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Periostin induces proliferation of differentiated
cardiomyocytes and promotes cardiac repair

Bernhard Kiihn!, Federica del Monte?, Roger ] Hajjar2’4, Yuh-Shin Chang3, Djamel Lebeche®*,

Shima Arab! & Mark T Keating!*

Adult mammalian hearts respond to injury with scar formation and not with cardiomyocyte proliferation, the cellular basis of
regeneration. Although cardiogenic progenitor cells may maintain myocardial turnover, they do not give rise to a robust regenerative
response. Here we show that extracellular periostin induced reentry of differentiated mammalian cardiomyocytes into the cell cycle.
Periostin stimulated mononucleated cardiomyocytes to go through the full mitotic cell cycle. Periostin activated ay, by, b3 and bsg
integrins located in the cardiomyocyte cell membrane. Activation of phosphatidylinositol-3-OH kinase was required for periostin-
induced reentry of cardiomyocytes into the cell cycle and was sufficient for cell-cycle reentry in the absence of periostin. After
myocardial infarction, periostin-induced cardiomyocyte cell-cycle reentry and mitosis were associated with improved ventricular
remodeling and myocardial function, reduced fibrosis and infarct size, and increased angiogenesis. Thus, periostin and the pathway
that it regulates may provide a target for innovative strategies to treat heart failure.

Differentiated cardiomyocytes carry the pump function of the heart.
Loss of cardiomyocytes, which occurs, for example, after a large
myocardial infarction, typically results in heart failure. Observations
spanning the twentieth century show that some cardiomyocytes in the
adult heart undergo DNA synthesis and mitosis!2. Cell-cycle activity
in the region bordering a myocardial infarction transiently increases
tenfold to 0.004% (ref. 1). Although this increase is not sufficient for
regeneration, it suggests that some cardiomyocytes have the potential
to reenter the cell cycle in response to extracellular signals in the
infarct border zone. It may be possible to apply specific extracellular
factors to induce cardiomyocyte proliferation with the aim of enhan-
cing cardiac regeneration.

In contrast to most adult cardiomyocytes, fetal cardiomyocytes do
proliferate. After birth, cardiomyocytes become binucleated, down-
regulate cell-cycle activators, upregulate cell-cycle inhibitors, and
withdraw from the cell cycle’. Although modification of intrinsic
cell-cycle regulation can increase cell-cycle activity of differentiated
cardiomyocytes*”, few extrinsic factors that induce cardiomyocyte
proliferation are known.

Periostin comprises a signal peptide and four fasciclin-1 (fasl)
domains. Alternative splicing of the carboxy terminus gives rise to
periostin-like factor. Periostin, a component of the extracellular
matrix3, is associated with epithelial-mesenchymal transition during
cardiac development®!?, Periostin is reexpressed in adult life after
myocardial!>'2, vascular!? and skeletal muscle'* injury and after bone
fracture!®. Adenoviral gene delivery of periostin-like factor causes

hypertrophic cardiomyopathy'®. By contrast, liposomal gene delivery
of periostin leads to dilative cardiomyopathy without hypertrophy!”.

Here we have investigated whether recombinant periostin, delivered
through the cardiac extracellular matrix, can increase cardiomyocyte
proliferation. We show that periostin induced reentry of differentiated
mononucleated cardiomyocytes into the cell cycle. Periostin-induced
cardiomyocyte cell-cycle reentry required integrins and the phos-
phatidylinositol-3-OH kinase (PI3K) pathway. After experimental
myocardial infarction, periostin reduced infarct size and fibrosis
and improved cardiac function. These results suggest that peri-
ostin treatment may enhance the regenerative capacity of adult
mammalian hearts.

