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MicroRNA-146a is a therapeutic target and
biomarker for peripartum cardiomyopathy
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Peripartum cardiomyopathy (PPCM) is a life-threatening pregnancy-associated cardiomyopathy in previously
healthy women. Although PPCM is driven in part by the 16-kDa N-terminal prolactin fragment (16K PRL), the
underlying molecular mechanisms are poorly understood. We found that 16K PRL induced microRNA-146a (miR-
146a) expression in ECs, which attenuated angiogenesis through downregulation of NRAS. 16K PRL stimulated the
release of miR-146a-loaded exosomes from ECs. The exosomes were absorbed by cardiomyocytes, increasing miR-
146a levels, which resulted in a subsequent decrease in metabolic activity and decreased expression of Erbb4, Notch1,
and Irak1. Mice with cardiomyocyte-restricted Stat3 knockout (CKO mice) exhibited a PPCM-like phenotype and
displayed increased cardiac miR-146a expression with coincident downregulation of Erbb4, Nras, Notch1, and Irak1.
Blocking miR-146a with locked nucleic acids or antago-miRs attenuated PPCM in CKO mice without interrupt-
ing full-length prolactin signaling, as indicated by normal nursing activities. Finally, miR-146a was elevated in the
plasma and hearts of PPCM patients, but not in patients with dilated cardiomyopathy. These results demonstrate
that miR-146a is a downstream-mediator of 16K PRL that could potentially serve as a biomarker and therapeutic

target for PPCM.

Introduction

Peripartum cardiomyopathy (PPCM) is a life-threatening heart
disease of unknown etiology characterized by a sudden onset of
heart failure in the last month of pregnancy and/or in the first
months postpartum (1). Recently, the antiangiogenic 16-kDa
N-terminal prolactin fragment (16K PRL), produced by cleavage
of the full-length nursing hormone prolactin (PRL) by cathepsin
D, has been discovered as a potential factor initiating and driving
PPCM (2). We previously showed that female mice with cardio-
myocyte-specific Stat3 knockout (referred to herein as CKO mice)
develop PPCM. In these mice, increased oxidative stress activates
cardiac cathepsin D, which promotes generation of 16K PRL in the
peripartum heart, leading to decreased cardiac capillary density
and reduced cardiac function, a feature that could be prevented by
treating mice with the PRL blocker bromocriptine (2). Moreover,
oxidative stress, cathepsin D, and 16K PRL are elevated in plas-
ma probes of PPCM patients (2). Treatment with bromocriptine
yielded promising results in preventing PPCM in at-risk patients
and in promoting recovery in PPCM patients (3, 4). The antiangio-
genic properties of 16K PRL are widely documented, as it reduces
abnormal retinal neovascularization in a model of oxygen-induced
retinopathy (5) and tumor growth in xenograft mouse models (6,
7). 16K PRL acts specifically on ECs and inhibits migration (8),
blocks cell cycle progression (9, 10), and induces apoptosis (11).
Activation of the transcription factor NF-kB by 16K PRL in ECs
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appears central to these antiangiogenic properties (11). However,
the precise mechanisms by which 16K PRL exerts its angiostatic
effect have not been elucidated, nor has the precise way by which
16K PRL induces PPCM and impairs cardiac function.
MicroRNAs (miRNAs) are short (19-24 nt), noncoding small
RNAs that repress gene expression posttranscriptionally by tar-
geting the 3’-untranslated regions (3'UTRs) of specific mRNAs
(12). miRNAs that stimulate or repress angiogenesis have opened
up novel therapeutic options in pathophysiologies associated
with deregulated angiogenesis (13) and vascular and cardiovas-
cular diseases (14-16). Recently, miRNA detection in the blood,
protected from endogenous RNase activity by exosomes, has
emerged as a promising diagnostic tool (17, 18). Various cell
types, including ECs, release exosomes loaded with miRNAs
into the surrounding environment and blood, where they may
work as systemic and intercellular communicators (19). Here,
we discovered that 16K PRL mediated a large part of its effects
via induction of microRNA-146a (miR-146a) in ECs. miR-146a
promoted endothelial injury and, in a paracrine manner via miR-
146a-loaded endothelial exosomes, reduced cardiomyocyte meta-
bolic activities. This 16K PRL-miR-146a circuit appears to play a
major role in the development of PPCM, since blocking miR-146a
in CKO mice by the use of locked nucleic acid-modified (LNA-
modified) antisense oligonucleotides or antago-miRs largely
prevented the development of the PPCM phenotype. In contrast
to complete PRL blockade with bromocriptine, neutralizing miR-
146a left full-length PRL signaling intact, allowing CKO mice to
nurse their offspring. miR-146a was elevated in plasma of PPCM
patients, but not in pregnancy-matched healthy controls, bro-
mocriptine-treated PPCM patients, or dilated cardiomyopathy
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Figure 1

16K PRL mediates antiangiogenic effects in ECs via miR-146a. (A) miRNA level evaluated by gRT-PCR in HUVECs after 16K PRL treatment (50 nM,
8 hours). (B and C) miR-146a in HUVECs treated with 16K PRL (50 nM, 8 hours), (B) with or without BAY 11-7082 pretreatment (10 uM, 1 hour) or (C)
with 72 hours transfection with p65 NF-kB subunit or control siRNA. (D) WT and mutated (Mut) miR-146a promoter luciferase vectors. (E) Luciferase
activity after 16K PRL treatment (50 nM, 8 hours). (F) Proliferation status, reflected by BrdU incorporation, in HUVECs transfected with pre- or anti-
miR-146a or -miR-control. (G) BrdU incorporation in HUVECs stimulated with 16K PRL (50 nM, 8 hours) with or without anti-miR-146a transfection
(48 hours). (H) Apoptotic index, reflected by caspase-3 activity, in HUVECSs transfected with pre- or anti-miR-146a or -miR-control. (I) Representative
images of aortic rings 9 days after transfection with anti-miR-146a or -miR-control. Scale bars: 0.5 mm. (J) Quantification of sprout length in I (n = 8-10
aortic rings per condition). (K) Representative images of laser-induced choroidal neovascularization 7 days after transfection with pre-miR-control and
-miR-146a injected intravitreously (n > 8 eyes/condition; 4 lesions/eyes). Dashed outlines denote lesion area. Scale bars: 100 um. (L) Quantification
of the green signal present in lesion area. Data are mean + SD (n = 3) or mean + SEM (J and L). *P < 0.05 vs. respective control. *P < 0.05 vs. 16K
PRL-treated control. See also Supplemental Figure 1.

