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Abstract

Background—Biomarkers that predict response to cardiac resynchronization therapy (CRT) in
heart failure patients with dyssynchrony (HFpys) would be clinically important. Circulating
extracellular microRNAs (miRNASs) have emerged as novel biomarkers that may also play
important functional roles, but their relevance as markers for CRT response has not been
examined.

Methods and Results—Comprehensive miRNA PCR arrays were used to assess baseline
levels of 766 plasma miRNA in patients undergoing clinically indicated CRT in an initial
discovery set (n=12) with and without subsequent echocardiographic improvement at 6 months
after CRT. Validation of candidate miRNAs in 61 additional patients confirmed that baseline
plasma miR-30d was associated with CRT response (defined as increase in LVEF=10%).
MiR-30d was enriched in coronary sinus (CS) blood and increased in late-contracting myocardium
in a canine model of HFpys, indicating cardiac origin with maximal expression in areas of high
mechanical stress. We examined the functional effects of miR-30d in cultured cardiomyocytes
(CMs), and determined that miR-30d is expressed in CMs and released in vesicles in response to
mechanical stress. Overexpression of miR-30d in cultured CMs led to CM growth and protected
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against apoptosis by targeting the mitogen-associated kinase 4 (MAP4K4), a downstream effector
of tumor necrosis factor (TNF). In HFpys patients, miR-30d plasma levels inversely correlated
with high sensitivity Troponin T, a marker of myocardial necrosis.

Conclusions—Baseline plasma miR-30d level is associated with response to CRT in HFpys in
this translational pilot study. MiR-30d increase in CMs correlates with areas of increased wall
stress in HFpyg and is protective against deleterious TNF signaling.
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INTRODUCTION

Ventricular “dyssynchrony” due to delayed activation of the left ventricular (LV) lateral
wall is present in nearly 50% of patients with symptomatic advanced heart failure (HF) 1 and
reduces effective LV function 2. Cardiac resynchronization therapy (CRT) treats electrical
dyssynchrony and mitigates the adverse molecular processes as well as the progressive
decline in LV function and poor prognosis in patients with HF 34, Unfortunately, even in
patients who meet consensus criteria for CRT, 30% or more do not derive hemodynamic or
clinical benefit ®, and efforts to define clinical, image-based, plasma or electrocardiographic
biomarkers to predict responsive patients have failed to lower this percentage8’, 8,
Therefore, discovery of novel markers to predict response to CRT more effectively is an
urgent clinical need, and may provide additional mechanistic insights into dyssynchrony and
LV remodeling.

MicroRNAs (miRNAs) regulate gene networks, playing an important role in cardiovascular
diseases including fibrosis, atherosclerosis and arrhythmias 2. MiRNAs have been
implicated in the pathogenesis of HF, and show potential as therapeutic targets in models of
HF 10. 11 More recently, miRNAs have been found to be stably present in biofluids, often
packaged in extracellular vesicles 12. Consequently, miRNAs have emerged as biomarkers
of cardiovascular disease 13. Interestingly, recent studies have suggested a functional role for
some extracellular miRNASs in disease pathogenesis, however the origin and role of such
miRNAs in cardiac remodeling has not been delineated.

To identify circulating miRNAs that are associated with response to CRT, we assessed pre-
implant plasma miRNA profiles in patients with advanced HF and dyssynchrony (HFpys)
with or without subsequent echocardiographic improvement after CRT. We discovered a
novel HF-associated miRNA (miR-30d), baseline levels of which were associated with CRT
response. We further defined the spatial heterogeneity in expression of miR-30d in a canine
model of dyssynchrony, and found that miR-30d is synthesized and released by
cardiomyocytes (CM) in response to increased mechanical stress. MiR-30d mediated CM
hypertrophy with adaptive features, and was protective against TNF-a-induced CM
apoptosis. These findings suggest plasma miR-30d not only has a potential role as a
prognostic biomarker, but may also be functionally implicated as an adaptive response to
HFpys, protecting against deleterious TNF-a signaling.
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METHODS

Patient population

52 (12 for initial discovery and 40 for initial validation) patients referred for CRT
pacemaker implantation for clinical indications (class 11-1V heart failure with LV ejection
fraction < 35% and QRS duration > 120 msec with left bundle branch block were studied).
Subjects were limited to patients with clear electrical dyssynchrony (LBBB or RV pacing),
who would be expected to respond to CRT. Twenty-one additional subjects, with banked
plasma samples at both baseline and 6 months, and who had clear electrical dyssynchrony
(LBBB or RV pacing) were obtained from a parallel longitudinal study to assess changes in
miRNA levels post-CRT. Clinical, demographic, and echocardiographic characteristics were
abstracted from the electronic medical record. Transthoracic echocardiography was
performed for clinical indications pre- and post-CRT (Table 1). LV ejection fraction was
calculated by either a single dimension method or method of discs at the discretion of the
interpreter. Samples of peripheral venous and coronary sinus blood were collected at the
time of CRT pacemaker implantation. Plasma from control patients who did not have
cardiac disease was obtained from a cohort of 29 patients with non-cardiac dyspnea. RNA
was extracted using the mirVANA PARIS RNA isolation kit (Ambion, Inc., Grand Island,
NY) and samples were promptly frozen at —80°C (with 50 pmol of C. Elegans miRNA [cel-
miR 39] as spike-in control; Ambion). An institutional review committee approved the
study, and all subjects gave informed consent for participation in the study.

Discovery of candidate miRNAs

In the initial discovery analysis, miRNA profiles in 6 patients without change in ejection
fraction (mean change in EF 1%) and 6 patients with a robust improvement in ejection
fraction (mean EF increase 24% at 6 months) were assessed using the Megaplex miRNA
primer pool (Applied Biosystems, Foster City, CA). Samples prepared as above were
reverse transcribed using a pool of stem-looped primers designed to amplify a total of 766
different miRNAs. The pool of reverse transcribed RNA was subjected to quantitative PCR
(9PCR) on human microRNA microarrays containing 383 miRNA species each (ABI,
Human MicroRNA microarray A and B cards). The results were analyzed using non-
hierarchical clustering to look for miRNAs that differed significantly between the groups,
with p values adjusted using a proprietary Benjamini-Hochberg FDR correction in the
DataAssist3.0 software package.