RESULTS

Periostin induces cycling of differentiated cardiomyocytes

The presence of periostin in the developing myocardium® and its
ability to induce proliferation of neonatal cardiomyocytes (Supple-
mentary Fig. 1 online) prompted us to investigate whether periostin
can induce cell cycle reentry of differentiated cardiomyocytes. Isolated
adult rat ventricular cardiomyocytes with the characteristic rod shape
(Fig. 1a,b) provided an in vitro assay platform. Recombinant human
periostin'® (500 ng/ml) was added for 9 d. After labeling with
5-bromodeoxyuridine (BrdU) for the last 3 d, DNA synthesis was
determined. Tracking the fate of individual rod-shaped cardiomyocytes
showed that they undergo DNA synthesis while expressing the cardiac
contractile protein tropomyosin (Fig. 1a). Periostin induced a 14-fold
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Figure 1 Periostin stimulates DNA synthesis and cytokinesis of differentiated mononucleated cardiomyocytes. (a,b) Primary adult rat ventricular cardio-
myocytes were photographed in phase contrast after attachment; they were then stimulated with periostin, labeled with BrdU for the last 3 d, and cell cycle
activity was determined by immunofluorescence microscopy after 9 days. Examples of corresponding phase contrast images (left micrographs) and immuno-
fluorescent images (right micrographs) and results of quantification are shown. (a) Cardiomyocyte in S phase retaining expression of tropomyosin. (b) Cardio-
myocyte in cytokinesis expressing troponin I. (c) Cardiomyocytes were stimulated with periostin, BrdU was added for the last 3 d, and DNA synthesis and
cytokinesis were analyzed at the indicated times. (d) BrdU-labeled cardiomyocyte in cytokinesis. (e) Cardiomyocyte nuclei visualized by troponin T—controlled
expression of H2B-GFP. DNA synthesis was visualized 9 d after addition of BrdU for the last 3 d. Color codes for antibody staining are indicated. Scale bars,
50 um. No stim., no stimulation; PN, periostin. Data are mean + s.e.m. of 8 (a), 6 (b) and 3 (c) experiments. Statistical significance was tested by ANOVA.

increase in cardiomyocyte DNA synthesis to 1.1 £ 0.2%, similar to the
effect of fibroblast growth factor (FGF), which is known to promote
cell-cycle reentry of differentiated cardiomyocytes* (Fig. 1a).

We detected cytokinesis, the final step of the mitotic cell cycle, by
visualizing aurora B kinase, a component of the contractile ring at the
site of cytoplasmic separation that is required for cytokinesis'®. Non-
stimulated cardiomyocytes did not progress into cytokinesis. In
cardiomyocytes stimulated with periostin, aurora B kinase was
detected after dissociation from the midbody, characteristic of the
completion of cytokinesis (Fig. 1b). Periostin stimulated cytokinesis in
0.5 = 0.2% of cardiomyocytes, similar to the effect of FGF (Fig. 1b).

Because most adult mammalian cardiomyocytes are binucleated?’, a
possible origin of cardiomyocyte cytokinesis is breakdown of binu-
cleated cardiomyocytes into mononucleated cardiomyocytes, without
prior DNA synthesis. Periostin-induced cardiomyocyte DNA synthesis
began after 3 d; however, cytokinesis was not detected before 6 d
(Fig. 1c). If periostin-stimulated DNA synthesis preceded cytokinesis,
then cardiomyocytes in cytokinesis should be positive for BrdU. We
detected BrdU-labeled nuclei in 100% of cardiomyocyte cytokineses
(n = 58; Fig. 1d). Using a third-generation lentivirus?!, we genetically
labeled autologous cardiac fibroblasts to exclude the possibility that
their fusion with differentiated cardiomyocytes induced cell-cycle
reentry (Supplementary Fig. 2 online). In conclusion, periostin
induces the full mitotic cell cycle in differentiated cardiomyocytes.

Hoechst 33342 staining showed that 7.3 £ 1.7% (n = 6) of rod-
shaped cardiomyocytes were mononucleated, consistent with other
reports?®?223, To test whether mono- and binucleated cardiomyocytes
have the same proliferative potential, we visualized the expression of
nuclear histone-2B tagged with green fluorescent protein (H2B-GFP;
Fig. 1e, left) and analyzed cell-cycle activity after 6 d (Fig. e, right).
After 3 d of BrdU labeling, 1.7 £ 0.3% of all mononucleated
cardiomyocytes were BrdU positive. By contrast, only 0.2 + 0.03%
of binucleated cardiomyocytes were BrdU positive (P < 0.001). Thus,
differentiated mononucleated cardiomyocytes have higher prolifera-
tive potential than do binucleated cardiomyocytes.

Cardiomyocyte cycling requires integrins and PI3K
Periostin-induced cardiomyocyte cell-cycle reentry was concentration-
dependent (Supplementary Fig. 3 online) and did not correlate with
the abundance of cardiac fibroblasts (Supplementary Fig. 4 online),
suggesting that periostin has a direct effect on cardiomyocytes.
Integrins may function as periostin receptors in cardiomyocytes'©.
We therefore determined whether blocking specific integrin subunits
would inhibit periostin-stimulated cardiomyocyte cell-cycle activity.
Antibodies specific to oy B1, B3 and Bs integrins inhibited periostin-
stimulated DNA synthesis in differentiated cardiomyocytes, whereas
blocking o7 integrin had no effect (Fig. 2a). Reducing the expression
of integrin oy or f; by RNA-mediated interference (RNAi) inhibited
periostin-induced cell-cycle reentry in neonatal cardiomyocytes (Sup-
plementary Fig. 5 online). We conclude that periostin requires
integrin oty and a By, Bs or Bs subunit to induce cardiomyocyte cell-
cycle reentry.

