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Abstract
Cardiac Troponin I-interacting kinase (TNNI3K) is a cardiac specific kinase whose biological
function remains largely unknown. We have recently shown that TNNI3K expression greatly
accelerates cardiac dysfunction in mouse models of cardiomyopathy, indicating an important role
in modulating disease progression. To further investigate TNNI3K kinase activity in vivo, we have
generated transgenic mice expressing both wild-type and kinase-dead versions of the human
TNNI3K protein. Importantly, we show that the increased TNNI3K kinase activity induces mouse
cardiac remodeling, and its kinase activity promotes accelerated disease progression in a left-
ventricular pressure overload model of mouse cardiomyopathy. Using an in vitro kinase assay and
proteomics analysis, we show that TNNI3K is a dual-function kinase with Tyr and Ser/Thr kinase
activity. TNNI3K expression induces a series of cellular and molecular changes, including a
reduction of sarcomere length and changes in titin isoform composition, which are indicative of
cardiac remodeling. Using antisera to TNNI3K, we show that TNNI3K protein is located at the
sarcomere Z disc. These combined data suggest that TNNI3K mediates cell signaling to modulate
cardiac response to stress.
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1. Introduction
Cardiac Troponin I-interacting kinase (TNNI3K) is a cardiac specific kinase [1]. It contains
three recognizable domains/motifs: ten copies of an N-terminal ankyrin repeat followed by a
protein kinase domain and a C-terminal Ser-rich domain. The overall domain structure of
TNNI3K is similar to integrin-linked kinase (ILK) that regulates signaling pathways
controlling cardiac growth, contractility and repair [2, 3]. To date, downstream targets of
TNNI3K have not been identified, and no connection between TNNI3K and other signaling
pathways has been established. A yeast two-hybrid screen with a C-terminal fragment of
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TNNI3K suggested interaction with several proteins, including cardiac Troponin I [1], the
latter leading to the name troponin I-interacting kinase. But these putative protein-protein
interactions have yet to be validated in the appropriate cellular context of mammalian
cardiomyocytes. Although TNNI3K has been proposed as a potential pharmaceutical target
of kinase inhibitors in the context of heart disease [4, 5], the role of the TNNI3K kinase
activity in vivo remains unknown.

We recently determined that expression of Tnni3k modulates the course of disease
progression in mouse cardiomyopathy models [6]. We found that levels of Tnni3k mRNA
and protein vary widely among inbred mouse stains. Robust levels of TNNI3K protein are
detected in C57BL/6J and other strains, but due to a mRNA splicing mutation, little or no
protein is made in DBA/2J or other strains that effectively represent naturally-occurring
Tnni3k-null mice [6]. In these healthy inbred mouse strains, neither extreme of Tnni3k
expression results in cardiomyopathy. However, in the context of the calsequestrin (Csq)
transgenic model of dilated cardiomyopathy, high expression of Tnni3k greatly accelerates
the disease course, leading to premature heart failure and death. Tnni3k expression also
accelerates disease progression in another mouse model of heart disease due to left
ventricular pressure overload induced by transverse aortic constriction (TAC) [6].

By contrast, in a murine model of cardiac ischemia, intramyocardial transplantation of
Tnni3k-overexpressing P19CL6 cells promotes cardiomyogenesis and improves cardiac
function [7]. Additionally, the Tnni3k locus has also been mapped as a quantitative trait
locus (QTL) for electrocardiographic parameters [8, 9] and for susceptibility to viral
myocarditis [8, 9]. Thus, expression of Tnni3k may be detrimental in certain pathological
conditions such as aberrant calcium regulation or pressure overload, but protective in other
cardiomyopathic disease contexts. TNNI3K expression was recently found to be 6-fold
higher in heart tissue from end-stage idiopathic dilated cardiomyopathy (DCM) patients as
compared to healthy controls [10]. Although protein levels and activity have yet to be
measured in human disease cohorts, these data are consistent with a potential role in
modulating disease progression and outcome in human heart disease.

Given the pivotal role of TNNI3K in multiple forms of cardiomyopathy, the characterization
of this protein is critical to a clear understanding of its in vivo function. Unfortunately, to
date, there are few studies on the biochemical properties of TNNI3K protein [1, 7, 11–13].
Some clues to its properties can be gleaned from its domain structure suggesting that
TNNI3K may be a dual-function kinase [1, 11]. However, TNNI3K’s closest relative in the
kinome, ILK, has been the subject of debate, and is thought by some to be a “pseudo” kinase
and serve primarily as an adapter protein [14]. Here, to further investigate TNNI3K kinase
activity in vivo, we have generated transgenic mice expressing both wild-type [6] and here,
kinase-dead versions of the human TNNI3K protein. Importantly, we show that the
increased TNNI3K kinase activity induces cardiac remodeling, and the kinase activity
promotes accelerated disease progression in a left-ventricular pressure overload model of
mouse cardiomyopathy. Using an in vitro kinase assay and proteomics analysis, we show
that TNNI3K is a dual-function kinase with Tyr and Ser/Thr kinase activity.
Phosphorylation of TNNI3K increases after pressure overload stress. We propose that
activated TNNI3K might induce cardiac remodeling by modulating sarcomere length and
titin isoform composition.

2. Material and methods
2.1. Animal care and handling

All mice were handled according to approved protocols and animal welfare regulations of
the Institutional Review Board at Duke University Medical Center. All inbred mouse strains
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used in the course of this study were obtained from Jackson Laboratory (Bar Harbor, ME).
Transgenic miceTNNI3Ktg and TNKDtg were created as previously described [6] and bred
and maintained on a DBA/2J genetic background that expresses almost no endogenous
Tnni3k [6].