Canine cardiac sample preparation

The canine model of dyssynchronous heart failure has been previously described. Details of
the model, sample extraction and preparation are provided in the Supplementary Materials.
The protocols followed were in accordance with institutional guidelines.

Neonatal rat ventricular myocyte transfection, treatment, and fixation

Neonatal rat ventricular CMs were harvested and prepared from 1 day postnatal Sprague-
Dawley rats as previously described 14. Details are provided in Supplementary Methods.
TNF-a treatment was performed by adding TNF-a Sigma Aldrich) to a final concentration
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of 25 ng/mL for 24 hours. Cells were harvested by mechanical scraping followed by RNA or
protein extraction. Alternatively, an apoptosis assay was performed on TNF-a treated cells
using the cell death detection ELISAPLYS kit (Roche) according to manufacturer’s protocol.

Mechanical Stretch

Mechanical stretch of CMs was performed using previously described apparatus developed
by Zhuang et al. 15. Preparation of exosomes was performed as previously described 16. For
details see Supplemental Methods.

Reverse transcription-quantitative PCR (RT-PCR)

RT-PCR of individual candidate miRNAs was performed using the TagMan gRT PCR kit
(Invitrogen, Inc.), per the manufacturers instruction. Details of reaction chemistry, quality
control for our assay (Fig. S1), primer sequences, and analysis of quantitative PCR data are
provided in Supplemental Methods.

Western Blotting

Samples were separated using SDS-PAGE, transferred to nitrocellulose membrane (Bio
Rad) and subjected to immunoblotting as previously described. Details of the antibodies
used are provided in the supplemental data.

Differential Gene Expression and Pathway Analysis

Gene expression arrays were downloaded from NIH-GEO (GSE14661) and normalized by
quartile normalization using Bioconductor 17. Differentially expressed probes were
identified by linear model using the LIMMA package 8. Benjamini-Hochberg method was
used to correct P values for multiple comparison tests. Probes with corrected values of less
than 0.01 and log fold-change of more than 1.2 were included in the analysis. The
differentially expressed genes were further analyzed for enriched functional pathways using
Ingenuity Pathway Analysis (Ingenuity Systems, www.ingenuity.com). Pathways contain
genes predicted to be targeted by miR-30d using miRBase 1% 20, TARScan 20, TarBase 21
were identified.

Statistical Methods

Baseline clinical and demographic variables were compared by Student’s t-test (for normally
distributed continuous variables) and Wilcoxon testing (for non-normally distributed
continuous variables) or Fisher exact test (for categorical data). The protocol for how
candidate miRNA biomarkers were identified is discussed below (see Results, Derivation
cohort). We validated these candidate miRNASs in our overall population (N=40; see
Results, Validation cohort).

For the purposes of regression analysis, miRNAs levels (relative to spike-in control miR-39)
were log-transformed to account for non-linearity. To determine the association between
changes in LVEF (our primary outcome) and selected miRNAs, we calculated Spearman
correlation coefficients between baseline miR levels and change in LVEF (baseline to
follow-up). Candidate miRNAs from our derivation cohort (30d, 29c¢, 766, 142-5p) were
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entered into a univariate logistic regression model to determine the unadjusted association
between miR level and outcome (“CRT responder” versus “CRT non-responder”). MiRs
significant in univariate logistic regression were (1) entered into logistic models adjusted for
covariates important in CRT responsiveness (pre-implant QRS, LVEF, prior
revascularization, and serum creatinine) and (2) tested for correlation with absolute change
in LVEF (pre- vs. post-CRT). A CRT “responder” was defined as an increase in LV ejection
fraction = 10% between baseline and follow-up transthoracic echocardiography after CRT
pacemaker implantation. We used standard Youden index analysis (MedCalc v12.5.0) to
calculate optimal cut-point and sensitivity and specificity for log-transformed miR-30d for
CRT response.

We also checked whether the relationship between miR-30d and change in LVEF is
significantly different for the two cohorts of 40 and 21 patients using a dummy variable to
specify the cohort. We used logistic regression to test whether the association of miR-30d
with response to CRT (by LVEF), was modified by cohort (using an interaction term
between the dummy variable and miR-30d). The interaction term was non-significant (while
miR-30d remained significant), suggesting no effect modification by cohort.

For miRNA analysis, C; values from responder, non-responder, and volunteer (non-HF)
population were compared to the level of the spike-in C. Elegans miR-39 to generate a “AC;
value”. When tissue levels of miRNAs were measured, a nucleolar RNA (U6 snRNA) was
used as an internal reference and control for tissue extraction. The exponentiated AC; (i.e.
27ACY represents a concentration relative to the spike-in or endogenous miRNA, as has been
previously described. To determine the relative fold difference between respective groups,
the exponentiated AC; values between responders and non-responders were compared (base
2) to generate fold change.

Differences in miRNA concentrations between groups (volunteer vs. non-responder;
volunteer vs. responder) were evaluated using an unpaired Student’s t-test of average CT
values in each group. For comparisons of non-normally distributed data (as assessed by
Shapiro-Wilk testing), a Mann-Whitney test was used for comparison. Paired T test was
used when appropriate (i.e. when comparing coronary sinus and peripheral plasma in the
same patient). Benjamini Hochberg??2 (for False Discovery Rate of 5%) was used for
correction of multiple hypothesis testing in the validation cohort.

A two-sided P value < 0.05 was considered significant for all analyses. All statistical
analyses were performed using SAS 9.3 (SAS Institute, Cary, NC) or Microsoft Excel.

