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Cardiac myocyte hypertrophy, the main compensatory response to chronic stress in the heart often progresses to
a state of decompensation that can lead to heart failure. Osteopontin (OPN) is an effector for extracellular signal-
ling that induces myocyte growth and fibrosis. Although increased OPN activity has been observed in stressed myo-
cytes and fibroblasts, the detailed and long term effects of blocking OPN signalling on the heart remain poorly
defined. Targeting cardiac OPN protein by an RNA aptamer may be beneficial for tuning down OPN pathologic sig-
nalling. We aimed to demonstrate the therapeutic effects of an OPN RNA aptamer on cardiac dysfunction.

In vivo, we show that in a mouse model of pressure overload, treating at the time of surgeries with an OPN
aptamer prevented cardiomyocyte hypertrophy and cardiac fibrosis, blocked OPN downstream signalling (PI3K and
Akt phosphorylation), reduced expression of extracellular matrix (Lum, Col3a1, Fn1) and hypertrophy (Nppa,
Nppb) genes, and prevented cardiac dysfunction. Treating at two months post-surgeries with the OPN aptamer
reversed cardiac dysfunction and fibrosis and myocyte hypertrophy. While genetic homozygous deletion of OPN
reduced myocardial wall thickness, surprisingly cardiac function and myocardial fibrosis, specifically collagen depos-
ition and myofibroblast infiltration, were worse compared with wild type mice at three months of pressure
overload.

Taken together, these data demonstrate that tuning down cardiac OPN signalling by an OPN RNA aptamer is a
novel and effective approach for preventing cardiac hypertrophy and fibrosis, improving cardiac function, and re-
versing pressure overload-induced heart failure.

Cardiac hypertrophy e Cardiac fibrosis e Heart failure ¢ Osteopontin e Aptamer ¢ TAC

1. Introduction

Non-mitotic growth of cardiac myocytes is the major response of the
heart to increased workload." Whereas myocyte hypertrophy may be
compensatory especially in its early stages, it becomes a major risk factor
for heart failure when associated with comorbidities such as hyperten-
sion and myocardial infarction (Ml). This is due at least in part to parallel
changes in the expression of cytokines, extracellular matrix (ECM) pro-
teins and increased interstitial fibrosis. Current therapy for pathologic
hypertrophy is generally limited to targeting the down-regulation of
associated signalling pathways by blocking the activities of upstream cell

membrane receptors and ion channels.” Novel drug targets may be re-
vealed through the identification of signalling cytokines that act through
autocrine pathways. Osteopontin (OPN) is a pleiotropic extracellular
signal-regulated bone sialoprotein whose activity is increased in myo-
cytes®® and fibroblasts>® by most hypertrophic stimuli. Serum OPN lev-
els are significantly increased in patients with heart failure and OPN
constitutes an independent predictor of 4-year mortality in these pa-
tients.* Cardiac myocyte-specific over-expression of OPN in transgenic
mice causes dilated cardiomyopathy and heart failure accompanied by
myocarditis, T cell-mediated inflammation, and fibrosis.” Global knock
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down of OPN in mice reduces cardiac fibrosis after short term MI® or
Angiotensin Il infusions.”"°

Recently, small structured single-stranded nucleic acid ligands, also
known as DNA or RNA aptamers, have emerged as alternatives to small
molecule- and antibody-based therapies.""'? Aptamers, from the Latin
word ‘apto’ meaning ‘to fit’, specifically bind target proteins with high af-
finity (high pico-molar to low nano-molar range), are stable, lack im-
munogenicity, and elicit biological responses. This high-affinity selective
binding of aptamers can modulate 3D structures and thence properties
of target proteins. Therefore, aptamers can be used for therapeutic pur-
poses in much the same way as monoclonal antibodies.”*"* However,
aptamers have an additional advantage over monoclonal antibodies be-
cause their production involves relatively simple chemistry with no live
organism involvement. Such cell-free technology offers significant advan-
tages for developing and optimizing these molecules for translational
therapeutics.

Unlike other nucleic acid-based therapies such as siRNA, DNA, and
RNA, aptamers are unique because they generally do not directly affect
steps preceding protein function such as transcription, splicing, RNA
processing, or translation.”® Another major advantage of aptamers is
their ability to be conjugated with other oligonuclotides such as
siRNAs '8 and miRNAs'??° for targeted delivery and enhanced thera-
peutic potency. Our objective in this study was to provide the first dem-
onstration of an RNA ligand capable of blocking OPN pathologic cardiac
signalling. Toward this end, we elected to use an aptamer against human
OPN protein.?’ We characterized the effect of the OPN aptamer on
prevention of heart failure at the cellular, molecular, and functional levels
in mice subjected to transverse aortic constriction (TAC). Using wild
type and OPN”" mice subjected to TAC, we found impressive therapeutic
effects by OPN aptamer treatment but not by OPN genetic homozy-
gous deletion, in the treatment/reversal of heart failure. Taken together,
these findings support a novel RNA platform for regulating OPN patho-
logic signalling in the hypertrophic heart.

