and filopodium formation.?

CD47 is expressed and localized at cell-cell junctions of
intestinal epithelial cells.”” However, the physiological roles
of CD47 in regulation of cell adhesion, spreading and migra-
tion of epithelial cells, and the mode of such actions of
remain mostly unknown. Therefore, we have now investi-
gated the role of CD47 in the regulation of cell spreading and
migration and downstream signals for CD47 in cultured
epithelial cells.

Materials and Methods

Antibodies and reagents
Hybridoma cells producing rat mAb to mouse CD47 (miap 301)
and rat P84 mAb to mouse SHPS-1 were kindly provided by
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P.-A. Oldenborg (Umed University, Umed, Sweden) and C. F.
Lagenaur (University of Pittsburgh, Pittsburgh, PA, USA),
respectively. The mAb were purified from serum-free culture
medium of the cells by affinity chromatography with protein
G-sepharose 4 Fast Flow (Amersham Biosciences, Piscataway,
NJ, USA). A mouse mAb to the Myc epitope tag (9E10) was
also purified from culture supernatants of hybridoma cells. A
rat mADb to mouse E-cadherin (ECCD2) was from Takara Bio
(Shiga, Japan). A rabbit polyclonal antibody to mouse ZO-1
was from Zymed (South San Francisco, CA, USA). A mouse
mADb to human CD8 was from eBioscience (San Diego, CA,
USA). Alexa488-conjugated goat antimouse, antirabbit and
antirat IgG (Invitrogen, Carlsbad, CA, USA) were used as
secondary antibodies. Rhodamine-conjugated phalloidin was
from Invitrogen. PD98059, PP2 and PP3 were from EMD
Biosciences (Darmstadt, Germany), and U0126 was from
Promega (Madison, WI, USA). Recombinant human HGF was
from WAKO Pure Chemicals (Osaka, Japan). Wortmannin was
from Sigma (St Louis, MO, USA). PTX was kindly provided
by F. Okajima (Gunma University, Gunma, Japan).

Plasmids

Plasmids (pCAGGS vectors) encoding mouse wild-type CD47,
the CD47 deletion mutant CD47ACterm (lacking amino acids
290-321), the chimeric protein CD47EX-TM (the extracellular
Ig region of mouse CD47 fused to the transmembrane
region and proximal portion of the cytoplasmic tail of
SHPS-1), and the chimeric protein CD8-CD47MMS (the
extracellular Ig region of human CD8 fused to the multiple
membrane-spanning domains and short cytoplasmic tail of
mouse CD47) were generated and preparated as described
previously.!?

Cell culture and transfection

Madin—Darby canine kidney cells and MTD-1A cells were
kindly provided by Y. Takai (Osaka University, Osaka, Japan)
and by T. Sasaki (Tokushima University, Tokushima, Japan),
respectively. All cells were cultured in DMEM supplemented
with 10% FBS at 37°C under a humidified atmosphere of 5%
CO, in air. For the generation of MDCK cells expressing mouse
CD47 (MDCK-CD47), MDCK cells were transfected with 1 pg
of pTracer-CMV containing wild-type mouse CD47 cDNA
using 3 UL of Lipofectamine 2000. The cells were selected
with 100 ug/mL of Zeozin (Invitrogen). Several cell lines
expressing mouse CD47 were identified by immunostaining
with a mAb to CD47. Among them, clone #9 was used for
the following experiments.

Immunofluorescence microscopy

Immunofluorescence microscopy was carried out as
described previously.!'® Briefly, the cells were fixed with 4%
formaldehyde in PBS for 10 min at RT, permeabilized with
0.2% Triton X-100 in PBS and blocked with 10% FBS in
PBS for 30 min at RT. The cells were treated with the first
antibody in 10% FBS/PBS for 1h. The cells were then
washed with PBS three times, followed by incubation with
the second antibody in 10% FBS/PBS for 1 h. After the cells
were washed with PBS three times, they were examined with
a confocal laser scanning microscope (LSM Pascal; Zeiss,
Oberkochen, Germany) as described previously.'?
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Ca% switch assay

The Ca®* switch experiments using MTD-1A cells were
performed as described previously.!7'® Briefly, the cells (5 x 10%)
were seeded in 35-mm dishes. After 48 h, the cells were washed
with PBS and cultured at a normal Ca?* concentration (2 mM) in
DMEM without serum for 4 h. The cells were then cultured
at a low Ca* concentration (2 UM in DMEM with 5 mM ethylene
glycol bis-(B-aminoethylether)-N,N,N’N’-tetraacetic acid)
for 2 h. After culturing, cells were washed with PBS and cultured
at normal Ca** in DMEM without serum for the indicated periods
of time. The cells were then fixed and immunostained.