(DCM) patients with a similar degree of heart failure. These data Results

suggest that miR-146a may serve as a specific biomarker for the 16K PRL-induced NF-KB signaling upregulates miR-146a in ECs. We
diagnosis of PPCM in patients and that miR-146a may represent  aimed to identify miRNAs involved in 16K PRL-mediated anti-
a novel therapeutic target to treat PPCM. angiogenic effects. Since NF-kB activation is essential for the
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Figure 2

NRAS is a target gene of miR-146a in HUVECs. (A) NRAS mRNA (gRT-PCR) and (B) protein levels (Western blot) in HUVECs transfected with
pre-miR-146a and pre-miR-control. (C) Luciferase activity from NRAS 3'UTR WT reporter plasmid and mutated NRAS 3'UTR cotransfected into
HEK293T cells with pre-miR-146a or pre-miR-control 48 hours after transfection. (D) BrdU incorporation, (E) FACS analysis for apoptosis by annexin
V—PI staining, and (F) DNA fragmentation analysis in HUVECs transfected with NRAS or control siRNA for 48 hours. (G) Representative images
of laser-induced choroidal neovascularization 7 days after transfection with NRAS or control siRNA injected intravitreously (n = 8 eyes/condition; 4
lesions/eyes). Dashed outlines denote lesion area. Scale bars: 100 um. (H) Quantification (by ImageJ) of the green signal present in lesion area. CNV,
choroidal neovascularization. (I) NRAS mRNA level in HUVECs stimulated with 16K PRL (50 nM, 8 hours), with pretransfection (48 hours) with anti-
miR-control or anti-miR-146a. All data are mean + SD (n = 3) or mean + SEM (H). *P < 0.05 vs. respective control. See also Supplemental Figure 2.

antiangiogenic effects of 16K PRL (10, 11), we assayed the expres-
sion of different miRNAs described as being NF-kB dependent
— miR-125b, miR-132, miR-146a, miR-155, and miR-221 — in
HUVECs stimulated with 16K PRL (20-22). 16K PRL increased
expression of miR-146a, but did not alter miR-125b, miR-132,
miR-155, and miR-221 expression (Figure 1A). Time course
analyses of 16K PRL-induced miR-146a and the expression of
the miR-146a primary transcript (pri-miR-146a) are shown in
Supplemental Figure 1, A and B (supplemental material avail-
able online with this article; doi:10.1172/JCI64365DS1). 16K
PRL-mediated induction of miR-146a was abolished by the
NF-kB pathway blocker BAY 11-7082 and attenuated by siRNA
knockdown of the NF-kB subunit p65 (Figure 1, B and C, and
Supplemental Figure 1, C and D). The involvement of NF-kB in
16K PRL-induced miR-146a expression was confirmed by the
luciferase activity of the luciferase reporter vector consisting of
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the 600-bp segment of the WT promoter of miR-146a, with 2
NF-kB binding sites (21), compared with a vector containing
mismatches in the 2 NF-kB binding sites (Figure 1, D and E).

16K PRL mediates antiangiogenic effects in ECs through miR-146a.
Next we evaluated whether miR-146a mediates antiangiogenic
effects of 16K PRL in HUVECs. miR-146a levels increased by pre-
miR-146a transfection reduced HUVEC proliferation, whereas
miR-146a inhibition by anti-miR-146a enhanced it (Figure 1F and
Supplemental Figure 1E). 16K PRL treatment reduced HUVEC
proliferation, an effect that was prevented by anti-miR-146a
transfection (Figure 1G).

Furthermore, as reflected by caspase-3 activity, overexpression
of miR-146a increased HUVEC apoptosis, whereas its inhibition
reduced it (Figure 1H), a feature confirmed by annexin V-PI stain-
ing and by DNA fragmentation assays (Supplemental Figure 1,
F and G). No effect of miR-146a overexpression or silencing was
Number 5 2145
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Figure 3

miR-146a can be exported from ECs in exosomes that can be transferred to cardiomyocytes and impair their metabolism. (A) Dynamic light scat-
tering analysis of conditioned medium of 16K PRL—treated HUVECSs (50 nM, 24 hours). (B) Flow cytometry analysis of exosomes purified from
HUVEC medium and labeled with CD63. (C) miR-146a level in exosomes from HUVECs treated with 16K PRL or not treated (NT). (D) Exosome
production by HUVECs treated or not with 16K PRL (50 nM, 48 hours). (E) miR-146a level in NRCMs treated or not with 16K PRL. (F) Fluores-
cence microscopy detecting fusion of miR-146a—loaded endothelial exosomes labeled with the green fluorescent PHK67 membrane linker with
NRCMs (a-actinin, red; DAPI, blue). Scale bars: 50 um. (G) Higher-magnification views of boxed regions in F. Scale bars: 15 um. (H) Electron
micrographs of NRCM sections showing vesicles (arrows); after a 16-hour incubation with HUVEC exosomes, NRCMs showed larger multivesicu-
lar vesicles containing the exosomes (inset; enlarged x2-fold). Scale bars: 500 nm. (I) miR-146a level in NRCMs exposed to miR-146a-exosomes
or control-exosomes or transfected with pre-miR-146a or pre-miR-control. (J) Expression level of pri-miR-146a in NRCMs exposed to miR-146a-
or control-exosomes. (K) miR-146a expression level, (L) metabolic activity, assessed by MTS assay, and (M) Erbb4 level in NRCMs exposed to
control exosomes, miR-146a exosomes, and miR-146a exosomes cotransfected with anti-miR-control or anti-miR-146a. All data are mean = SD
(n = 3).*P < 0.05 vs. respective control; #P < 0.05 vs. miR-146a-exosomes with anti-miR-control. See also Supplemental Figure 3.
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observed in HUVEC migration or tube formation ability (Sup-
plemental Figure 1, H and I). In an ex vivo aortic ring assay, pre-
miR-146a-mediated overexpression of miR-146a led to shorter
sprouts, whereas anti-miR-146a-mediated reduction of miR-146a
led to longer sprouts, compared with aortic rings transfected with
respective controls (Figure 1,TandJ). In a model of choroidal neo-
vascularization (CNV) induced by laser injury, intravitreal injec-
tions of pre-miR-146a and the pre-miR-control, performed just
after laser burns, showed that miR-146a overexpression decreased
neoformation of blood vessels in choroidal lesions, as assessed by
epifluorescence microscopy after FITC-dextran injection (Figure
1, Kand L, and Supplemental Figure 1K).