2.2. Cloning of TNNI3K constructs, cell culture and transfection
A full-length 2.5 kb human TNNI3K cDNA was amplified from normal human heart RNA
following RT-PCR. Site-directed mutagenesis was used to change a single base in the
hTNNI3K cDNA construct. The mutation, an ‘a’ to ‘g’, changed the AAA Lysine codon to
an AGA Arginine codon at nucleotide position 1469/aa position 490. hTNNI3K cDNA was
cloned into pRK5 with a Flag tag at the amino terminus. FLAG-TNNI3K
5’:GGGAATTCATGGACTACAAGGACGAC GACGACCAA
GGAAATTATAAATCTAGACC; FLAG-TNNI3K 3’: GGGAATT CCGCCGAATGCT
GTCAGC. Human embryonic kidney HEK293T (293T) cells (ATCC, Manassas, VA) were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) containing 10% fetal
bovine serum at 37°C in 5% CO2. HL-1 cardiomyocytes were cultured in Claycomb
Medium (SAFC Laboratories, Lenexa, KS) supplemented with Fetal Bovine Serum at 10%,
2 mM L-Glutamine, 100mg/ml Penicillin/Streptomycin, and 100mM fungizone. Cells were
grown on 35 mm2 plates and transfected with 1µg plasmid DNA using FuGene reagent
(Roche, Indianapolis, IN) according to the manufacturer’s protocol.

2.3. Immunoblotting and gel electrophoresis
Whole heart protein lysates were prepared using flash-frozen heart tissue resuspended in
lysis buffer with protease and phosphatase inhibitors. Lysates were analyzed by SDS-PAGE
and western blotting was performed using standard methods. A polyclonal peptide antiserum
(Bethyl Laboratories, Montgomery, TX) was raised against a human C-terminal TNNI3K
peptide (FHSCRNSSSFEDSS). The antiserum was purified on a Protein A column
(GenScript, Piscataway, NJ). TNNI3K antiserum was used at a 1:1000 dilution in TBST
with 5% dry milk. Other primary antibodies were obtained from commercial sources; Mouse
anti-Flag M2 (1:1000, sigma); PY99 (1:500, Santa Cruz); mouse anti-phosphoserine PSR-45
(1:200, Sigma); mouse anti-phosphothreonine-HRP (1:100, abcam); mouse anti-alpha
tubulin (1:500, DSHB, U. of Iowa). Protein bands were visualized using secondary
antibodies conjugated to HRP (1:3000, BioRad) followed by incubation with Pierce
SuperSignal West Pico Chemiluminescant Substrate (Thermo Fisher Scientific, Rockford,
IL) and exposure to X-OMAT film (Kodak). For titin protein analysis, SDS–agarose
electrophoresis was performed as previously described [15]. Briefly, muscle samples were
solubilized in a urea and glycerol buffer and analyzed by vertical SDS–agarose
electrophoresis. The 1% agarose gels were run at 10 mA per gel for 4 hr. The gels were
stained with Silver stain plus kit (BioRad).

2.4. Immunoprecipitation and in vitro kinase assay
Cell lysates were incubated with antibodies overnight at 4 °C, then with protein A/G
conjugated agarose beads (30 µl, Santa Cruz) for 2 hours. The pellet was washed three times
with lysis buffer. For the in vitro kinase assay, the pellet was washed with kinase buffer,
then incubated in kinase buffer with 200µM ATP at 30°C for 30 min.

2.5. Creation of a TNNI3K kinase dead (TNKD) transgenic mouse
Two TNKD lines were generated in the identical manner as the previously-described wild-
type TNNI3K transgenic lines [6]. Briefly, the TNKD cDNA was cloned downstream of the
murine α-myosin heavy chain (αMHC) promoter. An artificial minx intron was inserted
upstream of the TNNI3K start codon. The construct was linearized and an 8 kb fragment
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containing the αMHC promoter, the TNKD cDNA, and an SV40 polyadenylation sequence
was purified and used for microinjection. B6SJLF1/J blastocysts were injected with the
linearized transgene and subsequently implanted into surrogate mice. The resulting founder
animals were genotyped for presence of the TNKD transgene using a 5’ primer in the
αMHC promoter and a 3’ primer in the TNKD transgene. Two robustly-expressing
transgenic lines were chosen for backcrossing to the DBA/2J mouse strain for 5 generations
before the lines were used in the experiments described here. SYBR green qRT-PCR
analysis of transgenic transcripts showed that levels of TNNI3K transgene expression in
both wild-type and kinase dead transgenic mice ranged from 5 to 20-fold higher than
endogenous murine Tnni3k measured in heart tissue from C57BL/6, a strain that expresses
robust levels of the endogenous murine transcript [6].

2.6. Trypsin digestion and phosphopeptide enrichment
Flag-TNNI3K and Flag-TNKD protein were immunoprecipitated from transfected 293T cell
lysates. Immunoprecipitated TNNI3K/TNKD protein was separated by SDS-PAGE. The
corresponding protein bands on the SDS-PAGE gel were excised, chopped into small pieces
and subjected to in-gel trypsin digestion. In brief, the gel pieces were destained by 25 mM
ammonium bicarbonate in 50% acetonitrile. The proteins in the gel were reduced by
dithiothreitol (DTT), alkylated by iodoacetamide (IAA), and then subjected to overnight
trypsin digestion. Extracted peptides were lyophilized and resuspended in 150 µL of
immobilized metal ion affinity chromatography (IMAC) wash/equilibration buffer (25mM
formic acid, 40% acetonitrile). 25 µL of a 1:1 slurry of precharged IMAC resin [Fe(III)-
loaded IMAC slurry; Phos-Select iron affinity gel] (Sigma-Aldrich) were added to the
resuspended peptide sample [16, 17]. The IMAC resin was prewashed three times in 1mL of
wash/equilibration buffer. Samples were agitated for 90 min at room temperature and
washed three times with 150 µL of wash/equilibration buffer. Bound phosphopeptides were
eluted twice with 45 µL of 50 mM KH2PO4/NH3 (pH 10.0) and acidified with 45 µL of 5%
formic acid, 5% acetonitrile. The enriched phosphopeptides were resuspended in 40 µL of
5% formic acid and desalted on C18 resin, using handmade StageTips [18]. Peptides were
eluted with 5% formic acid, 50% acetonitrile, lyophilized with a speed-vac, reconstituted in
0.1% trifluoroacetic acid, 2% acetonitrile, 25 mM citrate, and subjected to LC-MS/MS
analysis.