Discovery of plasma miRNAs signature of CRT response

From our cohort of patients with HFpyg who were referred for CRT implantation, we
identified 6 with the greatest subsequent rise in ejection fraction (EF) and 6 with no change
(or decline) in EF measured 6 months after CRT was initiated, as our discovery cohort
(Table S1). To improve the sensitivity of our screen and minimize confounding variables,
we restricted this discovery cohort to male patients with non-ischemic cardiomyopathies and
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clear dyssynchrony as manifested by left bundle branch block. There were no significant
differences between baseline age, gender, NYHA class and LVEF between the two groups
in this discovery cohort. From analysis of 766 known human miRNA species in plasma, we
identified four miRNAs (miR-409-3p, miR-30d, miR-99b, and miR-766) that were
differentially expressed in plasma between the responder and non-responder groups (p<0.05,
5% false discovery rate); a fifth miRNA (miR-142-5p) had borderline differences
(p=0.0582). These data have been deposited into the NIH-GEO database.

Validation of prognostic plasma miRNA biomarkers for CRT response

We validated the findings from the discovery cohort in an additional 40 patients with HFpyg
who met guideline criteria for CRT, had LBBB (intrinsic or RV-paced) with available
baseline plasma that passed quality control for isolated ex-RNA (lack of hemolysis and
significant DNA contamination). Baseline (pre-CRT) levels of the plasma miRNAs
identified in our discovery cohort were analyzed in this prospective cohort that were
followed for at least 6 months following their CRT implantation with serial
echocardiograms. CRT response was defined by an increase in LVEF =10% 6 months after
implant. Patient characteristics of this cohort, stratified by CRT responder (N=21; 53%) or
non-responder (N=19; 48%) status are shown in Table 1. The average LVEF, LV
dimensions and volumes as well as QRS duration before CRT implantation were not
significantly different between the two groups. There was a trend towards more prior
revascularization in non-responders (68% vs. 33%; P = 0.06), but pre-implant disease
severity and medication use was similar. At 6 months after CRT, responders had a
significant increase in LVEF compared with non-responders (41+9% versus 28+7%
respectively). For those patients whose LV volumes were available, the CRT responders
also had evidence of reverse LV remodeling with a significant decrease in LV end-systolic
volume Fig. 1A, Table 1).

Of the five miRNAs identified in our derivation cohort (409-3p, 30d, 99b, 766 and 142-5p),
only miR-30d, miR-766, and miR-142-5p were significantly different between the two
groups in the 40 patient validation cohort (p<0.05 by Wilcoxon with Benjamini-Hochberg
correction) (Figure 1B). Because arrays on plasma ex-RNAs may lack sensitivity for
discovery due to very low amounts of total RNA and presence of inhibitors in plasma, we
additionally measured levels of miRNAs (miR-129-5p, miR-18b, miR-622, miR-423-5p and
miR-29c), previously described as differentially expressed in HF compared with healthy
controls?3. Of these HF-associated miRs, only miR-29¢ was significantly different between
responders and non-responders (Figure 1C) in the validation cohort. Finally, to determine
the plasma levels of these miRs in non-HF patients, we assessed their levels in a “‘control
cohort’ of 29 patients with dyspnea referred for cardiopulmonary exercise testing and found
not to have any cardiovascular disease (Table 2). Levels of miR-30d, miR-142-5p and
miR-29c species were significantly elevated in the HF patients (both responders and non-
responders) compared to the control cohort, while miR-766 was similar in control patients
and responders, but significantly decreased in CRT non-responders (Figure 1D-G).
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Predictors of CRT responsiveness

We used univariate logistic regression to determine covariates that were associated with a
positive response to CRT as defined above. Only the presence of prior revascularization was
associated with a lower probability of CRT response (OR=0.23, 95% CI 0.06-0.87, p=0.03;
Table 3, and Forest plot in Fig. 2A). Of the candidate miRNAs that were differentially
expressed between responders and non-responders in the validation cohort, only miR-30d,
miR-766, and miR-142-5p were associated with a greater likelihood of CRT response.

To further assess the relationship between miRNA levels and improvement in LV function,
we built multivariable regression models (Table S2) for each of the miRNAs significant in
the univariate logistic regression (Table 3). In these models, we included clinical variables
significantly associated with response to CRT in the univariate regression (Table 3) in
addition to variables important in CRT responsiveness (e.g., serum creatinine, prior
revascularization, pre-implant QRS duration, LVEF). When adjusted for these covariates,
miR-30d (HR 2.52, CI 1.07-5.94) and miR-142-5p (HR 2.47, Cl 1.26-4.85) were associated
with CRT responsiveness, while miR-766 was not. To address which miRNA biomarker
was more strongly associated with change in LVEF in our dataset, we entered both
miR-142-5p and miR-30d (log-transformed) into a best-overall multivariable linear model
(containing serum creatinine, prior revascularization, pre-implant QRS duration, LVEF). In
this model, only log-transformed miR-30d ($=2.69, p=0.02) was associated with change in
LVEF. Interestingly, there was excellent correlation between baseline miR-30d and
miR-142-5p levels raising the possibility of co-regulation of these miRs (Fig. S2).

Although age and gender were not correlated with CRT response in this data set (Table 3),
given the importance of age and gender on miRNA levels 24, we also ensured that miR-30d
remained significantly associated with CRT response after adjustment for age and gender
(OR=3.1 per log, CI=1.33-7.26, p=0.009, Table S3).

MiR-30d (Spearman p=0.39, p=0.01) was significantly correlated with change in LVEF at 6
months after CRT (Fig. 2B), and we found a strong correlation between baseline miR-30d
levels and probability of a favorable CRT response (increase in LVEF = 10%, Fig. 2C) using
the estimated parameters of logistic regression of miR-30d level on changes in LVEF.
Removal of the two patients with the highest miRNA levels (Figure 2B) resulted in a near
significant association of miRNA levels and change in EF (Spearman p=0.31, p=0.058),
while the univariable logistic association between log-transformed miR-30d and CRT
response remained significant (OR 2.24, 95% CI 1.08-4.67; P=0.03) even after removal of
these extreme values.