Downregulation of NRAS, a novel target gene of miR-146a, is respon-
sible for antiangiogenic effects of 16K PRL in ECs. Potential target
genes of miR-146a in ECs were analyzed by expression profiling
on HUVECs transfected with pre-miR-146a. Overexpression of
miR-146a significantly regulated 441 transcripts. Ingenuity Path-
way Analysis software identified inflammation, proliferation, and
apoptosis as the main functions regulated by miR-146a in ECs.
The bioinformatic algorithm Sylamer (23) showed a strong enrich-
ment (positive y axis) for the miR-146a seed match (sequence
complementary to the seed) near the most downregulated genes
(left x axis) (Supplemental Figure 2A), confirming that the global
shift of RNA levels observed after miR-146a overexpression corre-
lates with the expected miR-146a regulation of target transcripts.
Among all miRNAs tested by Sylamer, miR-146a was the one for
which the seed match was the most enriched in the downregulated
genes. To identify targets regulated by miR-146a, the 164 down-
regulated transcripts observed in the microarray experiments were
compared with the 130 different computationally predicted tar-
get transcripts for miR-146a using the TargetScan5.1 algorithm,
which confirmed the already validated targets of miR-146a: TNF
receptor-associated factor-6 (TRAF6) and IL-1 receptor-associ-
ated kinase 1 (JRAKI) (Supplemental Figure 2, B and C). In addi-
tion, neuroblastoma RAS viral (v-ras) oncogene homolog (NRAS)
emerged as a new putative direct target of miR-146a conserved in
human and mouse (Supplemental Figure 2D). NRAS mRNA and
NRAS protein levels were decreased by miR-146a overexpression in
HUVECs (Figure 2, A and B). A luciferase reporter vector encoding
the complete 3'UTR of human NRAS and a mutated vector con-
taining mismatches in the predicted miR-146a binding site were
constructed. Cotransfection of the NRAS 3'UTR plasmid and pre-
miR-146a in HEK293T cells resulted in a significant decrease in
luciferase activity compared with cells cotransfected with pre-miR-
control or the mutated 3'UTR target sequence (Figure 2C), which
suggests that NRAS is a target of miR-146a. Downregulation of
NRAS by miR-146a was also observed in rat heart ECs (RheA cells)
(Supplemental Figure 2E). HUVECs with siRNA-mediated reduc-
tion of NRAS (Supplemental Figure 2, F and G) showed reduced
proliferation rate and increased apoptosis (Figure 2, D-F). Like-
wise, in the model of CNV, intravitreal injections of NRAS siRNA
decreased blood vessel density compared with the control siRNA
(Figure 2, G and H). NRAS expression was downregulated in
HUVEC:s treated with 16K PRL, but restored when HUVECs were
transfected with anti-miR-146a (Figure 2I).

16K PRL promotes release of miR-146a—loaded exosomes from ECs.
Analysis of HUVEC conditioned medium by dynamic light scat-
tering analysis revealed that HUVECs secreted vesicles with a
peak distribution around 100 nm (Figure 3A). These micropar-
ticles were positive for the exosomal marker CD63 (Figure 3B).
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miR-146a was detected in exosomes purified from HUVEC con-
ditioned medium (Ct, 31.2) and upregulated in exosomes isolated
from HUVECs stimulated by 16K PRL, but the amount of exo-
somes produced by HUVECs was not affected by 16K PRL treat-
ment (Figure 3, C and D).

Cardiomyocytes absorb miR-146a—loaded endothelial exosomes. Com-
pared with ECs, the expression of miR-146a in cultured neonatal
rat cardiomyocytes (NRCMs) was low and could not be induced
by direct stimulation with 16K PRL (Figure 3E and Supplemen-
tal Figure 3, A and B). In contrast, 16K PRL stimulated miR-146a
expression in primary cardiac fibroblasts (Supplemental Figure
3C). Fluorescence microscopy revealed efficient uptake by NRCMs
of exosomes purified from HUVECs overexpressing miR-146a and
labeled with the green fluorescent PKH67 membrane linker (Fig-
ure 3, F and G). Confirming this result, NRCMs incubated with
exosomes for 16 hours showed large intracellular vesicles loaded
with numerous vesicular bodies (exosomes), and those structures
were not observed in cells not incubated with exosomes (Figure
3H). The level of miR-146a in NRCMs was substantially increased
after fusion with exosomes derived from pre-miR-146a-transfect-
ed ECs (miR-146a-exosomes) compared with NRCMs incubated
with exosomes from pre-miR-control-transfected ECs (control-
exosomes; Figure 3I). The efficiency of miR-146a transfer via
exosomes in NRCMs was comparable to the effect of direct pre-
miR-146a transfection using lipofection (Figure 3I). Addition of
miR-146-exosomes did not induce pri-miR-146a expression in
NRCMs (Figure 3]). Increased miR-146a after transfer via exo-
somes in NRCMs was completely abolished by cotransfection with
anti-miR-146a (Figure 3K).