2.7. LC/MS/MS analyses
LC/MS/MS analyses were performed on a Thermo Scientific LTQ Orbitrap XL (Thermo
Scientific) with a Finnigan Nanospray II electrospray ionization source. Enriched
phosphopeptides were injected onto a 75 µm × 150 mm BEH C18 column (particle size 1.7
µm, Waters) and separated using a Waters nano ACQUITY Ultra Performance LC™
(UPLC™) System (Waters, Milford, MA). The LTQ Orbitrap XL was operated in the data
dependent mode using the TOP10 strategy [19]. In brief, each scan cycle was initiated with a
full MS scan of high mass accuracy [375 –1,800 m/z; acquired in the Orbitrap XL at 6 × 104

resolution setting and automatic gain control (AGC) target of 106], which was followed by
MS/MS scans (AGC target 5,000; threshold 3,000) in the linear ion trap on the 10 most
abundant precursor ions. Selected ions were dynamically excluded for 30 s. Singly charged
ions were excluded from MS/MS analysis. MS/MS spectra were searched against a
composite database containing the human TNNI3K sequence using the SEQUEST
algorithm. Search parameters allowed for three missed tryptic cleavages, a mass tolerance of
± 80 ppm, a static modification of 57.02146 Daltons (carboxyamidomethylation) on
cysteine, and up to six total dynamic modifications: 79.96633 Dalton (phosphorylation) on
serine, threonine, and tyrosine, 15.99491 Dalton (oxidation) on methionine. Matches for
tryptic phosphopeptides were validated manually with special consideration of intense
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fragment ions formed through cleavage N-terminal to proline residues and neutral losses of
phosphoric acid.

2.8. Phosphorylation site localization
The probability of the assignment of the correct position for each phosphorylation site was
determined using an Ascore algorithm [20]. This algorithm considers all phosphoforms of a
peptide and uses the presence or absence of experimental fragment ions unique to each to
create an ambiguity score (Ascore). Parameters included a window size of 100-m/z units and
a fragment ion tolerance of +/− 0.6 m/z units. Sites with an Ascore ≥13 (P ≤ 0.05) were
considered to be confidently localized and those with an Ascore ≥19 (P ≤ 0.01) were
considered to be localized with near certainty. If the same peptide was detected multiple
times with the same site locations, the highest Ascore was selected for each site and
reported.

2.9. Mouse RNA isolation and qRT-PCR
Whole hearts were removed from age- and sex-matched animals. Total RNA was isolated
using TRIzol reagent (Invitrogen, Carlsbad, CA). cDNA was synthesized from 1µg total
RNA using iScript (BioRad) and used as the template for qRT-PCR. GAPDH was used as
the endogenous control. All amplifications were carried out in triplicate on an ABI Prism
7000 Real Time PCR system and analyzed with ABI software. All statistical analyses were
done using an unpaired, one-tailed T-test. Nppb 5’ primer
GAGGTCACTCCTATCCTCTGG; 3’ GCCATTTC CTCCGACTTTTCTC. Nppa 5’
GCTTCCAGGCCATATTGGAG; 3’ GGGGGCATGACCTCATCTT.

2.10. M-mode echocardiography
Transthoracic two-dimensional M-mode echocardiography was performed between 10 and
18 weeks of age in conscious mice using either a Vevo 770 echocardiograph (Visual Sonics,
Toronto, Canada) or an HDI 5000 echocardiograph with a 15-MHz frequency probe
(Phillips Electronics, Bothell, WA) as previously described [21]. Measurements of cardiac
function included heart rate, posterior and septal wall thickness, left-ventricular end diastolic
diameter (LVEDD) and left-ventricular end systolic diameter (LVESD). Fractional
shortening (FS) was calculated with the formula: FS= (LVEDD-LVESD)/LVEDD, as
previously described [22].

2.11. Transverse aortic constriction
Mice were anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (2.5 mg/kg),
and transverse aortic constriction (TAC) was performed as originally described[23]. TAC
was performed on animals at 10 weeks of age. The mice were analyzed by echocardiography
(as described above) just prior to surgery and at 4 and 8 weeks following surgery.

2.12. Histology and transmission electron microscopy
Hearts were perfused with 300 µl of 6.7% KCl and then fixed in 10% neutral buffered
formalin, dehydrated in 75%, 90% and 100% ethanol, and embedded in paraffin. Sections
were cut at 5 mm thickness and then stained with Masson’s trichrome stain. The percentage
of fibrosis was quantified using the Frida image analysis software (http://
bui3.win.ad.jhu.edu/frida/). For transmission electron microscopy, hearts were fixed
overnight with 4% glutaraldehyde in 100 mM cacodylic acid (pH 7.4) at 4°C and post-fixed
with OsO4 in cacodylate buffer. They were then dehydrated in a graded series of ethanol
followed by propylene oxide, and embedded in PolyBed 812 resin (Polyscience,
Warrington, PA). Ultrathin sections were cut on a Reichert-Jung ultramicrotome (Leica,
Buffalo Grove, IL) and stained with uranyl acetate and lead citrate. Sections were examined
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in a Philips CM 12 transmission electron microscope (FEI, Hillsboro, OR). Images were
collected digitally on an AMT XR100-2Vu camera (Advanced Microscopy Techniques,
Woburn, MA).

2.13. Immunocytochemistry
Hearts were dissected and fixed overnight in 4% PFA-PBS. Antisera used included Rabbit
anti-human TNNI3K (1: 50); Mouse anti-desmin (1:50, clone D33, DAKO); Mouse anti-
myosin (1:50, DSHB, U. of Iowa). These were added to the blocking solution and were
incubated by rocking at 4°C overnight. Samples were rinsed three times for 30 min in PBT
(PBS and 0.1% Triton X-100) with 5% BSA and 0.1% heat-inactivated goat serum, and
incubated overnight at 4 °C in blocking solution with Alexa Fluor 594 phalloidin, Alexa
Fluor 488 and 594 secondary antibodies (1:500; Invitrogen). Samples were washed three
times for 30 min in PBT then mounted in ProLong Gold antifade reagent with DAPI
(Invitrogen) and imaged on a Zeiss LSM420 confocal microscope.