Scattering assay

Madin-Darby canine kidney and MDCK-CD47 cells (1 x 10%)
plated in 35-mm dishes were serum deprived for 24 h. They were
then cultured with medium containing HGF (10 ng/mL). The cells
were imaged with a phase-contrast light microscope (model
DMIRBE; Leica, Wetzlar, Germany) equipped with a cooled
charge-coupled device camera (model Pengunin 600 CL; Pixera,
Los Gatos, CA, USA) at the indicated time points after addition
of HGF.

Assays for cell spreading and formation of lamellipodia
and filopodia

To determine the cell spreading and formation of lamellipodia
and filopodia, MDCK and MDCK-CD47 cells (1 x 10° cells)
were plated in 35-mm dishes and, after 1 h, were fixed and
immunostained with rat mAb to mouse CD47 or with rhodamine-
conjugated phalloidin. Alternatively, MDCK and MDCK-CD47
cells (1 x 10* cells) were cultured for 12 h in the absence or
presence of inhibitors for Src or MEK. The cells were then
fixed and stained with rhodamine-conjugated phalloidin or
with the mAb to E-cadherin.

Results

Localization of CD47 and SHPS-1 in cultured

epithelial cells

We first examined the localization of CD47 and its ligand SHPS-1
in mouse breast cancer-derived epithelial cells, MTD-1A. The
immunoreactivity of CD47 was detected at cell—cell adhesion
sites and colocalized with cortical actin as well as E-cadherin
and ZO-1, which are known to be localized at cell—cell adhesion
sites of epithelial cells (Fig. 1A).%!” However, the low but
detectable immunoreactivity of SHPS-1, a ligand for CD47,
was observed diffusely in the cytoplasm of cells and was not
localized at cell—cell adhesion sites (Fig. 1A).

Some junctional proteins, such as E-cadherin, were shown
to be endocytosed in response to a reduction of Ca® in the
medium and, subsequently, to be recruited to cell-cell adhe-
sion sites when the concentration of Ca?* in the medium was
returned to normal levels.!7'® Indeed, the reduction of Ca**
in the medium induced the disruption of cell-cell adhesions
between MTD-1A cells, followed by the disappearance of
E-cadherin and cortical actin from cell—cell adhesion sites
2 h after treatment (Fig. 1Be,f,i,j). Similar to such changes,
CD47 also disappeared from the cell—cell adhesion sites in
response to the reduction in medium Ca* (Fig. 1Ba,b). In
contrast, the increase in medium Ca?* induced the relocaliza-
tion of E-cadherin and cortical actin to the cell-cell adhesion
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Fig. 1. Localization of CD47 and Src homology
2 domain-containing protein tyrosine
phosphatase substrate-1 (SHPS-1) in MTD-1A
cells. (A) MTD-1A cells were immunostained
with a monoclonal antibody (mAb) to mouse B
CD47, a mAb to mouse E-cadherin, a rabbit
polyclonal antibody to mouse ZO-1, or a mAb

to mouse SHPS-1. Alexa488-conjugated goat
antimouse, antirabbit or antirat immuno-
globulin (Ig) G was used as a secondary
antibody. F-actin was visualized by staining

with rhodamine-conjugated phalloidin. Scale
bar = 10 um. (B) MTD-1A cells were treated

with low or high Ca?* conditions as indicated.

