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Abstract

Percutaneous coronary intervention is first-line therapy for acute coronary syndromes (ACS) but
can promote cardiomyocyte death and cardiac dysfunction via reperfusion injury, a phenomenon
driven in large part by oxidative stress. Therapies to limit this progression have proven elusive,
with no major classes of new agents since the development of anti-platelets/anti-thrombotics. We
report that cardiac troponin I-interacting kinase (TNNI3K), a cardiomyocyte-specific kinase,
promotes ischemia/reperfusion injury, oxidative stress, and myocyte death. TNNI3K-mediated
injury occurs through increased mitochondrial superoxide production and impaired mitochondrial
function and is largely dependent on p38 mitogen-activated protein kinase (MAPK) activation. We
developed a series of small-molecule TNNI3K inhibitors that reduce mitochondrial-derived
superoxide generation, p38 activation, and infarct size when delivered at reperfusion to mimic
clinical intervention. TNNI3K inhibition also preserves cardiac function and limits chronic
adverse remodeling. Our findings demonstrate that TNNI3K modulates reperfusion injury in the
ischemic heart and is a tractable therapeutic target for ACS. Pharmacologic TNNI3K inhibition
would be cardiac-selective, preventing potential adverse effects of systemic kinase inhibition.

INTRODUCTION

Overall patient prognosis and long-term survival after acute myocardial infarction (Ml)
largely depend on the extent of cardiomyocyte death during the primary ischemic event.
Initial cardiomyocyte loss from ischemia is a critical phase of MI, which subsequently can
contribute to arrhythmogenesis, adverse remodeling, and contractile dysfunction. For this
reason, prompt restoration of coronary blood flow through percutaneous coronary
intervention (PCI) is vital in preserving viable myocardium, and it remains a mainstay of
care for patients with acute MI. However, PCI can also heighten loss of cardiomyocytes via
a multifaceted process collectively termed “reperfusion injury” (1, 2). Upon coronary
intervention, the rapid return of circulating oxygen and metabolites to compromised
myocardium can drive reactive oxygen species (ROS) generation, intracellular Ca*
overload, and up-regulation of proinflammatory molecules, ultimately triggering cell death
in viable myocytes spared during ischemia. Reperfusion injury—induced pathologies have
been purported to contribute markedly to post-MlI infarct size (2, 3). Thus, although PCI is
essential in limiting myocyte loss after MI, reperfusion injury is thought to diminish the
maximum potential benefit of this intervention.

Despite the long-standing paradox of reperfusion injury, the underlying mechanisms driving
cell death after ischemia remain undefined. Oxidative stress and mitochondrial dysfunction
are major effectors, particularly in cardiomyocytes (4, 5). However, therapies to reduce
oxidative stress and subsequent myocyte death during reperfusion of an acute MI have
proven elusive. Therefore, new molecular players in the cardiomyocyte response to
ischemia/reperfusion (I/R) injury and oxidative stress signaling must be identified. To this
end, we began exploring the role of cardiac troponin | (cTnl)—interacting kinase (TNNI3K),
also known as cardiac ankyrin repeat kinase (CARK). TNNI3K is a poorly understood
protein kinase that appears to only be expressed in the heart.
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TNNI3K was initially identified in fetal and adult human hearts but was undetectable in
other tissues (6). Human TNNI3K encodes an 835-amino acid polypeptide with 10 ankyrin
repeats, a central kinase domain, and a serine-rich C-terminal domain (6). TNNI3K
autophosphorylates in vitro (7), but the functional consequences of this are unknown. cTnl
was identified as a putative TNNI3K interaction partner from yeast two-hybrid screening,
but whether c¢Tnl is a direct biological target of TNNI3K is not known. Structural homology
suggests that TNNI3K is a MAP3K [mitogen-activated protein kinase (MAPK) kinase
kinase] superfamily member (6); however, no validated targets have been identified, and
pathways regulated by TNNI3K remain unclear.

Little is known about the role of TNNI3K in cardiac biology. TNNI3K overexpression was
reported to induce hypertrophy in neonatal rat ventricular myocytes (NRVMs) (8). Basal
Tnni3k expression varied with genetic strain in mice, and higher-expressing strains
progressed more rapidly to heart failure in the calsequestrin transgenic model of dilated
cardiomyopathy (9). Furthermore, TNNI3K overexpression in DBA/2J mice, which have low
endogenous levels, increased left ventricle (LV) dysfunction after pressure overload (9).
Most recently, TNNI3K was reported to induce LV remodeling in mice in a kinase-
dependent manner, but this was based solely on studies with considerable overexpression of
wild-type or kinase-dead TNNI3K (10). Thus, TNNI3K may worsen heart failure
progression in the setting of pressure overload, although this has yet to be confirmed with
loss-of-function studies. TNNI3K has also been reported to regulate physiological
hypertrophy, albeit also exclusively via overexpression approaches (11). The role of
TNNI3K in I/R is largely undefined. One study reported improved LV function after
injection of mouse embryonic carcinoma-derived (P19CL6) cells overexpressing Tnni3k into
the border zone of infarcted hearts (12). However, these studies revealed little about the true
biological roles of TNNI3K. Thus, much remains unknown about TNNI3K, and no studies
have directly examined its role in the ischemic heart in vivo or the potential for modulating
TNNI3K in human heart disease.

