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Cardiac CD47 Drives Left Ventricular Heart Failure Through
Ca”*-CaMKII-Regulated Induction of HDAC3
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Background—Left ventricular heart failure (LVHF) remains progressive and fatal and is a formidable health problem because
ever-larger numbers of people are diagnosed with this disease. Therapeutics, while relieving symptoms and extending life in some
cases, cannot resolve this process and transplant remains the option of last resort for many. Our team has described a widely
expressed cell surface receptor (CD47) that is activated by its high-affinity secreted ligand, thrombospondin 1 (TSP1), in acute
injury and chronic disease; however, a role for activated CD47 in LVHF has not previously been proposed.

Methods and Results—In experimental LVHF TSP1-CD47 signaling is increased concurrent with up-regulation of cardiac histone
deacetylase 3 (HDACS3). Mice mutated to lack CD47 displayed protection from transverse aortic constriction (TAC)-driven LVHF
with enhanced cardiac function, decreased cellular hypertrophy and fibrosis, decreased maladaptive autophagy, and decreased
expression of HDACS3. In cell culture, treatment of cardiac myocyte CD47 with a TSP 1-derived peptide, which binds and activates
CDA47, increased HDAC3 expression and myocyte hypertrophy in a Ca?*/calmodulin protein kinase Il (CaMKIl)-dependent manner.
Conversely, antibody blocking of CD47 activation, or pharmacologic inhibition of CaMKIl, suppressed HDAC3 expression,
decreased myocyte hypertrophy, and mitigated established LVHF. Downstream gene suppression of HDAC3 mimicked the
protective effects of CD47 blockade and decreased hypertrophy in myocytes and mitigated LVHF in animals.

Conclusions—These data identify a proximate role for the TSP1-CD47 axis in promoting LVHF by CaKMIIl-mediated up-regulation of
HDACS3 and suggest novel therapeutic opportunities. (/ Am Heart Assoc. 2014;3:e000670 doi: 10.1161/JAHA.113.000670)
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L eft ventricular heart failure (LVHF) affects over 5 million
people in the United States and includes >650 000 new
cases each year, with heart transplantation offered to only
~2000 patients annually." In less than 30 years, the mortality
from LVHF has risen 135%, with the 5-year mortality
approaching 50%.2* With the aging of the U.S. population
and subsequent increase in incidence, LVHF continues to
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grow in importance as a public health issue.® Despite
therapies targeting the neurohormonal activation that accom-
panies LVHF,® the morbidity and mortality associated with
cardiac hypertrophy and failure remain high.?

We have identified a ligand-receptor interaction, between
the secreted matricellular protein, thrombospondin 1 (TSP1),
and the widely expressed cell receptor, CD47,” that promotes
cell injury,® in part through inhibition of the nitric oxide (NO)-
signaling pathway.”'> New data also suggest that TSP1,
through CD47, is a direct activator of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase to increase reactive
oxygen species (ROS) production.' These findings are impor-
tant because dysregulated NO'* and pathologic ROS produc-
tion™ play arole in promoting heart failure (HF). TSP1 transcript
had been reported to be increased'® and decreased'” in
ventricular biopsies from LVHF patients. However, a role for
TSP1-CD47 signaling in LVHF has never been described.

We now find that the TSP1 expression is increased in
experimental LVHF. Mice lacking CD47 were protected from
transverse aortic constriction (TAC)-driven pressure overload
LVHF. Sensitivity to pressure overload-induced LVHF in wild-
type (WT) animals correlated with increased expression of
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calcium/calmodulin-dependent protein kinase Il (CaMKII).
Downstream analysis of histone deacetylases (HDACs) 1
and 2,"®" previously implicated in heart disease, demon-
strated HDAC3 suppression concurrent with decreased myo-
cyte hypertrophy and attenuated ventricular fibrosis post-TAC
in CD47-null left ventricular (LV) tissue samples. Treating
cardiac myocytes with a TSP 1-derived peptide (that binds and
activates CD47) up-regulated both CaMKIl and HDAC3 and
stimulated cellular hypertrophy. Conversely, blocking activa-
tion of CD47 with a CD47 antagonist antibody (Ab) sup-
pressed HDAC3 expression, decreased cell hypertrophy, and
mitigated established LVHF. Finally, in TAC-challenged mice
gene suppression of HDAC3 mimicked CD47 blockade and
limited myocyte hypertrophy and LVHF. We herein identify
activated CD47 as a proximate regulator of HDAC3 signaling
to promote LVHF.

Material and Methods

Animals

All experimental protocols were performed according to an
approved University of Pittsburgh Institutional Animal Care
and Use Committee (IACUC) protocol and National Institutes
of Health (NIH; Bethesda, MD) guidelines. Male C57BL6 WT
and CD47-null mice (strain B6.129S7-Cd47tm1Fpl/J; The
Jackson Laboratory, Bar Harbor, ME) and Sprague-Dawley rats
(Charles River Laboratories, Wilmington, MA) were maintained
on 12-hour light/dark cycles and had ad libitum access to
water and standard rodent chow.

Isolation of Rat Neonatal Cardiac Myocytes

Cardiac myocytes were isolated from ventricular myocardium
of 2-day-old Sprague-Dawley rats by enzymatic digestion, as
we have described previously.?°

Human LV Samples

As part of an ongoing investigational protocol approved by the
University of Pittsburgh/University of Pittsburgh Medical
Center (UPMC; Institutional Review Board [IRB] No.:
0404033), LV samples were obtained from a cohort of
nonischemic end-stage HF patients (n=4) at the time of HT
and control patients (n=5).

TAC Pressure Overload Model and Terminal
Hemodynamic Analysis
LVHF was induced in mice by TAC, and after indicated time

intervals, terminal hemodynamic analysis was performed by
open-chest ventricular catheterization, as we have described

previously.?" After euthanasia, all animals were flushed with
normal saline to remove blood from the systemic and
pulmonary vasculature before harvesting of LV tissue
samples.

Immunohistology

Cryostat sections (5 to 7 pm) were washed three times with
PBS, followed by 3 washes of 0.5% BSA in PBS. Sections were
blocked with 2% BSA solution for 60 minutes. Slides were
incubated with a collagen | Ab at 1:100 dilution in 0.5% BSA
solution. Slides were washed with BSA solution and incubated
with CY3 goat anti-rabbit secondary Ab in combination with
1:250 dilution of the F-actin dye, rhodamine phalloidin. Nuclei
were stained with Hoescht dye for 30 seconds. Images were
obtained using an Olympus Fluoview 1000 confocal micro-
scope (Olympus America Inc., Bethlehem, PA) equipped with a
x40 oil (1.3 NA) immersion optic. Rat neonatal cardiac
myocytes (RNCMs) were fixed for 20 minutes with 2%
paraformaldehyde (PFA), then permeabilized, blocked, and
incubated with either primary Ab for HDAC3 (ab16407;
Abcam, Cambridge, MA) or pHDAC3 (3815S; Cell Signaling
Technology, Danvers, MA), followed by a CY3 goat anti-rabbit
secondary Ab (Jackson ImmunoResearch, West Grove, PA)
and Alexa 647 phalloidin (Invitrogen, Carlsbad, CA). Nuclei
were stained with Hoescht dye. Fluorescent images were
captured with an Olympus Fluoview 1000 confocal micro-
scope (software version 2.01; Olympus America Inc.) and
analyzed with NIS Elements (version 4.13; Nikon Instruments
Inc., Melville, NY).

Assessment of Apoptosis

Apoptosis analysis of LV tissue sections was done employing
a terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay kit (Roche Molecular Biochemicals,
Indianapolis, IN) as per the manufacturer’s instructions.

Western Protein Analysis

LV and RNCM homogenates were prepared from tissue or cell
samples using ice-cold radioimmunoprecipitation assay (RIPA)
lysis buffer, centrifuged, and the supernatant stored at —80°C
for future analysis. Protein extracts were separated on 10%
Bis-Tris gels or AnyKD precast gels in parallel. Proteins were
then transferred to a nitrocellulose membrane, blocked with
blocking buffer for 1 hour, and then probed with the
respective primary and secondary Abs. Blots were scanned
on an Odyssey system imager, and relative band intensities
were quantified by densitometry using Image] software (NIH),
with samples normalized to the corresponding B-actin of
lamin B1 values.
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Separation of Cell Membrane and Nuclear
Fractions

LV and RNCM homogenates were prepared using ice-cold
fraction isolation lysis buffer by way of a glass homogenizer
and cell scraper, respectively. Homogenates were centri-
fuged to remove the nucleus. The supernatant was further
centrifuged to separate the membrane fraction from the
cytosol.

Myocyte Size Analysis

Quantitative image analysis was performed for cardiac
myocyte size (hypertrophy) in LV tissue slides and in isolated
RNCMs and quantified using image analysis Image) software
(NIH).

