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Activin type Il receptor signaling in cardiac aging and heart
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Abstract

Activin type 1l receptor (ActRII) ligands have been implicated in muscle wasting in aging and
disease. However, the role of these ligands and ActRII signaling in the heart remains unclear.
Here, we investigated this catabolic pathway in human aging and heart failure (HF) using
circulating follistatin-like 3 (FSTL3) as a potential indicator of systemic ActRII activity. FSTL3 is
a downstream regulator of ActRII signaling, whose expression is up-regulated by the major ActRII
ligands, activin A, circulating growth differentiation factor-8 (GDF8), and GDF11. In humans, we
found that circulating FSTL3 increased with aging, frailty, and HF severity, correlating with an
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increase in circulating activins. In mice, increasing circulating activin A increased cardiac ActRII
signaling and FSTL3 expression, as well as impaired cardiac function. Conversely, ActRII
blockade with either clinical-stage inhibitors or genetic ablation reduced cardiac ActRII signaling
while restoring or preserving cardiac function in multiple models of HF induced by aging,
sarcomere mutation, or pressure overload. Using unbiased RNA sequencing, we show that activin
A, GDF8, and GDF11 all induce a similar pathologic profile associated with up-regulation of the
proteasome pathway in mammalian cardiomyocytes. The E3 ubiquitin ligase, Smurfl, was
identified as a key downstream effector of activin-mediated ActRII signaling, which increased
proteasome-dependent degradation of sarcoplasmic reticulum Ca2* ATPase (SERCA2a), a critical
determinant of cardiomyocyte function. Together, our findings suggest that increased activin/
ActRII signaling links aging and HF pathobiology and that targeted inhibition of this catabolic
pathway holds promise as a therapeutic strategy for multiple forms of HF.

INTRODUCTION

Heart failure (HF) is a major cause of morbidity and mortality, with growing prevalence due
to the aging of populations worldwide (1). Despite currently available therapies, prognosis
remains poor for many patients with HF. Five-year mortality rates range from ~40 to 75%
after a HF-associated hospitalization (1-3). Although multiple factors contribute to the
increasing prevalence of HF, advanced age remains one of its strongest risk factors (1). The
mechanisms by which aging contributes to the development of HF, and whether it is possible
to intervene effectively in this process, however, remain largely unclear.

In this context, the role of activin type 11 receptor (ActRII) ligands has been a subject of
intense interest and controversy. Recently, circulating growth differentiation factor-11
(GDF11), an ActRII ligand, was reported to decline with age in humans and mice (4-6).
Despite its known catabolic properties, exogenous GDF11 reversed pathologic cardiac
hypertrophy, sarcopenia, and exercise intolerance in old mice (4, 7), suggesting that an age-
related decline in GDF11 and ActRII signaling might contribute to these pathologies.
Similarly, Oshima and colleagues (8) suggested that activin A, another ActRII ligand, could
be cardioprotective, although the effects on cardiac function were not examined.

Subsequent studies have questioned these findings. Using a highly specific mass
spectrometry assay for GDF8 and GDF11, Schafer and colleagues (9) found that the
reported age-associated changes in circulating GDF11 predominantly reflected decreases in
the structurally similar GDF8, whereas GDF11 did not change with age in humans.
However, other relevant ActRII ligands were not measured, and overall pathway activity was
not assessed. Previous work from our group and others has also demonstrated that genetic
deletion of GDF8 improves cardiac function in senescent mice (10, 11), suggesting that
decreased GDF8 would be beneficial and unlikely to contribute to the association between
aging and HF. GDF11’s putative anti-aging effects in cardiac and skeletal muscle have also
been questioned (12-14), as have the cardioprotective effects of activin A (15-18).

Thus, how ActRII activity changes in human aging and disease and the functional
implications of this pathway in the heart remain unclear. Here, by focusing on the common
signaling mechanisms of ActRII ligands and using circulating follistatin-like 3 (FSTL3) as a
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potential indicator of pathway activation, we provide evidence, suggesting that systemic
ACctRII activity increases in human aging, frailty, and HF, and identify activins as one of the
major ligands driving this age-related phenomenon. Gain- and loss-of-function studies in
animal models of aging and HF establish ActRII activation as causally related to cardiac
dysfunction and demonstrate that targeted inhibition of this pathway can restore function to
the failing heart.

FSTL3 increases in human aging

Assessing the impact of circulating ActRII ligands in humans is complicated by their
binding to endogenous inhibitors or pro-domains, which inhibit their ability to bind and
activate ActRII (19, 20). Current assays have limited specificity for bioactive forms of
ActRII ligands (9); thus, measuring circulating ligand concentrations alone may not
necessarily provide the most accurate representation of overall pathway activity. In addition,
expression patterns of the various ActRII ligands can change in opposing directions as part
of this pathway’s complex regulatory network, which makes inferring the overall impact of
discordant changes in multiple ligands challenging. Thus, to gain deeper insight into how
age-associated changes in circulating ActRII ligands affect overall pathway activity in
humans, we measured them concurrently with circulating FSTL3. Although FSTL3 is an
endogenous inhibitor of ActRII ligands (20-24), its expression is strongly up-regulated by
all of the major ligands through ActRII-induced Smad2/3 signaling (23, 25), suggesting that
circulating FSTL3 could provide an indirect indication of systemic pathway activity. FSTL3
can also be induced by other signals, such as transforming growth factor-g (TGFB) (26), so
it cannot be equated with ActRII signaling in all settings. However, correlation of FSTL3
with relevant circulating ligands (including ActRII ligands and TGF) can help identify the
most likely drivers of FSTL3 expression.

Using this strategy, we examined a plasma proteomics analysis of 899 individuals from the
Framingham Heart Study (FHS) (27) to determine whether circulating FSTL3 changes with
age in humans. FSTL3 increased from age 29 to 82 in this population (Fig. 1A). To then
determine which ligands might be driving this process, we examined the association of
FSTL3 with circulating activins, GDF8 + GDF11 (a composite measure of both proteins
because they are not individually differentiated in this assay), as well as TGFB. Although
activins and GDF8 + GDF11 displayed opposing associations with age and sex (Fig. 1A and
table S1), after adjusting for these variables, activins were the only ligands positively
correlated with FSTL3 (Fig. 1B). GDF8 + GDF11 negatively correlated with FSTL3, and
TGFp showed no correlation. Together, these findings suggest that systemic ActRII activity,
as indicated by circulating FSTL3 measurements, increases with age and is likely driven by
an age-related increase in activins, as opposed to GDF8 + GDF11 or TGFp.