We used TNNI3K gain- and loss-of-function genetic mouse models, along with small-
molecule TNNI3K inhibitors we developed, to examine the role of TNNI3K in the
cardiomyocyte response to I/R injury. Inhibition of TNNI3K reduced infarct size, ROS
levels, and p38 activation after I/R when delivered during reperfusion in mice. TNNI3K
inhibition also limited chronic LV dysfunction and adverse remodeling in the mouse. The
cardiac-restricted expression of TNNI3K suggests that on-target toxicity in other organs,
which remains a major impediment to the clinical use of kinase inhibitors, would not occur
with TNNI3K inhibition. In sum, our preclinical studies support TNNI3K as a viable target
for acute coronary syndromes (ACS).

RESULTS

TNNI3K is a cardiomyocyte-specific protein kinase up-regulated in heart failure

To verify the cardiac-specific expression of TNNI3K, we used an mRNA panel from 64
nonpathological human tissues. TNNI3K was highly expressed in all heart chambers, more
so in the ventricles than in the atria, and was virtually undetectable in all other tissues except
the brain and testes (about 5% of that detected in heart) (Fig. 1A). We also measured
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TNNI3K protein levels across a panel of murine tissues. TNNI3K was enriched in
cardiomyocytes but was not detectable in cardiac fibroblasts, vascular endothelial cells, or
skeletal muscle (Fig. 1B). Thus, TNNI3K appeared to be exclusive to the cardiomyocyte.

We performed subcellular fractionation studies in NRVMs and detected TNNI3K
exclusively in the nuclear fraction (fig. S1A). Immunofluorescence staining showed
TNNI3K enrichment around nuclei in both adult rat myocytes (fig. S1B) and NRVMs (fig.
S1C). There was no colocalization with the actin-binding protein a-actinin basally or after
oxidative or p-adrenergic stress, suggesting that it does not interact with cTnl, at least at the
sarcomere. Finally, we measured TNNI3K levels in LV explants from ischemic
cardiomyopathy (ICM) patients undergoing heart transplant. TNNI3K was significantly
increased in hearts from ICM patients, versus nonfailing control hearts (Fig. 1C), suggesting
that TNNI3K may play a role in human ischemic heart disease.

TNNI3K increases infarct size, ROS generation, and cardiomyocyte death in the ischemic

heart

To characterize the role of TNNI3K in the ischemic heart in vivo, we generated cardiac-
specific transgenic (Tg) mice on the FVB/N background, expressing human TNNI3K or a
kinase-inactive (KI) TNNI3K point mutant, K490R (6). These mice showed a seven- to
eightfold increase in TNNI3K protein versus nontransgenic littermates (wild type) (Fig. 2A).
We saw no effects of either transgene on basal LV function, cardiac morphometry (fig. S2,
A and B), or contractile function (fig. S2, C and D).

We induced I/R in these mice via coronary artery occlusion/release (13) and assessed infarct
size after 24 hours. After I/R, infarcts were significantly larger in Tg-TNNI3K mice versus
wild-type littermates (Fig. 2B), whereas areas at risk (AARs) did not differ (Fig. 2C).
Further, Tg-TNNI3K mice had elevated plasma levels of cTnl, an indicator of
cardiomyocyte death (Fig. 2D). Conversely, Tg-KI TNNI3K mice had significantly smaller
infarcts than Tg-TNNI3K animals, as well as lower plasma cTnl levels, suggesting that
increased TNNI3K kinase activity is detrimental in the setting of acute I/R.

One particularly crucial element of reperfusion injury in the heart is the elevation of ROS
levels (4, 14, 15). Therefore, to assess the potential contribution of TNNI3K to post-I/R
ROS generation, we performed ex vivo molecular detection of superoxide using the redox-
sensitive compound dihydroethdium (DHE) (16). Hearts from Tg-TNNI3K mice showed
significantly elevated basal superoxide versus those from wild-type littermates, as indicated
by increased mean DHE intensity, as well as regions of punctate DHE staining, indicative of
nuclear labeling (Fig. 2E). In contrast, there was no increase in basal superoxide in hearts
from Tg-KI TNNI3K mice. Next, we examined post-1/R superoxide levels 30 min after
reperfusion, when ROS generation has been shown to peak (15, 17). Although I/R
significantly increased DHE intensity in all three groups, this effect was exacerbated in Tg-
TNNI3K mice, which had greater DHE staining after I/R versus wild-type or Tg-KI
TNNI3K animals (Fig. 2F). This suggests that TNNI3K promotes ROS generation in the
heart after I/R injury.
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TNNI3K induces mitochondria-derived ROS overproduction, mitochondrial dysfunction,
and bioenergetic impairment in cardiomyocytes

Mitochondria are a major source of ROS in the heart, and oxidative stress due to
mitochondrial dysfunction substantially contributes to reperfusion injury (18, 19). Given the
elevation in ROS seen in TNNI3K transgenic mice, we asked whether TNNI3K modulates
mitochondria-derived ROS (mROS) production. We overexpressed TNNI3K via adenoviral
gene delivery in cultured NRVMs, and after 24 hours, the cells were loaded with the
mitochondrial superoxide—sensitive indicator MitoSOX Red, and mROS were imaged by
confocal microscopy. TNNI3K overexpression significantly increased MitoSOX Red
oxidation in NRVMs, indicative of elevated superoxide production (Fig. 3A). Pretreatment
with diphenyleneiodonium, which inhibits NAD(P)H oxidase—dependent cytosolic ROS
production, did not alter this effect, whereas ectopic expression of mitochondrial superoxide
dismutase (MNnSOD/SOD2) abrogated the TNNI3K-induced overproduction of superoxide
(Fig. 3A). These data indicate that mitochondria are the source of elevated superoxide after
TNNI3K overexpression.