FGF-induced cardiomyocyte cell-cycle reentry is enhanced by
concurrently inhibiting p38 mitogen-activated protein (MAP) kinase*.
We therefore determined whether periostin-induced cardiomyocyte
cell-cycle reentry could be augmented by adding FGF (100 ng/ml)
or by inhibiting p38 MAP kinase with the compound SB203580
(5 pM). Whereas adding FGF increased periostin-induced cardio-
myocyte DNA synthesis, inhibiting p38 MAP kinase had no additional
effect (Fig. 2b).

Integrins activate the extracellular signal-regulated kinases 1 and 2
(ERK1/2) and PI3K pathways of the MAP kinase cascade’. In
neonatal cardiomyocytes, compounds blocking the ERK1/2 pathway
did not inhibit periostin-induced cell-cycle reentry (Supplementary
Fig. 6 online). In differentiated cardiomyocytes, blocking the ERK1/2
pathway with the compounds PD98059 (1 pM) and U0126 (10 uM)
did not reduce periostin-induced cell-cycle reentry, whereas under the
same conditions they inhibited neuregulin-induced cell-cycle reentry
(Fig. 2c). These results indicate that the ERK1/2 pathway is not
required for periostin-induced cell-cycle reentry of differentiated
cardiomyocytes. LY294002 (10 uM) fully inhibited periostin-induced
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Figure 2 Periostin-stimulated cell-cycle reentry of differentiated cardiomyocytes requires integrins

and PI3K. Assays were performed using primary adult rat ventricular cardiomyocytes. (a) DNA

synthesis in the presence of different integrin blocking antibodies (10 pg/ml). n = 4. (b) Effect of

FGF addition (100 ng/ml) and p38 MAP kinase inhibition (10 uM SB203580) on periostin-induced

DNA synthesis. n = 3. (c) Chemical inhibition of the ERK1/2 pathway with PD98059 (1 uM) and
U0126 (10 uM) did not block periostin-induced DNA synthesis. n = 4. (d) Chemical inhibition of PI3K
with LY294002 (10 uM) and Akt with SH-6 (10 puM) or Akt1/2 inhibitor (1 pM) reduced periostin-induced
DNA synthesis. n = 4. (e,f) Cardiomyocyte DNA synthesis after modification of PI3K and Akt signaling by
adenoviral transduction with control (lacZ, GFP), PTEN, constitutively active PI3K (caPI3K), and nuclear
targeted Akt (nAkt). n = 5. (g) Periostin did not induce the fetal gene program, as analyzed by RT-PCR
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cardiomyocyte cell-cycle reentry, however, suggesting that the PI3K
pathway may be involved (Fig. 2d). The protein kinase Akt is an
important downstream target of PI3K in cardiomyocytes?>. Inhibition
of Akt signaling with two different compounds, SH-6 (10 pM) or an
Akt1/2 inhibitor (1 pM), reduced periostin-induced cardiomyocyte
cell-cycle reentry (Fig. 2d).

To confirm these results, we used adenoviral transduction to express
regulators of the PI3K pathway. Activation of the PI3K cascade was
functionally disrupted by transducing the bifunctional phosphatase
PTEN?®. Expression of PTEN abolished periostin-stimulated DNA
synthesis in cardiomyocytes (Fig. 2ef), indicating that periostin
releases the proliferative potential of differentiated cardiomyocytes
in a PI3K-dependent mechanism. Transduction of a constitutively
active form of PI3K?’ increased cardiomyocyte DNA synthesis in the
absence of periostin (Fig. 2f), and adding periostin did not further
augment cardiomyocyte cell-cycle reentry (Fig. 2f). Cardiomyocyte
cell-cycle reentry induced by constitutively active PI3K was associated
with abnormally shaped nuclei (Fig. 2e). Whereas constitutively active
Akt induces cardiomyocyte hypertrophy?®, nuclear targeted Akt is
associated with cardiomyocyte proliferation?®. Accordingly, we trans-
duced nuclear targeted Akt, which had no effect on cardiomyocyte
DNA synthesis in the absence of periostin. In the presence of periostin,
nuclear targeted Akt doubled the proportion of DNA-synthesizing
cardiomyocytes (Fig. 2f). Taken together, these results suggest that
PI3K signaling is required for periostin-induced reentry of differen-
tiated cardiomyocytes into the cell cycle and is sufficient for cell-cycle
reentry in the absence of periostin.