FSTL3 increases with HF severity and frailty in humans

To determine whether circulating FSTL3 increases in HF, we used a similar proteomics
platform in an independent cohort of 50 adults, ages 39 to 95, with severe aortic stenosis
(AS) and HF (table S2). Similar to our findings in the FHS cohort, FSTL3 increased with
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age (Fig. 1C) and only positively correlated with activins (fig. S1). After adjusting for age
and sex, FSTL3 and activins both correlated with worsening HF, as indicated by New York
Heart Association (NYHA) functional class or N-terminal pro—B-type natriuretic peptide
(NT-proBNP; Fig. 1, C and D). In contrast, GDF8 + GDF11 negatively correlated, and
TGFp had no association with these HF metrics (fig. S2). These data suggest that systemic
ActRII activity, as indicated by circulating FSTL3, increases in relation to HF severity and
that, as with the age-related increase seen in the FHS cohort, activins are the principal
ligands driving this increase.

Frailty, a geriatric syndrome reflective of biological aging and declining physiological
reserves, provides powerful prognostic information in older patients with AS (28). We
measured plasma FSTL3 and activin A concentrations in an independent age- and sex-
matched cohort of older patients with AS/HF, with (n7=21) or without (7= 22) frailty (table
S3). Frail individuals, defined by slow walk speed and weak handgrip strength, had higher
FSTL3 (Fig. 1E), suggesting that systemic ActRII activity is also likely increased in frailty
in older patients with HF.

Circulating activin A and cardiac ActRIl signaling increase in murine aging and HF

Although clinical correlations suggested that activin-mediated ActRII activity increases with
aging and HF, inferences from cross-sectional analyses of circulating biomarkers are limited,
and documentation of cardiac activation ultimately requires direct assessment of tissue. To
address this, we examined aged C57BL/6 mice, an established model of cardiac aging (29,
30). Compared to young (4-month-old) mice, old (28-month-old) mice had ~3-fold higher
circulating activin A concentrations, which was associated with increased cardiac FSTL3
expression and Smad3 phosphorylation, indicating increased ActRII signaling in the aged
heart (Fig. 2, A to C). No significant differences were observed in cardiac activin A, GDF11,
or TGFp expression in aged animals (Fig. 2B), suggesting that the increased circulating
activin A (and consequent increased cardiac ActRII signaling) seen in old mice largely
originates from outside the heart. Circulating GDF8 decreased with age and was associated
with decreased skeletal muscle mass (fig. S3), suggesting that the age-related decline in
circulating GDF8, seen in both mice and humans (9), likely represents a secondary effect of
age-related sarcopenia. These findings corroborate our observations in humans and
demonstrate that cardiac ActRII signaling is increased in the aged heart.

We also examined ActRII signaling in a transverse aortic constriction (TAC) model of left
ventricular (LV) pressure overload, which exhibits similar pathophysiology to the human AS
populations studied, with the caveats that increased afterload is generated more distally
within the aortic arch in the TAC model and progresses more rapidly than clinical AS. One
week after TAC, circulating activin A increased ~2-fold and was associated with increased
cardiac FSTL3 expression and ActRII activity (Fig. 2, D to F). Consistent with previous
reports (8) and in contrast to the aging model, cardiac activin A expression increased after
TAC (Fig. 2E), indicating both local and systemic up-regulation in this model. Thus, both
aging and biomechanical cardiac stress can induce activin expression, leading to activation
of cardiac ActRII signaling and a corresponding increase in cardiac FSTL3 expression.
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Increased circulating activin A is sufficient to induce cardiac dysfunction

To examine the functional effects of increased cardiac activin/ActRII signaling, we injected
4-month-old mice with recombinant adenoviral vectors encoding activin A (Ad.activin A) or
control green fluorescent protein (Ad.GFP). Ad.activin A increased circulating activin A to
supraphysiologic concentrations (Fig. 3A) and activated cardiac ActRII signaling, as well as
increased FSTL3 expression in cardiac and skeletal muscle without increasing tissue-
specific expression of ActRII ligands (Fig. 3, B and C, and fig. S4). Although circulating
activin A concentrations were higher than seen in most human HF (15), they were
comparable to concentrations seen in some human cardiovascular diseases associated with
cardiac dysfunction (31) and were sufficient to impair both systolic and diastolic cardiac
function in otherwise healthy young mice (Fig. 3, D and E) without significantly affecting
blood pressure (P=0.53; fig. S5A). Lung weight was also increased in activin A—
overexpressing mice, consistent with pulmonary congestion and HF (Fig. 3F).

GDF11 induces cardiac dysfunction in aged mice

Although our data demonstrated that increased activin A/ActRII signaling impairs cardiac
function, previous reports proposed that other ActRII ligands such as GDF11 improve
remodeling and function in the aged or injured heart (4, 32). To determine whether our
observations were unique to activin A, we examined the functional effects of GDF11 using a
protocol similar to previous reports (4) (fig. S6A). Recombinant GDF11 bioactivity was
confirmed in neonatal rat ventricular myocytes (NRVMs; fig. S6, B and C), and matched 24-
month-old C57BL/6 mice were treated with vehicle or GDF11 (table S4). Similar to
previous reports, we found that GDF11 increased ActRII signaling in the aged heart,
reduced cardiac mass and cardiomyocyte (CM) size, and up-regulated atrogene expression
(Fig. 3G and fig. S6, D to G). However, similar to activin A overexpression, GDF11
impaired cardiac function, did not improve functional HF phenotypes or adverse cardiac
remodeling, and induced skeletal muscle atrophy (Fig. 3, H and I, and fig. S6, H to J). Thus,
activin A and GDF11 induce similar effects in the mammalian heart, and either is
independently sufficient to induce cardiac dysfunction and pathologic atrophy.

