Brazilian Journal of Medical and Biological Research (2013) 46: 128-137, http://dx.doi.org/10.1590/1414-431X20122515
ISSN 1414-431X

TNNI3K is a novel mediator of
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Abstract

The phosphorylation of cardiac troponin | (cTnl) plays an important role in the contractile dysfunction associated with heart
failure. Human cardiac troponin I-interacting kinase (TNNI3K) is a novel cardiac-specific functional kinase that can bind to cTnl
in a yeast two-hybrid screen. The purpose of this study was to investigate whether TNNI3K can phosphorylate cTnl at specific
sites and to examine whether the phosphorylation of cTnl caused by TNNI3K can regulate cardiac myofilament contractile
function. Co-immunoprecipitation was performed to confirm that TNNI3K could interact with cTnl. Kinase assays further
indicated that TNNI3K did not phosphorylate cTnl at Ser23/24 and Ser44, but directly phosphorylated Ser43 and Thr143
in vitro. The results obtained for adult rat cardiomyocytes also indicated that enhanced phosphorylation of ¢cTnl at Ser43 and
Thr143 correlated with rTNNI3K (rat TNNI3K) overexpression, and phosphorylation was reduced when rTNNI3K was knocked
down. To determine the contractile function modulated by TNNI3K-mediated phosphorylation of cTnl, cardiomyocyte
contraction was studied in adult rat ventricular myocytes. The contraction of cardiomyocytes increased with rTNNI3K
overexpression and decreased with rTNNI3K knockdown. We conclude that TNNI3K may be a novel mediator of cTnl

phosphorylation and contribute to the regulation of cardiac myofilament contraction function.
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Introduction

The human cardiac troponin I-interacting kinase
(TNNI3K) gene expresses a novel cardiac-specific func-
tional kinase. It was first cloned from an adult heart cDNA
library based on large-scale expressed sequence tag
sequencing (1). The TNNI3K protein contains three
domains, including seven N-terminal ankyrin repeats, a
protein kinase (PK) domain that contains motifs con-
served in both serine/threonine and tyrosine PKs, and a
C-terminal Ser-rich domain. TNNI3K belongs to a new
family of kinases, called the mixed lineage kinase family in
the tyrosine kinase-like group, based on a sequence
comparison of the catalytic domain together with knowl-
edge of sequence similarity and domain structures
outside the catalytic domain (2). Numerous studies have
demonstrated that TNNI3K can phosphorylate several
substrates and undergo autophosphorylation (3,4). The
TNNI3K C-terminal Ser-rich domain was previously used

as bait to perform a yeast two-hybrid screen of a human
cardiac library, and cardiac troponin | (cTnl) was identified
as a TNNI3K-interacting protein (1).

Troponin, in conjunction with tropomyosin, functions
as a molecular switch and regulates muscle contraction in
response to changes in the intracellular Ca®" concentra-
tion. Troponin consists of three subunits, including the
Ca?*-binding subunit troponin C, the tropomyosin-binding
subunit T, and the inhibitory subunit troponin | (5). cTnl
plays a key role in the regulation of cardiac muscle
contraction (6,7). As a major physiological mechanism for
altering myofilament properties, the phosphorylation of
cTnl stimulates a conformational change of troponin and
regulates cardiomyocyte contractility (8,9). In addition to
phosphorylation at specific serine and threonine residues
by several different kinases, cTnl has a major role in the
dynamic modulation of contractile function, which may

Correspondence: Xian-Min Meng, Core Laboratory, Fu Wai Hospital and Cardiovascular Institute, Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijing, China. Fax: +86-010-6833-1748. E-mail: xmmengcn@163.com

*These authors contributed equally to this study.

Received August 28, 2012. Accepted October 22, 2012. First published online February 1, 2013.

Braz J Med Biol Res 46(2) 2013

www.bjournal.com.br



TNNI3K-mediated myofilament function

causally contribute to the contractile dysfunction asso-
ciated with heart failure (10-12).

In this study, we performed co-immunoprecipitation
analysis to further confirm the in vivo interaction between
TNNI3K and cTnl. We focused on TNNI3K-mediated
phosphorylation of c¢Tnl and identified the pertinent
phosphorylation sites by kinase analysis, site-directed
mutagenesis, and Western blot. It is of great interest to
determine the functional consequences of TNNI3K-
mediated cTnl phosphorylation in rat left ventricular
myocytes.