The PI3K pathway is associated with cardiomyocyte hypertrophy
and apoptosis®>. We tested whether periostin induces hypertrophy of
differentiated cardiomyocytes. Transcription of B-myosin heavy chain
(B-MHC), smooth muscle actin (SMA) and atrial natriuretic factor
(ANF), markers of the fetal gene program induced in hypertrophy, was
not increased by periostin in adult ventricular cardiomyocytes
(Fig. 2g). By contrast, positive control samples treated with phenyl-
ephrine showed increased transcription of f-MHC, SMA and ANE
Transcription of the sarco-/endoplasmic reticulum Ca?*-ATPase
(SERCA2) was slightly increased in periostin-treated samples and
slightly reduced in phenylephrine-treated positive controls, consistent
with decreased SERCA2 transcription in hypertrophy?®. These results
indicate that periostin does not induce the fetal gene program.

Induction of the fetal gene program is accompanied by in-
creased protein synthesis leading to cardiomyocyte hypertrophy.
We assessed cardiomyocyte hypertrophy by measuring uptake of
[*H]leucine. Whereas the positive control phenylephrine (10 pM)
induced [*H]leucine uptake, periostin did not induce uptake at any
of the time points tested (Fig. 2h). In addition, periostin did not
reduce doxorubicin or TNF-a-induced cardiomyocyte death (Sup-
plementary Fig. 6).

Periostin stimulates cardiomyocyte cycling in vivo

To test whether periostin stimulates cardiomyocyte cell cycle reentry
in vivo, recombinant periostin was injected into the myocardium. The
presence of injected periostin was confirmed by immunofluorescence
microscopy (Fig. 3a). Recombinant periostin did not induce fibrosis
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Figure 3 Periostin stimulates cardiomyocyte DNA synthesis and cytokinesis in vivo. Buffer, periostin or fibronectin were injected into the myocardium of rats.
Cardiomyocyte cell-cycle reentry was determined after three injections of BrdU over 7 d. (a) The presence of periostin in injected hearts was confirmed by
immunofluorescence microscopy. (b,c) Digital quantification of fibrosis (b) and cardiomyocyte cross-sectional area (c). (d) An example of a BrdU-positive
cardiomyocyte nucleus adjacent to injected periostin. (e) Cardiomyocyte DNA synthesis in periostin-treated hearts and expression of the myogenic marker
MEF-2. (f) Cytokinesis as determined by visualization of cleavage furrow and midbody with aurora B kinase immunofluorescence. Arrowheads indicate
reconstructed xz planes shown below (e,f). (g) Quantification of cardiomyocyte DNA synthesis and cytokinesis. (h) H3P-positive mononucleated differentiated
cardiomyocyte. Color codes for antibody staining are indicated. Scale bars, 50 um. Ctr., buffer (3 rats); PN, periostin (4 rats); FN, fibronectin (5 rats).

Statistical significance was tested by t-test.

(Fig. 3b) or hypertrophy (Fig. 3¢). Three intraperitoneal injections of
BrdU with a half-life of 2 h (ref. 30) were administered to detect a
portion of cycling cardiomyocytes. After 7 d, cycling cardiomyocytes
were present near the injected areas (Fig. 3d). BrdU-positive cardio-
myocytes had a differentiated phenotype, as indicated by striations,
expression of contractile protein (troponin T), and expression of the
myogenic transcription factor MEF-2 (Fig. 3e). Reconstruction of
optical sections enabled us to assign BrdU-positive nuclei unequi-
vocally to cardiomyocytes (Fig. 3e, bottom). We determined whether
periostin stimulates cardiomyocyte division in vivo. By visualizing the
cleavage furrow and the midbody, we detected differentiated cardio-
myocytes during (Fig. 3f, left) and after (Fig. 3f, right) cytokinesis.
Reconstruction of optical sections provided unequivocal assignment
of cleavage furrows and midbodies to dividing cardiomyocytes
(Fig. 3f, bottom). Periostin induced DNA synthesis in 0.7 + 0.1%
and cytokinesis in 0.1 + 0.03% of cardiomyocyte nuclei in the injected
area (Fig. 3g). To confirm that cardiomyocyte proliferation is a
specific effect of periostin and not a response to nonspecific changes
in the extracellular matrix, fibronectin was injected into control hearts.
Fibronectin did not increase cardiomyocyte DNA synthesis or cyto-
kinesis (Fig. 3g). These results indicate that periostin induces DNA
synthesis and division of differentiated cardiomyocytes in vivo.

We determined whether mononucleated cardiomyocytes are more
likely to reenter the cell-cycle in vivo by visualizing cycling cardio-
myocyte nuclei with an antibody specific to phosphorylated histone
H3 (H3P) on dispersed isolated cardiomyocytes (Fig. 3h). Whereas
2 £ 0.2% of mononucleated cardiomyocytes were H3P positive, only
0.04 £ 0.01% of binucleated cardiomyocytes were H3P positive (P =
0.0005), consistent with the in vitro findings.