2. Experimental procedures

Reagents: Antibody against GAPDH (sc-25778) was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA); antibodies against
FN1 (F3648) and SMA (A-5228) were obtained from Sigma—Aldrich (St.
Louis, MO, USA); antibodies against PI3K (4249) and p-AKT (2965)
were obtained from Cell Signalling (Danvers, MA, USA); antibodies
against OPN (AF808), Lumican (AF2745), and OPN DuoSet ELISA kit
(DY441) were purchased from R&D Systems (Minneapolis, MN, USA).
Antibody against COLIII (600-401-105-0.1) was purchased from
Rockland (Limerick, PA, USA). Amersham Femto Western detection
system was obtained from GE Healthcare Bio-Sciences (Piscataway, NJ,
USA). The MirVana PARIS kit used for RNA and protein isolations, re-
agents for real-time quantitative PCR, and Alexa Fluor-555 (W32464)
and -488 (W11261) Wheat Germ Agglutinin (WGA) were obtained
from Life Technologies (Carlsbad, CA, USA). Picrosirius Red Stain Kit
was purchased from Polysciences (24901-250). The 40-nucleoetide
OPN aptamer (5-mCrGrG mCmCrA mCrArG rArAmU rGrArA
rArArA mCmCmU mCrAmU mCrGrA mUrGmU mUrGmC rAmUrA
rGmUmU rG-3) and 35-nucleotide mutant OPN aptamer (5-mCrGrG
mCmCrA mCrArG rArAmU rGrArA mUmCrA mUmCrG rAmUrG
mUmUrG mCrAmU rArGmU mUrG-3) with 2’O-Methyl modification
(m) at the Pyrimidines (Cytosines and Uracils) and un-modified (r) pur-
ines (Adenine and Guanine) were synthesized by IDT (Coralville, lowa).

The sequences were obtained from Mi et al,”' but the modifications
(described above) are quite different from the ones used by Mi et al.’
and Talbot et al.””

2.1 Animal work

All experiments involving animals were approved by the Institutional
Animal Care and Use Committee at the University of Miami, conforming
to NIH guidelines. Wild type (C57Bl6) and OPN knock-out mice
(004936) were bought from Jackson Labs and bred in-house. While the
OPN knock-out mice were originally characterized on 129xBlack Swiss

hybrid background,”>**

they were crossed for at least 10 generations
with C57Bl6 mice before being donated to the Jackson lab. Therefore,
the OPN knock-out mice used in this study are of more than 99%
C57BIl6 background which is the same background used for the wild
type mice in the aptamer study. For sacrificing all mice used in this study,

isoflurane inhalation followed by cervical dislocation was used.

2.2 Transverse aortic constriction (TAC)
and aptamer injections

Wild type C57BL6 or OPN” mice weighing 23-25 g were anesthetized
with ketamine (130mg/kg) and xylazine (10 mg/kg). Each mouse was
placed supine on a heating pad to maintain body temperature at 37°C.
An endotracheal intubation was rapidly performed and the cannula con-
nected to a Mouse Ventilator (Model 845, Harvard Apparatus, MA,
USA) with a stroke volume of 10 pl/g body weight of room air and re-
spiratory rate of 120 breaths/min. Surgical procedures were performed
using a stereo microscope (Omano OM2300S-GX4 Zoom Stereo
Boom Microscope).The chest cavity was opened using two Dumont for-
ceps to make a small incision at the level of the second intercostal space
at the left upper sternal border. After the aortic arch was isolated, the
transverse aorta was isolated between the carotid arteries and con-
stricted by a 6-0 silk suture ligature tied firmly against a 27-gauge needle.
The needle was promptly removed to produce an aortic constriction of
0.4 mm in diameter. The chest cavity was then closed with a 6-0 nylon
suture. For prevention study, the left subclavian vein was exposed and
56 nmol/kg OPN aptamer, 56 nmol/kg mutant OPN aptamer or PBS—
each in 0.1 mL volume was injected in left subclavian vein. This would
constitute the first of 10 injections in the prevention study. The remain-
ing nine injections were administered via tail vein as described below,
once every other day starting at 2 days post-TAC. Anesthesia was main-
tained with ketamine and xylazine. The mouse was allowed to recover
from anesthesia while its body temperature was maintained at 37°C.
Sham-operated animals underwent a similar surgical procedure without
aortic constriction, to serve as controls. Transverse aortic flow velocities
were obtained by pulsed wave (PW) Doppler using a 20° angle across
the constriction site within 1 week post-surgery. The pressure gradient
was estimated using the modified Bernoulli equation (Ap = 4V?) and only
mice with a pressure gradient >44 mmHg were used in the study, with
the average pressure gradient =62 mmHg (see Supplementary material
online, Tables SI and SlI).