Material and Methods

Plasmids and adenovirus vectors

The pcDNA4-Xpress/TNNI3Kmut, pcDNA6-Flag/cTnl,
and pcDNA4-Xpress/TNNI3K expression vectors were
prepared as previously described (1). The AdEasy System
was used to prepare adenoviruses with constitutively active
rat TNNI3K (Ad.Flag-rTNNI3K). Ad.EGFP was purchased
from Vector Gene Technology Co., Ltd. (China) and used as
a control. The small hairpin RNA (shRNA), which targeted
rat TNNI3K (NCBI Accession NM_181769.1), was designed
and cloned into RNA interference (RNAI) adenovirus
vectors (Ad.rTNNISKRNAIi) by Genechem Co., Ltd.,
(China). The adenovirus vector containing the rat
TNNI3K targeting shRNA was named Ad.rTNNI3KRNAI,
and a negative control adenovirus vector containing
negative control shRNA (Ad.rTNNI3Knc) was constructed
by Genechem.

Cell culture and transient transfection

The human embryonic kidney cell line HEK293T was
obtained from the Cell Resource Center, IBMS, CAMS/
PUMC and cultured in DMEM supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin
in a humidified incubator at 37°C, 5% CO,, and 95% O,.
Transient transfection of plasmids was performed using
the Lipofectamine™ 2000 reagent (Invitrogen, USA)
according to manufacturer protocol. For co-immunopreci-
pitation, 2 x 107 cells at approximately 70% confluence
were co-transfected with 8 ug each of pcDNA4-Xpress-
TNNI3K and pcDNAG-Flag or pcDNAG6-Flag-cTnl. For the
kinase assay, 2 x 107 cells at approximately 70%
confluence were co-transfected with pcDNA6-cTnl and
pcDNA4-Xpress, pcDNA4-Xpress-TNNI3K, or pcDNA4-
Xpress-TNNI3Kmut (8 g of each vector).

Co-immunoprecipitation analysis

For co-immunoprecipitation experiments, 293T cells
were harvested 72 h after transfection by first washing the
cells grown on a 60-mm dish twice with cold PBS and then
lysing the cells with 0.5 mL cold immunoprecipitation
buffer [1% NP-40, 0.25% deoxycholate, 2 mM EGTA,
1 mM EDTA, 150 mM NaCl, 50 mM Tris-HCI, pH 7.5, and
5 g/L protease inhibitor cocktail tablets (Roche, USA)].
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Cellular debris was pelleted by centrifugation at 12,000 g
for 15 min, and the lysate was incubated with the
corresponding antisera for 1-2 h at 4°C under rotation.
The lysates were then incubated with 2 pg anti-Flag
antibody (Cell Signaling Technology, USA) for 6 h at 4°C
and then mixed with 20 uL protein A-agarose beads
(Vigorous Biotechnology Beijing Co., Ltd., China) for an
additional 3 h. Immunoprecipitates were collected by
centrifugation and washed twice in the immunoprecipita-
tion buffer to remove unbound protein, boiled in sample
buffer, centrifuged, and then removed from the beads.
Immunoprecipitated proteins were subjected to 12% SDS-
PAGE, and immunoblotting was performed with the anti-
Xpress antibody (Invitrogen). To prepare total cell lysates,
cells from a 60-mm dish were lysed in 0.5 mL cold
immunoprecipitation buffer. Total protein (80 ug) was
separated on 12% SDS-PAGE and immunoblotting was
performed with the anti-Xpress, anti-Flag, and anti-
GAPDH antibodies (Zhongshan Goldenbridge, China).