Systemic ActRIl inhibition improves systolic function in murine age-related HF models

We next examined whether ActRII inhibition could improve cardiac functional impairments
seen in old C57BL/6 mice (29, 30) using a murinized version of bimagrumab (CDD866), a
monoclonal antibody (Ab) that blocks ActRIIA and ActRIIB and is currently under clinical
investigation for sarcopenia (Fig. 4A) (33, 34). Similar to its effects in young mice (34),
CDD866 increased skeletal muscle mass but did not significantly alter cardiac mass or blood
pressure in old mice (figs. S5 and S7). CDD866 effectively blocked cardiac ActRII signaling
(Fig. 4B) and reduced pulmonary congestion (Fig. 4C). CDD866 also improved subclinical
LV systolic dysfunction, including measures of systolic strain and contractile reserves (Fig.
4, D and E), although diastolic function and chronotropic reserves were not altered.

Because CDD866 mostly affected systolic function, which is only modestly altered in aged
C57BL/6 mice, we explored its effects in an age-related model of dilated cardiomyopathy
based on a known myosin heavy chain missense mutation (MHCF764L) found in humans
(35). Knock-in mice heterozygous for this mutation develop progressive LV dilatation and

Sci Transl Med. Author manuscript; available in PMC 2020 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Roh et al.

Page 6

systolic dysfunction with age. Treating these mice (21 to 23 months old) with CDD866
decreased cardiac ActRII signaling (Fig. 4F) and increased FS by ~45% within 4 weeks
(Fig. 4G).

The marked effects of CDD866 in aged MHCF764L mice prompted us to repeat these
studies with an ActRIIB-Fc fusion protein, RAP-031, to ensure that the effect was not
reagent specific. RAP-031 is a soluble ligand trap that blocks pathway activation by binding
circulating ActRII ligands (Fig. 4A) (36). Four weeks of RAP-031 treatment induced results
similar to CDD866, increasing FS by ~34% (Fig. 4H).

Systemic ActRIl inhibition preserves and restores systolic function in LV pressure

overload

Given the cardiac functional effects seen with ActRII inhibitors in MHCF764L mice, we
tested them in a more severe model of systolic HF induced by TAC. In an initial prevention
study (Fig. 5A), CDD866 had no effect on baseline cardiac function but substantially
mitigated the decline in systolic function induced by TAC (Fig. 5, B and C). Hearts
explanted 11 weeks after TAC had ~3-fold increased FSTL3 expression, confirming chronic
ACctRII activation in this HF model, which was completely abrogated by CDD866 (Fig. 5D).
Furthermore, mice treated with CDD866 demonstrated attenuated pathologic gene
expression profiles and improved survival (Fig. 5, E to H, and fig. S8, A and B).

In a more clinically relevant treatment protocol (treatment initiated after FS declined to
<45%; Fig. 51), CDD866 improved systolic function within 2 weeks, which was sustained
over the 8-week time course (Fig. 5J). CDD866 decreased cardiac FSTL3 expression and
pulmonary congestion (Fig. 5, K to N, and fig. S8, C and D), suggesting that systemic
ACctRII inhibition can rescue cardiac function and pulmonary edema in established HF.

To confirm that the cardiac effects induced by CDD866 in TAC were not strain or reagent
specific, we repeated these studies in FVB mice with RAP-031. Although the effect size was
smaller, reflecting less severe cardiac dysfunction in FVB mice after TAC, RAP-031
similarly improved systolic function in TAC-induced HF (fig. S9).

CM-specific ActRIIB deletion attenuates cardiac dysfunction in TAC

To determine whether the beneficial cardiac effects of these pharmacological inhibitors are
directly mediated at the CM level, we generated CM-specific ActRIIB knockout (CS-
ACctRIIB-KO) mice based on previous evidence, suggesting that ActRIIB has stronger ligand
affinity than ActRIIA (37). CS-ActRIIB-KO mice displayed normal cardiac structure and
function at baseline (fig. S10) but were substantially protected from systolic dysfunction
after TAC (Fig. 5, O and P). Eight weeks after TAC, cardiac function in CS-ActRIIB-KO
mice began to decline but remained better than controls, without significantly reduced
cardiac FSTL3 or pathologic gene expression profiles (Fig. 5, P to S). These data suggest
that the inhibition of CM ActRIIB contributes to the functional benefits observed with either
systemic treatment. However, the less sustained protection and non-significant impact on
late gene expression suggest that cardiac ActRIIA also likely contributes, although a role for
non-CM ActRII signaling or cell nonautonomous effects cannot be excluded. In a practical
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sense, inhibition of both receptors is likely optimal to maximizing therapeutic potential in
the heart, as has been reported in skeletal muscle (34).

ActRIl ligands induce a similar pathologic profile in mammalian CMs

Given evidence for direct effects on CMs, we used RNA sequencing (RNA-seq) to identify
mechanisms by which ActRII ligands (GDF8, GDF11, and activin A) might mediate their
effects in primary CMs. All three ligands increased FSTL3 expression (>3-fold) and induced
similar transcriptional profiles (Fig. 6A and table S5). Consistent with our in vivo findings,
pathway analysis revealed a conserved biological signature induced by all three ligands that
was consistent with a HF phenotype, including up-regulation of multiple cardiomyopathy
pathways and down-regulation of oxidative phosphorylation and fatty acid metabolism,
cardiac muscle contraction, and Ca2* signaling pathways (Fig. 6, B and C, and tables S6 and
S7).

ActRIl signaling regulates proteasome-mediated degradation of SERCA2a

The consistent evidence suggesting detrimental effects of chronically activated ActRII
signaling on CM function seemed at odds with previous reports in which GDF11 increased
mRNA expression of sarcoplasmic reticulum Ca?* ATPase (SERCAZ2a), a powerful
regulator of CM excitation-contraction coupling (4). To investigate this further, we measured
cardiac SERCA2a mRNA expression in our GDF11-treated mice and found that it was
higher than controls (Fig. 7A). However, SERCAZ2a protein was reduced by GDF11
treatment (Fig. 7A). Hearts from Ad.activin A—treated mice also had lower SERCA2a
protein (Fig. 7B), which corresponded with marked impairments in CM function and Ca?*
cycling (Fig. 7C and movies S1 and S2). Conversely, ActRIl inhibition with CDD866
increased SERCAZ2a protein in both aging and TAC models without significantly affecting
mRNA expression (Fig. 7, D and E).

Activin A induced similar results in primary CMs. Although activin A decreased SERCA2a
MRNA expression in vitro, this effect plateaued at 25 ng/ml (fig. S11A), whereas SERCA2a
protein declined further at higher concentrations (Fig. 8A). CDD866 similarly blocked
activin A—induced reduction in SERCA2a protein without affecting mRNA expression (Fig.
8B and fig. S11B), confirming that ActRII ligands regulate SERCAZ2a expression at a
posttranscriptional level and directly through CM ActRII.