To assess whether TNNI3K-mediated mROS elevation alters mitochondrial function in
cardiomyocytes, we simultaneously measured mitochondrial Ca%* uptake and mitochondrial
membrane potential (Ayyy,) in permeabilized cardiomyocytes isolated from adult Tg-
TNNI3K mice or wild-type littermates. Tg-TNNI3K myocytes had decreased basal Ay,
versus wild type, as well as reduced calcium uptake into the mitochondria after sequential
pulses of Ca2* (Fig. 3B). When treated with the mitochondrial uncoupler carbonyl cyanide
3-chlorophenylhydrazone (CCCP), Tg-TNNI3K myocytes also showed a reduction in total
Ca?* release from mitochondria versus wild-type myocytes, consistent with decreased Ay,
and an inability to clear extracellular Ca2*. To confirm these findings in intact cells, we
quantified tetramethyl rhodamine ethyl ester (TMRE) uptake in NRVMs after TNNI3K
overexpression (Fig. 3C). Similar to our findings in permeabilized myocytes, cells
overexpressing TNNI3K had significantly reduced TMRE fluorescence, indicative of
reduced Ayp,.

Finally, we assessed the effect of TNNI3K on overall cellular bioenergetics by measuring
oxygen consumption rate in NRVMs infected with TNNI3K adenovirus or a control green
fluorescent protein (GFP) adenovirus. After basal oxygen consumption rate measurement,
cells were sequentially challenged with an adenosine triphosphate (ATP) synthase inhibitor
(oligomycin), followed by an ionophore [carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP)] and, finally, electron transport chain inhibitors
(antimycin A + rotenone). Collectively, these agents reveal the mitochondrial response to
bioenergetic dysfunction owing to impaired ATP generation and Ay, disruption. TNNI3K
overexpression altered the overall energetic profile in NRVMs (Fig. 3D), characterized by a
significantly reduced basal oxygen consumption before challenge (Fig. 3E). Moreover,
maximal respiration rate upon treatment with the uncoupling agent FCCP was significantly
reduced in NRVMs overexpressing TNNI3K (Fig. 3F), suggesting that TNNI3K impairs
mitochondrial bioenergetics and the ability of the cardiomyocyte to respond to energetic
crisis. However, mitochondrial coupling efficiency upon oligomycin treatment was not
altered by TNNI3K overexpression (Fig. 3G), indicating that TNNI3K does not directly
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affect electron flow through the mitochondrial electron transport chain. Thus, TNNI3K
augmented mitochondrial dysfunction in rodent cardiomyocytes by increasing superoxide
levels, thereby reducing Ay, and impairing Ca2* uptake capacity and bioenergetic output.
In line with our ex vivo ROS detection studies, TNNI3K-dependent cardiomyocyte
dysfunction occurs, at least in part, through mROS overproduction and subsequent
mitochondrial impairment.

TNNI3K worsens ischemic injury and cardiomyocyte death via p38

Although structural homology suggests that TNNI3K is a MAP3K superfamily member (6),
the signaling pathways downstream of TNNI3K are unknown. Thus, we examined activation
of classical MAPK cascades in hearts from TNNI3K transgenic mice after I/R. TNNI3K but
not KI TNNI3K, overexpression significantly increased p38 activation specifically in the
ischemic LV, 3 hours after I/R (Fig. 4A). In contrast, no significant difference in
extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), or Akt
pathway activation was detected (fig. S3). TNNI3K overexpression alone was not sufficient
to induce p38 MAPK activation in vivo (fig. S4). Therefore, to determine if elevated p38
activation was truly due to TNNI3K activity, we infected NRVMs with myc-tagged TNNI3K
adenovirus at increasing multiplicity of infection (MOI) or a GFP vector control and
measured p38 phosphorylation. TNNI3K overexpression in NRVMs increased
phosphorylation of p38 in a dose-dependent fashion (Fig. 4B), whereas ERK, JNK, and Akt
activation were not observed (fig. S5), suggesting that TNNI3K specifically activates the
p38 pathway in cardiomyocytes.

p38 is an established regulator of ROS generation and cell death in the heart. Therefore, we
asked whether p38 inhibition suppresses the adverse effects of TNNI3K in the setting of I/R
injury. We treated Tg-TNNI3K mice and wild-type littermates with a single dose of
SB239063, a selective p38 inhibitor (20), and then subjected them to I/R. p38 inhibition
abrogated the increased injury seen in Tg-TNNI3K animals, normalizing post-I/R infarct
size to that of wild-type littermates (Fig. 4C). We also assessed the potential p38-mediated
contribution of TNNI3K to cardiomyocyte death in the setting of simulated I/R. NRVMs
overexpressing TNNI3K (at an MOI sufficient to activate p38; Fig. 4B) or GFP were
exposed to hypoxic conditions (1% O,) followed by reoxygenation (H/R). TNNI3K
overexpression was sufficient to increase cardiomyocyte death versus GFP under normoxic
conditions (Fig. 4D).