In vitro kinase assay

For the kinase assay, 293T cells were transfected with
expression plasmids. After 72 h, cells from a 60-mm dish
were washed twice with cold PBS and then lysed in
0.5 mL cold lysis buffer (1% NP-40, 0.25% deoxycholate,
1 mM EGTA, 1 mM EDTA, 150 mM NaCl, 50 mM Tris-
HCI, pH 7.5, 1 mM NazVO,, 100 mM NaF, 1 mM B-
glycerophosphate, and 5 g/L Protease Inhibitor Cocktail
Tablets). Xpress-tagged TNNI3K and Flag-tagged cTnl
were co-immunoprecipitated using the anti-Flag antibody
and protein A-agarose beads and then washed three
times with lysis buffer and two times with kinase reaction
buffer (25 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 10 mM
MnCl,, 5 mM B-glycerophosphate, and 2 mM DTT). To
initiate the reactions, 20 puL phosphorylation mix contain-
ing ATP was added to the samples and the mixture was
incubated at 37°C for 30 min. Reactions were terminated
by adding SDS-PAGE sample buffer and boiling for
10 min. After boiling, the samples were centrifuged and
the beads were removed. Samples were separated on
12% SDS-PAGE. Western blots were performed using
anti-p-cTnl (Cell Signaling Technology), anti-p-cTnl
(Thr143; cat: ab58546, Abcam, UK), and anti-p-cTnl
(Ser43; cat: ab59420, Abcam) antibodies. Total cell
lysates were prepared as described above.

Isolation of adult rat ventricular myocytes

Isolated left ventricular myocytes were prepared from
adult rat hearts as previously described (13). Sprague-
Dawley rats weighing approximately 180 g were obtained
from the Department of Laboratory Animals, Hebei
Medical University. All experimental protocols using
animals were approved by the Animal Ethics Review
Committee at FuWai Hospital and Cardiovascular
Institute. All experiments conformed to the Guide for the
Care and Use of Laboratory Animals published by the US
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National Institutes of Health (NIH publication No. 85-23,
revised in 1996).

Culture of adult rat cardiac myocytes

The entire culture procedure was performed under a
class Il laminar flow hood. Laminin solution [10 mg/mL
mouse laminin (Invitrogen) in PBS] was used to coat the
tissue culture-treated dishes and incubated overnight at
37°C. Freshly isolated cardiac myocytes were suspended
in the basal culture (CCT) medium, which was modified
medium 199 supplemented with 2 mM L-carnitine, 10 uM
cytosine-D-arabinofuranoside, and 5 mM taurine (13).
After the myocytes were pelleted by gravity for 10 min,
the supernatant was aspirated and the myocytes were
washed two more times using the same protocol. The
myocytes were then plated at a density of 1 x 10° cells per
35 mm dish in CCT medium containing 1% penicillin-
streptomycin. After 2-h incubation in a 5% CO; incubator at
37°C, the medium was changed to FBS-free CCT medium.

RNAi and adenoviral infection

For RNAI, adult rat cardiac myocytes were transfected
with adenovirus rTNNI3KRNAI and incubated for 24 h.
The Ad.rTNNI3Knc, which contained a negative control
shRNA, was used as a negative control. Nontransfected
cells were used as a blank control. Cardiomyocytes were
infected with a control adenovirus (Ad.EGFP), Ad.Flag-
rTNNI3K, or Ad.rTNNISKRNAi for 24 h. Adenovirus-
directed gene transfer was initiated after 2 h of culture.
The culture medium was aspirated together with unat-
tached myocytes, and a half-volume (e.g., 1 mL for a 35-
mm Petri dish) of the FBS-free CCT medium containing
an appropriate titer of gene-carrying adenovirus was
added to the dish. Cells were incubated in the FBS-free
medium in the presence of Ad.Flag-rTNNI3K (20, 40, 60,
80, or 100 multiplicity of infection [MOI]) virus or
Ad.rTNNI3KRNAI virus (40, 60, 80, or 100 MOI) or Ad-
EGFP control virus (100 MOI) for 6 h. Subsequently, an
additional half-volume of FBS-free CCT was added.

Functional studies

Cardiomyocyte contractility was measured using a
video-based edge detection system (lon Optix Co., USA).
Myocytes were placed on the stage of an inverted
microscope, superfused with Tyrode solution containing
a Ca?*-concentration of 1.8 mM at a flow rate of 1.8 mL/
min, and electrically stimulated at 1 Hz at room tempera-
ture. Cell length was monitored from the bright-field image
by an optical edge-tracking method. The contraction
amplitude was measured as the percentage of shortening
of cell length.

