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We have isolated a full-size cDNA coding for cardiac troponin T (¢TnT) from a human adult heart library. using a slow skeletal TnT probe. This

¢DNA detected a 1.2 kb mRNA in fetal and post-natal human heart, the amount of which increased during ontogenic development. Interestingly,

a similar transcript was coexpressed in fetal skeletal muscle, together with the 0.9 kb slow skeletal muscle mRNA, and its expression was
down-regulated during further development.
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1. INTRODUCTION

Troponins are muscle-specific proteins of the myofi-
brillar apparatus which are involved in the Ca®'-de-
pendent regulation of contraction in cardiac and skele-
tal muscles. They comprise three subunits: troponin I
(TnI), which inhibits actin-myosin interaction, tro-
ponin C (TnC), which binds calcium and unblocks
actin-myosin interaction, and troponin T (TnT), which
links the troponin complex to tropomyosin. Multiple
TnT isoforms have been identified in cardiac and skele-
tal muscles from the chick and a number of mammalian
species [1-4]. These isoforms are generated by different
genes or by alternative splicing of the same gene [5,6].
The latter mechanism is responsible for the various car-
diac TnT variants, which undergo differential expres-
sion during ontogenic development [7-9]. TnT has long
been considered only as the link between troponins and
the thin filament of the sarcomere, but several lines of
evidence have recently suggested that it may play a role,
together with Tnl, in modulating the sensitivity of the
contractile apparatus to calcium and its changes during
development {10-12].

Ontogenic development is not the only situation in
which changes in cardiac gene expression have been
demonstrated. Cardiac hypertrophy due to hemody-
namic overload is also associated with profound
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changes in the expression of many contractile and non-
contractile proteins, and a number of these changes
have been shown to participate in the alterations of the
contractile and endocrine function of the overloaded
heart (review in [13]). Whereas in rodents the decreased
contractility and myosin ATPase activity of the hy-
pertrophic ventricle may be accounted for, at least in
part. by the a- to f-myosin heavy chain (MHC) transi-
tion, such a transition cannot explain the corresponding
changes in the adult human heart, which is almost ex-
clusively composed of S-MHC [14]. Interestingly.
whereas McAuliffe and Robbins [15] detected a single
dominant TnT isoform in control and overloaded fetal
sheep hearts, Anderson et al. [16] have recently reported
the reexpression of a fetal TnT protein isoform in the
failing human heart which could account for decrease
in myofibrillar ATPase activity in this syndrome. In
addition, it has recently been shown that plasma TnT
is a valuable index for identifying, among patients with
unstable angina, those at risk of myocardial infarction
[17]. To date, the anti-TnT monoclonal antibodies used
in the assay have been raised by using TnT purified
from the human heart, but the epitopes involved have
not been identified [18]. Our interest in the regulation
of TnT gene expression in the human heart during onto-
geny and hemodynamic overload and in improving the
plasma TnT assay prompted us to clone human TnT
¢DNA from a human adult heart cDNA library, using
a cDNA specific for human slow skeletal muscle TnT
as probe [19]. We report the first complete amino-acid
sequence of a human cardiac TnT and the differential
expression of the corresponding mRNA and slow skele-
tal TnT mRNA in human cardiac and skeletal muscle
during ontogenic development.
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2. MATERIALS AND METHODS

2 1. Screening of the human adult cardiac ¢DNA library and PCR
analysis

c¢DNA clones encoding human cardiac TnT were isolated by screen-
ing a commercially available human adult heart cDNA library (Strat-
agene) constructed in AZAPIIL, with a cDNA of human slow skeletal
muscle TnT 1solated by Samson et al [19]. A 639 bp .Yhol-Pstl restric-
tion fragment derived from two-thirds of the 3 end of the clone
MSL-2-27 was used as probe. This fragment corresponded to a part
of the TnT sequence highly conserved in various TnT 1soforms from
different species and within a given species The library was screened
by plating 50 x 10° pfu per dish on a lawn of XL-1 blue cells and
preparing duplicate plaque lifts with nylon membrane (Amersham)
according to Benton and Davis [20]. Hybridization was carried out at
65°C for 3 h in Amersham Rapid Hybridization Buffer with the
[2-**P]dCTP-labelled probe (2 to 2.5 cpm/filter). Filters were washed
3 times for 15 min in 2 x SSC at room temperature, 15 min 1 1 x SSC.
0 1% SDS at room temperature, and 10 mm 1n 0.1 x SSC, 0.1% SDS
at 50°C. they were then autoradiographed with intensifying screens.

2.2 Sequence anulvsis

In vivo excision and rescue of the double-stranded pBluescript
(SK—) plasmids containing the cDNA nserts of interest from the
AZAPII phagemids was performed as recommended by the manufac-
turer (Stratagene) DNA sequencing was performed by the dideoxy
chain-termmation method of Sanger et al. [21]. using Sequenase
(United States Biochemical) and [*S}JdATP (Amersham). cDNA in-
serts were first sequenced using primers complementary to the T3 and
T7 promoter sequences and primers derived from the published sheep
¢TnT ¢cDNA sequence [15], in a region of high interspecies homology
Specific primers derived from the determined sequence were then used
to prime the reaction. Oligonucleotides were synthesized by Genosys
Biotechnologies Inc. The sequence of the full-length cDNA was ob-
tained from two overlapping clones (HCTNTI] and HCTNT2) The
full HCTNT!? clone was sequenced on both strands and the ¢TnT
sequence was completed by sequencing the 5" and 3’ ends of the
HCTNT?2 clone on both strands. The sequencing strategy for each
clone is shown in Fig. 1.