In an ROC analysis, miR-30d was a significant discriminator of CRT responsiveness (C-
statistic 0.744, 95% CI1=0.589-0.899, with sensitivity and specificity for the Youden optimal
cut point for miR-30d 57.1% and 89.5%, respectively) while baseline QRS duration, a
known clinical predictor for CRT response % 2, did not predict response in our cohort (C-
statistic 0.542, C1=0.354-0.731, Fig. 2D).

In order to determine the change in miR-30d levels over time after CRT placement, we
measured miR-30d levels in 21 additional patients from a longitudinal prospective cohort
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who had plasma collected both at baseline and 6 months after CRT. When combined with
the initial 40 patients validation cohort the relationship between miR-30d and changes in
LVEF (p=0.02, Fig. S3) remained in the 61 patients, supporting the statistical robustness of
this relationship. This relationship holds for the combined cohort irrespective of whether the
samples are derived from the original cohort of 40 patients or the newer cohort of 21
patients (see M ethods for details of this analysis) further validating our initial observation.

Comparing the change in miR-30d over time in this cohort, we found that miR-30d levels
decreased in responders at the 6 month time point (p=0.05), while remaining unchanged in
the non-responders (Fig. 2E), suggesting that miR-30d may be dynamically regulated in
response to resynchronization in those patients who respond and presumably reduce
ventricular wall stress through reverse remodeling.

Given that plasma miR-30d was the most promising biomarker correlated with changes in
LV function post-CRT, we next examine the biological significance of miR-30d in
myocardial remodeling in the context of HFpys.

Origin and regulation of plasma miR-30d

Levels of plasma miR-30d were 18-fold higher in coronary sinus (CS) plasma compared
with contemporaneous peripheral plasma samples taken at the time of CRT implantation (n
= 6 paired samples, p=0.011 by paired T-test, see Fig. 3A), suggesting a cardiac origin for
plasma miR-30d. We next assessed the cell type that was the possible source of the
extracellular miR-30d and found that miR-30d was expressed at 5-fold higher level in
cardiomyocytes (CM) relative to cardiac fibroblasts (Fig. 3B) derived from neonatal rat
ventricles (see Fig. S4 for validation of cell culture purity). Because extracellular RNAs may
be packaged in extracellular vesicles (EVs), we assessed the content of CM-derived EVs
(isolated by FACS) and found a marked enrichment of miR-30d (Fig. 3C). Taken together,
these data suggest that CMs release miR-30d packaged in EVs.

To determine how miR-30d is regulated in the heart in vivo, we assessed levels of miR-30d
in tissue samples derived from a canine model of HFpys and CRT 26. The HFpys dogs
respond to CRT favorably, hence providing a model that allows for assessing dynamic
changes in miR-30d. We found that miR-30d (normalized to U6, see Fig. S5) was elevated
in both HFpys and CRT dogs relative to control dogs (Fig. 3D). Of note, miR-30d levels
were highest in the lateral wall of HFpys dogs (p<0.05 versus septal wall by paired t-test)
corresponding to the area of highest wall stress. This heterogeneity in expression between
the septal and lateral wall was eliminated following resynchronization in CRT animals.
These data suggest that in this canine model (similar to responder patients), miR-30d is
upregulated by the increased wall stress associated with dyssynchrony, but decreases with
the concomitant decrease in wall stress following resynchronization. Interestingly, similar to
miR-30d, miR-142-5p levels were highest in the lateral wall of HFpys, and decreased with
CRT in the canine model (Fig. S6).

To better understand the mechanism of miR-30d regulation, we assessed miR-30d (both
extracellular and intracellular) in an in vitro model of mechanical stress (neonatal CMs
seeded on a silicone membrane exposed to cyclic stretch at 3 Hz) 27. We found an increase
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in EV-containing miR-30d following stretch, suggesting stress-induced release of miR-30d
by CMs both acutely at 6 hours (20% stretch) (Fig. 3E) and after longer duration of stretch
(24 hours at 10%, Fig. 3F). In the acute model, intracellular miR-30d levels were not
significantly changed, suggesting replacement of released EV-containing miR-30d by newly
synthesized miR-30d, while longer duration of stretch was associated with an increase in the
cellular levels of miR-30d.

Functional role of miR-30d

With the recent discovery that extracellular RNAs may be implicated in disease
pathogenesis 9, we sought to investigate the possible functions of miR-30d in CMs.
Overexpression of miR-30d (Fig. S7) via transient transfection of miR-30d (miRNA mimic,
Invitrogen, Inc) into CMs induced cellular growth as assessed by quantification of CM size
(Fig. 4A). While cell size clearly increased with miR-30d overexpression, there was no
significant change in the mRNA levels of several genes associated with pathological
hypertrophy and fibrosis: notably ANP, a/B-MHC ratio, and CTGF did not change, although
BNP increased 48 hours after transfection with miR-30d mimic (Fig. 4B).

To assess the effect of miR-30d on signaling pathways implicated in cardiac hypertrophy,
lysates from CMs transfected with miR-30d mimic or a scrambled control, were subjected to
immunoblotting with antibodies against key signaling molecules. After 48 hours of miR-30d
expression, there was an increase in phosphorylated Aktl (Ser-473), a serine-threonine
kinase that is necessary and sufficient for ‘physiological hypertrophy’ 28: 29, but not p38 and
ERKZ1/2, the signaling effectors implicated in pathological cardiac hypertrophy (Fig. 4C).
While there are undoubtedly complex interactions between these pathways, our results
suggest that overexpression of miR-30d in CMs mediates CM growth with molecular
features most consistent with adaptive hypertrophy.