miR-146a—loaded endothelial exosomes or pre-miR-146a transfection
reduces metabolic activity and decreases expression of target genes Erbb4,
Notch1, and Irakl in cardiomyocytes. miR-146a-exosomes and pre-
miR-146a transfection substantially decreased the metabolic activ-
ity of NRCMs compared with respective control transfection, a
feature that was normalized by cotransfection with anti-miR-146a
(Figure 3L and Supplemental Figure 3, D and E). Reduced meta-
bolic activity was not accompanied by enhanced cell death, neither
in NRCMs treated with miR-146a-exosomes nor upon transfec-
tion with pre-miR-146a, compared with their respective controls
(Supplemental Figure 3F). We confirmed previous findings (24)
that Erbb4 was a target of miR-146a in NRCMs (Figure 3M and
Supplemental Figure 3, G and H). miR-146a target sites were con-
firmed in human ERBB4 and mouse Erbb4 genes (Supplemental
Figure 3, I-K). Ribonucleoprotein immunoprecipitation with
Ago2 (25) proved that Erbb4 and 2 other miR-146a target genes,
Notchl (26) and Irak1 (21), were direct physical targets of miR-146a
in NRCMs (Supplemental Figure 3, L and M). ERBB4 appears to
be involved in the regulation of metabolic activities in cardiomyo-
cytes by promoting glucose uptake upon stimulation by its ligand,
neuregulin-1 (NRG1) (27). This increase in NRG1-mediated meta-
bolic activity was abolished in NRCMs overexpressing miR-146a
(miR-146a, -1.3%; miR-control, +6.2%; P < 0.05).

Cardiac tissue of CKO mice with PPCM displays increased levels of
miR-146a associated with reduced expression of Nras, Erbb4, Notchl,
and Irakl. Previously, we presented evidence that 16K PRL is a
major factor responsible for PPCM in CKO mice (2). In line with
in vitro results in ECs and NRCMs, elevated levels of miR-146a
were detected in hearts of CKO mice with PPCM compared with
pregnancy-matched postpartum WT siblings (Figure 4A). In situ
hybridization localized upregulated miR-146a predominantly to
Number 5 2147
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Figure 4

Role and regulation of miR-146a in postpartum (PP) WT mice and in
postpartum CKO mice treated or not with LNA-miR-control, LNA-miR-
146a, or recombinant NRG1. (A) miR-146a level in LV tissue from CKO
and WT mice. (B) miR-146a in situ hybridization (green) in LV sections
of CKO and WT mice counterstained with isolectin B4 (blood vessels,
red). Higher-magnification image (top right) and digitized image illus-
trating miR-146a and isolectin B4 (yellow) colocalization (bottom right)
are also shown. Scale bars: 100 um (left and middle); 25 um (right).
(C) mRNA (qRT-PCR) and (D) protein levels (Western blot) in LVs of
CKO and WT mice. (E) Quantification of results in D. (F) Fluorescence
microscopy detecting human endothelial exosomes (anti-human CD63,
red, arrows) in mouse hearts (a-actinin, green) 24 hours after intracar-
diac injection in WT mice. Higher-magnification views of boxed regions
are shown at far right. Control with corresponding IgG is shown below.
Scale bars: 20 um; 5 um (far right). (G) H&E staining of LV sections.
Scale bars: 100 um. (H) Quantification of fibrosis. (I) LV sections stained
with isolectin B4 (blood vessels, yellow), WGA (cell membranes, red),
and nuclei (DAPI, blue). Scale bars: 20 um. (J) Capillary/cardiomyocyte
(CM) ratio. (K) mRNA (gRT-PCR on mRNA pools of n = 5 mice/group).
(L) Protein levels (Western blot), (M) quantified in bar graph in LVs of
CKO mice treated with LNA-miR-control and LNA-miR-146a. (N) Frac-
tional shortening in CKO mice injected with recombinant NRG1 (1.25
ug/d i.p.) or NaCl (control). *P < 0.05 vs. respective control. n = 3—6 per
group. Data are mean + SEM. See also Supplemental Figure 4.

nonmyocyte cells, including ECs (Figure 4B and Supplemental
Figure 4A). In line with 16K PRL as an inducer of miR-146a, nul-
lipara WT mice systemically injected with a 16K PRL-expressing
adenovirus displayed increased cardiac miR-146a expression that
was associated with decreased cardiac function (Supplemental
Figure 4B and Supplemental Table 1). Increased cardiac miR-
146a levels in CKO mice with PPCM were associated with reduced
mRNA levels of Erbb4, Notch1, and Irakl1 (Figure 4C). Western blot
confirmed reduced protein levels of ERBB4 and NRAS compared
with postpartum WT mice (Figure 4, D and E). Blocking PRL with
bromocriptine in CKO mice with PPCM, which prevented PPCM
onset (2), significantly reduced cardiac miR-146a levels and elevat-
ed Erbb4 mRNA levels (Supplemental Figure 4, C-E). As observed
in in vitro experiments, miR-carrying exosomes produced by ECs
were taken up by cardiomyocytes in vivo after intracardiac injec-
tion (Figure 4F).