3. Results
3.1. TNNI3K kinase activity induces cardiac remodeling

We had previously generated transgenic mouse lines, TNNI3Ktg, expressing wild-type
human TNNI3K from a cardiac-specific promoter [6]. To further investigate the role of
TNNI3K kinase function in vivo, we have generated similar transgenic mouse lines
expressing the kinase-dead version of the human TNNI3K, TNKDtg, which has one residue
change at the canonical ATP binding site (490, Lys>Arg) [11]. As determined by
quantitation of protein immunoblots of heart lysates over multiple generations (n>10) of
each lineage, there is no significant difference in protein expression levels between the
TNNI3Ktg and TNKDtg lines (FigureS1, p=0.46). Each of the TNNI3Ktg and TNKDtg

transgenes have been introgressed into the DBA/2J inbred strain background that shows no
detectable murine TNNI3K protein [6]. Thus, TNNI3K protein in these lines derives solely
from the exogenous human transgene.

To study the in vivo effect of increased TNNI3K kinase activity, we examined the hearts
from TNNI3Ktg, TNKDtg and DBA mice under normal physiological conditions, without
any cardiac stress. We first measured the heart-to-body weight ratio of mice for all three
strains. As we previously reported [6], we have not observed significant phenotypic
differences between male and female mice. However, the measurements shown here were
carried out on male mice at 2 months of age. The relative cardiac mass is significantly
higher in the adult TNNI3Ktg mice compared to DBA and TNKDtg mice (Figure 1A,
P<0.0001), although all the animals exhibit a similar body weight (Figure 1B, P>0.8). As
seen in Figure 1C and D, cardiomyocytes from the TNNI3Ktg mice are significantly
enlarged compared with that of the TNKDtg and DBA/2J mice (p<0.001). Cardiac function
measured by echocardiography shows slight, but not statistically significant, decline in adult
TNNI3Ktg mice (Figure 1E). Although transgene expression can vary among individual
mice, the heart-to-body weight ratio is not significantly different between mice with low and
high levels of the transgene expression (Figure S1). Instead, the differences in the resulting
cardiac phenotypes correlate with genotype of the transgene (wild-type or kinase-dead).

Consistent with the heart-to-body weight ratio, the gross morphology of whole hearts of
adult TNNI3Ktg mice shows an increase in size relative to hearts from DBA and TNKDtg

mice (Figure 2). In humans under persistent cardiac stress, cardiac hypertrophy frequently
progresses to ventricular dilatation. Similarly, adult TNNI3Ktg mice show a slight dilatation
of the ventricular chambers (Figure 2). One of the hallmarks of heart failure is fibrosis of the
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ventricular wall. As revealed by Masson Trichrome staining, the hearts of TNNI3Ktg mice
contained more deposits of collagen than the other two strains (Figure 2, P<0.001).

Interestingly, TNKDtg mice also show a relative cardiac mass increase and slightly increased
fibrosis compared to DBA/2J mice (Figure 1A–D, P<0.0001, and Figure 2), suggesting that
other domains of TNNI3K, such as the ankyrin repeats, might also play a role in cardiac
remodeling.

3.2. TNNI3K is an active dual-function kinase
Based on a homology search against the mammalian “kinome” database, the sequence of the
TNNI3K kinase domain places this novel kinase in the MAPKKK family [1, 24]. This
suggests that like other family members, TNNI3K might be a dual-function kinase with both
Tyr and Ser/Thr kinase activities [1]. In the absence of a validated downstream target of
TNNI3K kinase activity, we investigated its kinase function using an in vitro kinase assay
based on the previously described autophosphorylation of TNNI3K [11]. In vitro, wild type
TNNI3K auto-phosphorylates at Tyr and also at Thr and Ser residues, indicating that it is a
dual-function kinase (Figure 3A). The kinase domain includes an invariant residue at the
canonical ATP binding site that allows the creation of a kinase-dead (490, Lys>Arg, TNKD)
version of the protein[11]. All kinase activities are abolished in this kinase-dead version of
human TNNI3K (Figure 3A).

Paralleling the in vitro data, heart lysates from adult TNNI3Ktg mice demonstrate increased
TNNI3K phosphorylation at Tyr residues when compared to the non-transgenic DBA/2J
strain, suggesting that autophosphorylation also occurs in vivo. This interpretation is
supported by lower TNNI3K phosphorylation at Tyr residues in the TNKDtg mice (Figure
3B).

To further identify autophosphorylation sites of TNNI3K, we analyzed in vitro
phosphorylated TNNI3K protein by mass spectrometry. Flag-TNNI3K and Flag-TNKD
protein were immunoprecipitated from transfected 293T cell lysates followed by the in vitro
kinase assay. After Trypsin digestion, extracted peptides from both proteins were analyzed
by Liquid chromatography–tandem mass spectrometry (LC/MS/MS). In the Flag-TNNI3K
sample, multiple phosphorylated peptides were identified. The phosphorylated residues
(Y24, T399, Y416, Y425, T622, S737, S739, S741, Y771, Y804, T805, Y812) are enriched
in the ankyrin repeats and Ser-rich tail domain (Table 1, Figure S2), which are predicted to
be involved in protein-protein interaction and kinase activity. These sites may be the targets
of other kinases/phosphatases and/or involved in binding with other proteins (Table S2). By
contrast, in the Flag-TNKD protein sample, only three phosphorylated peptides were
identified (S427, S430, S737). Phosphorylated residues that are only detected in the wild
type TNNI3K protein are potential autophosphorylation sites.

3.3. TNNI3K overexpression induces a series of molecular and cellular changes in the
cardiomyocyte that leads to cardiac remodeling

We next sought to determine whether increased TNNI3K kinase activity induces cardiac
remodeling by modulating one of the known cardiac intracellular signaling pathways. We
first examined expression of two prototypical markers of hypertrophy, Nppa (which encodes
atrial natriuretic factor - ANF) and Nppb (which encodes brain natriuretic peptide - BNP).
Consistent with the hypertrophic phenotype, ANF and BNP are both elevated only in the
TNNI3Ktg line (Figure 3C,D). In the heart, p38, ERKs and AKT are important effectors
transducing cardiac remodeling signals [25]. We analyzed the phosphorylation status of p38,
ERK 1/2 and AKT from heart lysates of TNNI3Ktg, TNKDtg and DBA mice (Figure 3E).
However, the phosphorylation states of these three effectors did not show significant
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changes in hearts from TNNI3Ktg mice compared to the other two strains (p>0.1),
suggesting that TNNI3K may not directly regulate these effectors.