To further explore the functional role of miR-30d, we identified miR-30d targets that are
dynamically regulated in the canine model of HFpys. Using a LIMMA (linear models for
microarray data) approach, genes whose expression was inversely correlated to miR-30d
expression (i.e. genes which were down-regulated in the lateral wall of dyssynchronous dogs
where miR-30d levels were highest compared to the septal wall) 30 were identified and
screened for putative miR-30d targets using the Tarbase and TargetScan prediction
algorithms 20: 31, Subsequently, using the IPA (Ingenuity Pathways Analysis) approach we
generated predicted functional pathways associated with the observed changes in miR-30d
expression (see schematic in Fig. 5A). Several of these genes affect multiple biologically
relevant pathways in the heart, specifically, LIMS1, PPP1R14c, MAK3K13, and JAK1 (Fig.
5B). In addition, several other miR-30d targets with known roles in cardiac hypertrophy
were identified using Tarbase. Intriguingly, one of these, mitogen associated protein kinase
4 (MAP4K4), a downstream mediator of tumor necrosis factor-alpha (TNF-a) has recently
been identified as a target of miR-30d in pancreatic tissue 32 and has been shown to play a
key role in TNF-mediated inflammatory processes. Because TNF-a not only plays an
important role in pathogenesis of cardiac remodeling, but also is differentially expressed in
the lateral and septal walls in the HFpys canine model 33, we deemed MAP4K4 a
potentially important target of miR-30d in HFpys.
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To validate candidates identified through bioinformatics analyses, we assessed the ability of
miR-30d overexpression in CMs to effectively silence the mRNAs for the putative targets.
Transient transfection of CMs with miR-30d caused a significant decrease in the mRNA
levels of LIMS1, MAP4K4, and PPP1R14c (Fig. 5C) relative to scramble transfected cells.
Given the involvement of TNF-a signaling in the pathophysiology of HFpys as described
above, we focused on the interaction between miR-30d and MAP4K4. MAP4K4 protein was
significantly decreased (Fig. 5D) in the lateral wall in HFpyg compared to lateral wall of
control animals, correlating inversely with miR-30d levels in these two regions. Conversely,
in the CRT lateral wall (where wall stress presumably decreased with resynchronization),
miR-30d levels fell compared to HFpys and MAP4K4 protein level returned to control
levels, suggesting that MAP4K4 was an in vivo target of miR-30d in these models.

We next investigated the functional role of miR-30d in CM biology. Treatment of scramble
transfected CMs with TNF-a led to a robust increase in MAP4K4 mRNA, which was
markedly attenuated by miR-30d overexpression (Fig. 6A). TNF-a is an important mediator
of CM apoptosis in HF; hence we sought to determine if miR-30d could modulate the effects
of TNF-a on CMs. TNF-a caused a marked increase in apoptosis in scrambled control-
transfected CMs as determined by an assay for DNA fragmentation (Fig. 6A, right panel).
MiR-30d transfection inhibited TNF-a-mediated apoptosis in CMs, suggesting that miR-30d
may be protective against the maladaptive effects of TNF-a. Finally, miR-30d transfection
also prevented TNF-a-mediated increase in molecular markers associated with pathological
hypertrophy and fibrosis B-MHC, Fig. 6C). Together these data suggested that miR-30d may
counteract TNF-a mediated adverse processes in CMs either directly via down-regulation of
MAP4K4 or through other indirect pathways. To gather preliminary insight into the
protective effect of miR-30d in human patients, we measured levels of high sensitivity
Troponin T, a marker of myocardial injury in our patient cohorts. Interestingly, miR-30d
levels were inversely correlated with levels of hs-TnT (Spearman r=-0.51, p=0.001, Fig.
6C), suggesting that higher levels of miR-30d may be cardioprotective in human HF
patients.

These experiments provide ‘in vivo’ supportive evidence for our hypothesis that miR-30d
may be protective against inflammation (TNF-a) induced cardiomyocyte injury, thereby
promoting cardiomyocyte survival and favorably influencing the degree of cardiac
remodeling in response to CRT.

DISCUSSION

In this study, we describe the discovery and characterization of a novel circulating
extracellular miRNA implicated in the response to CRT in patients with HFpys. In a cohort
of patients with HFpys, miR-30d was associated with a favorable CRT response as defined
by an improvement in LV function (increase in LVEF > 10%) as well as with LV
remodeling (decrease in LVESV). MiR-30d was independently associated with CRT
response, with discriminative ability superior to currently used clinical variables such as
QRS duration. Based on this initial clinical finding, we characterized its functional role
further. We found that miR-30d is enriched in the coronary sinus of patients with HF,
elevated in myocardial tissue in canine HFpyg with higher expression in CMs relative to
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cardiac fibroblasts, collectively suggesting a cardiac origin of circulating miR-30d. MiR-30d
appears to be regulated by wall stress, consistent with its increased expression in the lateral
wall in the canine model of HFpys, and is dynamically regulated in response to CRT.
Finally, miR-30d appears to play a functional role in CM biology, mediating cardiac
hypertrophy with a distinct molecular signature, and protection against TNF-a-induced
apoptosis and deleterious signaling in vitro. More generally, our study supports an emerging
paradigm that circulating plasma miRNAs serve not only as reporters of disease severity, but
may also play a functional role in the pathogenesis of human disease.

Clinically, the use of biomarkers (imaging and serologic) to predict response to CRT has
been a critical goal in modern electrophysiology research. Greater than 30% of patients
selected for CRT based on current guidelines fail to demonstrate benefit, and other metrics
of predicting successful response to CRT (including echocardiographic parameters34,
multimarker clinical scores 3° or protein biomarkers 8- 35) to define patients likely to respond
to CRT have not successfully lowered this the non-response rate. In this study, we
demonstrated that miR-30d (a novel extracellular RNA biomarker) is associated with
response to CRT independent of clinical markers of risk. If validated in larger populations,
assessment of miR-30d levels in patients with HFpyg could constitute a major step forward
in HF disease management and patient selection for CRT.