LNA-modified antisense oligonucleotide— or antago-miR—mediated
inhibition of miR-146a in vivo attenuates PPCM in CKO mice. To assess
whether miR-146a is causally linked to PPCM in CKO mice, we
used LNA-modified antisense oligonucleotides to silence miR-
146ainvivo (referred to herein as LNA-miR-146a). LNA-miR-146a
substantially attenuated a decrease in systolic function compared

Table 1
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with the respective LNA-miR-control, but did not attenuate LV dil-
atation compared with CKO females with no pregnancies (Table 1).
Cardiac fibrosis was markedly reduced, and postpartum cardiac
capillary density was higher, in LNA-miR-146a- versus LNA-miR-
control-treated CKO mice (Figure 4, G-J). The expression of Erbb4
mRNA (confirmed in » = § individuals), as well as Notch1 and Irak1
mRNA (determined in mRNA pools of n = 5 hearts per treatment),
was higher in the LV of LNA-miR-146a- versus LNA-miR-control-
treated CKO mice, whereas Nrvas mRNA was not different (Figure
4K). Protein levels of ERBB4 and NRAS were significantly higher
in LNA-miR-146a- versus LNA-miR-control-treated CKO mice
(Figure 4, L and M).

Importantly, LNA-miR-146a treatment of CKO mice did not
interfere with lactation, as LNA-miR-146a-treated mice were able
to raise offspring with similar success as LNA-miR-control-treated
or nontreated CKO mice (LNA-miR-146a, 11 + 5 offspring weaned
after 2 subsequent pregnancies; LNA-miR-control, 11 + 5 offspring
weaned; untreated, 11 + 3 offspring weaned; P = NS). Similarly,
cholesterol-modified antago-miRs (28) used to block miR-146a
attenuated cardiac dysfunction, reduced fibrosis, and increased
Erbb4, Nras, Notch1, and Irak1 expression in CKO mice (Table 1 and
Supplemental Figure 4, F-M). Nursing ability also remained intact
(antago-miR-control, 10 * 4 offspring weaned after 2 subsequent
pregnancies, n = 5; antago-miR-146a, 8 + 4 offspring weaned,
n = 6; P = NS). Daily treatment with recombinant NRG1 applied
for 2 subsequent nursing periods attenuated cardiac dysfunction
compared with NaCl-treated CKO mice (Figure 4N, Supplemental
Data, and Supplemental Figure 4N).

miR-146a is specifically elevated in plasma from patients with acute
PPCM and normalized after recovery associated with PRL blockade by
bromocriptine treatment. We analyzed miR-146a levels in plasma
probes from patients with acute PPCM (n = 38), from healthy post-
partum controls (n = 18), and from healthy age-matched nonpreg-
nant women (n = 5). Plasma levels of miR-146a were significantly
higher in patients with acute PPCM compared with healthy post-
partum controls (P < 0.001; Figure SA). Levels of miR-146a were
not significantly different between healthy postpartum controls
and healthy nonpregnant women. Compared with 30 patients with
a similar degree of heart failure due to dilated cardiomyopathy
(DCM) and with no history of PPCM (ejection fraction [EF]|, PPCM,
28% + 9%; DCM, 29% + 9%; P = NS), miR-146a levels were signifi-
cantly higher in the PPCM group (P < 0.001; Figure 5A). NT-pro-
BNP, a biomarker for heart failure, was elevated to a similar degree
(PPCM, 5,106 + 4,326 fmol/ml; DCM, 3,346 + 11,516 fmol/ml;
P =NS), whereas total PRL was higher in the PPCM group (PPCM,
36 + 48 ug/l; DCM, 8 = 4 ug/l; P < 0.01).

Cardiac function in CKO mice with no pregnancy and after 2 subsequent pregnancies with systemic inhibition of miR-146a by injection of
LNA-modified antisense oligonucleotides or cholesterol-modified antago-miRs

No pregnancy
n 6 6

Fractional shortening (%) 38+2 24 £ 27
LV end-diastolic diameter (mm) 3.6+0.1 43 +0.2°
LV end-systolic diameter (mm) 22+02 3.2+0.24
Heart rate (bpm) 540+ 13 524 +19

LNA-miR-control

LNA-miR-146a Antago-miR-control Antago-miR-146a
8 7 5
3328 21 £1A 37+ 38
41+0.1C 41+0.1C 43+ 0.2°
2.7+0.1¢0 3.3+£0.17 2.7+0.2
512+ 16 498 + 14 488 +18

Fractional shortening, LV end-diastolic and end-systolic diameters, and heart rate were determined by echocardiography. Data are mean + SEM. AP < 0.01
vs. no pregnancy. BP < 0.01 vs. respective miR-control. P < 0.05 vs. no pregnancy. °P < 0.05 vs. respective miR-control.
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In 12 PPCM patients who recovered after being treated with
standard therapy for heart failure (beta blocker and ACE inhibitor)
and 2.5-5 mg/d bromocriptine for 6-8 weeks (baseline EF, 23% +
11%; follow-up EF, 51% + 13%; P < 0.01; baseline LV end-diastolic
diameter, 59 + 6 mm; follow-up LV end-diastolic diameter, 53 + 6
mm; P = NS), miR-146a plasma levels were within normal range
(Figure 5A). Paired follow-up clinical data sets with corresponding
blood samples were available from 7 of these PPCM patients (mean
follow-up, 5 + 2.5 months). miR-146a plasma levels decreased com-
pared with the acute phase of PPCM (P < 0.01, paired ¢ test; Fig-
ure 5B), which was associated with substantially improved cardiac
function in all 7 patients (baseline EF, 22% + 13%; follow-up EF,
53% + 15%; P < 0.01; Supplemental Table 2).

Analysis from LV tissue revealed that miR-146a levels were sig-
nificantly higher in patients with PPCM (n = 3) than in nonfailing
organ donors (n = 4; P < 0.05) or in patients with end-stage heart
failure due to DCM (n = 8; P < 0.005; Figure SC). LV tissue levels
of ERBB4 mRNA were reduced in PPCM patients compared with
nonfailing organ donors (Figure 5D).