For tail vein injections, the mouse was placed in a restrainer (Tail
Veiner TV-150) and the tail was then warmed with a lamp. The tail was
swabbed with 70% alcohol on a gauze sponge. The tail was held tightly
with one hand and with the other hand, the needle was inserted parallel
to the tail vein penetrating around 5 mm into the lumen while keeping
the bevel of the needle facing upwards. The OPN aptamer, mutant OPN
aptamer, or PBS solution was then injected slowly. When the intraven-
ous administration was finished, the injection site was pressed firmly with
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a swab to prevent backflow of the administered solution and/or blood.
For the treatment study, a total of 14 tail vein injections were adminis-
tered once every other day, starting at 2 months post-TAC.

2.3 Echocardiography

Cardiac function was evaluated by a Vevo 770 echocardiography imaging
system (Visual Sonics) at baseline and 4, 8, and 12 weeks after sham or
TAC surgery. Briefly, mice were anesthetized with 4% isoflurane at 0.8 L/
min flow rate and maintained with 1% isoflurane. Following anesthesia,
the mice were fixed in a supine position on a pad with an integrated tem-
perature sensor, a heater, and ECG electrodes. The heart rate was moni-
tored constantly and body temperature was maintained at 37 °C during
measuring. Depilatory cream was used to remove fur from the region of
interest, and medical ultrasonographic acoustic gel was used as a cou-
pling fluid between the real-time microvisualization scan head and the
skin. The B-mode 2 dimensional (2D) images and M-mode tracings of
the anterior and posterior left ventricular (LV) wall were obtained using
a 2D reference sector with a 707B scan head. Cardiac function param-
eters examined included LV B-Mode: Endocardial Area (d, diastole and s,
systole); Endocardial Major (d,s); Endocardial Volume (d,s); Endocardial
Stroke Volume; Endocardial % Ejection Fraction (EF); Endocardial
Fractional Area Change (%FAC), FAC=(Endocardial Aread-
Endocardial Area;s)/(Endocardial Areaid); Endocardial Area Change;
Endocardial Cardiac Output (CO). LV M-Mode: LVAW, Left ventricular
anterior wall (d,s); LVID, Left ventricular internal diameter (d,s); LVPWV,
Left ventricular posterior wall (d,s); LV Vol, Left ventricle volume (d,s);
%EF; % Fractional Shortening (FS), (FS = (LVID;d - LVID;s)/(LVID;d)); LV
Mass; LV Mass Corrected, LV mass is corrected for mathematical over-
estimation (LV Mass Corrected=0.8 (1.053((LVIDP;,d +LVPW;d +
IVS;d)3 - LVID;DB)), where 0.8 is the correction factor and 1.053 is the
myocardial specific gravity). The data were analyzed with VEVO 770
software. Transverse aortic flow velocity was obtained by PW Doppler
using a 20° angle across the constriction site within 1 week post-surgery.
The pressure gradient was estimated using the modified Bernoulli equa-
tion (Ap = 4V?) and only mice with a pressure gradient >44 mmHg were
used in the study.

2.4 QPCR

RNA was extracted (Mirvana Paris kit) and gene transcripts were quanti-
fied by gPCR using Tagman assays for Nppa, Nppb, FN1, OPN, LUM, or
COL3a1 onan ABI 7900HT thermocycler. For each group, fluorescence
was plotted against the number of cycles on a logarithmic scale and data
were normalized to the endogenous 18S control. The normalized cycle
thresholds (delta Cts) were converted to fold change relative to the con-
trol group. For statistical analysis, ANOVA with Tukey post hoc correc-
tion was applied on the delta Cts.

2.5 Western blots

Protein concentration was measured using a Bradford assay. Samples
were prepared and separated by a 4-12% Novex mini 15-well gradient
gel (Bolt System, Life Technologies), and probed with OPN, FN1, PI3K,
p-AKT or GAPDH antibody. Signals were detected by chemilumines-
cence (Femto, Thomas Scientific) on photographic films. Digitized images
were analyzed using Image ] (NIH). Protein band densitometry was nor-
malized to that of GAPDH, and the averaged results were plotted as
normalized densitometry units (n.d.u.). For statistical analysis, ANOVA
with Tukey post hoc correction was applied on n.d.u.

2.6 Histochemistry

Dissected left ventricles or full hearts were weighed and then fixed in
10% formalin and embedded in paraffin. De-paraffinized 4 um LV cross
sections were stained with Picrosirius Red Stain Kit or Alexa Fluor 555-
or -488 WGA as recommended by the manufacturers. Myocyte area
was measured in Image | from WGA images captured on a Zeiss fluores-
cence microscope. At least five 32x objective fields per heart were
used. Collagen content was assayed using the Picrosirius Red stained sec-
tions and polarized light microscopy for at least three 5x objective fields
per heart. For SMA analyses, six images per cross section were captured
at 10x magnification on a Zeiss fluorescence microscope, and the posi-
tive non-vascular area was quantified in Image J. For statistical analysis,
ANOVA with Tukey post hoc correction was applied on the averages of
myocyte area, % collagen per cross section, or % interstitial SMA per
cross section. For H&E and WGA staining of four-chamber slices of the
hearts, de-paraffinized 4 pm sagittal sections were used. The WGA imag-
ing of sagittal sections was performed with a 10x objective on a Zeiss
confocal using 10 z-stacks and tiling tools to cover the entire sections.