Western blot analysis of the relationship between
TNNI3K protein levels and cTnl phosphorylation
levels

The anti-Flag, anti-p-cTnl (Ser43), and anti-p-cTnl
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(Thr143) antibodies were used for Western blot analysis.
Cardiomyocytes infected with Ad.rTNNI3K on a 60-mm
dish were washed twice with cold PBS and lysed in RAPI
buffer containing 1 mM PMSF, 1 mM NazVO,, and
100 mM NaF. Cell debris was pelleted by centrifugation
at 12,000 g for 15 min and the supernatant was then
collected. Protein concentrations of each sample were
measured using the bicinchoninic acid method (BCA kit,
Applygen, China). Equal volumes of 5X SDS-PAGE
loading buffer were added to each sample and boiled at
100°C for 10 min. Total protein (80 pg) was subjected to
12% SDS-PAGE and electrophoretically transferred onto
a nitrocellulose membrane. The membranes were probed
with mouse monoclonal anti-Flag or rabbit polyclonal anti-
p-cTnl (Ser43) or anti-p-cTnl (Thr143) antibodies, all at
1:1000 dilutions, for 2 h at room temperature. After
washing, the membrane was incubated with horseradish
peroxidase (HRP)-conjugated secondary anti-mouse or
anti-rabbit antibodies, respectively (1:2000 dilution), for
1 h at room temperature. For loading controls and
normalization, the same membranes were re-blocked
with 5% nonfat dry milk in Tris-buffer saline containing
0.05% Tween-20 and then washed and incubated with
a monoclonal anti-GAPDH antibody (1:1000) overnight
at 4°C. The blots were subsequently blotted with an
HRP-conjugated anti-mouse secondary antibody.
Immunoreactive proteins were visualized using enhanced
chemiluminescence detection reagent by exposure to
Eastman Kodak X-ray films (Kodak, USA). Evaluation of
the expression of specific proteins was performed using
Alpha Imager Software (Alpha Innotech, USA) by quanti-
fying the pixels of electronic images.

Quantitative real-time reverse transcription
polymerase chain reaction (RT-PCR) analysis

Quantitative real-time RT-PCR analysis was used to
determine the level of rTNNI3K mRNA after cells had
been transfected with RNAi against rTNNI3K for 24 h.
Total RNA was extracted using Trizol solution, quantified
by spectrophotometry, and then reverse-transcribed using
SuperScript 1l (Invitrogen). Relative gene expression
levels were determined from threshold cycle values and
normalized to GAPDH. Quantification of specific RNA
transcripts was performed by SYBR Green real-time PCR
using Opticon 2 (Bio-Rad, USA). The primer sequences
for rTNNIBK and GAPDH were as follows: rTNNI3K
forward primer: 5'-CACCTTCCTCTTCTTCCGATT-3’,
rTNNI3K reverse primer: 5'-CTGTCCTCAAAGTTGCT-
GTCG-3'; GAPDH forward primer: 5'-CAACGACCCCTT-
CATTGACCT-3', GAPDH reverse primer: 5'-CAGTAGA-
CTCCACGACATACTC-3'.

Statistical analysis

Data are reported as means + SE and were
compared by one-way analysis of variance (ANOVA) in
a two-sided test. Differences were considered to be
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statistically significant at P < 0.05. All other data were
analyzed by SPSS v.13.0 (SPSS, Inc., USA).

Results

Identification of the interaction between cTnl and
TNNI3K

The TNNI3K C-terminal Ser-rich domain was used as
bait to perform a yeast two-hybrid screen of a human
cardiac library, which previously identified cTnl as one of
TNNI3K-interacting proteins (1). To further confirm the
interaction between c¢Tnl and TNNI3K, we co-transfected
HEK293T cells with Xpress-tagged TNNI3K and Flag-
tagged cTnl or Flag-tagged empty control vector, incu-
bated the cells for 72 h, and then lysed the cells. The
lysates were co-immunoprecipitated with anti-Xpress
antibodies and analyzed by immunoblotting using an
anti-Flag antibody. In addition, anti-Flag immunoprecipi-
tates were analyzed by immunoblotting with an anti-
Xpress antibody. The results showed that TNNI3K co-
immunoprecipitated cTnl, while no significant bands were
detected in the control (Figure 1). Thus, we found that
TNNI3K interacts with cTnl in vivo, which is consistent
with the results of two-hybrid binding in yeast cells. Our
previous results demonstrated that TNNI3K localized in
the nucleus and cytoplasm of fetal and adult cardiac
myocytes (1). Moreover, cTnl is a sarcomere protein that
localizes in the cytoplasm of cardiac myocytes. Therefore,