Myocyte Calcium Signaling Analysis

Cells were seeded on 35-mm glass-bottomed dishes and
incubated with the calcium indicator, Fluo-4 AM, for 20 min-
utes, and treated with 0.5 mmol/L of the ryanodine receptor
2 inhibitor, tetracaine hydrochloride, followed by peptide
7N3 (10 pumol/L). Images were acquired employing a
closed, thermo-controlled incubator atop the motorized stage
of an inverted Nikon TiE fluorescent microscope (Nikon
Instruments).

mRNA Analysis

RNA was extracted from human LV samples using a Qiagen
RNeasy kit (Qiagen, Germantown, MD). cDNA was generated
using the Superscript First-Strand Synthesis System for real-
time polymerase chain reaction (RT-PCR). Relative concentra-
tions of TSP1 and CD47 mRNA as well as atrial natriuretic
peptide (ANP), B-type natriuretic peptide (BNP), beta myosin
heavy chain (B-MHC), and alpha skeletal actin («-SKA) mRNA
were normalized to the housekeeping genes, hypoxanthine
phosphoribosyltransferase (HPRT), and B-actin, respectively.

Morpholino Oligonucleotide Gene Suppression

RNMCs were treated for 48 hours with the target or
nonspecific oligonucleotide morpholino (20 pmol/L; Gene-
Tools, Philomath, OR). Protein suppression after treatment
with the targeting morpholino was confirmed by Western
immunoblot of cell lysate.

In Vivo CD47 Blockade

Ten-week-old male C57BL/6 (CD47*/") mice subjected to
TAC were treated with a CD47-blocking Ab (clone 301;
0.4 pg/g body weight in 150 pL of sterile normal saline IP

weekly; Santa Cruz Biotechnology, Santa Cruz, CA) beginning
1 week postsurgery.

In Vivo HDAC3 Suppression

Ten-week-old male C57BL/6 (CD47"/*) mice subjected to
TAC were treated with an HDAC3-targeting morpholino
(7 mg/kg body weight in 150 pL of sterile normal saline IP)
every 4 days beginning 1 week postsurgery.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
software (V6.0; GraphPad Software Inc., La Jolla, CA) and
R-3.1.0 (http://cran.cnr.berkeley.edu/). In cases where
samples sizes of treatment groups were small (n=3),
nonparametric comparison of differences between multiple
experimental groups were analyzed by Kruskal-Wallis’ test,
followed by Dunn’s post-hoc test for multiple comparisons.
For nonparametric comparison of difference between just two
experimental groups, Mann-Whitney’s exact test was per-
formed. In other instances, parametric 1-way ANOVA and
Tukey’s honestly significant different (HSD) post-hoc test for
multiple comparisons was performed. P<0.05 was used as a
criterion for statistical significance.

Detailed Materials and Methods

Reagents

DETA-NO was purchased from Cayman Chemical (Catalog
No.: 82120; Cayman Chemical, Ann Arbor, MI). BAY58-2667
was purchased from Biovision (Catalog No.: 2027-1; BioVision
Inc., Milpitas, CA).

Animals

All experimental protocols were performed according to an
approved University of Pittsburgh IACUC protocol and NIH
guidelines. Male C57BL6 WT and CD47-null mice (strain
B6.129S7-Cd47tm1Fpl/J; The Jackson Laboratory) and Spra-
gue-Dawley rats (Charles River Laboratories) were maintained
on 12-hour light/dark cycles and had ad libitum access to
water and standard rodent chow.

Isolation of RNCMs

Cultured cardiac myocytes were isolated from ventricular
myocardium of 2-day-old Sprague-Dawley rats by enzymatic
digestion, as previously described.?® In brief, hearts were
removed and ventricles were minced in calcium- and bicar-
bonate-free Hanks’ buffer with HEPES. Tissue fragments were
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digested by step-wise trypsin dissociation. The dissociated
cardiac myocytes were separated from fibroblasts by means
of Percoll gradient tube preparation (Sigma-Aldrich, St. Louis,
MO). Cells were maintained at 37°C in the presence of 5%
CO, in a humidified incubator in DMEM-+F12 (50/50; cellgro;
Corning, Corning, NY), 5% horse serum, gentamicin (Gibco,
Grand lIsland, NY), and insulin-transferin-selenium (Gibco).
Bromodeoxyuridine (0.1 mmol/L) was used in the medium for
the first 3 days after plating to prevent fibroblast growth.
Because the TSP1 promoter has a serum-response element,
cells were placed in serum and growth-factor—free medium
containing 0.1% BSA for 24 hours before treatments to
suppress TSP1 production. In some experiments, cells were
treated with autocamtide-2-related inhibitory peptide (AIP;
Product No.: 189482; Calbiochem, Millipore Corporation,
Billerica, MA), amiloride hydrochloride hydrate (Product No.:
A7410; Sigma-Aldrich), or nifedipine (Product No.: N7634;
Sigma-Aldrich) 30 minutes before their treatment with 7N3
(FIRVWMYEGKK) or control peptide (VKMKWKYVRF; Peptides
International, Louisville, KY).

Human LV Samples

As part of an ongoing investigational protocol approved by the
University of Pittsburgh/UPMC (IRB No.: 0404033), LV
samples from patients with HF were obtained from a cohort
of nonischemic LVHF (n=4) at the time of HT and control
(n=5) patients (rapid autopsy or hearts donated for HT that
were not used). Samples were immediately snap-frozen in
liquid nitrogen and stored at —80°C for later analysis.

Transverse Aortic Arch Pressure Overload Model
and Terminal Hemodynamic Analysis

LVHF was induced in mice by TAC, and after indicated time
intervals, terminal hemodynamic analysis was performed as
previously described.?’ In brief, general anesthesia was
induced and maintained with isoflurane inhalation delivered
(2.5% in 100% oxygen) by a rodent ventilator with the following
settings: 150 to 200 beats per minute and a stroke tidal
volume of 250 pL. A thoracotomy was performed and the rib
cage retracted to expose the inferior vena cava, the heart, and
the great vessels. A 26-gauge needle was used to pierce the
LV. The needle was removed and a 1.9-French Scisence
(Transonic Systems Inc.; Ithaca, NY) pressure-conductance
catheter was then introduced to the LV apex for the
measurement of cardiac hemodynamics. Pressure-volume
data were acquired using 10X 2.0 software (emka TECHNOL-
OGIES, Falls Church, VA). After euthanasia, all animals were
flushed with normal saline at 4°C to remove red blood and
inflammatory cells and platelets from the systemic and
pulmonary vasculature before harvesting of LV tissue samples.

Immunohistology

Cryostat sections (5 to 7 pm) were washed 3 times with PBS,
followed by 3 washes of 0.5% BSA in PBS. Sections were
blocked with 2% BSA solution for 60 minutes. Slides were
incubated for 1 hour at room temperature (RT) with the
collagen | antibody (polyclonal; Abcam), at 1:100 dilution in
0.5% BSA solution. Slides were washed 3 times with BSA
solution and incubated for 1 hour at RT with CY3 goat anti-
rabbit secondary Ab (Jackson ImmunoResearch), diluted
1:100 in BSA solution, in combination with 1:250 dilution of
F-actin dye rhodamine phalloidin (Invitrogen, Life Technolo-
gies, Grand Island, NY). Nuclei were stained with Hoescht dye
(bisbenzamide 1 mg/100 mL water) for 30 seconds. After 3
rinses with PBS, sections were coverslipped with Gelvatol
mounting media. Images were obtained using an Olympus
Fluoview 1000 confocal microscope (Olympus America Inc.)
equipped with a x40 oil immersion optic.

Images were thresholded for collagen and perimyofiber
profiles, and the average intensity per pixel within the
thresholded region was calculated using NIS Elements (Nikon
Instruments). Fluorescence intensity was graded from 0O to 4
with 0 counted as the empty background and 4 as the most
intense. RNCM were fixed for 20 minutes with 2% PFA,
permeabilized with 0.1% Triton X-100 in PBS, and then
washed 3 times with PBS, followed by 3 washes with a
solution of 0.5% BSA in PBS. Sections were blocked with 2%
goat serum in BSA solution for 30 minutes. Slides were then
incubated for 1 hour at RT with either primary Ab for HDAC3
(ab16407; Abcam) or p-HDAC3 (3815S; Cell Signaling Tech-
nology) at 1:25 in 0.5% BSA solution. Slides were washed 3
times with BSA solution and incubated for 1 hour at RT with a
1:1000 dilution CY3 goat anti-rabbit secondary Ab (Jackson
ImmunoResearch) and 1:250 Alexa 647 phalloidin (Invitro-
gen). Nuclei were stained with Hoescht dye (bisbenzamide
1 mg/100 mL water) for 30 seconds. After 3 rinses with
PBS, sections were coverslipped with Gelvatol mounting
media. Fluorescent images were captured with an Olympus
Fluoview 1000 confocal microscope (software version 2.01;
Olympus America Inc.) and analyzed with NIS Elements
(version 4.13; Nikon Instruments).