Discussion

Our experimental findings and these first clinical data suggest
that 16K PRL generated by the coincidence of unbalanced oxida-
tive stress, subsequent activation of PRL cleaving enzymes (cathep-
sin D), and high PRL levels (pituitary and cardiac) appear to be
causative for PPCM. This hypothesis was supported by the prior
observations that the PRL blocker bromocriptine showed benefi-
cial effects in first clinical trials in PPCM patients (3, 4), completely
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Figure 5

miR-146a is elevated in plasma
and LV tissue of patients with acute
PPCM compared with controls and
DCM and is reduced after recovery.
(A) Ratio between miR-146a and
2 spike-in miRNAs (cel-39 and cel-
238) in plasma from patients with
acute PPCM (n = 38), postpartum-
matched (PP-matched) healthy con-
trols (n = 18), age-matched healthy
controls (n = 5), DCM patients
(n = 30), and recovered PPCM
patients treated with standard heart
failure therapy and bromocriptine
(n=12).**P < 0.01, ***P < 0.001 vs.
PPCM. (B) Follow-up ratio between
miR-146a and 2 spike-in miRNAs
in plasma from 7 PPCM patients,
at baseline and after treatment with
standard therapy for heart failure
and bromocriptine. **P < 0.01 vs.
PPCM. (C) gRT-PCR of miR-146a
in LVs from PPCM patients (n = 3),
DCM patients (n = 8), and nonfailing
organ donors (NF; n = 4). (D) Level
of ERBB4 mRNA in LVs from PPCM
patients (n = 3) and nonfailing organ
donors (n = 4). *P < 0.05 vs. nonfail-
ing; #P < 0.005 vs. PPCM. Data are
mean + SEM.
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prevented PPCM in CKO mice (2), and attenuated PPCM in mice
with a cardiomyocyte-restricted deficiency of PPARY coactivator
lo (PGC1a-KO mice) (29). To date, a specific receptor for 16K
PRL has not been identified, but its downstream signaling cascade
involving NF-kB in ECs is well documented (11). Our screen for
NF-kB-activated miRNAs identified miR-146a as being specifi-
cally induced by 16K PRL. Furthermore, in vitro studies showed
that miR-146a mediated a large part of the known antiangiogenic
effects of 16K PRL in ECs. Moreover, after EC-exosomal transfer
in cardiomyocytes, miR-146a impaired their metabolic activity. In
fact, the 16K PRL-miR-146a cascade appeared to be responsible
for a large portion of 16K PRL-induced pathological changes in
PPCM, since targeting miR-146a in CKO mice by 2 different phar-
macological approaches, LNA-miR-146a and antago-miR-146a,
largely prevented PPCM symptoms. The finding that LNA-miR-
146a- and antago-miR-146a-treated CKO mice were able to nurse
their offspring confirmed that these strategies only affected 16K
PRL-mediated effects, leaving the normal full-length PRL signal-
ing system intact. Indeed, beside its role in nursing, full-length
PRL has multiple beneficial effects, including promotion of angio-
genesis and bonding between mother and child (30).

Although miR-146a appears to be a major downstream mediator
of 16K PRL, we did not obtain full rescue of the PPCM phenotype
with LNA-miR-146a or antago-miR-146a treatment, which was
different from the complete rescue observed with the PRL blocker
bromocriptine (2). One reason for the incomplete rescue of the
PPCM phenotype after LNA treatment could be that blocking
miR-146a had no effect on the pathomechanisms upstream of 16K
Number 5
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Figure 6

Role of miR-146a in PPCM and proposed alternative treatment that maintains normal PRL functions. (A) In PPCM patients, PRL is cleaved into
16K PRL, which (via NF-xB) increases miR-146a expression in ECs. By targeting NRAS, miR-146a reduces proliferation and viability in ECs and

contributes to destruction of the cardiac microvasculature. miR-146a is re

leased from ECs protected by the exosomes that fuse with cardiomyo-

cytes, where miR-146a targets ERBB4 and impairs metabolism. (B and C) Proposed therapeutic options for PPCM management. (B) Blocking
PRL completely by use of bromocriptine eliminates pathophysiological 16K PRL, but also nursing ability. (C) Use of anti-miR-146a in less severely
affected patients may improve PPCM recovery, while keeping normal nursing functions.

PRL, including reduced manganese superoxide dismutase expres-
sion and enhanced oxidative stress (2). Another reason could be
the presence of additional miR-146a-independent 16K PRL-medi-
ated pathophysiological mechanisms.

Our previous studies in CKO and in PGC1a-KO mice suggest a
major role for a systemically damaged vasculature in PPCM onset,
in which 16K PRL plays a key role (2, 29). We discovered that 16K
PRL exerted part of its negative effects in ECs by upregulating
miR-146a, which in turn impaired EC proliferation and survival.
To date, miR-146a has been mainly described for its implication
in innate immunity, since, by targeting TRAF6 and IRAKI, it pre-
vents constitutive activation of NF-kB during the inflammatory
response (21). Our present findings highlight a new role of miR-
146a in angiogenesis: reducing EC proliferation and viability. A
suggested mechanism in these processes involves the downregula-
tion of NRAS, previously described as a key gene in cell survival and
proliferation (31), which we identified as a novel target of miR-
146a that strongly attenuated EC proliferation and survival in
vitro and in vivo. The observation that miR-146a was upregulated
and Nras downregulated in hearts from CKO mice with PPCM sug-
gests that miR-146a is at least in part responsible for angiogenic
impairment in PPCM. This idea is further supported by the obser-
vations that a systemically injected adenovirus expressing 16K PRL
led to higher miR-146a levels in hearts of WT mice, that pharma-
cological blockade of miR-146a normalized cardiac Nras expres-
sion and capillary density in postpartum CKO mice, and that
blocking PRL in CKO mice by bromocriptine treatment prevented
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miR-146a upregulation and capillary loss (2). Taken together, the
induction of miR-146a by 16K PRL and the subsequent reduction
of Nras seems to be one mechanism by which 16K PRL impairs
endothelial homeostasis in the postpartum maternal heart. Syl-
amer analyses suggested that, besides Nras, additional miR-146a
targets may also be involved in this process, a feature that will be
explored in future projects.