pcDNAG6-Flag + -
pcDNAG6-Flag-cTnl - +
pcDNA4-Xpress-TNNI3K + +
IB anti-Xpress “
upper
. &
IB anti-Flag - “g
o
IB anti-GAPDH | <> <
IP anti-Xpress
IB anti-Flag —
lower =
IP anti-Flag
IB anti-Xpress -

Figure 1. Human cardiac troponin I-interacting kinase (TNNI3K)
interacts with cardiac troponin | (cTnl) in vitro. HEK293T cells
were co-transfected with Xpress-tagged TNNI3K and Flag-
tagged cTnl or a Flag control vector. Cell lysates were
immunoprecipitated (IP) with an anti-Xpress monoclonal antibody
and immunoblotted (IB) with an anti-Flag polyclonal antibody.
Conversely, anti-Flag immunoprecipitates were analyzed by
immunoblotting with an anti-Xpress (lower). The expression of
cTnl and TNNI3K was confirmed by Western blot (upper).
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we inferred that TNNI3K and cTnl can co-localize in the
myocyte cytoplasm.

TNNI3K-mediated phosphorylation of cTnl in vitro

TNNI3K is a cardiac-specific functional PK, but its
substrates in vivo have not been elucidated.
Phosphorylation of cTnl plays an important role in the
regulation of myofilament function. Therefore, we were
interested in assessing whether TNNI3K could phospho-
rylate cTnl. We performed an in vitro kinase assay using
wild-type TNNI3K, a TNNI3K mutant where lysine 490
was changed to alanine (TNNI3Kmut), and an empty
vector as control. The point mutation of TNNI3Kmut
occurs at a conserved lysine residue within the sub-
domain Il, which plays a crucial role in kinase activity.
Therefore, we tested whether a substitution of this lysine
residue in TNNI3K, which is reported to block the
phosphotransfer reaction in a number of PKs (1,14,15),
would lead to the loss of kinase activity in this protein as
well. As illustrated in Figure 2A, the expression level of
Flag-tagged cTnl (FLAG-cTnl), Xpress-tagged TNNI3K
(Xpress-TNNI3K), and Xpress-tagged TNNI3Kmut was
similar in each group. As shown in Figure 2B, a 24-kDa
band was identified using an anti-p-cTnl antibody, while
the phosphorylation of cTnl was sharply reduced with the
TNNI3Kmut, and was completely absent in the control
group. Therefore, these data show that TNNI3K can
phosphorylate cTnl as a functional PK.

It is known that different phosphorylation sites on cTnl
have different roles in the regulation of myofilament
function (11,16). Thus, we examined phosphorylation
sites on cTnl that were targeted by TNNI3K. We
performed Western blots to detect the phosphorylation
site on cTnl after a 30-min incubation with TNNI3K. As
show in Figure 2C and D, the anti-p-cTnl (Ser43) and anti-
p-cTnl (Thr143) antibodies both reacted with a 24-kDa
band. These results demonstrated that TNNI3K directly
phosphorylates in vitro cTnl at Ser43 and Thr143, which
are commonly referred to as the PKC sites (11,17).

TNNI3K-mediated phosphorylation of cTnl in adult rat
cardiac myocytes

We next tested whether changes in the expression of
rTNNI3K could affect cTnl phosphorylation at Ser43 and
Thr143 in isolated myocytes.