Western Protein Analysis

LV and RNCM homogenates were prepared from tissue or cell
samples using ice-cold RIPA lysis buffer consisting of
0.05 mol/L of Tris-buffered saline (pH 7.4), 1% Triton X-100,
0.25% sodium deoxycholate, 150 mmol/L of sodium chloride,
1 mmol/L of EDTA, 1 mmol/L of phenylmethylsulfonyl, and
protease and phosphatase inhibitor cocktails (Roche Molecular
Biochemicals) by way of a glass homogenizer. Samples were
then centrifuged for 7 minutes at 17 136 rcf and the super-
natant stored at —80°C for future analysis. Protein extracts
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(25 pg of protein per well) were separated on 10% Bis-Tris gels
or AnyKD precast gels (Catalog No.: 456-9031; Bio-Rad,
Hercules, CA) in parallel. Proteins were then transferred to a
nitocellulose membrane (Bio-Rad), blocked with blocking buffer
(LI-COR Biosciences, Lincoln, NE) for 1 hour, and then probed
with anti-TSP1 mouse (ab1823, 1:500; Abcam), anti-CD47
mouse (sc-12731, 1:1000; Santa Cruz Biotechnology), anti-p-
HDACS rabbit, and the following Cell Signaling Technology Abs:
anti-HDAC3 mouse (Catalog Nos.: 3815 and 3949, 1:1000);
anti-p-CaMKIl rabbit and anti-CaMKll rabbit (Catalog Nos.: 336 1
and 3357, 1:1000); anti-LC3A rabbit (Catalog No.: 4599) Ab,
anti-B-actin (Catalog No.: 4967, 1:2000); or with lamin B1
(Catalog No.: 13435, 1:1000) overnight at 4°C. For RNMCs
treated with phenylephrine (PE) or angiotensin-Il (Ang II; Sigma-
Aldrich) and a CD47 Ab, anti-HDACS3 rabbit (Catalog No.: 2632,
1:1000; Cell Signaling Technology) and anti-CD47 mouse (sc-
53050, 1:1000; Santa Cruz Biotechnology) Abs were employed.
This was followed by incubation with corresponding secondary
fluorescent Abs (LI-COR Biosciences) for 1 hour at RT. Blots
were scanned on an Odyssey system imager (LI-COR Bio-
sciences), and relative band intensities were quantified by
densitometry using Image) software (NIH), with samples
normalized to the corresponding B-actin or lamin b1 values.

Apoptosis Analysis

Apoptosis staining was done employing a TUNEL assay kit
(Roche Molecular Biochemicals). Cells were incubated with
TUNEL reaction mixture at 37°C for 45 minutes, followed by 3
washes with PBS. Cells were incubated with (1:1000 dilution)
Alexa 488 streptavidin and (1:250) Alexa 647 phalloidin
(Molecular Probes) for 30 minutes at RT. Cells were washed 3
times with PBS and incubated for 30 seconds in Hoescht dye
(Sigma-Aldrich), followed by 3 PBS washes and coverslipped
with Gelvatol. Image analysis utilized NIS Elements (4.13;
Nikon Instruments).

Separation of Cell Membrane and Nuclear
Fractions

LV and RNCM homogenates were prepared using ice-cold
fraction isolation lysis buffer (buffer A), consisting of
50 mmol/L of Tris-buffered saline, 2 mmol/L of EDTA, and
protease inhibitor cocktail and phosphatase inhibitor cocktail
(Roche Molecular Biochemicals), by way of a glass homoge-
nizer and scraping off, respectively. This was followed by 5
cycles of freeze/thaw and passage through 20- and 30-gauge
needles. Homogenates were centrifuged at 1000 rpm for
10 minutes at 4°C to remove the nucleus. The supernatant
was further centrifuged at 50 000 rcf for 1 hour to separate
the membrane fraction (pellet) from the cytosol (supernatant).
The membrane fraction was resuspended and sonicated with

buffer B containing buffer A (300 mmol/L of sodium chloride,
1% Triton X-100, and 0.1% sodium deoxycholate), from which
the cytosolic fraction was isolated. Samples were then stored
at —80°C for future analysis.

Myocyte Calcium Imaging

Cells were seeded on 35-mm glass-bottomed dishes (MatTek
Corporation, Ashland, MA) and incubated with the calcium
indicator, Fluo-4 AM (5 pumol/L; Invitrogen, Eugene, OR) for
20 minutes at 37°C. Cells were treated with peptide 7N3
(10 pmol/L)£the ryanodine receptor 2 inhibitor tetracaine
hydrochloride (0.5 mmol/L; Catallog No.: T7508; Sigma-
Aldrich) for 40 minutes. Cells were washed with Hanks’
balanced salt solution, the media replaced, and the dish
inserted in a closed, thermo-controlled (37°C) stage-top
incubator (Tokai Hit Co., Shizuoka-ken, Japan) atop the
motorized stage of an inverted Nikon TiE fluorescent micro-
scope (Nikon Instruments) equipped with a x 60 oil immersion
optic (CFI PlanFluor, NA 1.43; Nikon Instruments) and NIS
Elements software. Fluo-4 AM was excited using the 470-nm
line of a Lumencor diode-pumped light engine (SpectraX;
Lumencor Inc., Beaverton, OR) and detected using a ET-GFP
filter set (Chroma Technology Corporation, Bellows Falls, VT)
and ORCA-Flash4.0 sCMOS camera (Hamamatsu Corporation,
Bridgewater, NJ). Data were collected every 3 minutes over a
30-minute period.

Myocyte Size Analysis

Quantitative image analysis was performed for cardiac
myocyte size (hypertrophy) of LV tissue slides stained with
hematoxylin and eosin (H&E) and isolated RNCM cultures
using image analysis Image) software (NIH).

mRNA Analysis

RNA was extracted from human and mouse LV samples and
RNCMs using the RNeasy kit (Qiagen). cDNA was generated
using the Superscript First-Strand Synthesis System for RT-PCR
(Invitrogen). RT-PCR reactions for TSP1 and CD47 were carried
out using TagMan Fast Universal PCR Master Mix, according to
the manufacturer’s protocol (Applied Biosystems, Life Technol-
ogies, Grand Island, NY). Thermal cycling conditions were
95.0°C for 0.20 hour, 95.0°C for 0.01 hour, and 60.0°C for
0.20 hour. RT-PCR reactions for B-MHC, o-SKA, B-actin, ANP,
and BNP were processed using SYBR Green PCR Master Mix
(Applied Biosystems). Data were captured and analyzed on the
7900HT Fast Real-Time PCR System (Applied Biosystems). The
relative concentration of TSP1 and CD47 mRNA and ANP, BNP,
B-MHC, and a-SKA mRNA were normalized to the housekeeping
gene, HPRT, and B-actin respectively. The following primers
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sequences from Applied Biosystems were employed: mouse
TSP1 (Mm01335418_m1); mouse CD47 (Mm00495005_m1);
mouse HPRT1 (MmO00446968_m1); human TSP1 (Hs0096
2908_m1); human CD47 (Hs00179953_m1); and human
HPRT1 (Hs99999909_m1). The following sequences were
employed to design primers (Sigma-Aldrich):

Rat

B-MHC-R: 5’-TTCAAAGGCTCCAGGTCTCAGGGC

B-MHC-F: 5’-GCCAACACCAACCTGTCCAAGTTC

o-SKA-R: 5'-ACCACCGGCATCGTGTTGGAT

o-SKA-F: 5’-ATCTCACGTTCAGCTGTGGTCA

BNP-R: 5'-GAACTATGTGCCATCTTGGA

BNP-F: 5’-TCTGCTCCTGCTTTTCCTTA

ANP-R: 5'-GGGCTCCAATCCTGTCAATC

ANP-F: 5'-GCCGGTAGAAGATGAGGTCA

B-actin-R: 5'-TCGGATCCGTGCCACCAGACAGCACTGTGTTG

B-actin-F: 5'-TCGAATTCTGGAGAAGAGCTATGAGCTGCCG

Mouse

B-MHC-R: 5'-TGCAAAGGCTCCAGGTCTGAGGGC

B-MHC-F: 5’-GCCAACACCAACCTGTCCAAGTTC

o-SKA-R: 5'-ATCTCACGTTCAGCTGTGGTCA

o-SKA-F: 5’-ATCTCACGTTCAGCTGTGGTCA

BNP-R: 5-TCTTGTGCCCAAAGCAGCTT

BNP-F: 5'-ATGGATCTCCTGAAGGTGCT

ANP-R: 5-AAGAGGGCAGATCTATCGGA

ANP-F: 5’- TTGGCTTCCAGGCCATAATTG

B-actin-R: 5'-CACGGTTGGCCTTAGGGTTCAG

B-actin-F: 5'-GCTGTATTCCCCTCCATCGTG

In Vivo CD47 Suppression

Ten-week-old male C57BL/6 (CD47"/") mice subjected to TAC
were injected with a CD47 antagonist Ab (clone 301; 0.4 ng/g
body weight in 150 pL of sterile normal saline IP weekly; Santa
Cruz Biotechnology) beginning 1 week postsurgery.

In Vivo HDAC3 Suppression

AHDACS3 specific morpholino oligonucleotide with the following
base-pair sequence ACCAGGCCCCGAGCCTCAGCT from 5’ to 3’
was prepared by GeneTools (Philomath, OR). Ten-week-old male
C57BL/6 (CD47*/*) mice subjected to TAC were treated with
the morpholino (10 mg/kg body weight in 100 pL of sterile
normal saline IP) twice-weekly beginning 1 week postsurgery.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
software (V6.0; GraphPad Software Inc.) and R-3.1.0 (http://
cran.cnr.berkeley.edu/). In cases where samples sizes of
treatment groups were small (n=3), nonparametric comparison
of differences between multiple experimental groups were
analyzed by Kruskal-Wallis’ test followed by Dunn’s post-hoc

test for multiple comparisons. For nonparametric comparison
of difference between just two experimental groups, Mann-
Whitney’s exact test was performed. In other instances,
parametric 1-way ANOVA and Tukey’s HSD post-hoc test for
multiple comparisons was performed. P<0.05 was used as a
criterion for statistical significance.