Given that the proteasome was among the most highly up-regulated pathways by all three
ActRII ligands (Fig. 6C and table S6), we hypothesized that our SERCAZ2a findings might
be explained by ActRII-mediated proteasome regulation. Proteasome inhibition with MG132
almost completely abrogated the effects of activin A on SERCAZ2a protein expression (Fig.
8C). Although activin A did not directly increase proteasome activity in CMs (Fig. 8D), it
increased ubiquitination of SERCAZ2a by ~3.4-fold (Fig. 8E), implicating a likely role for
ActRII-targeted ubiquitin E3 ligase activity. Review of the RNA-seq dataset identified a
small number of E3 ligases up-regulated in CMs by multiple ActRII ligands (table S5). One
of these, Smad-specific E3 ubiquitin protein ligase 1 (Smurfl), was particularly intriguing
given a previous link to activin and Smad signaling (38), along with availability of a
selective small-molecule inhibitor. Smurfl inhibition recapitulated the benefits of MG132 in
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blocking activin A-induced reductions in SERCA?2a protein, suggesting a key role of the
activin/ActRII/Smurfl axis in regulating CM SERCAZ2a (Fig. 8F). Together, these data
suggest that activation of ActRII signaling induces a pathologic phenotype in mammalian
CMs as evidenced by an induction of a HF transcriptional profile, impaired function, and
potent increases in SERCAZ2a degradation (fig. S12).

DISCUSSION

The role of the catabolic ActRIl pathway in human aging and heart disease has been highly
controversial due to conflicting reports on its circulating ligands and limited information
regarding its in vivo functional consequences in the heart. Using multiple human cohorts, we
confirmed previous reports (5, 6) that circulating combined levels of GDF8 and GDF11
decline in human aging and HF but also found that circulating activins, another major
ActRII ligand, significantly increase in these same contexts. To better assess the potential
impact of this discordant profile of circulating ActRII ligands on overall pathway activity,
we took advantage of a common counter-regulatory mechanism induced by all the major
ACctRII ligands assayed; specifically, their ability to increase FSTL3 expression. Using
circulating FSTL3 as a potential indicator of increased ActRII-induced Smad2/3 signaling,
our data suggest that despite the associated decline in circulating GDF8 + GDF11, overall
systemic ActRII activity appears to increase in human aging, frailty, and HF and is likely
driven by an age-related increase in activins.

Of note, recent studies have identified similar age-related changes in circulating FSTL3 and
ActRII ligands but have proposed starkly different interpretations, suggesting that the
decline in GDF11 (or GDF8) and increase in FSTL3 could indicate a decrease in cardiac
ActRII activity, which contributes to the pathogenesis of heart disease in the elderly (5, 6).
Because FSTL3 expression is induced by ActRII activation but also functions as a negative
regulator of pathway activity, it is impossible to determine definitively the impact of its
circulating expression on net pathway activation in the absence of tissue samples. However,
our data from a broad range of in vitro and in vivo models in which ActRII signaling can be
directly assessed strongly support the value of FSTL3 as an indicator of ActRII activation. In
CMs, Smad3 phosphorylation and FSTL3 expression were induced by all of the major
ligands assayed. Similarly, increasing circulating activin A in mice increased cardiac FSTL3
expression, which was concordant with changes in Smad3 phosphorylation. Moreover, we
found cardiac ActRII signaling to be increased in established animal models of aging and
HF, making it highly improbable that a decrease in circulating GDF8 or GDF11 could
account for the increase in cardiac FSTL3 expression or Smad3 phosphorylation seen in
these contexts. Thus, the most plausible synthesis of all the available data is that ActRII
signaling increases in aging and HF, which is reflected in higher FSTL3 expression, and that
declining circulating GDF8 concentrations more likely represent a secondary effect of
progressive muscle loss in these contexts.

With data implicating activins as one of the possible mediators of increased FSTL3 in
human aging and HF, we increased circulating activin A concentrations in mice to determine
its in vivo functional consequences. Increasing circulating activin A alone was sufficient to
increase cardiac ActRII signaling, FSTL3 expression, and impair cardiac function in
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otherwise healthy young mice. GDF11 induced similar functional changes in old mice,
suggesting that circulating ActRII ligands have common effects in the heart. RNA-seq
analyses in isolated CMs corroborated these findings, identifying a common biological
signature induced by activin A, GDF11, and GDF8 that was consistent with a HF phenotype.
Thus, although it is possible that ActRII ligands also have some distinct functions (39), our
data suggest that they share adverse cardiac functional effects in vivo and induce a
pathological gene expression profile in mammalian CMs in vitro.

To assess the therapeutic potential of targeting ActRII signaling in HF, we independently
tested two pharmacological reagents (CDD866 and RAP-031) capable of inhibiting a broad
spectrum of ActRII ligands. Both reagents have been evaluated in early clinical trials for
sarcopenia (33, 36), underscoring the translational relevance of these approaches. Both
reagents consistently improved cardiac function in multiple HF models and restored function
in failing hearts induced by pressure overload or a clinically relevant sarcomere mutation.
These functional effects were recapitulated with two different inhibitors in three different HF
models in two strains of mice and with CM-specific ActRIIB deletion in TAC.

Given the breadth of cardiac conditions sensitive to ActRIl modulation, we believe chronic
overactivation of this pathway likely impairs processes fundamental to CM function.
Although this initially seemed discordant with previous reports that GDF11 increased
SERCA2a mRNA (4), we found that ActRII signaling decreased SERCA2a protein,
suggesting that the increased SERCA2a mRNA seen with GDF11 treatment is likely
compensatory. Our data show that the primary mechanism by which ActRII signaling
regulates CM SERCAZ2a is through enhanced proteasome-mediated degradation (fig. S12),
although a contribution from decreased protein translation cannot be excluded. Overall, our
findings are more consistent with known ActRII biology in skeletal muscle (40), as well as
recent data implicating Smurfl in cardiovascular disease (41). Although our RNA-seq
analyses suggest that ActRII signaling modulates multiple biological processes important for
CM function, on the basis of previous experimental data (42), we believe that the changes in
SERCAZ2a associated with ActRIl modulation are a major contributor to the functional
changes observed in our in vivo models. Together, these data not only identify a key
mechanism by which ActRII signaling regulates cardiac function but also support an
emerging theme in HF therapeutic development, which suggests that enhancing protein
stability of critical proteins such as SERCA2a may be as effective as targeting their
production (43).