Cardiac myocytes were infected for 24 h with optimal
MOls of 20, 40, 60, 80, or 100 of an adenovirus harboring
the rTNNI3K sequence. Phosphorylation of cTnl at Ser43
and Thr143 significantly increased after rTNNI3K was
overexpressed in myocytes for 24 h compared to the
adenoviral control and blank control (Figure 3A and B; n
= 5; P < 0.01). Moreover, the phosphorylation level of
cTnl Serd3 and Thr143 sites markedly increased when
the MOls of Ad.Flag-rTNNI3K increased from 20 to 100
(Figure 3A and B; n = 5; P < 0.01). These data indicated
that overexpression of TNNI3K can increase the phos-
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Figure 2. Human cardiac troponin I-interacting kinase (TNNI3K) phosphorylates cardiac troponin | (cTnl) at Ser43 (S43) and Thr143
(T143). HEK293T cells were transfected with Xpress-tagged TNNI3K, Xpress-tagged TNNI3Kmut, or Flag-tagged cTnl and incubated

for 72 h. A, Western blot using anti-Flag and anti-Xpress antibodies (n =
antibodies (n = 5). C, Western blot using anti-P-cTnl (S43) and anti-Xpress antibodies (n =

5). B, Western blot using anti-Xpress and anti-p-cTnl
5). D, Western blot using anti-P-cTnl

(Thr143) and anti-Xpress antibodies (n = 5). IP = immunoprecipitated; IB = immunoblotted. Data are reported as means + SE.
*P < 0.01 vs TNNI3Kmut-mediated phosphorylation (one-way ANOVA).

phorylation level of cTnl at Ser43 and Thr143 in functional
adult rat cardiac myocytes.

In a reciprocal experiment, rTNNI3K knockdown was
performed in adult rat cardiac myocytes using an
adenovirus-mediated delivery of a shRNA targeting the
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rTNNI3K sequence. Ad.rTNNI3Knc was used as a
control. We evaluated the expression of the rTNNI3K
gene by real-time PCR after shRNA-mediated silencing.
As illustrated in Figure 4, Ad.rTNNI3KRNAI efficiently
reduced the expression of rTNNI3K in adult rat cardiac
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Figure 3. The expression of human cardiac troponin I-interacting kinase (TNNI3K) correlates with the phosphorylation of cardiac
troponin | (cTnl) at Ser43 (S43) and Thr143 (T143). Rat cardiac myocytes were infected with adenoviral vectors with multiplicity of
infections (MOls) of 20, 40, 60, 80, or 100 for 24 h. Cell lysates were then subjected to Western blot analysis to detect the expression of
rTNNI3K as well as the phosphorylation of cTnl at Ser43 and Thr143 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an
internal control. Overexpression of rTNNI3K produces a significant increase in the phosphorylation of cTnl at Ser43 (A) and Thr143 (B).
Knockdown of rTNNI3K with Ad.rTNNI3KRNAI significantly reduces phosphorylation at Ser43 (C) and Thr143 (D) of cTnl. Data were
from five independent experiments. Data are reported as means + SE. *P < 0.01 vs blank control (without virus infection). #P < 0.01

vs cardiomyocytes infected with Ad.EGFP (one-way ANOVA).

myocytes, especially when MOls of 60, 80, and 100 were
used. Based on these results, we knocked down the
expression of rTNNI3K using Ad.rTNNI3KRNAI with MOls
of 40, 60, 80, and 100 while concomitantly infecting the
same cells with Ad.Flag-rTNNI3K (100 MOI) virus. The

www.bjournal.com.br

Ad.rTNNI3Knc (100 MOI) virus and wild-type adult rat
cardiac myocytes were used as the adenovirus vector and
blank controls, respectively. After 24 h, the cells were
lysed and subjected to Western blot analysis. Compared

to the controls, addition of the Ad.rTNNI3KRNAI signifi-
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cantly reduced cTnl phosphorylation at Ser43 and Thr143
(Figure 3C and D). These results demonstrated that a
reduction in TNNI3K expression significantly reduced cTnl
phosphorylation at Ser43 and Thr143 in adult rat cardiac
myocytes. Based on these experiments, we concluded
that rTNNI3K can increase the phosphorylation of cTnl at
Ser43 and Thr143 and, most importantly, phosphorylate
cTnl in adult rat cardiac myocytes.