Periostin improves cardiac function after myocardial infarction

Sustained cardiomyocyte cell-cycle activity may improve function and
decrease infarct size after myocardial infarction®”*132, To develop
a long-term delivery system, we determined the ability of periostin
to associate with Gelfoam, a biodegradable extracellular matrix

preparation. Periostin bound to Gelfoam and was gradually released
(Fig. 4a). At the time of myocardial infarction, we administered
epicardial Gelfoam patches loaded with periostin or with buffer and
determined the presence of recombinant periostin in the left ventricle
after 12 weeks. The distance from the epicardium to the farthest
diffusion range of periostin was 461 + 62 um (Fig. 4b). We confirmed
the presence of periostin in the left ventricle by immunoblotting
(Fig. 4c). To determine whether delivery of recombinant periostin
improves cardiac function, echocardiography was performed 1 and
12 weeks after myocardial infarction (Fig. 4d,e). Between 1 and
12 weeks, the shortening fraction in periostin-treated rats increased
from 25 to 33% and the ejection fraction increased from 53 to 66%
(Fig. 4d,e and Supplementary Table 1). In control rats, by contrast,
the shortening and ejection fractions were unchanged.

We analyzed post-infarction ventricular remodeling by echocardio-
graphy. At 1 week after myocardial infarction, the treatment and
control groups had the same end-diastolic dimension (Supplemen-
tary Table 1). At 12 weeks, however, the left ventricular end-diastolic
dimension was significantly smaller in periostin-treated rats, suggest-
ing improved ventricular remodeling (Supplementary Table 1).

We obtained a second measure of cardiac function 12 weeks
after myocardial infarction by catheterization of the left ventricle
during preload reduction (Fig. 4f,g). Treatment with periostin
improved myocardial function, as indicated by a steeper slope of
the end-systolic pressure-volume relationship, a higher preload recrui-
table stroke work, a higher maximum rate of ventricular pressure
rise, and a higher maximum ventricular elastance (Fig. 4fg, and
Supplementary Table 1). Thus, myocardial delivery of periostin
improves ventricular remodeling and cardiac function after myo-
cardial infarction.

Periostin reduces fibrosis and hypertrophy

To determine how periostin improves cardiac function, we compared
the structure of control and periostin-treated hearts at 1 and 12 weeks
after myocardial infarction. Periostin-treated and control hearts had
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the same infarct size 1 week after myocardial infarction (Fig. 5a—c). At
12 weeks after myocardial infarction, by contrast, periostin-treated
hearts had a smaller scar volume (Fig. 5¢). Because genetic deletion of
By or PBs integrin induces cardiac fibrosis®>**, we tested whether
application of periostin, a ligand of ; and B3 integrins, reduces scar
formation. The number of BrdU-positive cardiac fibroblasts was
decreased in periostin-treated hearts 1 week after myocardial infarc-
tion (Fig. 5d), consistent with the decrease in fibrosis determined
12 weeks after myocardial infarction (Fig. 5e).

We analyzed ventricular remodeling by measuring the thickness of
the left ventricular free wall and the interventricular septum 12 weeks
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and the septum was thinner in periostin-treated hearts (Fig. 5f),
consistent with improved remodeling. We also analyzed cardiac
hypertrophy, a component of ventricular remodeling. Despite the
smaller infarct size in periostin-treated rats 12 weeks after myocardial
infarction, heart weight was similar to that in buffer-treated rats
(Fig. 5g). By contrast, periostin-treated rats had a smaller cross-
sectional cardiomyocyte area than did control rats, indicating less
cellular hypertrophy (Fig. 5h). These results indicate that sustained
administration of recombinant periostin reduces infarct size and
improves ventricular remodeling.
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Figure 5 Periostin reduces scar formation and attenuates post-infarct remodeling. Rats with experimental myocardial infarction (MI) were treated with control
Gelfoam or periostin Gelfoam and analyzed after 1 or 12 weeks. (a—c) Visualization (a,b) and quantification (c) of infarct scar size after 12 weeks of
administration of buffer (control, top panels in a,b) or periostin (lower panels in a,b). (d) Number of proliferating cardiac fibroblasts 1 week after myocardial
infarction. (e) Determination of fibrosis at 12 weeks. (f) Analysis of cardiac remodeling by quantification of the thickness of ventricular wall in infarct area
and septum. (g) Analysis of heart organ hypertrophy 12 weeks after myocardial infarction by heart/body weight ratio and heart weight/tibia length ratio.