More striking, however, was the increase in post-H/R cell death with TNNI3K versus GFP
(Fig. 4D). This effect was abolished by pretreatment with a ROS scavenger, suggesting that
TNNI3K mediated cardiomyocyte death, in part, via ROS overproduction. Moreover,
pretreatment with either of the two p38 inhibitors, each with different mechanisms of
inhibition [SB239063 (21) or VX-702 (22)], blocked the effect of TNNI3K overexpression
on cell death after H/R (Fig. 4D). Knockdown of p38a, but not p38p, blunted the TNNI3K-
induced increase in myocyte death, implicating p38a as the predominant isoform activated
downstream of TNNI3K (fig. S6).
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Deletion of Tnni3k reduces infarct size, cardiomyocyte death, and p38 activation after I/R

Given the phenotype we observed with TNNI3K overexpression, we asked whether
TNNI3K inhibition was protective in the setting of I/R. We first generated inducible Tnni3k
knockout mice (Tnni3k-KO) via the a-MHC-Mer-Cre-Mer (MCM) system, which provided
cardiomyocyte-restricted, tamoxifen-mediated deletion. We used C57BL/6 mice to study the
effects of Tnni3k deletion in a background with moderately higher endogenous expression
versus the strain used in the TNNI3K transgenics (9). TNNI3K protein in the LV was
reduced by more than 90% in Tnni3k-KO mice compared with wild-type Tnni3k-floxed (fl/
fl), MCM-negative (Tnni3k-competent) controls (Fig. 5A). Tamoxifen can induce
cardiotoxicity in the Mer-Cre-Mer mouse (23), but we did not observe an effect on LV
function or chamber dimensions with our protocol (table S1).

Tnni3k-KO and wild-type littermates were subjected to I/R as above. After 24 hours,
Tnni3k-KO animals had significantly smaller infarcts (Fig. 5, B and C), yet AAR did not
differ versus wild type (Fig. 5D). Tnni3k-KO animals also showed markedly reduced plasma
levels of three injury biomarkers after I/R: cTnl, cardiac troponin T, and myosin light chain
(Fig. 5E). Moreover, p38 activation was significantly reduced in Tnni3k-KO animals,
whereas ERK1/2, JNK, and Akt activation were all unaltered (Fig. 5F), suggesting that the
protection in these mice was due in part to reduced p38 activation. In contrast, Thni3k-KO
mice showed comparable LV dysfunction, hypertrophy, and adverse remodeling in a
permanent occlusion model of MI without reperfusion (fig. S8). Thus, TNNI3K may
specifically regulate the cardiomyocyte response to reperfusion injury.

TNNI3K inhibitors reduce superoxide production, p38 activation, and infarct size after I/R

TNNI3K loss of function appeared to be beneficial in the mouse heart after I/R. To translate
this to the clinic, one would need to create inhibitors to deliver to patients. To this end, we
developed two active site—binding small-molecule TNNI3K inhibitors: GSK329 and
GSK854 (Fig. 6A). These inhibitors were highly potent and moderately selective (table S2).
GSK329 does inhibit other kinases, including p38a [albeit to a limited extent (table S2)], but
GSK854 has a unique selectivity profile versus GSK329 and no p38a-directed inhibition.

We asked whether TNNI3K inhibition confers any benefit when delivered after ischemia, at
reperfusion, as a model of pharmacological intervention concomitant with PCI. Wild-type
C57BL/6 mice were subjected to 30 min of ischemia and administered GSK329 or GSK854
via intraperitoneal injection at the time of reperfusion. TNNI3K inhibition significantly
reduced infarct size versus vehicle control after I/R (Fig. 6, B and C), with no effect on AAR
(Fig. 6D). Superoxide production in the ischemic LV 30 min after reperfusion was also
blunted by TNNI3K inhibition (Fig. 6E). In the ischemic LV of GSK854-treated mice, there
was a significant reduction in p38 phosphorylation with TNNI3K inhibition during
reperfusion (Fig. 6F).

Finally, to directly assess the effects of TNNI3K inhibition on cellular stress and injury, we
subjected isolated adult wild-type C57BL/6 mouse cardiomyocytes to H/R in the presence or
absence of GSK854, and assessed Ay, maintenance. Thirty minutes after H/R, Ay, was
significantly decreased in vehicle-treated myocytes, indicative of mitochondrial dysfunction
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(Fig. 6G). Pretreatment with GSK854 before hypoxia blunted post-H/R Ay, impairment.
Moreover, GSK854 also preserved Ay, after H/R when delivered during reoxygenation
(Fig. 6H). In contrast, mitochondrial Ca2* handling in the setting of H/R was not affected by
TNNI3K inhibition after Ay, dissipation by CCCP, as indicated by equivalent total Ca2*
content levels (Fig. 61).

TNNI3K inhibition seems to reduce mitochondrial dysfunction in isolated rodent
cardiomyocytes exposed to simulated I/R, suggesting that the beneficial effects of in vivo
TNNI3K inhibition are, at least in part, cardiomyocyte-autonomous. Of note, GSK854 also
rescued the ROS elevation seen with TNNI3K overexpression in NRVMs (fig. S7), but did
not alter ROS levels after treatment with antimycin A and ionomycin, which disrupt
mitochondrial electron transport and lead to ROS production. Thus, GSK854 does not act as
a non-specific ROS scavenger in cardiomyocytes.

TNNI3K inhibition reduces chronic LV dysfunction, progressive remodeling, and fibrosis in
an ACS model

Although our TNNI3K inhibitors lessened infarct size and reduced ROS when delivered at
reperfusion, we wanted to determine whether they could also confer long-term functional
benefits after a more severe ischemic insult. Wild-type C57BL/6 mice were subjected to I/R,
with an extended ischemic time of 40 min, to produce a reperfused myocardial infarction
(MI/R). We intraperitoneally administered GSK854 immediately at reperfusion and again 6
hours after reperfusion. Animals were then given ad libitum access to chow containing
GSK854 and followed for 6 weeks. Gross histological analysis of heart sections revealed a
marked reduction in overall cardiac pathology with TNNI3K inhibition (Fig. 7A). Moreover,
TNNI3K inhibition significantly ameliorated the decline in LV ejection fraction (%EF) seen
at 2 weeks after MI/R (Fig. 7B). This functional benefit was maintained at 4 weeks after
MI/R, as indicated by higher %EF (Fig. 7B) and smaller LV end-systolic dimension (Fig.
7C) versus vehicle-treated mice. Further, TNNI3K inhibition protected against adverse
ventricular remodeling, as evidenced by a significantly smaller LV end-diastolic dimension
at 4 weeks (Fig. 7D).