We further examined the ultrastructure of cardiomyocytes using electron microscopy to
determine whether overexpressed TNNI3K protein would interrupt the structure of the
contractile unit. No gross sarcomeric defect was observed in the hearts of any of the three
strains (Figure 4A), suggesting that neither the protein, nor its kinase activity is required for
the integrity of the sarcomeric structure. However, the resting sarcomere length is
significantly reduced in TNNI3Ktg compared to TNKDtg and DBA/2J mice (p<0.0001).
Reduced sarcomere length has been observed in other mouse models of cardiomyopathy [26,
27].

In light of the above, we examined the expression pattern of the protein isoforms of titin in
the context of TNNI3K genotypes. Titin functions as a molecular spring that develops
passive force in sarcomeres during mechanical stretch [28]. Two main isoforms are co-
expressed in the adult heart, the N2B isoform that is stiff (3.0 MDa) and the larger N2BA
isoform that is more compliant (3.4 MDa). Changes in titin stiffness occur during heart
disease via a shift in the expression ratio of the two main titin isoforms [29–32]. We found a
trend towards an increase of the N2BA ratio in TNNI3Ktg and TNKDtg mice when
compared to DBA/2J mice, although the difference was not statistically significant (Figure
4B, p=0.09 and 0.15 respectively). This shift is consistent with results from human
cardiomyopathy patients and the pressure overload mouse cardiomyopathy model [29–31].

3.4. TNNI3K localizes to the sarcomeric Z disc independent of its kinase activity
To determine the intracellular localization of TNNI3K in cardiomyocytes from heart tissue,
we performed immunostaining on cryosections of TNNI3Ktg adult mouse hearts using
antibodies against human C-terminal TNNI3K and markers for the various sarcomeric
components (Figure 5A). TNNI3K shows a reciprocal (out-of-register) staining pattern with
myosin that forms the sarcomere thick filaments, is centrally distributed along the actin thin
filaments, and nearly perfectly overlaps with desmin, the intermediate filament protein
surrounding the Z disc [33]. In cross-section, TNNI3K localizes inside the desmin ring
structures. Endogenous mouse TNNI3K exhibits the same striated expression pattern in
C57BL/6J mouse heart tissue; a pattern not seen in hearts from strain DBA/2J that express
no TNNI3K protein [6] (Figure S3). Using TNKDtg mouse hearts, we found that the kinase-
dead protein shows an identical staining pattern to the wild-type transgene (Figure 5B),
suggesting that the kinase activity of TNNI3K is not required for its Z disc localization. The
striated staining pattern in cardiac muscle tissue suggested to us that TNNI3K might also be
present in striated skeletal muscle, but this was not the case (Figure S3), consistent with
previous reports that the protein is cardiac specific [1].

In order to further investigate the cellular location of TNNI3K, we co-expressed flag-tagged
TNNI3K and HA-tagged myotilin (a component of the sarcomere Z disc) in either COS7
cells or HL-1 cells, the latter a cardiac muscle cell line. Using antisera to the epitope tags for
visualization, both proteins co-localized in the cells with a filamentous (COS7) or striated
(HL-1) staining pattern (Figure 5C). These data obtained with epitope-tagged protein in cell
culture are consistent with our data obtained with TNNI3K-specific antisera in mouse heart
tissue.

Peri-nuclear staining was seen in C57BL/6J mouse heart tissue (Figure S3), but not in
TNNI3Ktg transgenic mice using the antibody against human TNNI3K, or in transfected cell
lines using an anti-Flag anitibody (Figure 5C). This suggests that perinuclear staining may
represent non-specific background. We do not see any staining within the nucleus (Figure
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S3), which contrasts with a previous report [1]. We conclude that TNNI3K is located at the
sarcomere Z disc of the cardiomyocyte.

3.5. TNNKI3K kinase activity is essential to accelerating mechanical stress-induced
cardiomyopathic disease progression

We had previously shown that transgenic expression of TNNI3K accelerates disease
progression in two different mouse models of cardiomyopathy [6]. To determine whether
TNNI3K kinase activity is important for this disease-accelerating effect, we compared the
effects of left-ventricular pressure overload on adult TNNI3Ktg and TNKDtg mice. We
employed surgical transthoracic aortic constriction (TAC) at 10 weeks of age to induce
pressure overload and monitored cardiac function by echocardiography prior to and at 4 and
8 weeks post surgery. As expected [34], cardiac function in all TAC animals declined 4 and
8 weeks post-surgery (Figure 6, S4, Table S1). However, in mice expressing wild-type
TNNI3K, left-ventricular dysfunction progressed more rapidly than non-transgenic controls
(p=0.012 at 4 weeks; p=0.006 at 8 weeks), while left-ventricular dysfunction in TNKDtg

mice mirrored that of the non-transgenic controls (p=0.597 at 4 weeks; p=0.402 at 8 weeks).
These results demonstrate that TNNI3K kinase activity is essential to the disease
accelerating properties of TNNI3K in biomechanical stress-induced cardiomyopathy.

Importantly, TAC-induced cardiomyopathy was associated with increased TNNI3K
phosphorylation levels of TNNI3Ktg mice compared to non-surgical controls or TNKDtg

mice (Figure 6D,E). This result indicates that the kinase activity of TNNI3K is elevated by
signals induced by mechanical stress, and that TNNI3K further accelerates the cardiac
dysfunction in this pressure overload model of disease.

4. Discussion
Although TNNI3K was first identified as a cardiac specific kinase in 2003 [1], and recent
data from mouse models of cardiomyopathy demonstrates a critical role in disease
progression [6], its biochemical characteristics and biological function remain largely
unknown. This study reveals the importance of the kinase activity of TNNI3K, and suggests
testable hypothesis concerning its function in vivo.

First, we have demonstrated that TNNI3K kinase activity induces cardiac remodeling under
normal physiological conditions, and accelerates disease progression in a left-ventricular
pressure overload model of mouse cardiomyopathy. We also showed that TNNI3K is a dual
function kinase both in vitro and in vivo. These data suggest that the kinase activity is
essential for TNNI3K function, but that in many cases, high level of kinase activity leads to
cardiac pathology. This further supports the potential of TNNI3K as a pharmaceutical target
of kinase inhibitors in heart disease.