Functional consequences of TNNI3K-mediated cTnl
phosphorylation

Because kinase-mediated phosphorylation of cTnl can
regulate the contractility function of myofilaments, we next
determined whether TNNI3K-mediated phosphorylation of
cTnl at Ser43 and Thr143 could change the contractility of
adult rat cardiomyocytes. Based on the results cited
above, we tested Ad.Flag-rTNNI3K or Ad.rTNNI3KRNAI
at 100 MOI. The adult rat cardiac myocytes were directly
infected with Ad.Flag-rTNNI3K or Ad.EGFP (as vector
control) at 100 MOI. We also knocked down the
expression of rTNNI3K in adult rat cardiac myocytes
using Ad.rTNNI3KRNAI at 100 MOI with Ad.rTNNI3Knc at
100 MOI as the adenovirus vector control. In both
experiments, wild-type adult rat cardiac myocytes were
used as a blank control.

To determine the effect of TNNI3K on cardiomyocyte
contractility, we examined contractility of the cells after
infection with the indicated adenoviruses using a video-
based edge detection system. Isolated adult rat ventri-
cular cardiomyocytes were infected with Ad.GFP,
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Figure 4. Knockdown of human cardiac troponin l-interacting
kinase (TNNI3K) in isolated rat adult cardiomyocytes. Freshly
isolated rat adult cardiomyocytes were infected with an adeno-
virus carrying shRNA for silencing TNNI3K or scrambling shRNA
for 24 h at the indicated multiplicity of infection (MOI). Samples
were analyzed by quantitative real-time reverse transcription
polymerase chain reaction and normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Data are reported as
means + SE (n = 6). *P < 0.01 vs control (MOl = 0); *P <
0.01 vs green bar at the same MOI value (one-way ANOVA).
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Ad.rTNNI3K, Ad.rTNNI3Knc, or Ad.rTNNI3KRNAi and
incubated for 24 h. Cell contractility was then measured
in the infected cardiomyocytes as described in Material
and Methods. As shown in Figure 5A, TNNI3K over-
expression induced a significant increase in cell short-
ening of cardiomyocytes compared to Ad-GFP-infected
cells (2.88 + 0.087 vs 2.06 + 0.045%, respectively; n =
20; P < 0.05). In contrast, TNNI3K knockdown caused a
decrease in cell shortening compared to control (1.12 =+
0.08 vs 2.13 + 0.063%, respectively; n = 20; P < 0.05;
Figure 5B). Taken together, these data suggest that
TNNI3K may regulate cardiomyocyte contraction.
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Figure 5. Effects of human cardiac troponin I-interacting kinase
(TNNI3K) on cardiomyocyte contraction. A, Representative
traces of cell shortening from non-infected cardiomyocytes or
cardiomyocytes infected with Ad.GFP or Ad.rTNNI3K. B,
Representative traces of cell shortening from non-infected
cardiomyocytes or cardiomyocytes infected with Ad.TNNI3Knc
or Ad.rTNNISKRNAI.
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Discussion

As an important post-translational modification, phos-
phorylation of cTnl and other myofilament proteins plays a
major role in the dynamic modulation of contractile
function and in the regulation of thin filament function in
the transition from compensated hypertrophy to heart
failure (6,11,18,19). In the present study, we confirmed
that TNNI3K, which is a cardiac-specific functional kinase,
interacts with cTnl and directly phosphorylates cTnl at
Ser43 and Thr143. Furthermore, TNNI3K overexpression
not only enhanced cTnl Ser43 and Thr143 phosphoryla-
tion, but also increased myocardial contractility. These
data also suggest that the effects of TNNI3K are mediated
by phosphorylation of cTnl Ser43 and Thr143 and other
potential mechanisms, which may participate in the
regulation of myocardial contractile function.

Adult rat cardiomyocytes provide a useful model for
gene delivery and contractility studies. However, it is easy
for the cells to lose their native rod shape and contractility
in an in vitro culture. We first confirmed that TNNI3K can
be efficiently overexpressed or knocked down in adult rat
cardiac myocytes by infecting the cells with appropriate
adenoviruses for 24 h (Figure 3). We also found that adult
rat cardiomyocytes still maintained their rod-shaped
appearance and contractility after adenoviral infection
for 24 h, but lost those features after 48 h post-transfec-
tion (Figure 6 and data not shown). Therefore, we chose
24 h post-infection as the optimal time for experimental
assessment.