Ultimately, our findings resolve a major controversial question of whether stimulation or
inhibition of ActRII signaling will be beneficial in HF. Previous work had suggested that
acute increases in activin A could be cardioprotective (8) and that GDF11 might be
beneficial in age-related HF (4). However, neither study extensively assessed the impact on
cardiac function. Given our finding that both activin A and GDF11 induce cardiac atrophy
and decrease SERCAZ2a protein, which is responsible for much of the heart’s energy
consumption, it seems likely that these effects will reduce myocardial energy requirements.
However, whatever short-term benefits this might confer will inevitably come at the expense
of cardiac function. Our data demonstrate that chronic ActRII activation, as seen in aging
and HF, is maladaptive and contributes to a decline in cardiac function. Thus, we propose
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that the ActRII pathway likely represents another example of a partially compensatory
pathway that becomes maladaptive in HF, as is well documented in neurohormonal systems.
Of note, virtually all HF treatments that improve clinical outcomes inhibit such maladaptive
pathways (44). Our study provides fundamental in vivo evidence that ActRIl pathways may
represent a new class of therapeutic targets that reflect similar HF pathophysiology.

In addition, similar to the recognition that there are distinct forms of cardiac growth, termed
physiologic and pathologic hypertrophy (45), with very different functional outcomes, these
data now suggest there is likely a parallel dichotomy in the reversal of such processes. A
reduction in cardiac mass could result from restoration of the normal baseline physiological
state or from atrophy, with distinct consequences for cardiac function and clinical outcomes.
Given the catabolic effects of ActRII signaling in skeletal muscle (40), it makes sense that it
would drive similar proteolytic processes in the heart that not only lead to reductions in
critical functional proteins (SERCAZ2a) but also an overall pathologic state.

Although this study provides proof-of-principle evidence that ActRII inhibition can improve
cardiac function in HF, the optimal approach for targeting this pathway in HF still needs to
be defined. In addition, we acknowledge certain limitations of our study. Our human
analyses primarily focused on three of the major ActRII ligands, including TGF, and were
limited by the coverage of the proteomics platform used, which does not include all ActRII
ligands and did not distinguish between GDF8 and GDF11. Recent studies have addressed
the GDF8/11 aptamer issue (9), but it is possible that other ActRII ligands, in addition to
activins, may be driving the increase in circulating FSTL3 seen in human aging and HF.
Because of the lack of cardiac or skeletal muscle tissue specimens in our clinical cohorts, we
also cannot definitively establish that the increased plasma FSTL3 observed in human aging,
frailty, and HF is a direct result of increased FSTL3 expression or net ActRIl pathway
activation from these target tissues. However, the concordance between cardiac FSTL3
expression and canonical Smad3 signaling seen in a range of in vitro and in vivo models
performed in our study, along with the well-established regulation of FSTL3 expression (25,
26), provide strong evidence to support the concept that FSTL3 levels in many contexts may
reflect ActRII activity. Last, although we tested multiple HF models, we recognize that
ActRII signaling may not be relevant to other subtypes (such as ischemic cardiomyopathies)
that were not specifically examined and have shown varying responses to ActRII ligands and
other TGFP family members (8, 32, 46).

In summary, this study documents an age-related increase in cardiac ActRII activity that
plays a causal role in HF pathobiology. We identified a key mechanism by which ActRII
signaling regulates CM function through proteasome-mediated degradation of SERCA2a
and present evidence with clinical-stage inhibitors that targeted ActRIl blockade can restore
cardiac function in HF.

MATERIALS AND METHODS

Study design

We started by examining a proteomics dataset from the FHS (27) to assess how the major
ActRII ligands and FSTL3, a potential indicator of ActRII activity, change with age in
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humans. These analyses were then extended to two independent cohorts of patients with AS
to assess for correlations with HF and frailty. To investigate causality of cardiac ActRII
activity in regulating cardiac function in aging and HF, we performed a series of gain- and
loss-of-function studies in murine models. Study design, number of mice, and sample sizes
used for functional and tissue analyses in the various animal studies are provided in figure
legends. Human studies were approved by the Massachusetts General Hospital (MGH), Beth
Israel Deaconess Medical Center (BIDMC), and Washington University Institutional Review
Boards, and informed consent was obtained from all participants. Animal studies were
approved by MGH and BIDMC Institutional Animal Care and Use Committees. Individual
subject-level data are reported in data file S1.

Protein measurements in human blood samples

Plasma proteomic data using the SOMAscan platform were available on 899 individuals
(ages 29 to 82) from the FHS Offspring Cohort (27). Quantification of FSTL3, INHBA
(recognizes activin A/AB/AC), GDF8 + GDF11 (recognizes GDF8 and GDF11), and TGFp
(recognizes TGFp-1/2/3 isoforms) was reported using aptamer I1Ds 3438-10, 2748-3,
2765-4, and 2333-72, respectively. Similar plasma proteomic profiling was performed on 50
adults with severe AS and HF (table S2). FSTL3 and activin A were also measured by
ELISAs (R&D Systems) in 43 older patients with AS phenotyped for frailty (table S3).
Frailty was defined as walk speed of <0.8 m/s and handgrip strength of <16 kg (female) or
<26 kg (male).

Murine models

C57BL/6J, FVB/NJ, and aMHCcre mice were purchased from the Jackson Laboratory.
Aged C57BL/6 mice were provided by the National Institute on Aging or purchased from
the Jackson Laboratory. MHCF764L mice were provided by the Seidman Lab (35).
ActRIIB-floxed mice were provided by S.-J.L. (47) and backcrossed to C57BL/6 before
crossing with aMHCcre.

Murine interventions

Sham and TAC surgeries were performed using previously published methods (42, 45).
Briefly, thoracotomy was performed in anesthetized animals, and TAC was performed by
ligating the transverse aortic arch with a 27-gauge needle between the innominate and left
common carotid arteries. The following reagents were used in mice: (i) Adenoviral
constructs for activin A or GFP were created using a cytomegalovirus promoter and
administered retro-orbitally at ~100 pl (1010 colony-forming units/ml); (ii) recombinant
GDF11 (0.1 mg/kg; 120-11, PeproTech) or vehicle was administered daily via
intraperitoneal injection; (iii) CDD866 or isotype Ab (20 mg/kg; Novartis) was delivered
weekly via subcutaneous injection; and (iv) RAP-031 or vehicle (10 mg/kg; Acceleron) was
administered subcutaneously twice weekly.