Although the downstream target(s) of TNNI3K kinase activity remain to be identified, using
mass spectrometry, we have identified several potential autophosphorylation sites. Several
sites are located near the end of the ankyrin repeat domain. Phosphorylation in the ankyrin
repeat domain might interfere with protein-protein interaction [35]. Recent studies reveal
that cardiac proteins with ankyrin repeat domains, such as CARP and ILK [2, 36, 37], play
important roles in cardiac function through interaction with other proteins. Our TNKDtg

transgenic mice, which lack TNNI3K kinase activity, also show signs of cardiomyopathy,
though less severe compared to the TNNI3Ktg mice. These include an increase in cardiac
mass and a possible change in titin isoform composition, suggesting that TNNI3K’s ankyrin
repeat domain may likewise form a complex with other proteins to modulate sarcomere
function. Several other sites are clustered in the C-terminal Serine-rich tail of the protein. In
other kinases, C-terminal Ser-rich tails are negative regulatory domains [38]. In support of a
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similar role for this domain in TNNI3K, deletion of the Ser-rich tail of TNNI3K has been
shown to augment autophosphorylation in vitro [11]. Additionally, one potential
autophosphorylation site (T622) is located in a region that by sequence conservation would
be predicted to be located within the activation loop [39]. By analogy with other kinases,
phosphorylation at this site might also critically regulate TNNI3K kinase activity. The
identification of these putative autophosphorylation sites provides the molecular
groundwork for future studies on its biological role in normal heart function, and in
cardiomyopathy. We propose that TNNI3K kinase function may be activated by cardiac
stress signals via an upstream kinase/phosphatase. Additionally, TNNI3K auto-
phosphorylation activity in vivo suggests a feedback regulatory loop that might modulate its
function. The phosphorylation states of these sites might be altered under different
physiological conditions. Thus, TNNI3K activation may be critical to its role in regulating
downstream signaling pathways related to the stress response.

To date, the up-stream and down-stream signaling pathways of TNNI3K remain unknown.
TNNI3K shares an overall domain order and structure with ILK, and its kinase domain
belongs to the mitogen-activated protein kinase kinase kinase (MAPKKK) family [1]. In the
heart, MAPK pathways play critical roles in stress-induced cardiac remodeling [25].
Importantly, our data on overexpressed TNNI3K and TNKD transgenic mice suggests that
TNNI3K kinase activity might be involved in a hypertrophic response pathway. However,
activities of three important hypertrophic effecters, ERK, p38 and AKT, do not show
significant change with increased TNNI3K kinase activity in vivo, suggesting that the
hypertrophic program induced by TNNI3K overexpression does not rely heavily on these
effectors. Recently, Lai et al. have also shown that ERK phosphorylation is not significantly
changed, while p38 phosphorylation is slightly decreased in a P19CL6-derived
cardiomyocyte cell line with overexpression of TNNI3K [7].

In TNNI3Ktg mice, we observed a series of molecular and cellular changes that are related
to sarcomere dysfunction. Although the underlying mechanism remains unknown,
sarcomere length reduction has also been reported in two other cardiomyopathy transgenic
mouse models that express specific Troponin T or myosin heavy chain mutations originally
identified in patients [26, 27]. Interestingly, we observed an increase of the N2BA/N2B titin
isoform ratio in both TNKDtg and TNNI3Ktg cardiomyocytes, relative to DBA controls.
This shift is consistent with findings in human dilated cardiomyopathy and ischemic heart
disease patients as well as the TAC mouse model [29–31]. Increased expression of N2BA-
isoforms reduces the passive force of the sarcomere and depresses titin-based stiffness in
cardiomopathic hearts [29–31]. Altogether, these data suggest that TNNI3K induces cellular
and molecular changes in the cardiomyocyte that alter sarcomere function eventually leading
to cardiac remodeling and an acceleration of cardiac dysfunction under stress.

Since TNNI3K kinase activity accelerates disease progression in a left-ventricular pressure
overload model of mouse cardiomyopathy, TNNI3K may also respond to biomechanical
stretch signals. Such a role is consistent with our data showing that TNNI3K is localized at
the cardiac sarcomere Z disc, which not only anchors the actin thin filaments, but also
“senses” mechanical stretch [40]. LIM-domain protein MLP (muscle LIM protein), which is
anchored to the Z-disc, is thought to function as an internal stretch sensor through a complex
with telethonin and titin [40, 41]. Additionally, the integrin-interacting molecule melusin has
been implicated as a sensor of mechanical stress in cardiomyocytes [42]. Thus, TNNI3K
might phosphorylate components of this pathway to modulate and amplify the stress signals.

TNNI3K expression is increased six-fold over healthy controls in heart tissue from severe
idiopathic dilated cardiomyopathy patients [10], providing additional evidence that
increased TNNI3K kinase activity is associated with heart disease. This clinical data is
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consistent with its disease-accelerating properties in the murine models of cardiomyopathy,
where the naturally occurring null allele is the protective sequence variant, and the risk allele
is the variant that expresses robust levels of TNNI3K protein [6]. To date however, TNNI3K
mutations have not been reported in patients with heart disease. Extrapolating from the
murine and human data, loss-of-function mutations in the gene would be predicted to have
minimal or possibly no phenotypic consequences under normal physiological conditions.
Gain-of-function mutations, particularly those that increase or constitutively-activate
TNNI3K kinase function, would be predicted to induce cardiomyopathy or accelerate
disease progression. Idiopathic cardiomyopathy patients exhibiting a precipitous decline in
cardiac dysfunction might reveal such mutations. Additionally, TNNI3K activity might play
different roles in other disease contexts [8, 9], such as ischemic cardiac injury [7].