2.7 Statistics

For all experiments, N refers to the number of individual mice. All data
are expressed as meanzts.em. All p-values were calculated using
ANOVA and corrected for multiple comparisons using Tukey post hoc
correction. For the time series echo data in Figure 5 and Table IV in
Supplementary material online, Repeated Measures ANOVA with
Tukey post hoc correction was applied when following the same mice
over time. For survival curve, Kaplan—-Meier with Log Rank test was per-
formed. Repeated symbols represent p-values of different orders of
magnitude, i.e. *P < 0.05, **P < 0.01.

3. Results

3.1 OPN progressively increases in the
heart after pressure overload

To validate increased OPN expression in cardiac hypertrophy, we down-
loaded a publicly available microarray dataset on mouse hearts subjected
to TAC for 2, 10, or 21 days (GSE1621). In that experiment by Zhao et al,
global gene expression profiling was performed on hearts from 3-month-
old FVB male mice subjected to cardiac pressure overload by TAC>
Hearts were examined 2, 10, and 21 days after surgery.” We found a pro-
gressive increase in gene expression of OPN and other ECM molecules
(FN1, LUM, COL3a) and the expected heart failure markers (Nppa and
Nppb) as shown in Supplementary material online, Figure SI. These results
validate the use of the mouse TAC model for targeting OPN signalling.

3.2 OPN aptamer substantially prevented

cardiac dysfunction after pressure overload
To explore whether blocking OPN signalling by an OPN RNA Aptamer
can prevent the heart from hypertrophy and dysfunction, we conducted
TAC or sham surgeries using adult male C57BL6 mice. To synchronize
the aortic constriction with OPN aptamer cardiac dysfunction preven-
tion effect, we performed left subclavian vein injection with 56 nmole/kg
of OPN Aptamer (Apt), 56 nmole/kg mutant OPN aptamer (M-Apt) or
PBS as soon as the aortic arch was constricted. Then a total of nine tail
vein injections were administered, one every 2 days. Cardiac function
was measured by echocardiography at 4, 8, and 12 weeks post-TAC
(Figure 1A). At 4 weeks post-TAC, the OPN aptamer group showed 25%
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Figure | OPN aptamer prevents cardiac dysfunction, hypertrophy, and fibrosis in TAC mice. (A) Protocol for OPN aptamer therapy in the mouse TAC
heart failure model. A total of 10 injections were administered, one subclavian and nine tail vein injections. (B) Effect of OPN aptamer on LV to body weight
ratios, and (C) echocardiographic indices. Representative images of Wheat Germ Agglutinin staining and corresponding myocyte area of LV cross sections at
4 (D,E) and 12 weeks (F,G) post-TAC after systemic injections of OPN aptamer (Apt) or mutant OPN aptamer (M-Apt). Representative images of
Picrosirius Red staining and corresponding % collagen quantification of LV cross sections at 4 (H,/) and 12 weeks (J,K) post-TAC after systemic injections of
OPN aptamer or mutant OPN aptamer. Detailed echocardiographic data and statistics are shown in Supplementary material online, Table SI. Error bars rep-
resent SEM. P-values are from ANOVA with Tukey multiple correction. *P < 0.05 vs. Sham; **P < 0.01 vs. Sham; TP<0.05 vs. TAC + M-Apt; TP <001 vs.
TAC + M-Apt.n, 5-13 mice per group. Cont, sham or no-surgery controls; TAC, Transverse Aortic Constriction; EF, Ejection Fraction; LVPW, LV poster-

ior wall; LVAW, LV anterior wall; Scale bar, 50 pm.
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improvement in Endocardial percent ejection fraction (%EF), 31% in-
crease in Endocardial percent fractional area change (%FAC), 37% de-
crease in diastolic left ventricular posterior wall (LVPW(d) thickness, and
31% decrease in Left Ventricular Mass Corrected—P < 0.01 for all, rela-
tive to mutant control group (n=13 per group). Similar significant im-
provement was observed relative to the PBS group (n=3) with no
significant difference between the Sham and no-surgery groups (n=11).
This significant cardiac improvement was sustained at 8 weeks (n=7 per
group) and 12 weeks (n=4-7 per group) post-surgery (Figure 1C, see
Supplementary material online, Figure Sll, and Table SI).

3.3 OPN aptamer effectively prevented LV

remodelling after pressure overload

To investigate whether blocking OPN signalling via OPN aptamer can
prevent cardiac myocyte hypertrophy and fibrosis, we conducted histo-
logical studies on 4 and 12 weeks paraffin embedded LV sections. WGA
staining showed that the OPN aptamer treatment significantly reduced
myocyte cross sectional area by 20% at 4 weeks and 30% at 12 weeks
post-TAC—P < 0.01 for all (Figure 1D-G). Picrosirius Red staining
showed that OPN aptamer reduced total cardiac fibrosis by 60%
(P<0.07) at 4 weeks, and 70% (P < 0.05) at 12 weeks post-TAC (Figure
1H-K). For each mouse section, six images were acquired and analyzed
and 47 mice per group were used.