The results of this study should be viewed in the context of its design. Human sample size
was not sufficient to yield 80% power except for large effects, or to provide adequate
precision for odds ratio estimates. Nevertheless, we observed a novel functional role for
miR-30d in cardiac remodeling, and observed consistent associations between miR-30d and
LVEF, robust to adjustment for important clinical variables. The findings from this initial
study can inform future studies to validate the prognostic role of plasma miR-30d in larger
and more diverse cohorts. Due to the limitations of available data, we used LVVEF rather than
volumes to assess CRT response in this study, but notably in subjects where volume
assessment was possible, responders classified by LVEF also showed reverse remodeling as
assessed by volumes (Fig. S1). While there was evidence of parallel regulation of
miR-142-5p with CRT response in our clinical pilot study, a multi-marker signature that
includes multiple miRNAs, protein biomarkers and clinical variables will require a larger
cohort for adequate statistical power. Our cohort did not have sufficient clinical events (e.g.
mortality and HF hospitalizations) to determine if miR-30d can also predict “clinical’
response to CRT, and larger studies with longer duration of follow-up will be needed answer
these important questions in the future. Finally, several scientific questions, including the
optimal method of measurement of plasma miRNAs, techniques of hormalization, and
reference profiles in healthy individuals need to be determined prior to adoption of these
novel biomarkers into the clinic.

Our results support the hypothesis established by recent studies that clinically useful
extracellular RNA biomarkers may be functionally implicated in disease pathogenesis!2.
Mir-30d appears to be dynamically regulated by mechanical stretch and released in EVs by
CMs. While the miR-30 family has been previously implicated in CM hypertrophy, our
results extend these studies in important new directions and suggest that it may have a
protective effect in CMs. We hypothesize that miR-30d may in fact constitute an adaptive
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response that is induced by increased wall stress in HFpys_ In turn, miR-30d ameliorates the
effects of other deleterious processes that are also induced by abnormal wall stress, such as
TNF-a signaling and downstream signaling cascades leading to cell death (Fig. 6D).
Therefore, higher miR-30d levels, as seen in the human ‘responder’ patients or the canine
HFpys models, may preserve myocardial viability and the capacity for beneficial LV
remodeling. The lower levels of miR-30d in “non-responders” may reflect a cohort that are
either unable to mount a sufficient miR-30d response, or have reached a ‘burnt out’ stage in
the progression of their disease. In either case, the lack of an adequate miR-30d response to
counteract TNF signaling may lead to CM death and adverse remodeling. Among CRT
responders (and canines receiving CRT), as wall stress decreases with CRT, both the
maladaptive pathways and therefore the need for protective miR-30d signaling would
decrease, corresponding to lower miR-30d levels in responder patients or in the canine CRT
model.

We recognize our mechanistic insights rely on cultured CMs derived from neonatal rat
ventricles, which are an imperfect model of adult CM biology, but one that has been
extensively used and validated for the study of signaling pathways. Secondly, EV-containing
miR-30d may have a role in paracrine signaling 16 with effects on other cell types that may
ultimately determine the organ-level effect of plasma miR-30d. Finally, we relied on a
bioinformatics approach for initial identification of miR-30d targets, which can introduce
bias (and therefore was complemented with validation in CMs). However future detailed
analysis of the RISCome may identify other relevant targets of importance. Definitive proof
of whether miR-30d is beneficial, and its mechanism in vivo can only be obtained with gain
or loss-of-function experiments in animal models of HFpys, which are beyond the scope of
this study.
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Figure 1.
Differential expression of miRNAs between CRT responders and non-responders in

validation cohort. A. Box plot of change in LVESV or LVEF from baseline to follow-up
study as measured by available volumetric data (N=29). (LVEF measured in same 29
patients with standard two-dimensional or visual analysis.) P values reflect Wilcoxon
testing. B. miR 142-5p, miR-30d, and miR-766 are significantly increased in responders
versus non-responders. C Only miR-29c¢ was significantly increased in responders relative to
non-responders. **denotes p<0.05, Benjamini Hochberg correction for multiple hypothesis
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testing. D-G, Levels of miRNAs identified in A-B in responders, non-responder or control
patients. miRNA levels are in arbitrary units, normalized to spike-in C. Elegans miR-39.
Ctrl: control patients, NR: non-responders, R: Responders.
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Figure2.

Plasma miRNAs as biomarkers of response to CRT. A. Univariate logistic regression to
determine miRNAs and clinical variables associated with favorable LV function post-CRT
(increase in LVEF = 10%). B. Correlation between EF increase and miR-30d level.
Associations is statistically significant with Spearman coefficient of 0.39, p=0.01 for
miR-30d. Correlation between miR-30d and change in EF remained significant with
exclusion of either outlier point (p=0.01), but was borderline significant with exclusion of
both extreme values (Spearman rho=0.31, p=0.058). C. Probability of 10% improvement in
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EF plotted against log (miR-30d concentration) Logistic regression remained significant
even after removal of extreme miR-30d values noted in 2C (p=0.03). D. ROC curve for
prediction of CRT response (as assessed by 10% improvement in EF) by miR-30d levels
compared to prediction of response by QRS duration. E miR-30d levels significantly
decrease by six months with CRT response but are unchanged in non-responders among 21
additional heart failure patients.
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Figure 3.

O?igin and regulation of miR-30d. A. miR-30d levels normalized to C-elegans spike-in
miR-39) in samples from the coronary sinus and peripheral plasma in the same human
subjects at the time of CRT implantation (n=6). B. Cellular miR-30d level in cultured
neonatal rat ventricular CMs versus cardiac fibroblasts (normalized to U6snRNA). C.
miR-30d is significantly enriched in the extracellular vesicle fraction (purified by
ultracentrifugation followed by FACS sorting) relative to cellular lysates (n=3 experiments).
Inset FACS sorting of EV fraction following ultracentrifugation identifies a population of
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acridine orange positive particles with size <200nm. D. miR-30d levels in the myocardium
in a canine model of dyssynchronous heart failure (HFpys) with subsequent
resynchronization (CRT) compared to control. MiR-30d levels were measured in both the
septal and lateral walls in control, HFpys and CRT dogs. MiRNA levels were compared in
each individual canine lateral versus septal wall by paired t-test, and between CRT, DHF
and control animals by unpaired-t test. * denotes p<0.05 relative to control septum; ***
denotes p<0.05 relative to DHF septum. miR-30d levels were normalized to U6SnRNA (see
Fig. S4). E. After 6 hours of cyclic stretch at 10Hz on an elastic membrane, miR-30d levels
are unchanged in CM cell lysate (n=4 experiments), but are significantly increased in the EV
fraction. F. After 24 hours of stretch, levels of miR-30d remain elevated in the EV fraction.
Levels of 30d are normalized to U6snRNA. For both EV fractions and cell lysates, fold
change relative to unstretched fraction (EV or cell lysate) is shown. For all subfigures, **
denotes p<0.05 by T-test for normally distributed samples, and by Mann-Whitney for all
others unless otherwise specified.
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Figure4.
miR-30d mediates adaptive hypertrophy in cultured CMs. A. Cultured rat CMs were