Despite the advent of significant therapeutic advances for cardiomyopathy in recent decades,
heart disease remains the leading cause of mortality in developed countries [43]. Thus, there
is a major unmet need for new therapies. We have previously shown that TNNI3K is
cardiac-specific kinase that modulates disease progression in different mouse models of
cardiomyopathy. Given that TNNI3K kinase activity is critical for its disease-accelerating
capacity in these murine models, further study of this protein in cardiomyopathy patients
may reveal its relevance to human heart disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

The increased TNNI3K kinase activity induces mouse cardiac remodeling;

Its kinase activity promotes accelerated disease progression in a model of mouse
cardiomyopathy;

TNNI3K is a dual-function kinase, and is located at the sarcomere Z disc.
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Figure 1. TNNI3K kinase activity induces an increase of cardiac mass
Heart weight and body weight of adult male DBA/2J (n=11), TNKDtg (n=11) and TNNI3Ktg

(n=11) mice were measured at 2 months of age. Heart weight to body weight ratio of
TNNI3Ktg mice is significantly higher than in the other strains (A, * p<0.0001), while body
weight is similar among the three strains (B, p=0.97). (C, D) Heart sections from TNNI3Ktg,
TNKDtg, and DBA/2J mice were stained with wheat germ agglutinin (C, red and counter
stained with DAPI (blue)) and the diameter of the myocytes was measured (D). The
diameter was significantly increased in the TNNI3Ktg mice. (n=60 measurements of 3 mice
from each genotype, * P <0.001) Each bar represents 50 µm. (E) Echocardiography was
performed for TNNI3Ktg mice (n=8), TNKDtg (n=7) and wild type littermate control male
mice (n=7) at 2 months of age. There was no significant difference in contractile function in
any of the lines, as shown by similar shortening (FS) among three groups (p=0.25 TNNI3Ktg

vs DBA; p=0.53, TNNI3Ktg vs TNKDtg). Each data point is shown as mean± SEM.
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Figure 2. TNNI3K kinase activity results in cardiac remodeling and increased fibrosis
(A) Upper row: Representative gross morphology of whole hearts (upper rows) of adult (age
2 months, male) wild-type DBA/2J, TNKDtg and TNNI3Ktg mice. Middle row: Masson
trichrome staining of transverse sections of left ventricular wall tissue of hearts from the
three strains. Bottom row: High magnification of the tissue reveals excess collagen (blue) in
the TNNI3Ktg mice. Each bar represents 2 mm in the upper two rows and 200 µm in the
bottom row of photographs. (B) The percentage of area exhibiting fibrosis in the left
ventricle is shown (* p<0.001).
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Figure 3. TNNI3K is a dual-function kinase, and cardiac remodeling resulting from TNNI3K
kinase activity is not mediated via the MAPK or AKT signaling pathways
(A) An in vitro kinase assay monitoring autophosphorylation of TNNI3K indicates that
TNNI3K is a dual-function (Tyr and Ser/Thr) kinase. Flag-tagged hTNNI3K or the flag-
tagged kinase-dead mutant of hTNNI3K (TNKD) was transfected into 293T cells. Cell
lysates were immunoprecipitated using an anti-Flag antibody and the lysate used in an in
vitro kinase assay. Wild type TNNI3K exhibited autophosphorylation at Tyr, Ser, and Thr
residues, as detected by the three distinct anti-phosphorylation antibodies. By contrast,
autophosphorylation of TNKD was barely detectable. (B) TNNI3K is phosphorylated in
vivo, and the kinase-dead mutation abolishes TNNI3K autophosphorylation at Tyr residues.
The heart lystates from the TNNI3Ktg and TNKDtg transgenic mice were
immunoprecipitated using an anti-human TNNI3K antibody and then immunoblotted with a
pan phosphotyrosine antibody. Phospho-Tyr antiserum detects strong signals in the
TNNI3Ktg heart lysates, but not in lysates from TNKDtg hearts. (C, D) Expression of
markers of cardiac hypertrophy is increased in TNNI3Ktg mice relative to TNKDtg and wild
type DBA/2J mice. Message levels were determined by qRT-PCR of RNA from hearts (n=3
for each genotype) of the indicated genotypes for (C), ANF and (D), BNP. Both ANF
(p=0.023) and BNP (p=0.029) were increased in the TNNI3Ktg when compared to the
TNKDtg transgenic animals (*P < 0.05). (E)TNNI3K kinase activity does not activate ERK,
AKT or p38 pathways. Heart lysates of TNNI3Ktg, TNKDtg and wild type DBA/2J mice
were immunoblotted with antisera against total and phosphorylated ERK, AKT and p38
[25]. No significant phosphorylation increase was detected for any of the three effectors
(p>0.05, n>=3 hearts from each strains). Each data point is shown as mean± SEM.

Tang et al. Page 18

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 4. TNNI3K expression reduces sarcomere length and changes titin isoform composition
(A) Representative images of transmission electron microscopy in resting cardiomyocytes
from TNNI3Ktg, TNKDtg and DBA mice showing normal sarcomeric integrity. However,
the resting sarcomere length of TNNI3Ktg (n=27 measurements) is significantly shorter than
TNKDtg (n=31) and DBA/2J mice (n=28) (* p<0.0001). (B) Titin isoform expression. 1%
vertical agarose protein gel of lysates from the TNNI3Ktg, TNKDtg transgenic and DBA/2J
mouse hearts reveal the N2BA and N2B titin isoforms. Increased N2BA to N2B isoform
ratios are seen in both transgenic animals (n=4 mice for each strain and repeat 3 times,
p=0.09 and 0.15) compared to the DBA control mice.
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Figure 5. TNNI3K localizes to the sarcomeric Z disc in cardiomyocytes, and its kinase activity is
not required for its localization
(A) TNNI3K localizes to the sarcomeric Z disc. TNNI3Ktg transgenic mouse heart sections
were co-immunostained with antisera against human TNNI3K (red) and other sarcomeric
proteins (green). In longitudinal sections of sarcomeres, TNNI3K shows a reciprocal
staining pattern with myosin (green), partially overlaps with F-actin (phalloidin, green), and
co-localizes with desmin (green), the intermediate filaments surrounding the Z disc. In
cross-section, TNNI3K localizes inside the desmin ring structures. (B) TNNI3K kinase
activity is not required for Z disc localization. TNKDtg transgenic mouse heart sections were
co-immunostained using antisera against human TNNI3K (red) and desmin (green). The
lack of TNNI3K kinase activity does not alter its localization. Each bar represents 5µm. (C)
Co-localization of Flag-hTNNI3K and HA-hMyotilin in transfected cells grown in culture.
COS7 or HL-1 cells were transfected with Flag-hTNNI3K and HA-hMyotilin.
Immunostaining with anti-Flag (green) and anti-HA (red) antisera shows the co-localization
of Flag-hTNNI3K and HA-hMyotilin in transfected cells (100× magnification).
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Figure 6. TNNI3K kinase activity accelerates left-ventricular dysfunction in the transthoracic
aortic constriction model of cardiomyopathy
(A–C) Echocardiography was performed prior to transverse aortic constriction (TAC) and at
4 and 8 weeks post TAC surgery for TNNI3Ktg mice (n=12), TNKDtg (n=15) and wild type
littermate control mice (n=27 in two groups of 13 and 14). The surgeries for the two
transgenic genotypes were staggered over the course of many months. In order to control for
unforeseen variables in surgical technique, each line of transgenic mice was compared to a
new control group that underwent surgery at the same time. As expected, there was no
evidence of decreased contractile function in any of the lines prior to surgery, as shown by
similar fractional shortening (FS) among three groups (p=0.21 TNNI3Ktg vs DBA; p=0.71,
TNKDtg vs DBA). After surgery, the TNNI3Ktg mice showed a more rapid decline in
fractional shortening than non-transgenic controls (p=0.012 at 4 weeks; p=0.006 at 8
weeks). By contrast, disease progression in the TNKDtg mice was identical to non-
transgenic littermate control mice (p=0.597 at 4 weeks; p=0.402 at 8 weeks). Each data
point is shown as mean± SEM. (D) Representative immmunoblots of the heart lystates from
the TNNI3Ktg, TNKDtg transgenic and DBA/2J mice are shown. Each lane represents heart
lysate from a different individual animal performed with TAC surgery, and was
immunoblotted with an anti human TNNI3K antibody and an anti tubulin antibody. A
quantitative result of relative transgenic protein expression is shown. (E) The heart lysates of
the TNNI3Ktg and TNKDtg mice at 8 weeks post-TAC surgery and non-surgery TNNI3Ktg