Besides its direct miR-146a-mediated effects on ECs, 16K PRL
promoted shedding of exosomes from ECs containing elevated lev-
els of miR-146a. Exosomes appear to protect miRNAs from degra-
dation (32) and to act as vehicles to transport and transfer miRNAs
to recipient cells (19). In vitro analyses showed that 16K PRL was
not inducing miR-146a expression in NRCMs, but that NRCMs
efficiently took up miR-146a-loaded endothelial exosomes, which
led to increased intracellular levels of the mature form — but not
the pre-form — of miR-146a. This transfer also seems to occur in
vivo, as injected endothelial exosomes were detected in cardiomyo-
cytes in the mouse heart. Moreover, in situ hybridization in post-
partum CKO hearts mainly detected pre-mRNA and mature miR-
146a in ECs and other nonmyocyte cardiac cells, such as cardiac
fibroblasts, which suggests that in addition to ECs, fibroblasts
may also be a source for miR-146a in hearts exposed to 16K PRL.
These observations illustrate how 16K PRL can increase miR-146a
levels in cells that do not directly respond to 16K PRL stimulation.

Erbb4 is constitutively expressed in cardiomyocytes forming
homo- and heterodimers with ERBB2, and a functional ERBB
signaling system is essential to the physiological status in the
Number 5 2151
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adult heart, since postnatal conditional knockout of cardiac
Erbb2 in mice leads to DCM (33, 34). During pregnancy, expres-
sion of Erbb4 increases in the maternal heart and plays a modula-
tory role during physiological hemodynamic overload associated
with pregnancy, as pharmacological inhibition of ERBB2 leads to
cardiomyopathy in this condition (35). The ligand of ERBB2/4
receptors is NRG1, a factor that is mainly produced by ECs; there-
fore, the NRG1/ERBB signaling system is a way through which
cardiomyocytes and ECs communicate in the heart (27, 36, 37).
Recently, Horie et al. described that part of the cardiotoxic effect
of the chemotherapeutic agent doxorubicin is derived from the
upregulation of miR-146a and the subsequent downregulation of
Erbb4 in cardiomyocytes (24). We confirmed by ribonucleoprotein
immunoprecipitation assay that Erbb4, but also Notch1 and Irak1,
were direct physical targets of miR-146a in cardiomyocytes.

Pharmacological blockade of miR-146a or blocking PRL with
bromocriptine in postpartum CKO mice attenuated Erbb4 down-
regulation and improved cardiac function, which supports the
idea that a 16K PRL-miR-146a-exosome-mediated circuit impairs
Erbb4 in hearts from CKO mice with PPCM (Figure 6). Our finding
of increased miR-146a and decreased Erbb4 expression in LV tissue
from PPCM patients compared with nonfailing hearts suggests
that this mechanism may be also active in human PPCM.

Our previous work pointed to a metabolic impairment in PPCM,
in part as a consequence of insufficient nutrition and oxygen sup-
ply due to reduced vasculature, but potentially also due to direct
impairment of cardiomyocyte metabolism (2, 29). Indeed, 16K
PRL via miR-146a impaired angiogenesis by downregulating
NRAS in ECs. Since NRAS was barely expressed in cardiomyo-
cytes, downregulation of this target gene may not affect cardio-
myocytes directly. In turn, exosome-mediated transfer of miR-146a
reduced the metabolic activity of cardiomyocytes, in part through
downregulation of Erbb4, given that metabolic impairment was
improved by treatment with antago-miR-146a (which increased
Erbb4 expression) and activation of ERBB signaling by NRG1 was
not able to increase metabolic activity in cardiomyocytes overex-
pressing miR-146a. Moreover, enhancing ERBB signaling in post-
partum CKO mice with NRG1 only moderately attenuated cardiac
dysfunction, probably due to downregulated Evbb4 expression.
Thus, our results showed for the first time that 16K PRL impairs
the crosstalk between ECs and cardiomyocytes by promoting the
release of miR-146a-loaded exosomes from ECs, thereby also alter-
ing cardiomyocyte metabolism, which could — in addition to the
impaired vasculature — contribute to heart failure in PPCM. How-
ever, our experimental design in the CKO PPCM model could not
clearly distinguish between the contribution of decreased nutri-
tion and oxygen supply due to the insufficient vasculature and the
direct metabolic impairment of the cardiomyocytes caused by the
downregulated ERBB signaling system in vivo.

PPCM and DCM patients with similar degrees of heart failure
displayed similar increases in NT-proBNP, an unspecific marker for
heart failure, while miR-146a plasma levels were only upregulated
in PPCM patients. miR-146a levels were also higher in cardiac tissue
from PPCM patients compared with cardiac tissue from nonfailing
organ donors or DCM patients, further supporting the idea of a
specific pathophysiological condition in PPCM, related to high 16K
PRL, that is not present in other forms of heart failure. Therefore,
the plasma level of miR-146a may emerge as a specific biomarker to
distinguish PPCM patients who have a good potential for recovery
from those PPCM patients with preexisting heart disease (i.e., DCM
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or genetic forms of heart failure) who have a much lower recovery
potential and are more likely to require heart transplantation or
assist device support. Such information would be of great impor-
tance for risk stratification and clinical management of patients. In
addition, controlling miR-146a plasma levels in PPCM patients may
be used to monitor recovery or progression of the disease.

In conclusion, our findings suggest a novel pathophysiologic cir-
cuit in PPCM involving enhanced local and systemic generation of
16K PRL, upregulated endothelial miR-146a expression with anti-
angiogenic properties, and impaired metabolism and function of
cardiomyocytes. Within this circuit, we propose a miRNA-based
intercellular communication system between ECs and cardiomyo-
cytes via exosomes (Figure 6). Our discovery that miR-146a repre-
sents an important downstream effector of 16K PRL in PPCM sug-
gests therapeutic strategies that could specifically remove adverse
downstream effects of 16K PRL while leaving normal PRL signal-
ing intact, which — in combination with bromocriptine — may
help to speed recovery in critically ill PPCM patients (Figure 6, B
and C). In addition, miR-146a may serve as a highly specific blood
biomarker useful for diagnosis and risk stratification of patients
with peripartum heart failure.