Results
TSP1-CD47 Signaling Is Increased in LVHF

Expression of matricellular proteins in general, and TSP1
specifically, in HF is little studied and CD47 has not previously
been assessed in the setting of LVHF. In an experimental
model of TAC-induced pressure overload LVHF, TSP1 protein,
but not mRNA (Figure 1A and1C), was increased at 4 weeks
after TAC in WT C57BL/6 mice, whereas CD47 protein and
mRNA levels remained stable (Figure 1B and 1D). Interest-
ingly, in CD47-null mice, which lack the ability to produce
functional protein, but not transcript, LV mRNA transcript
levels of CD47 were decreased both pre- and post-TAC,
compared to WT (Figure 1D).

CD47 Promotes LVHF

To assess the role of CD47 in LVHF WT (CD47*/*) and CD47-null
(CD47 /™), C57BL/6 age-matched male mice were challenged
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Figure 1. TSP1-CD47 signaling is up-regulated in LVHF. Western
immunoblot analysis of protein expression (A and B) and mRNA
transcript (C and D) levels of TSP1 and CD47 left ventricle samples
from wild-type (WT) and CD47 (~/7) null mice pre- and 4 weeks
post-TAC. Data are presented as the mean (£SEM; n=3 to 7
animals/group). *=statistically significant difference (P<0.05),
compared to control and WT and WT TAC. LVHF indicates left
ventricular heart failure; TAC, transverse aortic constriction; TSP1,
thrombospondin 1.
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with 4 weeks of TAC. Histologic assessment demonstrated
cardiac myocyte hypertrophy post-TAC in WT LV tissue
sections, compared to CD47-null samples (Figure 2A). WT LV
tissue sections also displayed increased extracellular collagen
matrix deposition (Figure 2B) and corresponded to higher LV
weights in WT versus CD47-null hearts post-TAC (Figure 2C).
Because body weight can directly affect organ size, we
normalized LV weight to body weight and found that WT LV
weights were still greater than CD47-null LV weights post-TAC
(Figure 2C). TAC-challenged CD47-null mice had enhanced
cardiac function, including a trend toward greater cardiac
output, significantly better systolic function (quantified by the
contractility index), and less diastolic dysfunction (determined
by the change in pressure over the change in time [dP/dtin]),
compared to TAC-challenged WT mice (Figure 2D). TAC-chal-
lenged CD47-null mice also displayed pressure volume loop
profiles that more closely resembled non-TAC animals
(Figure 2E). Interestingly, LV expression of TSP1 protein
(Figure 2F) and mRNA (Figure 1C) were not increased post-
TAC in CD47-null mice or significantly detected, compared to
WT for that matter (Figure 1A). HF is associated with myocyte
apoptosis.?? In keeping with protection from TAC-mediated
LVHF, LV samples from CD47-null mice displayed less evidence
of cellular apoptosis, as quantified by fewer TUNEL staining
positive cells, compared to LV samples from WT post-TAC
animals (Figure 2G).

CDA47 Increases HDAC3 Expression Under Basal
and LVHF Conditions

HDACs have a role in controlling cardiac responses to stress,??
and class | HDACs are being investigated as therapeutic targets
in HF.2*%°> HDAC3, however, has not previously been linked to
LVHF. New data demonstrate induction of HDAC3 in an
experimental model of LVHF (Figure 3A). CD47-null animals
displayed no elevation in HDAC3 expression post-TAC
(Figure 3A). Interestingly, in control CD47-null mice, LV HDAC3
expression was below levels in control WT animals. Phosphor-
ylated HDAC3 (p-HDAC3) was unchanged in all groups
(Figure 3A). CD47 regulation of HDAC3 appears to be specific
because HDAC1, -2, and -4 were not significantly altered in
expression post-TAC in CD47-null LV samples, compared to WT
(Figure S1). In patient samples, both phosphorylated and total
HDAC3 were decreased in end-stage LVHF, compared to
controls (Figure 3B).

Activation of CD47 Stimulates Increased HDAC3
Expression and Cardiac Myocyte Hypertrophy
TSP1 has several functional domains that can engage a number

of cell surface receptors, including CD47.%¢ To confirm the
proximate location of CD47 in this signaling cascade, we

treated cardiac myocytes with a peptide derived from the C-
terminal of TSP1 (peptide 7N3, FIRVWMYEGKK) that we and
others have shown activates CD47.2”-?® Treatment of cardiac
myocytes with peptide 7N3 (10 umol/L) increased HDAC3
expression within 1 hour (Figure 3C). To test whether CD47
also regulated HDAC3 induction by known agonists of cardiac
hypertrophy and LVHF, cardiac myocytes were challenged with
Ang Il or PE (10 umol/L for 48 hours) + a CD47 antagonist Ab
(clone OX101, 1 pg/mL) that, as we published, blocks
activation of CD47.2 HADC3 protein expression was increased
in cardiac myocytes after Ang Il treatment, whereas treatment
with a CD47 antagonist Ab suppressed this, though results did
not reach significance on nonparametric analysis (Figure 3D).
Additionally, treatment with CD47 antagonist Ab significantly
lowered HDAC3 protein levels in PE-stimulated myocytes
(Figure S2). To confirm the role of HDAC3 in promoting CD47-
mediated cell hypertrophy, we treated cardiac myocytes with a
specific HDAC3 gene-suppressing oligonucleotide morpholino
or a control nontargeting morpholino (CTRL). Morpholino
treatment resulted in a concentration-dependent decrease in
HDAC3 protein expression, as confirmed by Western immuno-
blot (Figure S3A). Treatment with the CD47-activating peptide,
7N3 (10 pumol/L) stimulated myocyte hypertrophy, and this
effect was mitigated in myocytes pretreated with the HDAC3
gene-suppressing morpholino (Figure 3E).