transfected with either a sham or a miR-30d mimic using a liposomal delivery system,
stained with a-actinin, and imaged with confocal microscopy. CM size was traced and
quantitated using Image J software. Bar graph shows average of 150-290 cells in each
group. *: p < 0.05. Scale bar: 50 um. B. mRNA levels of gene markers of hypertrophy/
fibrosis as assessed by gRT-PCR. Results were normalized to house-keeping gene HPRT.
**: p<0.05, n=3 experiments. C. miR-30d effects on hypertrophic signaling pathways:
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Protein lysates from CMs subjected to miR-30d mimic or scramble transfection for 24 hrs
were harvested and assessed for levels of phospho- and total levels of kinases implicated in
cardiac hypertrophy as indicated. n=4 independent experiments for each, ** denotes p<0.05
for comparison of pAkt in miR-30d and scramble transfected cells.
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LIMMA and IPA analysis identifies potential miR-30d gene targets. A. Schema of
bioinformatics analysis to identify miR-30d targets in HFpys. Microarray gene expression

data from the HFpys and CRT lateral walls was subjected to LIMMA analysis to generate a
set of differentially expressed (DGE Genes) genes. Within this set miR-30d putative targets
were identified using Tarbase and Targetscan algorithms. IPA (Ingenuity Pathways

Analysis) was then used to generate a set of predicted signaling pathways. B. List of
pathways ranked by predicted magnitude of change. The grey box to the right identifies the
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putative miR-30d target gene. Bold and underlined molecules were selected for further
investigation, based on the signaling pathways involved and/or their involvement in multiple
pathways. C. miR-30d target genes of interest were evaluated in neonatal rat CMs that were
transfected with scramble or miR-30d mimic. *: p<0.05. D. Western blot analysis and
quantitation of MAP4K4 protein levels in the dog dyssynchronous heart model (average of
n=4 dogs). Inset shows a representative Western blot. Levels were normalized to GAPDH.

Circulation. Author manuscript; available in PMC 2016 June 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Melman et al.

A

miR-30d concentration (AC,) ®

Page 25

*%

( * K
2 35 2.0
£ 30 T T
S 21 6{
3 25 2 p=NS
< = e
2 20 2 1.2
3 <
% 1.5 g 0.81
— a
.g 1.0 R=NS 5
;ﬁ 0.5 O 0.41
= m . 1
> & > & L & S &
o & & PSP R
O S $ S
o« & S ¥ ¢ ",
é{o@ & & N
- C
1 25
- p<0.05 p<0.05 0=0.09
-; : 20 L 1 . al A Ll

- . scramble transfected
4 N D miR-30d transfected
15

Sk | . scramble transfected + TNF-a.
6 - D miR-30d transfected + TNF-o.
i 10 _
7k
-8 5.
9k e ops
ul 1 1 1
1 10 100 1000 ANP B-MHC TIMP1
hs-TnT (concentration)
D STRESS
ADAPTIVE SIGNALING MALADAPTIVE SIGNALING
ncreased miR-30d TNF-c. activation
AKUIGF activity q MAP4K4/erk/p38 activity
BNP ? Neurohormonal activation
Adaptive Hypertrophy Pathological Hypertrophy
Anti-fibrotic Fibrosis
Cardioprotection Apoptosis
Adaptive Signaling Predominates: Maladaptive Signaling Predominates:
RESPONDERS NON-RESPONDERS
Figure®6.

miR-30d is cardio-protective against apoptosis by modulating signaling downstream of
TNF-a. A. MAP4K4 mRNA levels in cultured rat CMs transfected with miR-30d mimic or
scramble control and treated with TNF-a (25 ng/mL for 24 hours) (n=5 experiments), left
panel; and level of apoptosis, as assessed by cell death assay ELISA kit in CMs transfected
with miR-30d mimic or scrambled control and treated with TNF-a as described above (n=4
experiments), right panel. **: p<0.05 for comparison of TNF-a treated and untreated
scramble transfected cells. B. Levels of ANP, B-MHC and TIMP mRNA levels in cultured
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rat CMs transfected with miR-30d mimic or scrambled control treated as in (A). C miR-30d
levels are correlated with baseline TnT levels, r=—0.51, p=0.0001 for the association. D.
Schematic for our proposed mechanism of miR-30d action in HFpys.
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Baseline demographic, echocardiographic and biochemical characteristics of the study population, stratified

by response to CRT. P values represent comparison between responder and non-responder population.

Circulation. Author manuscript; available in PMC 2016 June 23.

Covariate All Non- Responder | Pvalue
(N=40) | responder (N =21)
(N=19)

Age, years | 67.1+13.2 | 68.7+£12.9 | 65.8+13.6 | 0.50
Female gender, n (%) | 8 (20%) | 2 (10%) | 6 (29%) | 0.24
Ischemic HF etiology, n (%) | 26 (65%) | 15 (79%) | 11 (52%) | 0.10
Serum creatinine, mg/dl | 1.44+0.48 | 1.48+0.52 | 1.40+0.47 | 0.82
Prior revascularization, n (%) | 20 (50%) | 13 (68%) | 7 (33%) | 0.06
Baseline NYHA class | 3.0+0.3 | 3.0+0.4 | 3.0+0.3 | 0.98
QRS duration on implant, msec | 174+27 | 172429 | 175+26 | 0.75
Bundle Branch Block, n (%) 0.10

LBBB 25 (63%) 9 (47%) 16 (76%)