At 6 weeks after MI/R, heart failure progression was reduced by treatment with GSK854, as
indicated by a marked decrease in plasma atrial naturetic peptide precursor (pro-ANP) levels
compared with vehicle-treated animals (Fig. 7E). The increase in heart weight/body weight
ratio after MI/R was slightly attenuated in inhibitor-treated animals (Fig. 7F, P value was
not significant by one-way ANOVA). This suggests that TNNI3K inhibition might reduce
pathological hypertrophy in this setting. Therefore, we also measured the cardiomyocyte
cross-sectional area—a more sensitive measure of hypertrophy—and found significantly
smaller myocytes in inhibitor-treated mice versus vehicle-treated mice after MI/R (Fig. 7G),
confirming reduced cellular hypertrophy, which may account for the attenuation in heart
weight/body weight ratio. Cardiac fibrosis at 6 weeks after MI/R was also reduced with
TNNI3K inhibition (Fig. 7H).
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DISCUSSION

Herein we report that TNNI3K, a cardiomyocyte-specific kinase, is a promoter of mROS
production and p38 MAPK activation, which worsens I/R injury in the heart when
overexpressed in mice. Cardiac-specific deletion or pharmacological inhibition of TNNI3K
decreased ROS generation and p38 activation, protecting the heart from reperfusion injury
and ultimately reducing infarct size and limiting adverse remodeling after M1 in mice. The
TNNI3K inhibitor described here could be delivered after ischemia, thus mimicking delivery
upon PCI in ACS patients. Effective pharmacological agents that can afford protection when
delivered after coronary reperfusion remain an unmet clinical need. Notably, previous trials
of several classes of agents, including anti-inflammatories, statins, and erythropoietin, have
failed to significantly improve long-term (or even short-term) clinical outcomes (1, 2). This
has led to considerable efforts to target specific mechanisms of reperfusion injury, such as
oxidative stress (24).

The potency of protection achieved through post-ischemia TNNI3K inhibition is consistent
with the mitochondrial (Fig. 3, B and C) and energetic (Fig. 3D) dysfunction we see with
increased TNNI3K activity. In particular, the increase in mROS via TNNI3K (Fig. 3A)
suggests that TNNI3K inhibition may be particularly effective in modulating oxidative stress
and ROS-mediated signaling underlying reperfusion injury. Thus, TNNI3K inhibition could
represent a therapeutic strategy for ACS that directly targets cardiomyocyte death after
reperfusion.

Deletion of TNNI3K reduced injury and myocyte loss after I/R in rodents, but we observed
no protection in a permanent occlusion MI model. Although this finding seems contradictory
to the acute protective effect of TNNI3K inhibition, numerous studies suggest that ROS-
mediated mechanisms of injury act predominantly in acute I/R, and less so in chronic
remodeling after permanent occlusion MI. Indeed, multiple models have shown large ROS
induction upon reperfusion, whereas ischemia itself is characterized by relatively minor
ROS elevation (4, 14). Our studies suggest that the downstream signaling and subsequent
regulation of cell death by TNNI3K are particularly responsive to ROS. Further, our
findings reveal that the intracellular mechanisms underlying TNNI3K-mediated
cardiomyocyte cell death are at least partly through mitochondrial dysfunction. Our data also
suggest that the actions of TNNI3K may be specific to the reperfusion phase of I/R, making
TNNI3K inhibition a distinct therapeutic complement to potentially diminish lethal
reperfusion injury during PCI.

When delivered before hypoxia or during reoxygenation, a TNNI3K inhibitor preserved
mitochondrial membrane potential in cardiomyocytes after H/R. This appeared to occur
independently of mitochondrial Ca?* handling, as there was an elevation in total Ca2*
content after H/R, which was unaffected by TNNI3K inhibition. In contrast, basal
mitochondrial Ca2* uptake was impaired in TNNI3K transgenic mouse myocytes, albeit in
the setting of a highly compromised Ay, consistent with mitochondrial ROS elevation.
Thus, TNNI3K may play a role in controlling mROS generation independent of
mitochondrial Ca2* handling, but further studies will be necessary to distinguish ROS-
mediated versus ROS-independent functional effects of TNNI3K on mitochondria.
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We have also identified p38 MAPK as a key downstream effector of TNNI3K. Although
TNNI3K inhibition lessened I/R injury partly by suppressing p38, the magnitude of
protection was proportionately larger than the degree of p38 inhibition observed with
TNNI3K deletion or inhibition. TNNI3K likely has additional downstream targets that we
did not investigate here, inhibition of which contributes to reduced ischemic injury and
remodeling. Although the role of p38 in the ischemic heart remains controversial (25), many
studies of I/R have demonstrated the detrimental effects of p38 via increased cardiomyocyte
death. In particular, p38 is highly responsive to the ROS elevation seen in I/R (26, 27).
Correspondingly, p38 inhibitors are beneficial in numerous models (28, 29), but adverse on-
and off-target effects have hampered clinical translation. To address this, recent p38
inhibitor trials propose partial inhibition of the kinase (28), potentially limiting or even
precluding therapeutic benefits with more complete inhibition. p38 MAPKSs are ubiquitously
expressed and regulate numerous biological responses. In contrast, TNNI3K is
cardiomyocyte-specific, which is rare among protein kinases. Inhibiting TNNI3K could
therefore avoid potential adverse effects of systemic p38 inhibition. Moreover, TNNI3K
inhibitors might be suitable for patients with other conditions that include an oxidative
burden. In particular, TNNI3K inhibition might be particularly applicable to patients with
chronic ICM, whose recurrent ischemic episodes are followed by restoration of flow,
mimicking repeated bouts of I/R.