Methods
Further information can be found in Supplemental Methods.

Accession number. Microarray data have been deposited in GEO (accession
no. GSE43016).

Cell culture and reagents. Isolation and culture of HUVECs (passages 6-11)
were described previously (38). NRCMs and fibroblasts were isolated by
enzymatic disassociation of neonatal rat hearts, as described previously
(39). NRCMs were cultivated in a 4:1 mixture of 4.5 g/l DMEM high-glu-
cose/M199, and fibroblasts were cultivated in 4.5 g/l DMEM high-glucose.
RheA cells (40) and HEK293T cells were cultured in DMEM 4500 supple-
mented with 10% FBS. Recombinant 16K PRL (0.14 ug/ml) was produced
and purified as described previously (41). BAY 11-7082 was purchased
from Calbiochem. siRNAs were transfected using DharmaFECT-4 (Dhar-
macon Research Inc.) according to the manufacturer’s protocol.

Patients. Plasma samples were obtained from patients with PPCM at their
first presentation (n = 38; diagnosis based on criteria defined by Sliwa et
al; ref. 4), from healthy nursing women (# = 18), from age-matched healthy
controls (n = 5), from patients with heart failure due to DCM (n = 30), and
from patients with PPCM receiving bromocriptine treatment (see Supple-
mental Data). LV tissue was obtained from 1 PPCM patient undergoing
heart transplantation, from 2 PPCM patients obtaining an assist device,
from 8 DCM patients at the time of heart transplantation, and from donor
hearts not suited for transplantation.

Animal experiments. Generation of CKO mice, with cardiomyocyte-restrict-
ed knockout of Stat3 (aMHC-Cre"®*;Star3//M); WT littermates (Stat3//f); and
their PPCM phenotype has been described previously (2). LNA-miR-146a or
LNA-miR-control (Exiqon) was given by 3 i.v. injections (20 mg/kg/injection;
3 days before and 1 and 3 days after delivery; ref. 42) for 2 consecutive preg-
nancies. Antago-miR-146a and antago-miR-control (VBC Biotech) was given
by 4 i.v.injections (8 mg/kg/injection; 2 days before and 1, 3,and 7 days after
delivery; ref. 28) for 2 consecutive pregnancies. NRG1 (50 ug/kg/d; Immu-
notools) was injected daily i.p. for 2 consecutive pregnancies and nursing
periods (starting 3 days before delivery until 3 weeks after delivery).

Control or 16K PRL adenovirus vector (10° PFU; ref. 2) was injected
i.v. into the lateral tail vein of C57BL/6] female mice (6-8 weeks of age;
n =5 per group). Echocardiography and Millar catheter analysis were
performed as described previously (43, 44). Mice were sacrificed, and
hearts and blood were harvested.
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Exosome purification, labeling, and analysis. Exosomes were purified from
conditioned cell culture media as previously described (see Supplemental
Methods and ref. 32).

HUVEC transfection and functional assays. Pre- and anti-miRs (50 nM;
Ambion) were transfected into HUVECs with Dharmafect-4 (Dharmacon
Research Inc.) according to the manufacturer’s instructions. p65 and con-
trol siRNAs (20 nM) or NRAS and control siRNAs (50 nM) were transfected
based on calcium phosphate transfection. Transfected cells were plated in
SFM (Lonza) supplemented with 5 ng/ml bFGF or EGM-2 (Lonza) and 0.5%
serum, respectively. After a 24-hour transfection, cells were washed and kept
for additional 48 or 72 hours in plasma-free medium. Functional assays were
performed as previously described (see Supplemental Methods and ref. 45).

Transfection, cell metabolism assay, and cell viability of NRCMs. Pre-miR-146a and
pre-miR-control (100 nM; Ambion) were transfected into NRCMs with Lipo-
fectamine (Invitrogen) as previously described (40). After transfection for 24
hours, cells were washed and kept for an additional 96 hours in serum-free
medium. Cell metabolism was determined by MTS assay (Promega) accord-
ing to the manufacturer’s instructions. Cell viability was evaluated by trypan
blue staining of dead cells and expressed as a percentage of total NRCMs.
Cell culture experiments were performed on 4-5 independent cell isolations.

Ex vivo aortic ring assay. Mouse aortic rings were cultured and quantified
as previously described (46), transfected with 50 nM of anti- or pre-miR-
control and -miR-146a with Dharmafect-4 (Dharmacon Research Inc.),
and incubated at 37°C.

In vivo CNV experiment. CNV was induced in mice (2-month-old
C57BL/6) by laser burns on the Bruch membrane, as described previously
(47). 2 wl pre-miR-control and pre-miR-146a (5 uM) or control or NRAS
siRNA (50 uM) were injected intravitreally. Quantification was performed
using Image]J software on the green signal (fluorescein-labeled dextran) in
the lesion area.

Statistics. All values are expressed as mean + SD (in vitro and in vivo experi-
ments) or mean + SEM (in vivo experiments and patient analyses). Compari-
sons between different conditions were assessed using 2-tailed Student’s
t test. If the normality test failed, the Mann-Whitney test was performed. Dif-
ferences between groups were analyzed by ANOVA followed by Bonferroni

—
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post-hoc analyses as appropriate (Figure SA and Table 1). 2-tailed paired ¢
test was used for patient follow-up (PPCM vs. bromocriptine-treated PPCM,;
Figure 5B). A Pvalue less than 0.05 was considered significant.

Study approval. All animal procedures were approved by the IACUC and
performed in accordance with the guidelines of the local animal ethics
commission. PPCM cases were reported to our registry from university
hospitals, tertiary hospitals, or cardiologists in private practice. This PPCM
registry, as well as patient serum and tissue analyses, were approved by the

local ethics commission. All patients provided written informed consent.
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