(h) Analysis of cardiomyocyte hypertrophy by cross-sectional area. Scale bars, 5 mm (a); 0.5 mm (b); 50 um (h). Statistical significance was tested by t-test
(d,e,g,h) and ANOVA (c,f). Ctr., control hearts receiving Gelfoam with buffer (n = 12); PN, hearts receiving Gelfoam with periostin (n = 18).
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and analyzed after 1 or 12 weeks. (a) Determination of cardiomyocyte DNA synthesis in % £
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cardiomyocyte nuclei. (e) Capillary density determined with antibody to von Willebrand factor (VWF). (f) Arteriolar density determined with antibody to SMA.
(g) Quantification of c-kit-positive stem cells in infarct area and border zone. Scale bars, 50 um. Ctr., control rats receiving Gelfoam with buffer (n = 12);
PN, rats receiving Gelfoam with periostin (n = 18). Statistical significance was tested by ANOVA.

Periostin enhances cardiac repair

How does periostin reduce infarct size? The in Vitro results pointed to
cardiomyocyte proliferation as a possible mechanism. To determine
whether the decrease in infarct size correlated with cardiomyocyte cell-
cycle reentry, we quantified DNA synthesis in the infarct and border
zone at 1 and 12 weeks after myocardial infarction. Cardiomyocytes
were identified by expression of the cardiac contractile protein
troponin I and by their characteristic shape (Fig. 6a). Treatment
with periostin induced BrdU uptake in 0.6 + 0.07% of cardiomyocytes
at 1 week and in 1 £ 0.3% at 12 weeks (Fig. 6b). The proportion of
apoptotic cardiomyocytes was similar in control and periostin-treated
hearts at both 1 and 12 weeks (Fig. 6b). In periostin-treated hearts,
however, the proportion of cycling cardiomyocytes was fivefold higher
than the proportion of apoptotic cardiomyocytes at 1 week after
myocardial infarction and 100-fold higher at 12 weeks (Fig. 6b),
suggesting that proliferation of differentiated cardiomyocytes may be
the cellular mechanism underlying the decrease in infarct size in
periostin-treated hearts. We investigated this possibility by visualizing
H3P in condensed metaphase chromosomes in differentiated cardio-
myocytes during mitosis (Fig. 6c). Treatment with periostin induced
mitosis in 0.1 + 0.01% of cardiomyocyte nuclei at 1 week and in 0.2 +
0.5% at 12 weeks (Fig. 6c).

Can these proliferating indices account for the observed functional
improvement? After a single injection of BrdU, providing effective
labeling for 6.4 h (ref. 30), we determined cell-cycle reentry of 23,852 +
1,709 differentiated cardiomyocytes per heart (n = 3). The resulting
rate of 3,727 cardiomyocytes entering the cell cycle per hour is
calculated to result in 7.2 x 10° new cardiomyocyte nuclei per heart
after 12 weeks. By quantifying cardiomyocytes with metaphase chro-
mosomes, we independently determined 4,737 £ 770 (n 6)
cardiomyocyte mitoses in periostin-treated hearts. Chromosome con-
densation persisted for 1.7 + 0.4 h as determined by time-lapse video
microscopy. This rate of cardiomyocyte mitosis is calculated to result
in the generation of 5.5 x 10° cardiomyocyte nuclei over a period of
12 weeks. We also quantified cardiomyocyte nuclei directly. At 1 week

after myocardial infarction, control and periostin-treated hearts had
the same number of nuclei (Fig. 6d). At 12 weeks after myocardial
infarction, by contrast, periostin-treated hearts had 6.2 x 10° more
cardiomyocyte nuclei than did control hearts (Fig. 6d), consistent
with the results based on proliferative indices. Cell-cycle reentry and
division of differentiated cardiomyocytes can therefore account for the
periostin-induced functional and structural improvements.

To determine whether periostin stimulates angiogenesis after myo-
cardial infarction, we quantified the density of capillaries and arteri-
oles in the region of the infarct and in the border zone. At 1 week, the
capillary (Fig. 6e) and arteriolar (Fig. 6f) densities did not differ
between control and periostin-treated hearts. At 12 weeks after
myocardial infarction, however, periostin-treated hearts had a 4-fold
increase in capillary and a 1.5-fold increase in arteriolar density as
compared with control hearts. Improved cardiac function is associated
with recruitment of c-kit-positive stem cells*>. However, the number
of c-kit-positive cells in the infarct and border zone did not differ
between periostin-treated and control hearts at 1 and at 12 weeks after
myocardial infarction (Fig. 6g).

DISCUSSION

Increased cardiomyocyte DNA synthesis in the border zone of a
myocardial infarction suggests that some differentiated cardiomyo-
cytes reenter the cell cycle!. Our results show that differentiated
mononucleated cardiomyocytes have proliferative potential. We have
demonstrated that, after myocardial infarction, periostin-induced
cycling of differentiated cardiomyocytes is associated with improved
myocardial function and remodeling and with infarct regression.