The phosphorylation of cTnl and its regulation of
cardiac myofilament contraction have been studied in a
variety of systems, ranging from reconstituted myofila-
ment proteins to myocardial cells or transgenic animals
with heterologous expression of modified cTnl proteins
(11,20-22). cTnl is also a substrate for protein kinase A
(PKA) and protein kinase C (PKC). PKA mainly phos-
phorylates Ser23/24 of cTnl in the N-terminus of the
protein (rodent sequence position; Ser22/23 in humans)
(6,23). PKC mainly phosphorylates cTnl at the Ser43/45
and Thr143 positions (numbered as in the human cTnl
sequence) (6,24). More recently, other kinases have been
found to produce functional effects through the regulation
of ¢Tnl phosphorylation, such as myosin light-chain
kinase, protein kinase D, and mammalian sterile 20-like
kinase 1 (25-28). In addition, many studies have shown
that protein kinase G and p21-activated kinases may also
be involved in the modification of cTnl phosphorylation
(11,29-31). In the present study, our data demonstrated
that TNNI3K specifically targeted cTnl and catalyzed the
phosphorylation of cTnl at Ser43 and Thr143 (the PKC
sites, numbered as in the human cTnl sequence), which
are mostly conserved in cTnl from multiple species, but
not at Ser23/24 (the PKA sites; data not shown).
Furthermore, we confirmed in adult rat cardiac myocytes
that the expression level of TNNI3K positively correlated
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Figure 6. Morphology of rat cardiac myocytes immediately after
isolation (0 h) or after 24 h in culture. A and B, Transillumination
images. C, D, E, and F, Expression of recombinant adenoviral
transgenes in cultured adult rat ventricular myocytes. The rat
cardiac myocytes were infected with adenoviral vectors carrying
a marker gene, EGFP, at 100 multiplicity of infection after 24 h in
culture.

with the phosphorylation of cTnl at Ser43 and Thr143.
These data suggest that active TNNI3K phosphorylates
cTnl at Ser43 and Thr143 not only when the substrate
protein is used in isolation, but also in isolated myocytes.
Thus, cTnl likely represents a physiological substrate for
TNNI3K in the myocardium.

It has been reported that PKA phosphorylation of cTnl
at Ser23/24 in living myocardium contributes to acceler-
ated relaxation in diastole and increases the rates of force
development in systole (32). However, the precise
functional effects mediated by PKC-dependent phospho-
rylation of cTnl that are related to whole heart or muscle
contractile function are not yet clear. Evidence suggests
that PKC phosphorylation of cTnl at Ser43/45 can reduce
maximal Ca®*-activated tension and decrease MgATPase
activity as well as the crossbridge cycling rate, which can
lead to a reduction in energy consumption and impaired
relaxation, while phosphorylation of Thr144 would reduce
sliding velocity. Based on these findings, it can be
postulated that PKC-mediated phosphorylation of cTnl
at Ser43/45 can reduce contractility and prolong relaxa-
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tion (11). Furthermore, these effects may be relatively
beneficial in energetic terms, at least in the non-diseased
heart (11). Other studies have shown that there may be
significant interdependence between the effects that
result from PKC-dependent Ser43/45 phosphorylation
and PKA-dependent Ser23/24 phosphorylation. Roman
et al. (33) found that phosphorylation of cTnl at Ser23/24
increases in transgenic mice where Ser43/45 is mutated
to alanine, which results in enhanced contraction and
relaxation under basal conditions (11,33). To further
explore the functional effects of TNNI3K-mediated cTnl
phosphorylation, we examined the myocardial contractility
of cultured adult rat cardiac myocytes in which TNNI3K
was overexpressed or knocked down. Our data suggest
that overexpression of TNNI3K can enhance myocardial
contractility. Taken together, the data support the
hypothesis that the phosphorylation of cTnl mediated by
TNNI3K, as a novel mechanism, may regulate the
functions of the myofilament.

Data from this study also indicate that ventricular
myocytes infected with Ad-TNNI3K exhibit increased peak
shortening. In contrast, ventricular myocytes infected with
Ad-TNNI3BKRNAI showed decreased peak shortening.
Therefore, our data further strengthen the data presented
in an American Heart Association Annual Science
Meeting abstract (34), which found that TNNI3K trans-
genic mice had a marked enhancement of contractility
compared to wild-type mice.

TNNI3K-mediated phosphorylation of cTnl and the
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