CD47 Regulation of HADC3 Is Likely Not Through
Inhibition of NO

HF is ameliorated through enhanced NO/cyclic guanylyl
cyclase (sGC) signaling.?® Conversely, activated CD47 is
known to inhibit NO-sGC signaling.'®*" This suggested that
perhaps CD47-mediated up-regulation of HDAC3, and promo-
tion of LVHF, was through inhibition of NO-sGC signaling. To
test this, we treated cardiac myocytes, which lack a
constitutive NO synthase, with the primary NO donor
compound, 2,2’-(hydroxynitrosohydrazono)bis-ethanimine
(DETA-NO; 10 pmol/L), with or without the CD47-activating
peptide, 7N3 (10 pmol/L), and assessed phosphorylated (p-)
and total HDACS3 protein expression. After a 3-hour treatment
with exogenous NO, p-HDAC3 and total HDAC3 protein levels
were decreased (Figure 3F), though results did not reach
significance on nonparametric analysis. Pretreatment with the
CD47-activating peptide, 7N3 (10 umol/L), had no effect on
NO-treated cells, suggesting that activated CD47 regulates
HDAC3 signaling independently of its known inhibitory effects
on NO-sGC signaling. Treatment of cardiac myocytes with the
non-NO-dependent sGC activator, BAY58-2667°% (1 pmol/L),
for 3 hours also decreased HADC3 protein expression, though
results did not reach significance on nonparametric analysis,
suggesting that this effect is mediated by the sGC second
messenger, cyclic guanosine monophosphate (Figure S3B).
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Figure 2. CD47 promotes LVHF. A, H&E staining of murine left ventricle tissue sections from wild-type (WT) and CD47 (~/7) null mice 4 weeks
post-TAC and controls. Cell-size quantification is presented as the mean (=SEM) of analysis of 4 to 5 slides per animal sample, 10 random hpf per
slide, 4 to 5 animals per treatment group. *=statistically significant difference (P<0.05), compared to WT; #=statistically significant difference
(P<0.05), compared to WT TAC. Representative images are presented (original magnification, x40). B, Imnmunofluorescence staining of murine left
ventricle tissue sections 4 weeks post-TAC or control. DAPI, collagen |, and phalloidin colored blue, green, and red, respectively. Fibrosis is
calculated as intensity of fluorescence and is presented as the mean (+=SEM) of analysis of 3 to 5 slides per animal sample, 10 random hpf per
slide, 4 to 7 animals per treatment group. *=statistically significant difference (P<0.05), compared to WT; #=statistically significant difference
(P<0.05), compared to WT TAC. Representative images are presented (original magnification, x40). C, Left ventricle weights (LVW) and LV to body
weight from animals 4 weeks post-TAC or controls. Data are presented as the mean (SEM) of n=7 to 12 animals per group. *=statistically
significant difference (P<0.05), compared to WT; #=statistically significant difference (P<0.05), compared to WT TAC. D, Assessment by open-
chest pressure volume loop analysis of cardiac output, contractility, and ventricular stiffness (dp/dt min) of animals 4 weeks post-TAC or control.
Data are presented as the mean (+SEM) of n=7 to 12 animals/group. *=statistically significant difference (P<0.05), compared to WT;
#=statistically significant difference (P<0.05), compared to WT TAC. E, Representative pressure volume tracings are shown from age-matched
male WT and CD47-null mice at baseline and post-TAC. F, Western immunoblot analysis of TSP1 expression in left ventricular samples from CD47
null mice 4 weeks post-TAC or control. Data are presented as the mean (£SEM; n=3 to 6 animals per group). G, TUNEL staining of murine
left ventricle tissue sections from control WT and CD47-null animals (CTRL) and 4 weeks post-TAC. Data are presented as the mean (+SEM)
of the ratio of TUNEL positive cells over total nuclei from analysis of 4 to 5 slides per animal sample, 10 random hpf per slide, 3 to 4
animals per treatment group. *=statistically significant difference (P<0.05), compared to WT TAC. DAPI indicates 4,
6-diamidino-2-phenylindole; H&E, hematoxylin and eosin; LVHF, left ventricular heart failure; TAC, transverse aortic constriction; TSP1,
thrombospondin 1; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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Figure 3. CD47 up-regulates HDAC 3 in LVHF. A, Western immunoblot analysis of HDAC3 and phosphorylated (p-)JHDAC3 expression in LV
samples from wild-type (WT) and CD47 (~/~) null animals 4 weeks post-TAC or control. Densitometry is presented as the mean (-=SEM) of n=6
to 9 animals per group. *=statistically significant difference (P<0.05), compared to WT; #=statistically significant difference (P<0.05), compared
to WT TAC. B, Western immunoblot analysis of HDAC3 and phosphorylated HDAC3 (p-HDAC3) expression in left ventricular samples from end-
stage nonischemic LVHF (n=4) and control (n=>5) patients. Densitometry is presented as the mean (-=SEM). *=statistically significant difference
(P<0.05), compared to control. C, Rat neonatal cardiac myocytes (RNCMs) were treated with the TSP1-based CD47-activating peptide, 7N3
(10 wmol/L), for the indicated time points (h=hours) or (D) angiotensin Il (Ang Il; 10 umol/L for 48 hours)ta CD47 antagonist antibody
(Ab; clone OX101, 1 pg/mL) and Western immunoblot analysis of HDAC3 protein expression performed on cell lysates. Representative blots are
shown. Densitometry is presented as the mean (£SEM) of n=3 experiments. *=statistically significant difference (P<0.05), compared to
untreated. E, RNCMs were treated with a HDAC3 or control (CTRL) morpholino oligonucleotide (20 mmol/L)£peptide 7N3 (10 pumol/L) for
48 hours and cell size assessed. Representative images are presented (original magnification, x40). Data are presented as the mean (+=SEM) of
4 separate experiments. *=statistically significant difference (P<0.05), compared to CTRL morpholino; #=statistically significant difference
(P<0.05), compared to CTRL morpholino+7N3. F, RNCMs were treated with the CD47-activating peptide, 7N3 (10 umol/L)£DETA-NO
(10 pumol/L), for 3 hours, and Western immunoblot analysis of total and phosphorylated HDAC3 (p-HDAC3) protein expression was performed
on cell lysates. Representative blots are shown. Densitometry is presented as the mean (£SEM) of n=3 experiments. HDAC indicates histone
deacetylases; LVHF, left ventricular heart failure; TAC, transverse aortic constriction; TSP1, thrombospondin 1.
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Activated CD47 Promotes Decreased Cytosolic
and Increased Nuclear HDAC3 Expression In Vivo
and In Vitro

HDACs regulate cell responses through trafficking between the
cytoplasm and the nucleus.®® Western blot analysis of LV
samples from the indicated treatment groups showed, both at
baseline and post-TAC, that total HDAC3 was decreased in the
nuclear fraction of CD47-null LV samples, compared to WT
(Figure 4A). HDAC3 was also decreased in CD47-null LV tissue
cytosolic fractions post-TAC (Figure 4B). Western immunoblots
of cultured WT (CD47"/*) myocytes treated with the CD47-
activating peptide, 7N3 (10 pmol/L, 3 hours), displayed
increased nuclear-to-cytosol HDAC3 (Figure 4C) and phos-
phorylated HDAC3 (p-HDAC3) (Figure 4D). To further confirm
these data, RNMCs were treated with peptide 7N3 (10 umol/L)
for 3 and 24 hours, respectively, and immunohistochemistry
(IHC) analysis performed. Consistent with results obtained by
Western immunoblot analysis, on IHC, 7N3-treated RNMCs
demonstrated increased nuclear staining for total HDACS,
compared to untreated cells at 3 and 24 hours, and for
p-HDAC3, compared to untreated cells at 3 hous (Figure 4E).
Finally, we challenged WT mice with TAC for 1 week and then
intervened to interrupt CD47 signaling by treating animals with
a CD47 antagonist Ab (clone 301, 0.4 pg/g body weight IP
weekly for 3 weeks).>* Importantly, we found increased nuclear
HDAC3 expression in LV tissue from WT TAC mice, whereas
HDAC3 was decreased in samples from animals treated with
the CD47 Ab post-TAC (Figure 4F).

Gene Suppression of HDAC3 Mitigates LVHF

To determine whether HDAC3 is sufficient to induce LVHF, we
treated WT mice with a specific HDAC3 gene-suppressing
morpholino oligonucleotide. Mice treated with the HDAC3-
targeting morpholino (7 mg/kg body weight in 150 pL of
sterile normal saline IP every 4 days beginning 1 week after TAC
and continuing for 3 weeks) were resistant to TAC-mediated LV
myocyte hypertrophy and fibrosis (Figure 5A and 5B). Similarly,
HDAC3 morpholino-treated mice displayed increased cardiac
output (Figure 5C), decreased LV weights (Figure 5D), and
less change in their pressure volume loop profile post-TAC,
compared to untreated TAC animals (Figure 5E). Consistent
with the improvement in cardiac function, Western immunoblot
analysis of protein expression in LV tissue samples from HDAC3
morpholino-treated mice demonstrated decreased TSP1,
CD47, and HDAC3 expression post-TAC (Figure 5F through
5H). Additionally, myocytes treated with a CD47-blocking Ab
(clone OX010, 1 pg/mL) were insensitive to 7N3-stimulated
increases in HDAC3 expression (Figure 5l), locating CD47
upstream in this process. Post-TAC, TUNEL-positive staining
cells were increased in LV tissue samples from WT mice,

compared to samples from WT animals treated with the HDAC3
morpholino (Figure 5J).

Activated CD47 Stimulates Up-regulation of
CaMKIl to Increase HDAC3 Expression

CaMKll is dysregulated in HF,3° stimulates downstream targets,
including HDAC,® and promotes myocyte hypertrophy.®” In
human end-stage LVHF samples, total and phosphorylated
CaKMIl (p-CAKMII) were decreased, though the ratio of
phosphorylated to total CaKMIl was elevated, compared to
controls (Figure 6A). In WT mice LV tissue samples, CaMKIl is
induced post-TAC, whereas in samples from CD47-null mice,
CaMKIl expression was suppressed, though results in null
samples did not reach significance (Figure 6B). Interestingly, in
LV tissue samples, TAC-mediated increases in phosphorylated
and total CaMKIl were suppressed in WT mice treated with an
HADC3 morpholino (Figure S5A). To further interrogate the
signaling behind these results, we treated cultured CD47*/*
cardiac myocytes with the CD47-activating peptide (peptide
7N3, 10 umol/L). In time-course experiments, peptide-treated
cells demonstrated increased expression of phosphorylated
and total CaMKII expression (Figure 6C). The ratio of phos-
phorylated to total CaMKIl protein was also increased in cells
treated with the CD47-activating peptide. Conversely, treating
cardiac myocytes with a CD47 antagonist Ab blocked the 7N3-
stimulated increase in p-CaMKIl (Figure 6D). Finally, treatment
of myocytes with AIP (10 nmol/L, 30 minutes), a specific
inhibitor of CaKMII, blocked the 7N3-stimulated increase in
HDAC3 (Figure 6E), placing CaKMII downstream of CD47, but
upstream of HDACS, in this signaling cascade. CaMKII, through
HDACs, is known to regulate several proteins, including ANP,
BNP, B-MHC, and 0-SKA, to promote myocyte hypertrophy.3¢-3
Toinvestigate this, we assessed mRNA levels of several of these
target genes, including B-MHC, ANP, and o-SKA, in LV samples
from mice (Figure S4A through S4C). Interestingly, mRNA
transcript levels of B-MHC, ANP, and o-SKA were decreased in
CD47-null LV samples and Ab- and morpholino-treated WT LV
samples, compared to untreated WT post-TAC LV samples,
though results did not reach significance on nonparametric
analysis. BNP mRNA levels were unchanged between treat-
ment groups (Figure S4D). RNMCs treated with peptide 7N3
(10 umol/L) for 3 hours showed a trend toward increased
levels of B-MHC and BNP mRNA, compared to untreated cells,
though differences did not reach statistical significance
(Figure S4E and S4F).