To examine the effect of blocking OPN signalling via OPN aptamer on
LV weight after pressure overload, we weighed the dissected left ven-
tricles, and normalized to body weight. We found that at 12 weeks post-
TAC, OPN aptamer normalized LV weight by 24% (P = 0.03) relative to
the mutant aptamer group (n = 5—7 per group; Figure 1B).

3.4 OPN aptamer reduces expression of

ECM and heart failure genes and proteins

To study the effect of blocking OPN signalling via OPN aptamer on the
expression of ECM and heart failure genes and proteins, we performed
gPCR, western blot and Elisa on LV and right ventricular (RV) samples at
4 and 12 weeks post-TAC. The qPCR results showed that at 4 and/or 12
weeks post-TAC, OPN aptamer treatment significantly reduced the
transcript expression of the LV heart failure markers Nppb (Natriuretic
Peptide B), ECM proteins OPN, FN1 (Fibronectin 1), Col llla1 (collagen
type llla1), and Lum (Lumican) relative to the mutant aptamer group
(n=3-6/group—Figure 2A). In the 4 week LVs, western blot quantifica-
tion showed that OPN and downstream targets FN1, PI3K (1100) pro-
tein expression, as well as phosphorylation of Akt (p-Akt-Thr308) were
significantly reduced in the OPN aptamer-treated samples relative to
mut group (n = 4-5/group—*Figure 2B). OPN protein down-regulation in
the 4 week LVs was also confirmed by sandwich ELISA (n=5/group—
Figure 2C). To investigate whether the observed changes in gene and
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Figure 2 OPN aptamer reduces gene expression of extracellular matrix and heart failure genes and inhibits OPN signalling pathway in left ventricles
(LVs). (A) Changes of mMRNA expression as measured by qPCR at 4 and 12 weeks post-TAC after systemic injections of OPN aptamer (Apt) or mutant
OPN aptamer (M-Apt). (B and C) Changes of protein expression as measured by western blot and corresponding quantification, or Elisa—at 4 weeks post-
TAC after systemic injections of OPN aptamer or mutant OPN aptamer. Error bars = SEM. P-values are from ANOVA with Tukey multiple correction.
P <0.05 vs. Sham; **P < 0.01 vs. Sham; TP < 0.05 vs. TAC + M-Apt; TP <0.01 vs. TAC + M-Apt. n=5-7 mice per group. Nppa, Natriuretic Peptide A;
Nppb, Natriuretic Peptide B; OPN, Osteopontin; FN1, Fibronectin 1, Col lll, pro-alpha1 (lll) collagen; Lum, Lumican; n.d.u.= normalized densitometry units;

TAC, Transverse Aortic Constriction.
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Figure 3 OPN aptamer reduces gene expression of extracellular matrix and heart failure genes in right ventricles (RVs). (A) Changes of mRNA expres-
sion as measured by qPCR at 4 and 12 weeks post-TAC after systemic injections of OPN aptamer (Apt) or mutant OPN aptamer (M-Apt). (B) Changes of
FN1 protein expression as measured by western blot and corresponding quantification, at 4 weeks post-TAC after systemic injections of OPN aptamer or
mutant OPN aptamer. Error bars = SEM. p-values are from ANOVA with Tukey multiple correction. *P <0.05 vs. Sham; **P < 0.01 vs. Sham; TP < 0.05 vs.
TAC + M-Apt; TP < 0.01 vs. TAC + M-Apt. n=4-7 mice per group. Nppa, Natriuretic Peptide A; Nppb, Natriuretic Peptide B; OPN, Osteopontin; FN1,
Fibronectin 1, Col lll, pro-alpha? (lll) collagen; Lum, Lumican; n.d.u., normalized densitometry units; TAC, Transverse Aortic Constriction.

protein expression were unique to the LVs, we similarly quantified the
expression of these genes and/or proteins in the RVs and atria. We
found a similar pattern of expression in the RVs in the corresponding
groups at 4 week post-TAC. Gene expression of Nppb, OPN and Col lll
was reduced at 4 weeks post-TAC in the RVs relative to mutant aptamer
group (n = 3—7/group—Figure 3) but not at 12 weeks and nor in the atria
(data not shown). The FN1 protein was significantly reduced in the RVs
at 4 weeks post-TAC under the OPN Apt treatment (n = 3/group—
Figure 3B). Since the OPN aptamer works by directly binding to the
OPN protein and blocking its signalling®' these results indicate that
blocking OPN signalling by the OPN aptamer can subsequently prevent
cardiac dysfunction by blocking the hypertrophic, fibrotic, and gene ex-
pression programs that are otherwise activated during ventricular re-
modelling in pressure overload.