On the basis of our findings, we propose that TNNI3K represents a therapeutic target for
ACS. However, our studies were limited to rodent models of coronary occlusion, which use
a short ischemic time (30) and do not fully recapitulate the coronary anatomy,
pathophysiology, or co-morbidity in human disease. To fully assess potential clinical
translation, trials of TNNI3K inhibition in large animals, examining both short-term (infarct
size and cTnl release) and long-term (survival, LV function, and hemodynamics) outcomes,
are required. These studies will serve to determine whether TNNI3K inhibitors could have
therapeutic application in acute and/or chronic coronary disease.

MATERIALS AND METHODS
Study design

The objective of our study was to determine the role of TNNI3K in ischemic injury and
remodeling of the heart. We used gain- and loss-of-function genetic mouse models, along
with small-molecule TNNI3K inhibitors in vivo, and cultured murine myocytes as in vitro
models. We used the minimum number of animals required to perform sufficient statistical
analysis (typically n < 12 per group). Predefined endpoints were selected on the basis of the
pathogenesis of cardiac injury and remodeling in mice and were assessed by
echocardiography, plasma biomarker measurement, and histopathology. We measured the
effects of TNNI3K on mitochondrial function and oxidative stress in cells or tissues using
fluorescent indicators assessed by spectrophotometry and confocal microscopy. Modulation
of kinase signaling pathways was assessed via Western blotting of heart or cell lysates with
phospho-specific antibodies. Groups were randomly assigned for all treatments or surgical
procedures. Assessment of all outcomes was performed by an observer blinded to the
conditions of the experiment.
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Analysis of TNNI3K expression in human tissues

Human expression data, along with accompanying sample descriptions, were obtained from
Gene Logic (Ocimum Biosolutions Inc.) in 2006 and later organized by sample type. The
full Gene Logic database consists of about 10,000 samples over hundreds of tissue types and
can be obtained at http://www.ocimumbio.com. Only those samples having normal
pathology, as described by Gene Logic (http://www.ncbi.nlm.nih.gov/pubmed/17059591),
were analyzed in this study. Values for cardiac expression were determined from the left
atrium (n =191), LV (n =19), right atrium (n = 219), or right ventricle (n = 233) samples.
Expression data for each sample had been determined using mRNA amplification protocols
as recommended by Affymetrix Inc. and subsequent hybridization to the Affymetrix

U133 _plus2 chip. Data were subjected to reported quality control measures including
minimal 5'/3’ ratios for ACTB and GAPDH, as well as maximal scale factors as reported by
Affymetrix MAS 5.0. Expression data were normalized using MAS 5.0 with a target
intensity of 150.

Analysis of TNNI3K in human heart failure

Human left ventricular myocardium was obtained at the University of Pittsburgh from
subjects with end-stage heart failure undergoing heart transplant or from organ donors
whose hearts were unsuitable for donation owing to blood type, age, or size incompatibility.
Transplant recipients had heart failure secondary to ICM. The nonfailing hearts from the
organ donors demonstrated normal left ventricular function by echocardiography. Tissue
aliquots were removed from the left ventricular free wall, rapidly frozen in liquid nitrogen,
and stored at —70°C. The University of Pittsburgh Institutional Review Board approved the
study, and consent was obtained from all subjects.

Mouse model of I/R injury

Ischemia was induced in TNNI3K transgenic or KO mice, littermate controls, or wild-type
C57BL/6 mice (Jackson Laboratories) using left anterior descending (LAD) coronary artery
occlusion under 2 to 2.5% inhaled isoflurane anesthesia, as described previously (13). After
30 or 40 min of ischemia, as indicated, the occlusion was released and animals were allowed
to recover for the time indicated in each experiment. To determine the region at risk, 2%
Evans blue dye was injected into the LV and allowed to circulate uniformly just before
sacrifice. At the time of sacrifice, hearts were arrested in diastole by KCI cardioplegia
solution injection, excised, sliced into 2-mm-thick sections, and placed in 2% TTC for 30
min. Sections were digitally photographed, and infarct region and AAR were quantified with
SigmaScan Pro 5.0. All studies were conducted after review by the Institutional Animal
Care and Use Committees of Thomas Jefferson University (TJU), Temple University School
of Medicine (TUSM), and GlaxoSmithKline (GSK) and in accordance with the TJU, TUSM,
and GSK Policies on the Care, Welfare, and Treatment of Laboratory Animals.

Administration of TNNI3K inhibitors or SB239063 in vivo

The discovery and synthesis of the TNNI3K inhibitors GSK329 and GSK854 are described
in patent assay WO 2011/088027A1, available at: http://www.wipo.int/patentscope/
search/en/W02011088027. For intraperitoneal delivery of GSK329 or GSK854, the drug
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was prepared from powder in a commercial solution of 20% aqueous Cavitron
(hydroxypropyl-B-cyclodextrin) + 5% DMSO and administered at a final concentration of
2.75 mg/kg. This dose was based on PK/PD data for GSK854, roughly approximating the
100 mg/kg chow dosing in plasma level of inhibitor. To deliver GSK854 via chow, a small
amount of powdered chow (PicoLab Rodent Diet 20, #5053, LabDiet) was twice mixed with
the drug (powdered preparation) with a mortar and pestle. Contents of the mortar were
added to remaining diet in a plastic bag and mixed on a rotator for 15 min. Animals were
given ad libitum access to chow using glass feeder jars for the time(s) indicated. SB239063
was prepared from powder in a solution of Cremophor EL and administered at a dose of 15
mg/kg by oral gavage 1 hour before surgery.