Activated CD47 Modulates Cardiac Myocyte Ca**
to Control CaMKII

CakMIl is a Ca?"-dependent enzyme,*® and we reported on a
role for TSP1 in regulating Ca®* flux in vascular endothelial
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Figure 4. Activated CD47 promotes decreased cytosolic and increased nuclear HDAC3 expression. Western immunoblots of nuclear (A) and
cytosolic (B) HDAC3 expression in LV tissue samples from wild-type (WT) and CD47 (~/ ) null animals 4 weeks post-TAC or control. Densitometry
is presented as the mean (£SEM) of n=6 to 9 animals per group. *=statistically significant difference (P<0.05), compared to WT; #=statistically
significant difference (P<0.05), compared to WT TAC. Rat neonatal cardiac myocytes (RNCMs) were treated with peptide 7N3 (10 umol/L) for
3 hours, and Western immunoblot analysis of cytosolic and nuclear total HDAC3 (t-HDAC3) (C) and cytosolic and nuclear phosphorylated HDAC3
(p-HDAC3) (D) protein expression was performed. Densitometry is presented as the mean (£SEM) of n=6 to 9 separate experiments.
*=statistically significant difference (P<0.05), compared to control. E, Immunofluorescence staining of RNCMs treated with peptide 7N3
(10 pumol/L) for 3 and 24 hours, respectively. DAPI, total HDAC3, and p-HDACS3, and actin are colored blue, red, and green, respectively. Stained
area of fluorescence is presented as the mean (=SEM) of analysis of multiple (>3) regions of interest (ROIs) per culture dish with n=a minimum of
4 cells per ROI. Fluorescent images were captured with an Olympus Fluoview 1000 confocal microscope (software version 2.01; Olympus America
Inc., Bethlehem, PA) and analyzed with NIS Elements (version 4.13; Nikon Instruments, Inc., Melville, NY) and calculated as total red (p- or
t-HDAC3) area in nuclei/total red (p- or t-HDAC3) area in cytosol. *=statistically significant difference (P<0.05), compared to control. F, Western
immunoblots of nuclear and cytosolic HDAC3 expression in LV tissue samples from WT miced+a CD47 antagonist antibody (Ab) (clone 301,
0.4 pg/g body weight IP weekly for 3 weeks). Animals underwent TAC for 1 week before beginning Ab treatment. Densitometry is presented as
the mean (£SEM) of n=6 to 9 animals per group. *=statistically significant difference (P<0.05), compared to WT; #=statistically significant
difference (P<0.05), compared to WT TAC. HDAC indicates histone deacetylases; LV, left ventricle; TAC, transverse aortic constriction.

cells.'? However, the role of CD47 in controlling cardiac fluorescent intensity. Treatment with 7N3 resulted in a rapid
myocyte Ca®* is unknown. To test this, we loaded cardiac increase in cellular cytosolic calcium (Video S1) that was
myocytes with the calcium-sensitive dye, Fluro-4, treated mitigated by the ryanodine receptor 2 (RyR2)-blocker, tetra-
them with peptide 7N3 (10 umol/L), and assessed changes in caine (Figure 6F). These data suggest that activation of CD47
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Figure 5. Gene suppression of HDAC3 mitigates LVHF. A, H&E staining of murine left ventricle tissue sections 4 weeks post-TAC or post-TAC
followed 1 week later with HDAC3 morpholino treatment. Cell-size quantification is presented as the mean (SEM) of analysis of 4 to 5 slides
per animal sample, 10 random hpf per slide, 3 to 4 animals per treatment group. *=statistically significant difference (P<0.05), compared to
wild-type (WT); #=statistically significant difference (P<0.05), compared to WT TAC. Representative images are presented (original magnification,
x40). B, Immunofluorescence staining of murine left ventricle tissue sections 4 weeks post-TAC or post-TAC followed 1 week later with HDAC3
morpholino treatment. DAPI, collagen |, and phalloidin are colored blue, green, and red, respectively. Fibrosis is calculated as intensity of
fluorescence and is presented as the mean (=SEM) of analysis of 4 to 5 slides per animal sample, 10 random hpf per slide, 4 to 8 animals per
treatment group. *=statistically significant difference (P<0.05), compared to WT; #=statistically significant difference (P<0.05), compared to WT
TAC. Representative images are presented (original magnification, x40). C, Assessment by open-chest pressure volume loop analysis of cardiac
output, contractility, and ventricular stiffness (dp/dt min) of animals from the indicated groups. Data are presented as the mean (&=SEM) of n=4
to 12 animals/group. *=statistically significant difference (P<0.05), compared to WT and WT TAC, respectively; #=statistically significant
difference (P<0.05), compared to WT TAC. D, Left ventricle weights alone and normalized to body weight from animals in treatment groups as in
A. Data are presented as the mean (+SEM) of n=4 to 12 animals/group. *=statistically significant difference (P<0.05), compared to WT;
#=statistically significant difference (P<0.05), compared to WT TAC. E, Representative pressure volume tracings are shown from WT, WT TAC,
and WT TAC+HDAC3 morpholino-treated mice. Western immunoblot analysis of HDAC3 (F), TSP1 (G), and CD47 (H) protein expression in LV
samples from animals in the indicated groups. Densitometry is presented as the mean (+SEM) of n=4 to 9 animals/group. *=statistically
significant difference (P<0.05), compared to control; #=statistically significant difference (P<0.05), compared to WT TAC. |, Rat neonatal cardiac
myocytes were treated with a CD47 antibody (Ab; clone OX101, 1 mg/mL)£peptide 7N3 (10 pmol/L) for 48 hours, and expression of total
HDAC3 and phosphorylated HDAC3 (p-HDAC3) by Western immunoblot was determined. Densitometry is presented as the mean (+=SEM) of 3
separate experiments. *=statistically significant difference (P<0.05), compared to 7N3+CD47 Ab treated. J, TUNEL staining of murine LV tissue
sections from WT and 4 weeks post-TAC animals with and without HDAC3 morpholino treatment. Data are presented as the mean (£SEM) of
the ratio of TUNEL-positive cells over total nuclei from analysis of 4 to 5 slides per animal sample, 10 random hpf per slide, 3 to 4 animals per
treatment group. *=statistically significant difference (P<0.05), compared to WT TAC. DAPI indicates 4’,6-diamidino-2-phenylindole; HDAC,
histone deacetylase; H&E, hematoxylin and eosin; LVHF, left ventricular heart failure; TAC, transverse aortic constriction; TSP1, thrombospondin-
1; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

stimulates acute elevation in myocyte cytoplasmic [Ca®’],
through stimulating ryanodine receptors to release Ca®" from
the sarcoplasmic reticular (SR) membrane. This finding is
interesting because RyR2 receptor dysfunction contributes to
LVHF,*" and they are themselves targets for regulation by
CaMKII.*? Restoration of cytosolic [Ca®’] to baseline is

effected by the sarcoplasmic/endoplasmic reticulum ATPase
(SERCA) pump.*® LV samples from CD47-null and WT mice
showed comparable SERCA protein expression (data not
shown). In contrast, phosphorylated phospholamban (p-PLB)
was significantly decreased post-TAC in LV samples from
CD47-null mice, compared to samples from WT mice
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Figure 5. (Continued).

(Figure 6G), whereas total phospholamban was unchanged.
This finding is important because decreased p-PLB levels are
reported to protect mice from HF,** whereas suppressing PLB
improved calcium handling and contraction of human myo-
cytes.*® Finally, cardiac myocytes treated with the Na*/Ca®"
exchanger blocker, amiloride (5 pumol/L, 30 minutes), were
insensitive to 7N3-mediated stimulation of CaKMII expression
(Figure S5B). Likewise, amiloride treatment blocked 7N3-
stimulated increases in HDAC3 and p-HDAC3 expression in
cardiac myocytes (Figure S5C). Additionally, treatment with
the L-type calcium channel blocker, nifedipine (10 pmol/L,
30 minutes), inhibited 7N3-mediated effects on total and
p-CaKMII (Figure S5D). Together, these data suggest that
activated CD47 promotes inward movement of Ca*" through
membrane myocyte L-type calcium channels to stimulate
RyR2 receptor SR-mediated increases in cytosolic [Ca*"].