The cells were then fixed, followed by
immunostaining with (a—d) a mAb to mouse
CD47, (e-h) a mAb to mouse E-cadherin, or

(i-l) rhodamine-conjugated phalloidin (F-
actin). (a,e,i) Normal Ca?*, MTD-1A cells were
cultured in medium containing 2 mM Ca?.
(b,f,j) Low Ca*, cells were cultured in
medium containing 2 uM Ca? for 2 h. Low

Ca?* Normal Ca?, cells were precultured with

2 uM Ca* for 2 h and subsequently cultured

in medium containing 2 mM Ca* (c,g,k) for

1h or (d,h,l) for 2 h. Scale bar= 10 um. All
results shown are representative of three
separate experiments.

CD47

E-cadherin

F-actin

sites (Fig. 1Bg,h,k,1). CD47 was also relocalized to the cell-
cell adhesion sites in response to the reincrease in medium
Ca*, although such a change was delayed slightly, com-
pared with that apparent with E-cadherin (Fig. 1Bc,d).
Thus, both CD47 and E-cadherin were endocytosed and
relocalized to cell—cell adhesion sites by a Ca*" switch in a
similar manner.

Determination of the regions of CD47 required for
junctional localization, and induction of lamellipodium
formation by CD47 in MDCK cells

We next determined which regions of CD47 are required for
localization of CD47 at the cell—cell adhesion sites. For this
purpose, we used a plasmid containing a cDNA that encodes
a mouse CD47 mutant lacking the short cytoplasmic tail at
the COOH terminus (CD47ACterm). In addition, we also used
plasmids containing two cDNAs encoding chimeric proteins:
one encoding the extracellular Ig region of mouse CD47 fused
to the transmembrane region and proximal portion of the
cytoplasmic tail of mouse SHPS-1 (CD47EX-TM), and the
other encoding the extracellular Ig region of human CD8 fused
to the multiple membrane-spanning domains and short cyto-
plasmic tail of mouse CD47 (CD8-CD47MMS). Expression of
either wild-type mouse CD47 (CD47WT) or CD47ACterm in
MDCK cells showed marked localization of these exogenously
expressed proteins at cell-cell adhesion sites (Fig. 2). Expression
of CD8-CD47MMS also showed marked localization of this
chimeric protein at cell—cell junctions (Fig.2). In contrast,
CDA47EX-TM failed to be localized to cell—cell adhesion sites
and its expression was observed diffusely in the cytoplasm
(Fig. 2).
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Fig. 2. Determination of the regions of CD47 required for junctional
localization and induction of lamellipodium formation by CD47 in
Madin-Darby canine kidney (MDCK) cells. Schematic representation
of the CD47 mutants studied. MDCK cells were transfected with a
vector for CD47WT, CD47ACterm, CD47EX-TM or CD8-CD47MMS, as
indicated. At 48 h after transfection, the cells were fixed and stained
with rhodamine-conjugated phalloidin (red); those transfected with
the CD47 vector were also immunostained with a monoclonal
antibody (mAb) to CD47 or a mAb to human CD8 (green). The stained
cells were analyzed with a conforcal laser scanning microscope.
Magnified images of areas indicated in the upper panels are shown
in the lower panels. Arrow heads indicate lamellipodia. Scale bar
= 10 um. Results are representative of three separate experiments.

Forced expression of CD47WT or that of CD47ACterm
also induced marked lamellipodium formation in MDCK
cells (Fig. 2). Expression of CD8-CD47MMS also showed
lamellipodium formation, although its effect was less than
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that of CD47WT or CD47ACterm (Fig. 2). However, expression
of CD47EX-TM failed to induce lamellipodium formation
(Fig. 2). Thus, these data suggest that the forced expression
of CD47 induces lamellipodium formation. The multiple
membrane-spanning domains of CD47 are required for
both localization of CD47 at cell-cell adhesion sites and
lamellipodium formation by this protein.