Cell culture and analysis

Isolation of murine cardiomyocytes and calcium uptake, mitochondrial membrane potential
(Avyy), mitochondrial ROS, oxygen consumption rate, and cell death assays are described in
Supplementary Methods.

Hypoxia/reoxygenation of isolated cardiomyocytes

Adult cardiac myocytes or NRVMs were incubated in Krebs buffer supplemented with 5 uM
pyruvate and 50 uM sodium sulfite and placed in a cell culture incubator heated to 37°C and
held at 1% O, 5% CO5 for 30 min (adult myocyte experiments) or 2 hours (NRVM
experiments). Cells were then changed to fresh culture medium and incubated under
normoxic conditions at 37°C and 5% CO, for 30 min (adult myocytes) or 18 hours
(NRVMs).

Statistical analysis

Significance between two groups was performed where indicated by Student’s two-tailed t
test with GraphPad Prism 5.0.1. In all other cases, significance across more than two groups
was done in Prism with one-way ANOVA followed by Tukey’s post hoc test. P < 0.05 was
considered significant for all tests. Equal variance was assumed for all groups. All data are
displayed as means + SEM, unless otherwise noted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TNNI3K isexpressed in cardiomyocytes and isup-regulated in human heart failure
(A) TNNI3K transcript levels detected across a panel of primary non-pathological human

tissue samples. (B) TNNI3K protein level as assessed by Western blot in lysates from whole
heart, isolated myocytes, or fibroblasts of the LV; skeletal muscle; peripheral microvascular
endothelial cells (PMVECS); lung; or kidney from adult C57BL/6 mice. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) served as a loading control for total protein level. (C)

TNNI3K protein level as assessed by Western blot in LV explants from failing hearts of

ICM patients undergoing transplant, or nonfailing controls. Data are shown as individual
values with means (dashed lines) £ SEM (vertical bars) displayed. *P value determined by

Student’s two-tailed t test.
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Fig. 2. TNNI3K overexpression increases infarct size, myocyte loss, and ROS production in mice

after I/R

(A) TNNI3K protein level as measured by Western blot in LV lysates from Tg-TNNI3K or
KI point-mutant (K490R) TNNI3K mice. Control animals were nontransgenic littermates
[wild type (WT)]. GAPDH served as a loading control. (B) Infarct size 24 hours after I/R in
Tg-TNNI3K (n = 10) or Tg-KI TNNI3K mice (n = 10), measured as a percentage of LV
AAR. WT animals served as controls (n=9). (C and D) AAR, measured as a percentage of
total LV area (C), and plasma levels of cTnl (D) in the same groups as in (B), 24 hours after
I/R. (E and F) Cardiac superoxide levels as measured by DHE staining of LV tissue from
Tg-TNNI3K or Tg-KI TNNI3K mice after sham surgery (E) or 30 min after I/R (F).
Confocal micrographs, heat-mapped versions, and Z-stack—generated 2.5-dimensional
reconstructions from each condition are shown. Quantification is shown below
representative images (n = 3 to 5 animals per group, as indicated). *P < 0.05, **P < 0.01,
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. *P < 0.05

between post-I/R and sham conditions in each genotype.
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Fig. 3. TNNI3K increases mROS, impairs mitochondrial function, and decreases cellular
bioenergeticsin rodent cardiomyocytes

(A) Representative confocal micrographs from n = 3 biological replicates of NRVMs loaded
with MitoSOX Red. Cells were infected with Ad-TNNI3K or Ad-TNNI3K + Ad-SOD2 for
24 hours before imaging. NRVMs were challenged with diphenyleneiodonium (DPI) or
antimycin A + ionomycin. Quantification of fold change in fluorescence is shown. (B)
Representative mitochondrial membrane potential (Ayy,) and CaZ* uptake traces in freshly
isolated, permeabilized cardiomyocytes from WT and Tg-TNNI3K mice (n = 3 animals per
group). Quantified changes in Ay, and bath [Ca2*] due to mitochondrial Ca2* uptake, in
response to four pulses of Ca2*, are shown. (C) Representative confocal micrographs from n
= 3 biological replicates of intact NRVMs loaded with the Ay, indicator TMRE and imaged
by confocal microscopy. Heat-mapped (top) and fluorescence (bottom) images with or
without TNNI3K overexpression are shown. Arrowheads indicate cells with reduced TMRE
uptake. Quantification of fold change in TMRE fluorescence is shown. (D) Oxygen
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consumption rates (OCR) in intact NRVMs (n = 12 biological replicates per group), 24
hours after infection with Ad-TNNI3K or Ad-GFP (control). Cells were sequentially
stimulated with oligomycin, FCCP, and antimycin A + rotenone. (E to G) Quantification of
basal OCR before stimulation (E), maximal OCR after FCCP (F), and coupling efficiency
(G) from the experiment described in (D). For all graphs, data are shown as means + SEM.
*P < 0.05, **P < 0.01, ***P < 0.001 as determined by two-tailed t test (B) or one-way
ANOVA followed by Tukey’s post hoc test (A and C to G).
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Fig. 4. TNNI3K promotes /R injury and cardiomyocyte death through increased p38 MAPK
activation