We have shown that, to induce cardiomyocyte proliferation, peri-
ostin requires oty and an f3;, B3 or Bs integrin subunit, consistent with
results from other systems’. Integrins are upregulated in the infarct
border zone®® but have not been implicated in cell-cycle reentry
of differentiated cardiomyocytes. Cardiac-specific knockout of B,
(ref. 33) or B3 (ref. 34) integrin results in increased fibrosis; this is
consistent with our finding that periostin, a ligand of PB; and fs

NATURE MEDICINE VOLUME 13 | NUMBER 8 | AUGUST 2007

967



ARTICLES

integrins, markedly decreases fibrosis after myocardial infarction, and
is also consistent with the increased extracellular matrix deposition in
the heart valves of periostin knockout mice®’.

Recombinant extracellular periostin did not induce cardiomyopa-
thy. This finding contrasts with two previous studies of cardiac
overexpression of periostin or periostin-like factor. Liposomal gene
delivery of periostin was found to cause dilated cardiomyopathy
without hypertrophy!”, whereas adenoviral gene delivery of perios-
tin-like factor induced hypertrophy'®. This apparent discrepancy may
be due to the fact that cardiac fibroblasts usually express periostin and
secrete it into the extracellular matrix!?, whereas delivery by gene
transfer results in significant intracellular retention®®%.

The lower wall stress in periostin-treated hearts determined by
catheterization decreased the hypertrophic drive after myocardial
infarction, consistent with the smaller cardiomyocyte cross-sectional
area observed. This finding suggests that sustained cardiomyocyte
replacement may have attenuated the increase in wall stress after
myocardial infarction, resulting in improved ventricular remodeling.
Administration of periostin induced cell-cycle reentry in 0.6-1% of all
cardiomyocytes in the infarct border zone without affecting apoptosis.
This proportion of cycling cardiomyocytes is comparable to that
observed for cyclin D2 transgenes, for combined p53 and pl193
dominant-negative transgenes, after gene therapy with cyclin A2,
and after administration of FGF coupled with a p38 MAP kinase
block®731:32 (Supplementary Table 2 online).

The PI3K/Akt pathway controls cell size, including cardiomyocyte
size*0, We found that periostin, like FGF* requires the PI3K/Akt
pathway to induce cardiomyocyte cell-cycle reentry. Because of
the myocardial protective effect of Akt?’, it is tempting to propose
that periostin has an antiapoptotic effect. However, our data show
that periostin has no protective effect, suggesting that the proapop-
totic signals dominate over possible protection through periostin-
induced PI3K activation. After myocardial infarction, the epicardial
delivery strategy may not effectively reach all cardiomyocytes in the
ischemic area to induce functionally and structurally relevant myo-
cardial protection.

Improvement of myocardial function can be achieved with circulat-
ing or resident stem cells, which requires their isolation, in vitro
propagation, and transplantation®!. Although our results do not
exclude the possibility that cardiogenic stem cells contribute to
periostin-induced myocardial repair, we have shown that a subpopu-
lation of differentiated cardiomyocytes has proliferative potential.
Stimulating proliferation of endogenous cardiomyocytes with peri-
ostin, periostin derivatives, or mimetics may provide an innovative
approach to induce myocardial repair.

METHODS

Cardiomyocyte isolation and culture. Experiments were approved by the
Animal Care and Use Committee of Children’s Hospital Boston. Primary adult
ventricular cardiomyocytes were isolated from male (300 g) Wistar rats
(Charles River Laboratories) and maintained as described*. We added periostin
(500 ng/ml; BioVendor), FGF (100 ng/ml; R&D Systems), neuregulin-1f3
(NRG, 100 ng/ml; R&D Systems), or phenylephrine (10 pM; Sigma) every
3 d for 9 d, and 30 pM BrdU for the last 3 d. Inhibitory antibodies were added
at a concentration of 10 pg/ml, cyclic arginine-glycine-aspartate (cRGD) at
10 pM, SB203580 at 5 pM, U0126 at 10 pM, PD98059 at 1 puM, LY294002 at
10 pM, SH-6 at 10 pM, and Akt1/2 inhibitor at 1 pM 30 min before stimulation.
The vehicle used to dissolve factors or chemicals was added to unstimulated
samples, which were then processed together with the test samples.

Immunofluorescence microscopy. Binding of primary antibodies (see Supple-
mentary Methods online) was visualized with fluorophore-conjugated

secondary antibodies (Invitrogen). We visualized nuclei with 4’,6’-diamidino-
2-phenylindole (DAPI; Invitrogen). For image acquisition, the y value was set at
1 and the lookup table settings were linear (see Supplementary Table 3 online).