Murine echocardiography

Echocardiography was performed on unanesthetized mice using either a Vivid7 or an E90
cardiac ultrasound system (GE Healthcare) equipped with an i13L or L8-18i-D transducer.
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Speckle-tracking strain analysis was performed on two-dimensional short-axis images using
EchoPACS software (version 201, GE Healthcare). Peak systolic strain was averaged from
the peak value of segmental strain curves at aortic valve closure. Early diastolic strain rate
was averaged from the peak value of the segmental strain rates at 33% into diastole.

Exercise testing

Exercise capacity and cardiac reserves were measured using a stress echocardiography
protocol in which mice were run to exhaustion on a treadmill (Columbus Instruments) and
then imaged via echocardiography within 30 s of peak exercise. Protocol consisted of a
warm-up (duration, 5 min; incline, 10°; speed, 5 m/min) and run-to-exhaustion phase
(incline, 10°; speed ramp, 2 m/min/min). Exercise capacity was quantified as total work
completed. Peak heart rate was averaged over nine cardiac cycles to evaluate chronotropic
reserves. Percentage change in FS at peak exercise compared to rest was used to determine
contractile reserves.

NRVM studies

Neonatal rats were purchased from Charles River Laboratories, and NRVMs were isolated
using previously published techniques (45). NRVMs were serum starved for 6 hours before
18-hour treatment, unless otherwise specified. The following reagents were used: activin A
(0 to 100 ng/ml: 338 AC, R&D Systems), GDF11 (100 ng/ml: 120-11, PeproTech), GDF8
(100 ng/ml: 788G8, R&D Systems), CDD866 (0 to 100 pg/ml; Novartis), MG132 (10 uM;
Sigma-Aldrich), and A01 (10 uM; Sigma-Aldrich). Proteasome activity was measured using
the 20S Proteasome Activity Assay (MilliporeSigma).

CM contractility and Ca?* flow analyses

CM contractility and Ca2* analyses were performed using previously published methods
(48). CMs were incubated with 0.2 uM Fluo-4 AM dye (Thermo Fisher Scientific) and
paced with 10 V at 1.0 Hz (C-Pace EM Stimulator, lonOptix). Lives image were acquired
using a TCS SP8 confocal microscope (Leica), and image analysis was performed using
ImageJ [National Institutes of Health (NIH)].

Histology and immunohistochemistry

Mid-ventricular sections were stained with wheat germ agglutinin, periodic acid—Schiff,
Masson’s trichrome, rabbit-anti-mouse CD31 (1:50; 77699, Cell Signaling Technology),
rabbit-anti-human CD45 (1:100; 10558, Abcam), or goat-anti-human ActRIIB (1:50; PA5-
47005, Thermo Fisher Scientific). CM cross-sectional area (~250 cells per heart) and
capillary density were measured from three to six randomly selected sections per heart using
ImageJ (NIH). Fibrosis and leukocyte content were quantified from full mid-ventricular
section (KEYENCE BZ-X Analyzer). Image analysis was blinded.

Quantitative real-time polymerase chain reaction

RNA was isolated with TRIzol. Polymerase chain reaction (PCR) reactions were carried out
using SYBR green and standard amplification protocols. Gene expression was normalized to
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RPS18 or GAPDH and calculated using the AAG method. Primer sequences are included in
table S8.

Immunoblotting

Protein was isolated using radioimmunoprecipitation assay (RIPA) buffer and standard
Western blotting protocols. Image quantification was performed with the ChemiDoc system
(Bio-Rad). All protein expression was normalized to GAPDH or vinculin. The following
primary Abs were used: mouse—anti-canine SERCAZ2 (1:1000; MA3-919, Thermo Fisher
Scientific), rabbit-anti-human SERCAZ2a (1:20,000; A010, Badrilla), rabbit-anti-human
SERCAZ2a (1:3000; Hajjar Laboratory), rabbit—anti-human Smad3 (1:1000; 9513, Cell
Signaling Technology), rabbit-anti-human phospho-Smad3 (Ser423/425) (1:1000; 9520, Cell
Signaling Technology), mouse—anti-human vinculin (1:5000; V9264, Sigma-Aldrich), and
rabbit-anti-human GAPDH (1:5000; 2118, Cell Signaling Technology).

Ubiquitin immunoprecipitation

RIPA buffer supplemented with protease/phosphatase inhibitor (Thermo Fisher Scientific), 1
mM phenylmethylsulfonyl fluoride (Sigma-Aldrich), and 20 mM A-ethylmaleimide
(Thermo Fisher Scientific) was used to extract protein from NRVMs incubated with
recombinant activin A (100 ng/ml for 60 min). Ubiquitinated proteins were captured with
FK2 Ab (10 mg; PW8810, Enzo Life Sciences) and protein A/G agarose solution
(MilliporeSigma).

RNA sequencing

RNA-seq was performed by MGH Sequencing Core. Libraries were constructed from
polyA-selected RNA and sequenced on an Illumina HiSeq2500 instrument. R package
DESeq2 was used for gene expression analysis. Genes were considered differentially
expressed if changed by logoFC > +1 or < —1 with an adjusted P < 0.05 (after Benjamini-
Hochberg correction). Pathway analysis was performed using gene set enrichment analysis
(GSEA,; Broad Institute) with the Kyoto Encyclopedia of Genes and Genomes database. A
false discovery rate of <0.25 was considered significant in GSEA.