(A) Levels of phosphorylated and total p38 MAPK in lysates from the ischemic LV of Tg-
TNNI3K or Tg-KI TNNI3K mice, 3 hours after I/R. GAPDH served as a loading control for
total protein. Quantification from n =5 animals per group is shown. (B) Levels of
phosphorylated and total p38 MAPK in lysates from NRVMs infected with increasing MOI
of adenoviruses expressing either N-terminal myc-tagged TNNI3K or GFP. Levels of myc
epitope served as an indicator of TNNI3K overexpression, and GAPDH was a loading
control. Quantification from n = 3 biological replicates is shown below the immunoblots.
(C) Infarct sizes 24 hours after I/R in Tg-TNNI3K or WT mice treated with the p38 inhibitor
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SB239063 1 hour before I/R. (D) Representative confocal micrographs from n = 3 biological
replicates of intact NRVMs labeled with propidium iodide (PI) and annexin V, after H/R.
Cells were infected with Ad-TNNI3K or Ad-GFP control 24 hours before H/R. Cells were
treated with glutathione ester (GSH-E) or SB239063 or VX-702 1 hour before H/R. Scale
bars, 20 um. Quantification of cell death (as percent of PI*/annexin V* cells) is shown. For
all graphs, data are means £ SEM. *P < 0.05, ***P < 0.001 as determined by one-way
ANOVA followed by Tukey’s post hoc test.
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Fig. 5. Deletion of Tnni3k reducesinfarct size, cardiomyocyte loss, and p38 MAPK activation
after I/R

(A) TNNI3K protein levels in the LV of inducible cardiomyocyte-specific Tnni3k-KO mice
or Tnni3k-floxed (fl/fl), Mer-Cre-Mer—negative (MCM™") WT littermate controls, 5 days
after the final dose of tamoxifen. (B) Representative Evans blue- and triphenyltetrazolium
chloride (TTC)-stained LV sections from Tnni3k-KO mice or WT controls (n = 11 per
group). (C) Infarct sizes as a percentage of the AAR. (D) AAR per total LV. (E) Plasma
levels of cTnl, plasma troponin T (cTnT), and myosin light chain (MLC). (F) Representative
continuous immunoblots (n = 6 animals per group) for phosphorylation status of Akt,
ERK1/2, INK1/2, or p38 MAPK in the remote LV of Tnni3k-KO or WT mice. TNNI3K and
GAPDH are shown as controls. Quantification is shown on the right. All measurements in
(B) to (F) were made 24 hours after I/R. All data in (C) to (F) are means + SEM. *P < 0.05,
**p < 0.01, ***P < 0.001, two-tailed Student’s t test.
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Fig. 6. Small-molecule TNNI3K inhibitorsreduceinfarct size and protect the heart after I/R
WT C57BL/6 mice were treated at reperfusion with vehicle [20% aqueous Cavitron + 5%

dimethyl sulfoxide (DMSO)] or two small-molecule TNNI3K inhibitors. (A) Chemical
structures of small-molecule inhibitors. (B) Representative LV sections from n =7 animals
per group, 24 hours after I/R. Dashed lines demarcate infarcted tissue. (C and D) Infarct
sizes and AARs 24 hours after I/R. (E) Representative confocal micrographs fromn=5
animals per group of DHE-stained LV tissue. Quantification of superoxide levels (as fold
change in mean DHE intensity versus vehicle treatment at 30 min after 1/R) is shown below
the representative images. (F) Immunoblots for p38 MAPK phosphorylation status in
ischemic LV lysates 3 hours after I/R. GAPDH served as a loading control. Quantification is
shown below. (G) Mitochondrial membrane potential (Ayyy,) at baseline or in response to
four pulses of 10 pM Ca2* in WT C57BL/6 mouse myocytes subjected to hypoxia (1% O,)
for 2 hours, followed by reoxygenation for 30 min. Cells were treated with GSK854,
immediately before hypoxia (Pre) or upon reoxygenation (Post). (H and I) Quantification of
Ay, (H) and bath [Ca2*] after CCCP (1), in response to four pulses of 10 uM Ca2*, from n =
3 animals per group. All data are shown as means £ SEM. *P < 0.05, **P < 0.01 as
determined by two-tailed Student’s t test (F) or one-way ANOVA followed by Tukey’s post
hoc test (all others).
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Fig. 7. TNNI3K inhibition reduces chronic LV dysfunction and limits progressive remodeling
after MI/R

C57BL/6 mice were subjected to 40 min of LV ischemia. GSK854 (2.75 mg/kg
intraperitoneally) was administered at reperfusion and at 6 hours after reperfusion. Animals
were then placed on GSK854 (100 mg/kg; in chow) for 6 weeks. (A) Representative low-
magnification images from n = 3 (sham groups) or n =10 (MI/R groups) hearts stained with
Masson’s trichrome stain. Scale bar, 1 mm. (B) Ejection fraction (%EF) at 2 and 4 weeks
after MI/R, measured by two-dimensionally directed M-mode echocardiography. (C and D)
LV end-systolic dimension and LV end-diastolic dimension as measured by M-mode
echocardiography 4 weeks after MI/R. (E) Plasma pro-ANP levels assessed by enzyme-
linked immunosorbent assay in the various groups at 6 weeks after MI/R. (F) Heart weight/
body weight ratios at 6 weeks after MI/R. (G) Cardiomyocyte cross-sectional area (CSA) in
the above groups as measured from the LV of hematoxylin and eosin-stained sections. (H)
Quantification of fibrosis for the hearts shown in (A). All data are shown as means = SEM.
*P < 0.05, **P < 0.01, ***P < 0.001 as determined by one-way ANOVA followed by
Tukey’s post hoc test. NS, not significant.
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