Activated CD47 Promotes Accumulation of
Autophagy Markers in LVHF
Cardiac myocytes respond to stress through several com-

pensatory mechanisms, including autophagy,*® dysregulated
autophagy promotes LVHF,*” and Ca®*' modulates auto-

phagy.*® We now report on decreased expression of the
autophagy marker, microtubule-associated protein 1 light
chain 3 form A (LC3), in LV samples from end-stage human
hearts, compared to controls (Figure 7A). In experimental HF,
LC3 is increased,**° whereas suppression of autophagy
protects myocytes from injury.>’ Consistent with this, we
found increased LV expression of LC3 in WT mice post-TAC
(Figure 7B) and LC3 expression increased for up to 4 weeks
post-TAC (Figure 7D). In contrast, in CD47-null animals, LV
expression of LC3 was decreased post-TAC, but did not
reach statistical significance on nonparametric analysis
(Figure 7C). Likewise, systemic treatment of WT (CD47"/™)
mice with a HDCA3 morpholino (7 mg/kg body weight in
150 pL of sterile normal saline IP every 4 days for 4 weeks)
(Figure 7D) or a CD47-blocking Ab (clone 301, 0.4 ug/kg
body weight IP weekly for 4 weeks) (Figure 7E) resulted in
decreased LV expression of LC3, autophagy related gene
(ATG)5 and ATG7 post-TAC. Comparable to in vivo results,
cardiac myocytes treated with the CD47-activating peptide,
7N3 (10 pmol/L), showed accumulation of LC3 that was
blocked by treatment with a CD47 antagonist Ab (clone
0X101, 1 pg/mL) (Figure 7F) and a gene-suppressing
HDCA3 morpholino (10 umol/L) (Figure 7H), but not by
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Figure 6. Activated CD47 increases CaMKIl expression to increase HDAC3. A, Western immunoblot analysis of CaMKIl and
phosphorylated CaMKIl (p-CaMKIl) protein expression in LV tissue samples from patients with nonischemic end-stage LVHF (n=4) and
normal controls (n=5). Densitometry is presented as the mean (+SEM). *=statistically significant difference (P<0.05), compared to
control. B, Western immunoblot analysis of CaMKIl and p-CaMKIl protein expression in left ventricular tissue samples from wild-type
(WT) and CD47-null animals 4 weeks post-TAC or controls. Densitometry is presented as the mean (&=SEM) of n=6 to 9 animals/group.
*=statistically significant difference (P<0.05), compared to control. C, Rat neonatal cardiac myocytes (RNCMs) were treated with peptide
7N3 (10 umol/L) for the indicated time points, and Western immunoblot analysis of p-CaMKIl and total CaMKIl protein expression was
performed. Densitometry is presented as the mean (£SEM) of 3 separate experiments. *=statistically significant difference (P<0.05),
compared to control. RNCMs were treated with either a CD47 antibody (D; OX101, 1 mg/mL for 48 hours) or the specific CakKMI|
inhibitor, AIP (E; 10 nmol/L, 30 minutes)tpeptide 7N3 (10 umol/L, 3 hours), and Western immunoblot analysis of p-CaMKIl, HDAC3,
and phosphorylated HDCA3 (p-HDAC3) was performed. Densitometry is presented as the mean (:£SEM) of 3 separate experiments.
*=statistically significant difference (P<0.05), compared to 7N3+CD47 Ab treated and 7N3+AIP. F, RNCMs were loaded with the calcium
indicator, Fluo-4 AM, treated with peptide 7N3 (10 pumol/L)=+tetracaine (0.5 mmol/L) for the indicated time points, and images were
acquired. Fluorescent intensity was determined and results are expressed as the mean=(SEM) from the analysis of cells within a
minimum of 7 to 11 regions of interest per culture dish per treatment group. Significant difference (P<0.05) between treatment groups
7N3, compared to 7N3+tetracaine, from 17 through 30 minutes. G, Western immunoblot analysis of total and phosphorylated PLB (p-
PLB) protein expression in left ventricular tissue samples from WT and CD47-null animals 4 weeks post-TAC or controls. Densitometry is
presented as the mean (+£SEM) of n=4 to 6 animals/group. *=statistically significant difference (P<0.05), compared to control;
#=statistically significant difference (P<0.05), compared to WT TAC. AIP indicates autocamtide-2-related inhibitory peptide; CaMKIl,
calcium/calmodulin-dependent protein kinase Il; LVHF, left ventricular heart failure; TAC, transverse aortic constriction.

the CaKMII inhibitor, AIP (10 nmol/L) (Figure 7G). Inhibiting
Ca®* channels of myocytes with amiloride, but not nifedipine,
limited the 7N3-stimulated increase in LC3 (Figure S6A and
S6B).

CD47 Blockade Results in Decreased HDAC3
Expression and Corrects Established LVHF
Results in CD47-null animals show the priority of activated
CD47, through HDACS, in promoting LVHF. However, they

do not provide insight into CD47 as a therapeutic target for
LVHF treatment. We challenged WT (CD47*/*) mice with

TAC, confirmed established LVHF 1 week later, and then
treated animals with a CD47 antagonist Ab (clone 301,
0.4 pg/g body weight IP weekly for 4 weeks).>* Animals
receiving the CD47 Ab displayed mitigation of cardiac
myocyte hypertrophy (Figure 8A), decreased LV fibrosis
(Figure 8B), and no increase in LV weight post-TAC
(Figure 8C). Similarly, treatment with a CD47 antagonist
Ab significantly decreased ventricular stiffness (dP/dt min)
(Figure 8C), normalized TAC-mediated changes in the
pressure volume loop profile (Figure 8D), and attenuated
HF-associated LV increases in HDAC3 and CaMKIl protein
expression (Figure 8E and 8F). In cell cultures, treatment
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Figure 6. (Continued).

with a CD47 antagonist Ab mitigated 7N3-stimulated
cardiac myocyte hypertrophy (Figure 8G). Analysis of LV
tissue sections from post-TAC animals treated with a CD47
antagonist Ab demonstrated decreased TUNEL-positive
staining cells, compared to LV samples from untreated
post-TAC mice (Figure 8H). Finally, LV tissue samples from
post-TAC WT mice treated with a CD47 antagonist Ab
demonstrated decreased mRNA levels of the downstream
target genes, ANP and o-SKA, compared to samples from
untreated post-TAC animals (Figure S4B and S4C).

CD47 Is Expressed in LV Biopsies From Healthy
Subjects and Dysregulated in End-Stage LVHF

The role of CD47 in clinical LVHF is unknown. Analysis of
biopsies from a cohort of healthy controls demonstrated
CD47 expression (Figure S7A), whereas in end-stage LVHF,
CDA47 protein, but not mRNA, was decreased (Figure S7A and

S7C). TSP1 mRNA was also decreased in LV samples from
patients with end-stage disease LVHF, compared to controls
(Figure S7B).

Discussion

The results of this study identify the CD47-HDACS3 axis as a
promoter of LVHF. In an experimental model of LVHF, the
TSP1-CD47-HDAC3-signaling axis was up-regulated in WT
animals. In these experiments, animals were routinely flushed
with normal saline to remove circulating cells and platelets (as a
potential source of TSP1and CD47) from the vasculature before
harvesting of LV tissues. Together, these findings suggest that
cardiac myocytes account for the significant up-regulation of
the TSP1-CD47 axis in LVHF. Nonetheless, CD47 has been
linked to cell migration,”? and a possible role for interstitial
inflammatory cells cannot be completely excluded. In contrast
to WT animals, CD47-null mice were resistant to TAC-mediated
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Figure 7. Activated CD47 promotes accumulation of autophagy markers in LVHF. A, Western immunoblot analysis of LC3 protein expression
in LV tissue samples from patients with nonischemic end-stage LVHF (n=4) and controls (n=5). Densitometry is presented as the mean of all
samples (£SEM). *=statistically significant difference (P<0.05), compared to controls. B, Western immunoblot analysis of LV LC3 protein
expression in age-matched male wild-type (WT) C57BL/6 mice pre-TAC and at the indicated days post-TAC (n=3 to 4 animals in each treatment
group). Densitometry is presented as the mean (=SEM). *=statistically significant difference (P<0.05), compared to pre-TAC. C, Densitometry of
Western immunoblot analysis of LC3 protein expression in LV tissue samples from age-matched male WT and CD47 (~/~) null mice 4 weeks
post-TAC or control. Densitometry is presented as the mean (=SEM) of n=6 to 9 animals/group. *=statistically significant difference (P<0.05),
compared to WT. D, Densitometry of Western immunoblot analysis of LC3, ATG5, and ATG7 protein expression in LV tissue samples from WT
mice post-TAC£an HDAC3 morpholino (7 mg/kg body weight) or (E) a CD47 antagonist antibody (Ab; clone 301, 0.4 mg/kg body weight).
Densitometry is presented as the mean (:SEM) of n=4 to 9 animals/group. *=statistically significant difference (P<0.05), compared to WT; *,
#=statistically significant difference (P<0.05), compared to WT TAC. F, Rat neonatal cardiac myocytes (RNCMs) were treated with a CD47
antagonist (clone 0X101, 1 mg/mL) or control Ab, (G) AIP (10 nmol/L, 30 minutes), or (H) an HDAC3 morpholino (10 mmol/L)+peptide 7N3
(10 mmol/L), cell lysates were prepared, and Western immunblots for LC3 performed. Densitometry is presented as the mean (£SEM) of 3
separate experiments. *=statistically significant difference (P<0.05), compared to 7N3+CD47 Ab, 7N3+AIP, and 7N3+HDAC3 morpholino,
respectively. AIP indicates autocamtide-2-related inhibitory peptide; ATG, autophagy-related gene; HDACS3, histone deacetylase 3; LC3, light-
chain 3; LVHF, left ventricular heart failure; TAC, transverse aortic constriction.

pressure overload LVHF concurrent with down-regulation of patients will clarify the role of TSP1, CD47, and HDACS in
HDACS. Interestingly, preliminary analysis of LV biopsies from a human disease.