Statistical analysis

For the SOMAscan proteomics data, linear regression was performed for each log-
transformed, sex-adjusted protein measurement (outcome) versus age. Linear regression
models additionally accounted for sample fractions of cases and controls. In the AS cohorts,
regression models for NT-proBNP used log-transformed, sex/age-adjusted protein levels,
and regression for NYHA was further fit using a linear model with NYHA class used as an
ordered factor variable. Protein associations were assessed by partial Pearson’s correlations
on log-transformed, sex/age-adjusted protein levels. Analyses were performed using SAS
software version 9.4. Statistical analyses of human ELISAs and all animal studies were
performed using GraphPad Prism 7. Mann-Whitney test, unpaired Student’s ftest, one- or
two-way ANOVA with post hoc multiple comparison testing, or Mantel-Cox survival test,
were performed as indicated in figure legends. Data are reported as means + SEM, unless
otherwise indicated. £ < 0.05 was considered statistically significant.
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Fig. 1. Circulating FSTL 3 and activinsincrease in human aging and HF.
(A) Linear regression of plasma FSTL3, activin, GDF8 + GDF11, and TGFp with increasing

quintiles (Q) of age in the FHS cohort [Q1, 29 to 47 years (n=172); Q2, 47 to 52 years (n=
183); Q3, 53 to 59 years (1= 181); Q4, 60 to 65 years (7= 184); Q5, 66 to 82 years (n=
179)]. Data are shown as means = SEM. (B) Partial Pearson’s correlations of FSTL3 with
activin, GDF8 + GDF11, and TGFp in the FHS cohort. (C) Linear regression of plasma
FSTL3 with age, NYHA class, or NT-proBNP in the AS/HF cohort (n=50). (D) Linear
regression of plasma activins with age, NYHA class, or NT-proBNP in the AS/HF cohort.
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(E) Plasma FSTL3 and activin A concentrations [measured by enzyme-linked
immunosorbent assay (ELISA)] in an independent cohort of older patients with AS
phenotyped for frailty (7= 43). Data are shown as means £ SEM. **P < 0.01 by Mann-
Whitney test. In (A) to (D), proteins measured with SomalLogic aptamers and displayed as
log-transformed relative fluorescence units (RFU). Protein measurements are sex-adjusted
when plotted against age, otherwise age and sex adjusted.

Sci Transl Med. Author manuscript; available in PMC 2020 April 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Roh et al. Page 20
A B C
500 o 2.4
* c foe)
2 -8 *
— wv J
E e o 3 *% Young old g 2
S S .. I
2 300 5 2 ! f%; 1.6
P S 15 p-Smad3 | - W W £
£ = - G 12
> 200 c T - T o -
= 5 11 o Smad3 [ S - | o
< > E 0.8
100 0.5 o
2 & o4
0 0 s .
ActivinA GDF8 GDF11 TGFB FSTL3 0
I Young (4 months) Il Old (28 months)
D E F
3.5
300 c 3.5 * fue)
o G w1 *
7 3 * @ 3
_. 250 * 4] ug
= S 55 Sham TAC £ =8
> 200 I > — — O
2 < 2- "B
< 150 & p-Smad3 .- ‘ $ 15
2 100 g 1 S 1
g 2 - Smad3 | M. S =
K = 0.6
0 0
0

ActivinA GDF8 GDF11 TGFB FSTL3

B Sham B TAC

Fig. 2. Circulating activin A and cardiac ActRI| signaling increasein murine aging and LV
pressure overload.

(A to C) Comparison of young (4 months; gray) versus old (28 months; red) C57BL/6
males. (A) Plasma activin A concentrations in young (/7= 6) versus old (7= 9). (B) Relative
cardiac mMRNA expression of ActRII ligands, TGF@, and FSTL3 in young (/7= 4) versus old
(n=8). (C) Representative immunoblot and relative quantification of cardiac p-Smad3 and
total Smad3 expression in young (/7= 4) versus old (r7=4). (D to F) Comparison of 4-
month-old C57BL/6 males 1 week after Sham versus TAC surgery. n= 3 per group for all
analyses. (D) Plasma activin A concentrations. (E) Relative cardiac mMRNA expression of
ActRII ligands, TGFb, and FSTL3. (F) Representative immunoblot and relative
quantification of cardiac p-Smad3 and total Smad3 expression. For all panels, data are
shown as means + SEM. *P < 0.05, **£ < 0.01 by Student’s ftest.
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Fig. 3. Increased circulating ActRI| ligands are sufficient to induce cardiac dysfunction.
(A to F) Young (4 months) C57BL/6 males injected with either Ad.GFP (black) or

Ad.activin A (red). n= 4 per group for all analyses. (A) Plasma activin A concentration 96
hours after infection. (B) Relative cardiac mRNA expression of ActRII ligands and FSTLS3.
(C) Immunoblot and relative quantification of cardiac p-Smad3/Smad3. (D) Fractional
shortening (FS) by echocardiography. (E) Representative echocardiographic strain images
and quantification of radial systolic strain and early diastolic strain rates. (F) Lung weight
normalized to body weight. (G to I) Old (24 months) C57BL/6 males treated with daily
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intraperitoneal injections of phosphate-buffered saline (PBS) (/7= 8; gray) versus GDF11
(0.1 mg/kg) (n=8; green) for 28 days. Two mice died before study completion. (G)
Immunoblot and relative quantification of cardiac p-Smad3/Smad3. 7= 5 per group. (H)
Echocardiographic FS, radial strain, and strain rate analyses. 7= 6 to 7 per group. (I) Lung
weight/body weight and exercise capacity. 7= 7 per group. For all panels, data are shown as
means + SEM. *P<0.05, **£< 0.01, *** < 0.001 by Student’s #test.
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Fig. 4. ActRIl pathway inhibition improves systolic function in age-related HF in mice.
(A) Schematic depicting ActRII pathway inhibitors used. (B to E) Old (24 months)

C57BL/6 males treated with weekly injection of isotype (O-1; 7= 6; black) versus CDD866
(O-C; n=1; purple) for 4 weeks. Young (4 months) C57BL/6 males (Y; n=12; striped)

used for comparison in cardiac functional testing. (B) Representative immunoblot and