Paced 15 (37%) 10 (53%) 5 (24%)
Adrial fibrillation, n (%) | 1363 | s | 7w | 1
Diabetes mellitus, n (%) | 13 (33%) | 6 (32%) | 7 (33%) | 1
Hypertension, n (%) | 24 (60%) | 13 (68%) | 11 (52%) | 0.35
Medication use, n (%)

ACE inhibitor 23 (58%) 13 (68%) 10 (48%) 0.22

ARB antagonist 12 (30%) 4 (21%) 8 (38%) 0.31

Aldosterone antagonist 14 (36%) 5 (26%) 9 (43%) 0.33

Beta-blocker 37 (93%) 18 (95%) 19 (90%) 1

Digoxin 8 (20%) 6 (32%) 2 (10%) 0.12

Diuretics 32 (80%) 16 (84%) 16 (76%) 0.70

Aspirin use 19 (83%) 14(74%) 19 (90%) 0.82

Clopidogrel use 9 (23%) 5 (26%) 4 (19%) 0.73

Coumadin 18 (45%) 8 (42%) 10 (48%) 1.0
Transvenous implant, n (%) | 38 (95%) | 19 (100%) 19 (90%) 0.49
Baseline echocardiography

LV ejection fraction, % 24.9+6.2 25.9+6.4 24.0+6.1 0.36

LV end-diastolic dimension, 62.1+8.3 61.6+8.0 62.6+8.7 0.72
mm

LV end-systolic dimension, 53.4+8.5 52.4+8.3 54.7+8.8 0.44
mm
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Covariate All Non- Responder | Pvalue
(N=40) | responder (N =21)
(N=19)

LV end-systolic volume, 179+95 174+58 18677 0.64
mm3

LV end-diastolic volume, 244+117 236161 253+100 0.56
mm3
Follow-up echocardiography

Days to echo follow-up 285+114 282487 288+137 0.74

LV ejection fraction, % 34.8+10.4 | 27.846.6 41.1+9.2 <0.0001

LV end-diastolic dimension, 58.1+9.5 60.3+7.8 56.2+10.7 0.18
mm

LV end-systolic dimension, 48.9+10.6 52.0+8.3 46.0£11.8 0.07
mm

Change in LV end-systolic -21+32 -8.2+21 -38.3+25 0.005
volume (%)
Change in LV ejection fraction, 9.9+9.9 1.9+5.6 17.0+6.9 <0.0001

%
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Abbreviations: HF = heart failure; NYHA = New York Heart Association; LBBB = left bundle branch block; RBBB = right bundle branch block;

ACE = angiotensin converting enzyme; ARB = angiotensin |l receptor blockade; LV = left ventricular.
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Baseline demographic, echocardiographic and biochemical characteristics of the study population versus non-

HF volunteers.

Covariate’ All Non-HF P value
(N=40) | volunteers
(N=29)

Age, years | 67.1+13.2 | 66.0+6.3 | 62
Female gender, n (%) | 8 (20%) | 10 (34%) | 27
Serum creatinine, mg/dl | 1.44+0.48 | 1.05+0.26 | .0003
Prior revascularization, n (%) | 20 (50%) | 9 (31%) | 14
Diabetes mellitus, n (%) | 13 (33%) | 1.(3%) | 0005
Hypertension, n (%) | 24 (60%) | 15 (52%) | .62
Medication use, n (%)

ACE inhibitor 23 (58%) 8 (28%) .02

ARB antagonist 12 (30%) 5 (17%) .27

Beta-blocker 37 (93%) 6 (21%) <0.0001

Diuretics 32 (80%) 2 (71%) <0.0001
Baseline echocardiography

LV ejection fraction, % 24.946.2 68.6+5.6 <0.0001

LV end-diastolic dimension, 62.1+8.3 43.4+45 <0.0001
mm

LV end-systolic dimension, 53.448.5 27.4+3.6 <0.0001
mm

Abbreviations: HF = heart failure; NYHA = New York Heart Association; LBBB = left bundle branch block; RBBB = right bundle branch block;

ACE = angiotensin converting enzyme; ARB = angiotensin Il receptor blockade; LV = left ventricular.

*
Values reported where available (N<29). LVEF (N=18) and LV dimensions (N=17) reported where available.
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Univariable logistic regression for prediction of CRT response (defined as increase in LV ejection fraction =
10%). Odds ratios represent odds of response to CRT.

CRT Response
Covariate
OR 95% ClI P value

Age 0.98 | 0.94-1.03 0.49
Female gender 3.40 | 0.59-19.46 0.17
Ischemic HF 0.29 | 0.07-1.19 0.09
Creatinine 0.70 | 0.19-2.57 0.59
Prior revascularization 0.23 | 0.06-0.87 0.03
Pre-implant QRS 1.00 | 0.98-1.03 0.74
AF 1.08 | 0.29-4.08 0.91
Diabetes mellitus 1.08 | 0.29-4.08 0.91
Beta-blocker use 0.52 | 0.04-6.34 0.61
Digoxin use 0.23 | 0.04-1.31 0.10
Diuretic use 0.60 | 0.12-2.94 0.53
Hypertension 0.51 | 0.14-1.85 0.30
ACE-I use 0.42 | 0.12-1.53 0.19
ARB use 231 | 0.56-9.47 0.25
Aldosterone antagonist use | 2.10 | 0.55-8.00 0.28
Baseline LVEF 0.95 | 0.86-1.06 0.35
Baseline LVEDD 1.02 | 0.94-1.10 0.72
Baseline LVESD 1.03 | 0.95-1.12 0.43
miR-30d 232 | 1.16-4.67 0.02
miR-29¢c 1.23 | 0.82-1.84 0.32
miR-142-5p 1.98 1.17-3.37 0.01
miR-766 1.85 | 1.09-3.16 0.02

Abbreviations: OR = odds ratio; Cl = confidence interval; HF = heart failure; AF = atrial fibrillation; ACE-I = angiotensin converting enzyme;

ARB = angiotensin Il receptor blocker; LVEF = LV ejection fraction; LVEDD = LV end-diastolic dimension; LVESD = LV end-systolic

dimension. miRNA levels are log-transformed. NS = non-significant.
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