Effects of forced expression of CD47 on cell-cell adhesion,
spreading and migration of MDCK cells

We next generated MDCK cells (MDCK-CD47) that expressed
wild-type mouse CD47 stably. Expression of mouse CD47
protein in MDCK-CD47 cells was confirmed by immunostaining
(Fig. 3B). Parental MDCK cells formed cell—cell adhesions
with adjacent cells, and both E-cadherin and cortical actin
filaments were localized to these adhesion sites (Fig. 3A). In
contrast, MDCK-CD47 cells spread markedly compared with
parental MDCK cells, their cell-cell adhesions were partly
disrupted and E-cadherin staining was markedly diminished
in the subconfluent culture (Fig. 3A,B). HGF is known to
stimulate the migration of MDCK cells.?” Indeed, HGF induced
the migration of parental MDCK cells in a time-dependent
manner (Fig. 3C). Forced expression of CD47 further promoted
the HGF-stimulated migration of MDCK cells (Fig. 3C).
Thus, these data suggest that CD47 regulates cell migration
positively in cooperation with stimulation by growth factor
through reorganization of the actin cytoskeleton.

Participation of Src and MEK in the CD47-induced cell
spreading of MDCK cells

We next tried to find the downstream signaling molecules
responsible for CD47-induced cell spreading in MDCK cells.
A PTX-sensitive G; is thought to mediate CD47-dependent
cellular responses such as cell spreading and platelet
activation.” In addition, the spreading of platelets induced by
CDA47 is sensitive to the phosphoinositide 3-kinase inhibitor
wortmannin.?" However, neither PTX nor wortmannin inhibited
CD47-induced cell spreading or the formation of lamellipodia
in MDCK-CD47 cells (data not shown). In contrast, treatment
of MDCK-CD47 with PP2, an inhibitor of the Src family of
kinases,”” markedly inhibited cell spreading and partly
recovered the localization of E-cadherin and cortical actin
filaments at cell—cell adhesion sites (Fig.4g). PP3, an inactive
analog of PP2, did not affect the morphology of MDCK-CD47
cells (Fig. 4h). Furthermore, neither PP2 nor PP3 affected
the morphology of parental MDCK cells (Fig. 4b,c). We next
investigated the effects of two different MEK inhibitors:
PD98059 and U0126.?% Treatment of MDCK-CD47 cells
with either PD98059 or U0126 prevented cell spreading and
formation of lamellipodia and partly recovered the localization
of E-cadherin and cortical actin filaments at cell-cell adhesion
sites (Fig. 4i,j). These data thus suggest that activation of a Src
family kinase or the MEK/MAPK pathway contributes to cell
spreading and formation of lamellipodia induced by forced
expression of CD47 in MDCK cells.

Discussion

We have shown that CD47 is localized to the cell—cell
adhesion sites of cultured epithelial cells, together with
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E-cadherin and ZO-1. In addition, CD47 was endocytosed in
response to low levels of Ca?* in the medium, whereas it was
relocalized to cell—cell adhesion sites by high levels of Ca**
in the medium. Such changes in CD47 localization were well
correlated with those of E-cadherin. In addition to E-cadherin,
other adhesion molecules (such as claudin-1 and occludin),
E-cadherin-associated proteins (such as o-catenin) and HGF
receptor c-Met were shown to be endocytosed or relocalized
by a medium-Ca®* switch, whereas neither nectin-1, an IgG-
like transmembrane protein, nor ZO-1 were endocytosed in
response to low levels of Ca?* in the medium."®* Thus, CD47
is a new junctional membrane protein that is colocalized with
and translocated similarly to E-cadherin. However, E-cadherin is
known to be linked to the actin cytoskeleton through peripheral
membrane proteins, including o-catenin and [-catenin, which
bind the cytoplasmic tail of E-cadherin.!"? Similarly, claudin
and occludin are also associated with the actin cytoskeleton
through the peripheral membrane proteins ZO-1, ZO-2 and
70-3.29 Complex formation of E-cadherin with o-catenin or
[B-catenin, or that of claudin or occludin with the ZO proteins
is required for localization at cell-cell adhesion sites.*” We
found that localization of CD47 at cell-cell adhesion sites
requires the multiple membrane-spanning region but not the
extracellular region of this protein. The precise molecular
mechanism for localization of CD47 at cell-cell adhesion
sites remains unknown; however, it is possible that the multiple-
spanning region of CD47 might bind an as yet unidentified
protein, which couples CD47 to the actin cytoskeleton.