Determination of cardiomyocyte ploidy. Cardiomyocytes were incubated with
0.2 pg/ml of Hoechst 33342 (Invitrogen) for 10 min. We counted nuclei in four
random %20 microscopic fields.

Cardiomyocyte fate tracking. Cardiomyocytes were grown on gridded cover-
slips (Electron Microscopy Services) and imaged in phase contrast at x10
magnification. Cardiomyocytes were transduced with an adenovirus leading to
nuclear expression of H2B-GFP*? under control of the chicken troponin
T promoter®’. Imaging and infection conditions did not affect cell prolifera-
tion or viability (data not shown). We matched images of BrdU-positive
cardiomyocytes with corresponding images taken before stimulation. For
quantification, differentiated cardiomyocytes were defined as striated rod-
shaped structures with a length to width ratio of >1.5.

Gene transfer. We generated type-5 recombinant adenoviruses as described*4.
Constitutively active PI3K?, nuclear Akt*> and PTEN were expressed under
control of the cytomegalovirus (CMV) promoter. Adult rat ventricular cardio-
myocytes were transduced at a multiplicity of infection of 20.

Transcriptional analysis. We stimulated cardiomyocytes for 4 d and prepared
RNA by using Trizol reagent (Invitrogen). Complementary DNA synthesis and
RT-PCR analysis are described in Supplementary Methods.

Cardiomyocyte hypertrophy assay in vitro. We seeded 25,000 primary adult
rat ventricular cardiomyocytes in 24-well plates and labeled them with 1 pCi/
well of [*H]leucine for 3 d in the presence of buffer, 500 ng/ml of periostin,
100 ng/ml of FGF or 10 pM phenylephrine. The amount of [*H]leucine
incorporated was quantified as described?®.

Determination of cardiomyocyte cell-cycle activity in vivo. Experiments were
approved by the Subcommittee on Research Animal Care of Massachusetts
General Hospital. Injections and analyses were performed in a blinded manner.
Adult male Sprague-Dawley rats (300 g; Charles River Laboratories) underwent
thoracotomy and received intramyocardial injections of 50 ng periostin, 50 pg
fibronectin or 100 pl 100 mM sodium acetate as a control (five rats per group).
The survival rate for this procedure was 80%. We confirmed the presence
of injected periostin by immunofluorescence microscopy using a polyclonal
antibody to human periostin (Abcam). Intraperitoneal injections of BrdU
(70 pmol per kilogram body weight), with a tissue half-life of 2 h (ref. 30),
were given every 48 h, and rats were killed 48 h after the third injection. Cell-
cycle activity was determined on horizontal sections spaced at 1-mm inter-
vals by laser scanning immunofluorescence microscopy as described in
Supplementary Methods.

Determination of release kinetics of periostin from Gelfoam. To develop a
long-term delivery system for recombinant periostin, we determined whether
recombinant periostin associated with Gelfoam, a biodegradable biological
scaffold. Gelfoam patches (Pfizer) of 1-cm diameter were loaded with 100 pg of
recombinant human periostin and incubated with 1 ml of PBS at 37 °C with
continuous agitation for 10 weeks. The supernatant was replaced every 2 weeks
and the concentration of recombinant periostin in the supernatant was
determined by immunoblotting using a polyclonal antibody to human peri-
ostin (Abcam). We determined the diffusion range of recombinant periostin in
myocardium by immunofluorescence microscopy using a polyclonal antibody
to human periostin. The presence of periostin in the myocardium was
determined by immunoblotting using a polyclonal antibody to human peri-
ostin (Abcam).

Rat model of myocardial infarction and analysis of myocardial regeneration.
Adult male Sprague-Dawley rats (300 g; Charles River Laboratories) underwent
experimental myocardial infarction as described*”. The survival rate was 67%.
Gelfoam loaded with either 100 pg of recombinant periostin or buffer was
applied over the myocardial infarction at the time of surgery. Rats received three
intraperitoneal BrdU injections (70 pumol/kg) with a half-life of 2 h (ref. 30)
every 48 h over a period of 7 d. We carried out echocardiography and
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hemodynamic catheterization as described*s. Myocardial regeneration was
analyzed as described in Supplementary Methods.

Statistical analysis. Observations were quantified (details in Supplementary
Table 4 online) by two investigators (B.K. and S.A.) independently from one
another and in a blinded manner. Numerical data are the mean * s.e.m.
Statistical significance was determined by using two-tailed t-test and analysis of
variance (ANOVA). The o value was set at 0.05 for statistical significance.

Note: Supplementary information is available on the Nature Medicine website.
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