3.5 OPN aptamer reverses heart failure in
wild type but not OPN™ mice

To investigate the effect of OPN aptamer on reversal of cardiac re-
modelling rather than prevention and confirm that indeed the aptamer
functions via OPN protein rather than non-specific binding, wild type
and OPN”" mice were subjected to Sham or TAC surgeries for 2 months
after which systemic injections of OPN aptamer or mutant aptamer
were administered every other 1 or 2 days until a total of 14 injections
was reached (Outline shown in Figure 4D). At 2 months (before injec-
tions) and 2.5 months (after injections) post-TAC, cardiac function was
assessed by echocardiography, and at 3 months histology on sagittal

cardiac tissue was performed. OPN aptamer significantly reversed
pathological remodelling of the wild type but not the OPN” hearts
(Figure 4B and C). In fact, the highest mortality (~50%) was in all the
OPN” mice post 2 month of TAC (Kaplan-Meier analysis, see
Supplementary material online, Figure Siif). These banded OPN mice had
significantly higher normalized heart and lung weights (Supplementary
material online, Figure SIV) suggesting congestive heart failure. The OPN
aptamer rescue data in the wild type mice demonstrates that OPN
aptamer is working through OPN protein and that the OPN signalling
pathway can be interrupted in the late pathologic stages of cardiac
hypertrophy to yield therapeutic benefits. Interestingly, the results sug-
gest that the aptamer approach is superior to genetic homozygous dele-
tion perhaps by permitting a certain amount of compensatory response
without totally eliminating ability of ventricle to respond.

Figure 4B shows the echocardiographic M-mode images of the same
mice at 2 months (before treatment) and then 2.5 months (after treat-
ment) of TAC and corresponding echocardiographic time series data
(Figure 5), is a compelling evidence on how the OPN aptamer can re-
verse LV remodelling. Detailed echocardiographic data at 3 month post-
Sham/TAC, gravimetry data at 3 month post-Sham/TAC, and echocar-
diographic data at 1, 2, and 2.5-3 months post-TAC are shown in
Supplementary material online, Tables SI-SIV, respectively.

To investigate whether blocking OPN signalling via OPN aptamer or
genetic homozygous deletion can affect cardiac myocyte hypertrophy
and fibrosis, we conducted histological studies on 3 month post-TAC
paraffin embedded wild type and OPN™ heart cross sections. WGA
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Figure 4 OPN aptamer reverses cardiac dysfunction in TAC wild type but not OPN™" mice. (A) H&E sagittal heart sections of WT and OPN”" mice sub-
jected to Sham or TAC surgeries showing that OPN aptamer treatment significantly reversed pathological remodelling of the WT (but not the OPN™) TAC
hearts. Scale bar =2 mm. (B) Representative images of M-mode echocardiography at papillary muscle level before and after injections show the reversal of
cardiac hypertrophy in aptamer-injected TAC hearts. Images within the red or green panel belong to the same M-apt- or Apt-injected TAC mouse, respect-
ively. Horizontal Scale bar=1mm and Vertical Scale bar=5mm. (C) Cardiac function is significantly improved in Aptamer-treated WT TAC mice.
Horizontal lines in the graphs represent means. (D) Protocol for OPN aptamer therapy in the mouse TAC heart failure model. A total of 14 tail vein injec-
tions were administered. Error bars = SEM. P-values are from ANOVA with Tukey multiple correction. *P <0.05. **P <0.01. N = 5-19 mice per group. WT,
wild type; TAC, Transverse Aortic Constriction; M-Apt, mutant aptamer; Apt, OPN aptamer; EF, Ejection Fraction; LVPW(d, Left Ventricular Posterior Wall,
diastole. Detailed echocardiographic data and statistics are shown in Supplementary material online, Table SII.

staining showed that the OPN aptamer treatment significantly reduced
myocyte hypertrophy in the 3 month TAC hearts relative to the mutant-
aptamer-treated 3 month TAC hearts (Figure 6A). Interestingly, the
OPN™ TAC hearts did not show any myocyte hypertrophy (Figure 6A).
For fibrosis, Picrosirius Red quantification showed significant reduction
of fibrosis by the OPN aptamer in the wild type TAC hearts (Figure 6B).
Surprisingly, the OPN” TAC hearts were extremely fibrotic/collagen-
rich (Figure 6B). To identify the source of collagen deposition, we stained

for the myofibroblast marker Smooth Muscle Actin (SMA). We found
that the OPN” TAC hearts had excessive myofibroblasts infiltration
(Figure 7A and B). To further confirm the increased myocardial fibrosis in
the OPN" TAC hearts relative to the wild type TAC hearts, we per-
formed WGA staining on heart sagittal sections and imaged using con-
focal z-stack and tiling tools. Previous studies have shown that WGA
could also be used to quantify myocardial fibrosis with almost perfect
correlation and improved visibility to Picrosirius Red.® Confirming our