control mice were immunoprecipitated using an anti-human TNNI3K antibody and then
immunoblotted with a pan phosphotyrosine antibody. Phosphorylation of Tyr is significantly
higher in post-TAC TNNI3Ktg mice compared to TNKDtg mice and non-surgery control
mice (p<0.001). Each lane represents the heart lysate from a different individual animal.
TNNI3K transgene protein was measured by anti-TNNI3K antiserum.
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TABLE 1
The phosphoryltion sites of TNNI3K identified by phophoproteomic analysis

Flag-TNNI3K and Flag-TNKD protein were immunoprecipitated from transfected 293T cell lysates followed
by the in vitro kinase assay. After Trypsin digestion, extracted peptides from both proteins were analyzed by
Liquid chromatography–tandem mass spectrometry (LC/MS/MS).

Ascore Seq Ascore Site

TNKD RPQDELPCNEYSQPGGDGSYVS#VPSPLGK 31.9 S427

TNKD RPQDELPCNEYSQPGGDGSYVSVPS#PLGK 33.5 S430

TNKD LEECLCNIELMSPASSNSS#GSLSPSSSSDCLVNR 8.7 S737

TNKD LEECLCNIELMSPASSNSS#GSLSPSSSSDCLVNR 9.4 S737

TNKD LEECLCNIELMSPASSNSS#GSLSPSSSSDCLVNR 20.9 S737

TNKD RSLQY#T#PIDK 5.1/4.1 4 Y804/T805

TNNI3K VSESY#VITIER 19.3 Y24

TNNI3K KVSESY#VITIER 32.4 Y24

TNNI3K GHDAIVT#LLK 1000 T399

TNNI3K RPQDELPCNEY#SQPGGDGSY#VSVPSPLGK 13.3/27.6 Y416/Y425

TNNI3K RPQDELPCNEY#SQPGGDGSYVSVPSPLGK 15.9 Y416

TNNI3K RPQDELPCNEY#SQPGGDGSY#VSVPSPLGK 28.5/6.4 Y416/Y425

TNNI3K RPQDELPCNEYSQPGGDGSY#VSVPSPLGK 12.3 Y425

TNNI3K RPQDELPCNEYSQPGGDGSY#VSVPSPLGK 14 Y425

TNNI3K RPQDELPCNEYSQPGGDGSY#VSVPSPLGK 27.7 Y425

TNNI3K FLQSLDEDNMT#KQPGNLR 33.5 T622

TNNI3K LEECLCNIELMSPASSNSS#GSLSPSSSSDCLVNR 34.5 S737

TNNI3K LEECLCNIELMSPASSNSSGS#LSPSSSSDCLVNR 26.8 S739

TNNI3K LEECLCNIELMSPASSNSSGSLS#PSSSSDCLVNR 19.4 S741

TNNI3K SRFELEY#ALNAR 5.2 Y771

TNNI3K SRFELEY#ALNAR 16.5 Y771

TNNI3K SRFELEY#ALNAR 88.6 Y771

TNNI3K SRFELEY#ALNAR 107.7 Y771

TNNI3K FELEY#ALNAR 1000 Y771

TNNI3K SY#AALSQSAGQYSSQGLSLEEMKR 0 Y778

TNNI3K SLQY#TPIDK 32.4 Y804

TNNI3K SLQYT#PIDK 28.9 T805

TNNI3K Y#GYVSDPMSSMHFHSCR 11 Y810

TNNI3K Y#GYVSDPMSSMHFHSCR 11.2 Y810

TNNI3K YGY#VSDPMSSMHFHSCR 26.8 Y812

TNNI3K YGY#VSDPMSSMHFHSCR 27 Y812

TNNI3K SLQYTPIDKYGY#VSDPMSSMHFHSCR 27 Y812

TNNI3K YGY#VSDPMSSMHFHSCR 35.8 Y812

TNNI3K YGY#VSDPMSSMHFHSCR 44.7 Y812

# Phosphorylation sites at Y24, T399, Y416, Y425, T622, S737, S739, S741, Y771, Y804, T805, Y812 were identified in wild type TNNI3K
protein; Phosphorylation sites at S427, S430 and S737 were identified in TNKD protein.
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Each phosphorylation site was measured using an Ascore algorithm. Ascore ≥13 (P ≤ 0.05) is considered confident, and Ascore ≥19 (P ≤ 0.01) is
considered near certainty.
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