small patient cohort (n=4) with end-stage LVHF found that Whereas class 1°° and 11°° HDACs have been implicated in
TSP1, CD47, and HDAC3 decreased. Though the reasons for cardiac processes, HDAC3 has not previously been linked to
this difference, as compared to results obtained in our cardiovascular disease or HF. Our studies identify a role for
experimental murine model and in myocyte cell culture HDAC3 in promoting cardiac remodeling and LVHF. We show
experiments, are not clear, it is possible that significant that activated CD47 is a proximate regulator of HDAC3-driven
myocytolysis in an end-stage HF contributes to the decreased cellular hypertrophy and also of ventricular fibrosis. In cell
expression levels of these proteins.®*°* Future studies in right culture experiments, treatment with a CD47-activating peptide
and left atrial and ventricle samples from early versus late HF increased expression of nuclear HDAC3, whereas in vivo,
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Figure 8. CD47 blockade results in decreased HADC3 expression and corrects established LV HF. (A) H&E staining of murine LV tissue
sections from wild-type (WT) mice 4 weeks post-TAC or post-TAC followed 1 week later with a CD47 antagonist antibody (Ab; clone 301,
0.4 pg/g body weight IP) weekly for 3 weeks. Quantification of cell size is presented as the mean (£SEM) of analysis of 4 to 5 slides per animal
sample, 10 random hpf per slide, 3 to 4 animals per treatment group. *=statistically significant difference (P<0.05), compared to WT;
#=statistically significant difference (P<0.05), compared to WT TAC. Representative images are presented (original magnification, x40). B,
Immunofluorescence staining of murine left ventricle tissue sections 4 weeks post-TAC or control as above indicated in (A). DAPI, collagen I, and
phalloidin are colored blue, green, and red, respectively. Fibrosis is calculated as intensity of fluorescence and is presented as the mean (=SEM)
of analysis of 3 to 5 slides pre animal sample, 10 random hpf per slide, 4 to 8 animals per treatment group. *=statistically significant difference
(P<0.05), compared to WT; #=statistically significant difference (P<0.05), compared to WT TAC. Representative images are presented (original
magpnification, x40). C, Left ventricle weight alone and normalized to body weight from animals in treatment groups as indicated in (A). Data are
presented as the mean (£SEM) of n=7 to 12 animals/group. *=statistically significant difference (P<0.05), compared to WT; #=statistically
significant difference (P<0.05), compared to WT TAC. Assessment by open-chest pressure volume loop analysis of cardiac output, contractility,
and ventricular stiffness (dp/dt min) of animals from indicated treatment groups. Data are presented as the mean (£=SEM) of n=7 to 12
animals/group. *=statistically significant difference (P<0.05), compared to WT and WT TAC, respectively; #=statistically significant difference
(P<0.05). compared to WT TAC. D, Representative pressure volume tracings from WT, WT TAC, and WT TAC+CD47 Ab-treated mice. Western
immunoblot analysis of HDAC3 (E) and CaMKIl (F) protein expression in LV samples from animals in the indicated groups. Densitometry is
presented as the mean (+SEM) of n=4 to 5 animals/group. *=statistically significant difference (P<0.05), compared to WT; #=statistically
significant difference (P<0.05), compared to WT TAC. G, Rat neonatal cardiac myocytes were treated with CD47 antagonist Ab (clone OX101,
1 mg/mL) or immunoglobulin G (IgG) control antibody-+peptide 7N3 (10 umol/L) for 48 hours, and cell size was determined. Representative
images are presented (original magnification, x40). Data are presented as the mean (+SEM) of 4 separate experiments. *=statistically
significant difference (P<0.05), compared to IgG; #=statistically significant difference (P<0.05), compared to IgG+7N3. H, TUNEL staining of
murine LV tissue sections from WT and 4 weeks post-TAC animals with and without CD47 antagonist Ab treatment. Data are presented as the
mean (££SEM) of the ratio of TUNEL-positive cells over total nuclei from analysis of 4 to 5 slides per animal sample, 10 random hpf per slide, 3 to
4 animals per treatment group. *=statistically significant difference (P<0.05), compared to WT TAC. |, Schematic: Secreted TSP1 binds to
cardiac myocyte CD47, stimulating extracellular movement of calcium through L-type channels. This leads to ryanodine receptor (RyR2)-
mediated calcium efflux from the sarcoplasmic reticulum, activating CaMKII to up-regulate HDAC3 and promote myocyte hypertrophy and LVHF.
CaMKIl indicates calcium/calmodulin-dependent protein kinase Il; DAPI indicates 4’,6-diamidino-2-phenylindole; HDACS3, histone deacetylases;
H&E, hematoxylin and eosin; LVHF, left ventricular heart failure; TAC, transverse aortic constriction; TSP1, thrombospondin 1; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick end labeling.

nuclear HDAC3 expression was decreased post-TAC in CD47- stimulated induction of HDAC3. PE is known to promote
null LV samples, compared to WT. Similarly, treatment of multiple responses, including cellular hypertrophy and HF, and
cardiac myocytes with a CD47 antagonist Ab inhibited PE- indicate a possible wider role for CD47 in cardiac processes.
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Figure 8. (Continued)

HDAC3 is also known to be sensitive to stimulation by ROS and
a proximate activator of tumor necrosis factor alpha in its own
right.®” This is of some importance in light of a recent role we
have reported for TSP1, through CD47, as an activator of
NADPH-oxidase—mediated ROS production in vascular ceIIs,13
and suggests multiple nonexclusive mechanisms by which
CD47 may up-regulate HDAC3 to promote LVHF.

Activation of CD47 by a TSP1-derived peptide stimulated
increased cardiac myocyte CaMKIl expression, and this
process was abrogated after treatment with a Na'/Ca®*
exchanger and an L-type Ca®" channel blocker. Conversely,
specific pharmacologic inhibition of CaMKII activity blocked
CD47-mediated up-regulation of HDAC3, identifying HDAC3 as
a downstream target of CaMKII. On further investigation, live
cell imaging found that activation of myocyte CD47 resulted in
a rapid increase in cytoplasmic Ca®*, and that this was, in part,
mediated by RyR2 receptors because tetracaine ablated this

effect. Together, these new data suggest that cardiac CD47
functions to regulate calcium channel activity and intracellular
cytosolic calcium levels in cardiac myocytes (see Figure 8l).
Along with results obtained in endothelial cells,'? these data
also suggest that TSP1 and CD47 may regulate Ca" in
multiple cell types in the cardiovascular system.

TSP1 is the prototypic family member of several related
TSPs, including TSP2 and -4.2% The role of matricellular
proteins generally, and TSPs specifically, in heart disease
remains a focus of ongoing investigation. In a TAC model,
TSP1-°% and TSP4-null mice®*®° (that, presumably, express
cardiac CD47) were reported to develop LV hypertrophy
(LVH). These results are interesting in light of our new data
and may be explained somewhat by our previous report that
TSP1, -2, and -4 all bind to and activate CD47, though with
varying affinities.?” Under TAC-mediated conditions, redun-
dant activation of CD47 by other TSP family members would
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be predicted to promote LVH. However, the absence of CD47
(a high-affinity receptor of TSP1, and also a receptor for
TSP2 and -4), confers protection from TAC-induced LVHF.
Similarly, disrupting CD47 signaling with an antagonist Ab
recapitulated the protective null phenotype in WT (CD47"/™)
animals post-TAC. It remains to be determined whether
targeting of TSP1 and -4 in WT mice by antagonist antibodies
or gene suppression alters TAC-derived LVHF. Also, as we
have reported that CD47 controls basal'? and ischemic
blood flow,®"%? and ischemia is known to occur in LVHF,% it
is interesting to hypothesize that TSP 1-mediated activation of
CD47 may also limit cardiac blood flow under these
conditions.

Interestingly, the autophagy marker, LC3, was increased in
the ventricles of WT mice post-TAC, compared to WT control
ventricles. Conversely, blocking CD47 activation with an Ab or
gene suppression of HDAC3 with a morpholino oligonucleo-
tide decreased the TAC-mediated increase in LC3, ATG5, and
ATG7 in WT left ventricles. To the best of our knowledge,
these data are the first to suggest that HDAC3 contributes, in
part, to LVHF through dysregulated autophagy. Recent reports
have linked CD47 to radiation-stimulated autophagy®**° and,
along with our new results, suggest that CD47 may control
autophagy under several stress conditions.

Therapeutic intervention of established heart disease is the
clinical reality. We found that disrupting the TSP1-CD47-
HDAC3 axis at several locations in the signaling cascade
decreased myocyte overgrowth, limited ventricular fibrosis,
and improved heart function. In the face of established LVHF,
a CD47 antagonist Ab, which prevents binding of TSP1 to,
and activation of, CD47,%” suppressed HADC3 expression,
improved cardiac function, and lessened LV stiffness. Simi-
larly, gene suppression of HDAC3 reversed established LVHF.
These data indicate that both CD47 and HDAC3 are potential
therapeutic targets for LVHF. Previous work from our group
has identified a role for CD47 in limiting blood flow” and
metabolism®® and suggests additional benefits through ther-
apeutic targeting of CD47 in LVHF.
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