http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvx016/-/DC1

640

J. Lietal

-% SHAM
- TAC no-injection
801 -m- TAC+Mut-Apt 1.2
-m- TAC+OPN-Apt
60+ E1.0-
;\? kK ~E' S
~ 40 T 0.8
w 2.0,
w =
o
201 o > 0.6- o
Injections Injections
0 T T T 1 04 T T T 1
0 1 2 3 0 1 2 3
Months of TAC Months of TAC
50- g, 15-
= 5
< 40 5
(]
£ sk @ 104
5 304 [
o < ok
i 20 8
X 5 57
o 104 . . a . .
= Injections o Injections
n o
c T T T 1 B 0 T T T 1
0 1 2 3 0 1 2 3
Months of TAC Months of TAC

Figure 5 OPN aptamer reverses cardiac dysfunction in TAC wild type mice. Echocardiographic time series at baseline or 1 month-, 2 month (before in-
jections)-, and 2.5 month (after injections)-post-TAC show significant improvement in cardiac function of OPN aptamer-injected mice. Detailed echocardio-
graphic data and statistics are shown in Supplementary material online, Table SIV. N =3-6 mice per group. Error bars = SEM. P-values are from Repeated
Measures ANOVA with Tukey post hoc correction when following the same mice over time. **P<0.01. WT, wild type; TAC, Transverse Aortic
Constriction; OPN-Apt, OPN aptamer; Mut-Apt, Mutant aptamer; EF, Ejection Fraction; LVPWd, Left Ventricular Posterior Wall, diastole.

Picrosirius Red fibrosis data, the WGA staining showed excessive fibrosis
in the OPN"" 3-month TAC hearts relative to the wild type 3-month
TAC hearts (Figure 7C). For each mouse section, 4—6 images were
acquired and analyzed and 4—7 mice per group were used. These data
suggest that the fibrosis phenotype shown by myofibroblast infiltration
and collagen deposition in the OPN™ TAC hearts is responsible for their
dysfunction.

4. Discussion

Here, we present the first report on the use of an RNA aptamer to pre-
vent and treat heart failure in an experimental model. We report that a
40-nucleotide OPN aptamer?" can prevent cardiac dysfunction in a pres-
sure overload mouse model of cardiac hypertrophy. The injection of
TAC mice with an OPN aptamer starting at the onset of TAC reduced
myocyte hypertrophy and cardiac fibrosis in early (4 week) and late (12
week) TAC. The cardioprotection conferred by the OPN aptamer was
associated with decreased heart failure-, fibrosis-, and ECM gene and/or
protein expression in the left and right ventricles of the treated mice.
Furthermore, the OPN aptamer injections prevented downstream sig-
nalling pathway of OPN that include expression of PI3K and phosphoryl-
ation of Akt."® Since the OPN aptamer works by directly binding to the
OPN protein and blocking its signalling,*" our results indicate that block-
ing OPN signalling by the OPN aptamer can subsequently prevent

cardiac dysfunction by blocking the hypertrophic, fibrotic, and gene ex-
pression programs that are otherwise activated during ventricular re-
modelling in pressure overload. The dynamic changes in the levels of
OPN and activated ECM proteins apparent at 4 weeks of TAC begin to
plateau after 12 weeks suggesting that interventions in OPN signalling
must be implemented before the 12 week time point in this model (see
Supplementary material online, Figure SV). The beneficial effects of reduc-
ing OPN signalling along with the associated myocardial hypertrophy
and fibrosis in the early phase of hypertrophy highlight the importance of
the remodelling/adaptive phase in driving the pathological phase.
Impressively, systemic OPN aptamer treatment of two month-TAC
mice succeeded in reversing heart failure in wild type but not OPN"
mice. Surprisingly, while genetic homozygous deletion of OPN reduced
LV wall thickness in late TAC mice, it caused deteriorated cardiac func-
tion compared with wild type mice and increased myocardial fibrosis.
Echocardiographic time series data showed impressive rescue of cardiac
function in the OPN-aptamer treated group. These data suggest that
cardio-protection is not conferred by total deletion of OPN but rather
by selectively tuning down the pathological aspect of OPN signalling as it
is activated during cardiac hypertrophy and heart failure. Our findings in-
dicate that the aptamer approach is superior to genetic homozygous de-
letion perhaps because aptamers intercede at the level of pathological
hypertrophy while retaining levels of compensatory and/or other OPN-
regulated immunological processes that are beneficial”’ Alternatively,
the total absence of OPN from birth onwards in the OPN knockout
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Figure 6 OPN aptamer reverses myocyte hypertrophy and fibrosis in wild type TAC hearts, and OPN™" late TAC hearts show excessive fibrosis. (A)
Representative images of Wheat Germ Agglutinin staining and corresponding myocyte area in heart cross sections at 3 month post-Sham (N =5 mice per
group) or TAC (N = 6-7 mice per group) in wild type and OPN”" mice. Scale bar = 20um. **P < 0.01. (B) Representative images of Picrosirius Red staining
and corresponding % collagen content in heart cross sections at 3 month post-Sham (N =5 mice per group) or TAC (N = 5-8 mice per group) in wild type
and OPN" mice. Scale bar = 20 um. **P <0.01 relative to each of the other five groups. Error bars = SEM. P-values are from ANOVA with Tukey multiple
correction. WT, wild type; TAC, Transverse Aortic Constriction; Apt, OPN aptamer; M-Apt, Mutant aptamer.