relative quantification of cardiac p-Smad3/Smad3. 7= 6 per group. (C) HF phenotyping.
Lung weight normalized to body weight. Percentage change in exercise capacity (compared
to pretreatment). /7= 6 to 7 per group. (D) Resting cardiac function (% FS strain analyses)
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by echocardiography. 7= 5 to 12 per group. (E) Cardiac reserves at peak exercise. 7=5 to
12 per group. (F and G) Old (21 to 23 months) MHCF764L mice (mixed genders) treated
with isotype (7= 3; black) versus CDD866 (7= 5; purple) for 4 weeks. (F) Representative
immunoblot and relative quantification of cardiac p-Smad3/Smad3. 7= 3 per group. (G)
Representative echocardiographic images and the FS at baseline and 4 weeks. 7= 3to 5 per
group. (H) Old (18 to 20 months) MHCF764L mice (mixed genders) treated with vehicle (7
= 6; black) versus RAP-031 (7= 6; blue). FS at baseline and 4 weeks. Data in all panels are
shown as means £ SEM. *P< 0.05, **P< 0.01, ***P< 0.001 by Student’s ¢test (B, C, and
F), one-way analysis of variance (ANOVA) with post hoc Tukey (D and E), and two-way
ANOVA with post hoc Sidak (G and H).
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(A to H) Prevention study. Weekly treatment (isotype versus CDD866) started 1 week before
surgery (Sham versus TAC). 7= 10 per group. (A) Prevention protocol. Sac, sacrifice. (B)
Serial FS over 10 weeks. Analysis displayed for TAC-isotype versus TAC-CDD866. 7= 5 to
10 per group per time point. (C) Representative echocardiographic images at 10 weeks. (D)
Relative cardiac FSTL3 mRNA expression. 7= 6 to 9 per group. (E) Heart weight
normalized to body weight. 7= 8 to 10 per group. (F) Gene expression profile of pathologic
hypertrophy. 7= 6 to 9 per group. (G) Lung weight normalized to body weight. 7= 8 to 10
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per group. (H) Mantel-Cox survival curve (mortality, natural death or euthanasia due to FS <
20%). (I to N) Treatment study. Weekly treatment (isotype, 7= 5, versus CDD866, n=7)
started after FS < 45%. n=5to 7 per group for all analyses. (1) Treatment protocol. (J)
Serial FS over 10 weeks. (K) Relative cardiac FSTL3 mRNA expression. (L) Heart/body
weight. (M) Gene expression profile of pathologic hypertrophy. (N) Lung/body weight. (O
to T) CS-ActRIIB-KO TAC study. ActRI1B7¥/flox (n = 6) and CS-ActRIIB-KO (n = 5) mice
subjected to TAC for 12 weeks. 7=5 to 6 per group for analyses. (O) CS-ActRIIB-KO TAC
protocol. (P) Serial FS over 12 weeks. (Q) Relative cardiac FSTL3 mRNA expression. (R)
Heart/body weight. (S) Gene expression profile of pathologic hypertrophy. (T) Lung/body
weight. Data are shown as means £ SEM. *P< 0.05, **P< 0.01, ***P < 0.001 by one-way
ANOVA with post hoc Tukey (C to G), two-way ANOVA with post hoc Tukey (B),
Student’s ttest (K to N and Q to T), and two-way ANOVA with post hoc Sidak (J and P).
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Fig. 6. ActRII ligandsinduce similar pathologic profilein mammalian CMs.
NRVMs incubated with GDF11, GDF8, or activin A (100 ng/ml) for 18 hours. n= 3 per

group. (A) Heat map of most highly differentially expressed genes [log2(FC) > 2; Py <
0.05]. (B) Venn diagrams of differentially regulated pathways (false discovery rate, <0.25).
(C) Enrichment scores of most highly differentially regulated pathways by all three ligands.

TCA, tricarboxylic acid.
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Fig. 7. ActRI1 signaling modulates SERCA2a expression in the heart.
(A) Relative cardiac SERCA2a mRNA and protein expression in old (24 months) C57BL/6

from GDF11 substudy (Fig. 3). 7=5 to 6 per group. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase. (B) Relative cardiac SERCA2a mRNA and protein expression in 4-month-
old C57BL/6 infected with Ad.GFP (black) versus Ad.activin A (pink red). Quartiles based
on plasma activin A concentrations (nanograms per milliliter) at 96 hours. 7= 4 per group.
(C) Adult CMs isolated from mice infected with Ad.GFP (n7= 3; black) versus Ad.activin A
(n="5; red). Representative images and Ca?* flux curves and quantification of Ca2* decay
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rate (from 25 to 75% diastole), peak Ca2*, contractility (FS), and relaxation rate (from 25 to
75% diastole). n=7 to 24 CM per mouse. Data are shown as average CM per mouse. (D)
Relative cardiac SERCA2a mRNA and protein expression in 4-month-old C57BL/6
subjected to TAC and treated with isotype (7= 7; black) versus CDD866 (1= 8; blue) for 1
week after FS of <45%. No surgery control (n=4; gray). (E) Relative cardiac SERCA2a
MRNA and protein expression in old (24 months) C57BL/6 treated with isotype (7= 4;
black) versus CDD866 (7= 4; purple) for 4 weeks. Untreated young control (4 months; n=
4; gray). Data are shown as means + SEM. *P< 0.05, **F< 0.01, ***£< 0.001 by
Student’s ttest (A and C) and one-way ANOVA with post hoc Tukey (B, D, and E).
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Fig. 8. Activin/ActRII signaling modulates proteasome-mediated SERCA2a degradation via E3
ligase Smurf1.

Representative immunoblot and quantification of relative SERCAZ2a protein content in
NRVMs incubated with (A) activin A (0 to 100 ng/ml), n= 2 to 3 per group (repeated three
times)]; (B) activin A (0 ng/ml versus 100 ng/ml) and CDD866 (0 to 100 ug/ml), 7= 3 per
group; or (C) activin A (0 ng/ml versus 100 ng/ml) and MG132 (0 uM versus 10 uM), n=3
per group (repeated three times). (D) Proteasome activity in NRVM incubated with activin A
(0 to 100 ng/ml). n= 2 to 3 per group (repeated two times). Proteasome inhibitors, MG132,
and lactacystin were used as internal controls. (E) Top: Representative immunaoblot (1B) of
ubiquitinated (Ub) SERCAZ2a. Bottom: SERCAZ2a and vinculin immunoblots from same
lysates without immunoprecipitation (IP) . (F) Representative immunoblot and
guantification of relative SERCAZ2a protein in NRVMs incubated with activin A (0 ng/ml
versus 100 ng/ml) and Smurfl inhibitor A01 (0 uM versus 10 uM). n7= 3 per group (repeated
three times). All inhibitor experiments were performed with 6-hour pretreatment with
inhibitors (CDD866, MG132, or A01), followed by 18-hour activin A incubation. IP (E) was
done with a 1-hour activin A incubation. Data are shown as means + SEM and were
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calculated from average of replicate experiments. *P < 0.05, **P< 0.01, ***P< 0.001 by
one-way ANOVA with post hoc Tukey (A, B, C, and F) or Dunnett (D).
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