The biological significance of CD47 localization at cell-
cell adhesion sites may be to regulate cell-cell adhesion and
of cell spreading. We found that forced expression of CD47
did indeed induce formation of lamellipodia at cell edges and
a marked spreading of cells in MDCK cells. The multiple-
spanning region of CD47 is required for lamellipodium for-
mation. However, expression of CD8-CD47MMS exhibited a
small effect on lamellipodium formation, suggesting that the
extracellular region of CD47 also, in part, participates in the
formation of lamellipodia. In addition, forced expression of
CD47 induced a partial disruption of cell-cell adhesions and
promotion of the HGF-stimulated scattering of MDCK cells.
Thus, these data suggest that CD47 regulates cell migration
positively in cooperation with stimulation by growth factor
through reorganization of the actin cytoskeleton.

We have shown that treatment of MDCK-CD47 cells with
inhibitors of Src family kinases or of MEK markedly inhibits
cell spreading. It also recovered the formation of cell—cell
adhesions in MDCK-CD47 cells. In contrast, treatment of
MDCK-CDA47 cells with these inhibitors induced enlargement
of cell size. Inhibitors may not completely block the effect of
CD47 on cell spreading. The mechanism by which CD47
activates a Src family kinase and thereby promotes cell spreading
and formation of lamellipodia is currently unknown. Integrin
may participate, at least in part, in the CD47-induced activa-
tion of a Src family kinase, because Src is recruited to the B3
subunit of integrin and is thereby activated in response to
engagement of integrin.®® In addition, it is shown that Rac
and/or Cdc42 participate in the CD47-induced promotion of
migration in B cells,"® and in CD47-induced neurite formation.'?
Furthermore, the GEF activity of FRG for Cdc42 is increased
by tyrosine phosphorylation of this protein by Src.*” The
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Fig. 3. Effects of forced expression of CD47 on the formation of cell-cell adhesions, spreading and migration of Madin-Darby canine
kidney (MDCK). (A) MDCK (upper panels) or MDCK-CD47 (lower panels) cells were fixed and immunostained using a monoclonal antibody
(mAb) to E-cadherin (green), followed by staining with rhodamine-conjugated phalloidin (red). Scale bar = 10 um. (B) MDCK (right panel)
or MDCK-CD47 (left panel) cells were plated onto dishes. After 1 h of culture, cells were fixed and immunostained with a mAb to mouse
CDA47 (green). Scale bar = 10 um. (C) MDCK (upper panels) or MDCK-CD47 (lower panels) cells (1 x 10%) were serum deprived for 12 h and
subsequently cultured with medium containing 10 ng hepatocyte growth factor (HGF). The cells are shown at the time points indicated after
addition of HGF. Scale bar = 50 um. All results are representative of three separate experiments.
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Fig. 4. Participation of Src and mitogen-activated protein kinase kinase (MEK) in CD47-induced cell spreading in Madin-Darby canine
kidney (MDCK) cells. MDCK (upper panels) or MDCK-CD47 (lower panels) cells (1 x 10%) were cultured 12 h in (a,f) the absence or (b,g) the
presence of 20 uM PP2, (c,h) 20 uM PP3, (d,i) 50 uM PD98059 or (e,j) 2 uM U0126. The cells were fixed and immunostained with a
monoclonal antibody to E-cadherin (green), followed by staining with rhodamine-conjugated phalloidin (red). Scale bar = 10 um.

activity of Vav2, another GEF for Rac, is also increased by
tyrosine phosphorylation.®%3) Thus, it is possible that forced
expression of CD47 induces activation of Src and subsequent
activation of GEF such as FRG or Vav2. The mechanism by
which CD47 induces activation of the MEK/MAPK pathway
is also unknown at present. However, it was shown recently
that CD47-induced neurite formation in cortical neurons is
blocked by inhibitors of MEK and that expression of CD47
does indeed induce activation of MAPK.®?

Overall, the present study has shown that CD47 participates
in the regulation of cell—ell adhesion and cell migration through
reorganization of the actin cytoskeleton in epithelial cells.
This function of CD47 is mediated by the activation of Src
and MEK/MAPK. CD47 is known to be markedly upregulated
in cancers such as ovarian carcinoma.” Thus, the present
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