We found that OPN™ hearts develop excessive fibrosis which is likely
the cause for the more deteriorated cardiac function at 3 month TAC

mice may elicit initially benign compensatory responses that drive the
heart into failure once subjected to pathological overload. Either way,

aptamers represent a highly translational approach for pathological
hypertrophy. Our findings are in line with a recent report showing that
inhibition of OPN by shRNA injected directly into the myocardium of a
mutant Troponin mouse model of dilated cardiomyopathy could reduce
LV remodelling and dysfunction.”®

compared with wild type hearts. The finding that OPN deficiency causes
increased collagen deposition after TAC was previously observed by Xei
et al** who reported a similar trend of increased collagen in OPN™ ver-
sus wild type hearts at 1 month TAC. However, contradictory findings
on fibrosis were reported when different stressors, Angiotensin Il and
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hearts. Scale bar = 1 mm. WT, wild type; TAC, Transverse Aortic Constriction; Apt, OPN aptamer; M-Apt, Mutant aptamer.

MI, were used in OPN deficient mice in which myocardial fibrosis was
less than in wild type mice.®'® We also found that OPN” mice at 3
month post-TAC did not display myocyte hypertrophy at the cellular
level (in spite of a trend for increased LVPWV thickness). This is in conflict

with the results of Xie et al**

who reported significantly increased myo-
cyte cross-sectional area in OPN” TAC hearts. The discrepancy con-
cerning myocyte area could be due to the fact that the OPN™ mice in our
study were of C57B|6 background while the ones used by Xie et al. were
of 129/Black Swiss hybrid background (as explained in Animal work). In
addition, Xie et al. reported myocyte area at 1-month post-TAC and
may have missed the effects of OPN deletion at later stages. However,
the reported increase in myocyte size by Xie et al. was significantly lower
than that of WT animals after TAC.** Consistent with our results but
with a different stressor from TAC, Trueblood et al. also reported an ab-
sence of myocyte hypertrophy in OPN" compared with wild type myo-

cytes at 1 month post-MI.2

While cardiac hypertrophy and fibrosis usually happen in parallel dur-
ing cardiac remodelling, the two pathologies may be mutually exclusive
in certain cases. For example, Angiotensin ll-induced cardiac remodelling
in tissue inhibitor of metalloproteinase (TIMP) knockout mice was
shown to cause distinct cardiac phenotypes depending on the TIMP type
deficiency.”” Specifically, with Ang Il infusions, TIMP2~'~ mice developed
myocardial hypertrophy without excessive fibrosis while TIMP3™/~ mice
showed elevated fibrosis with no hypertrophic response.”” Our obser-
vation of increased collagen deposition without a proportional increase
in myocyte size in the OPN” animals subjected to TAC highlights a po-
tential disconnect between myocardial fibrosis and myocyte hypertro-
phy in this model.

Further studies are required to trace the OPN aptamer in different
cell types, delineate the effect of the aptamer on extracellular versus
intracellular OPN, and to compare the effects of OPN conditional gen-
etic knock down versus pharmacological inhibition by OPN aptamer or
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antibodies. Such studies may also elucidate the possibly different effects
of targeting intracellular versus extracellular OPN. While previous stud-
ies of the OPN aptamer in cancer showed that the OPN aptamer works
at the extracellular level in tumor cells with a short half life of less than
1day in the blood,*"?? the uptake of the OPN aptamer by non-tumor
cells was not investigated. Whether the OPN aptamer is internalized in
cardiovascular cells and could be used to deliver conjugated oligonucleo-
tides like some aptamers could,"®?° and whether the OPN aptamer has
a different half life in cells versus circulation are all worthy of further in-
vestigation. Limitations of our study include the restriction to male mice
rather than mixed genders. Also while our study investigated the effects
of the OPN aptamer at 1-3 months after induction of TAC, it did not
look at longer time points. It may also be useful to compare the effects of
homozygous versus heterozygous genetic deletion of OPN in mice sub-
jected to TAC.

In conclusion, our findings support a novel RNA platform for tuning
down OPN pathologic signalling in cardiac hypertrophy and heart failure.
The OPN aptamer technique may be applicable to other cardiac pathol-
ogies where OPN is activated. This study anticipates future investigations
on OPN aptamer conjugation with other oligonucleotides such as
SIRNAs' " and miRNAs'?° for potential targeted delivery or
enhanced potency.

Supplementary material

Supplementary Tables SI-SIV and Figures S-SV are available at
Cardiovascular Research online.
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