23 RNA preparation and Northern blot analvsis

Total RNA was prepared according to the method of Chomezynski
and Sacchi [22] Northern blotting was performed using 10 ug of total
RNA electrophoresed on a 0 8% agarose-formaldehyde gel and trans-
ferred to a nylon membrane (Hybond N*, Amersham). The cDNA
probes were labelled with [2-**P}JdCTP by random priming (Kleenow,
Amersham). The blot was successively hybridized with the same
c¢DNA fragment of slow skeletal muscle TnT as that used to screen
the ¢cDNA hbrary, and with a 1,087 bp PCR product from the
HCTNTI clone (nucleotides 148 to 1,071 of the HCTNT2 sequence).
In both cases, hybridization to 8 x 10° cpm of each cDNA probe was
performed for 2 h at 65°C, and the washing conditions were those used
in screening the ¢cDNA library. Finally, to determine the precise
amount of RNA on the filter, the blot was hybridized to a 20-mer
oligonucleotide complementary to part of the sequence of rat ribo-
somal 185 RNA [23]. After each hybridization and washing cycle, the
membrane was exposed for autoradiography with intensifying screens
(Appligene) at —80°C, dehybridized according to the standard proce-
dure and exposed again before rehybridization to check for the ab-
sence of a detectable signal.

3. RESULTS

The first screening yielded a total of 19 positive
clones. Ten of these were selected for a second screening
process. Five were amplified by means of PCR with
primers specific for sheep cardiac TnT and gave a single
PCR product of 644 bp. These clones were subjected to
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a third screening and gave a positive hybridization sig-
nal on duplicate plaque-lifts. The two largest clones
(HCTNTI and HCTNT?2) were selected for sequencing.
HCTNTI1 was 923 bp long and lacked the 5" end of the
c¢cDNA. HCTNT2, a slightly larger clone, allowed us to
obtain a full-length coding sequence of human cardiac
TnT (Fig. 2). This cDNA covers 1.086 nucleotides and
has a 866 bp codon open reading frame which, when
translated. would give a protein with a molecular mass
of 39,700 Da. The clone contained a short 5-untrans-
lated sequence upstream of the initiation ATG triplet.
The 206-nucleotide 3’-untranslated sequence contained
a polyadenylation signal (AATAAA) located 16 bp up-
stream of the poly(A) tract. Alignment of the amino-
acid sequence deduced from our cDNA is shown in Fig.
3. together with published cardiac TnT sequences of
other mammalian species and clone M1 of the human
slow skeletal TnT [6].

The expression of human cardiac and slow skeletal
TnT mRNAs during ontogenic development in both
cardiac and skeletal muscles was studied by Northern-
blot analysis (Fig. 4). Hybridization with the slow skel-
etal TnT cDNA showed that this probe detected two
transcripts, of different sizes. in cardiac and skeletal
muscles. In skeletal muscle, a hybridization signal cor-
responding to a transcript approximately 0.9 kb long
was detected, whereas in human and rat hearts the size
of the detected transcript was approximately 1.2 kb.
Hybridization with HCTNT]I revealed a single 1.2 kb
transcript in all muscles studied, including fetal skeletal
muscle. A faint hybridization signal of the same appar-
ent length was also observed in adult skeletal muscle
with longer autoradiography (not shown). In addition,
the 1.2 kb transcript accumulated in the heart during
development. In the fetal heart, the signal detected in
the atrium appeared to be stronger than that in the
ventricle, and vice versa in the adult heart.

4. DISCUSSION

Using a cDNA probe coding for a human slow skel-
etal TnT. we isolated two clones which, by sequence
comparison with cardiac TnTs of other mammalian
species and Northern blot analysis, were found to en-
code human cardiac TnT. Peptide identity was 88-90%
with rat and sheep heart TnT on a 288 amino-acid
overlap and 96-98% when comparison started from
amino acid 70. As expected, the most divergent region
was in the N-terminal portion. The sequence was less
strongly conserved when compared to that of human
slow skeletal TnT (67%). In particular. a stretch of 105
bp was present in the human ¢TnT in the N-terminal
region but lacked the human slow skeletal TnT ¢cDNA
clone M1 described by Gahlmann et al. [6]. More inter-
estingly, multiple nucleotide differences were spread
along the two sequences, suggesting that the two
isoforms did not derive from a single primary transcript
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Fig. 1. Schematic representation of the cDNA of human cardiac TnT with the position of the two clones (HCTNT1 and HCTNT?2) selected after
the screening of the library. together with the sequencing strategy. The coding region of the cDNA 1s depicted by an open box, and the 5" and 3’
untranslated regions as thun lines. The sequence position of each of the two clones 1s represented by thin lines: the striped boxes represent the
pBluescript sequence. The strategy for sequencing each clone is indicated below. The grey boxes represent primers complementary to T3 and T7
promoter sequences. The closed boxes represent oligonucleotides complementary to the sheep cardiac TnT sequence The open boxes represent
oligonucleotides complementary to the determined human cardiac TnT sequence. Arrows indicate the direction and extent of sequence determina-

tion.

through tissue-specific processing, but were rather en-
coded by two similar genes. This remains to be con-
firmed by cloning and sequencing of the relevant
gene(s). The expected molecular mass of the human
cardiac TnT deduced from our sequence was 39,700 Da.
This is in good agreement with the average size of the
cardiac TnT isoforms recently identified in the human
heart by means of SDS-PAGE and Western blot analy-
sis by various groups [8,24.,25]. On the basis of the work
by Anderson et al. [16], at least two cardiac TnT
isoforms exist in the adult human heart, and further
studies are thus needed to determine if our clone en-
codes the major isoform in the adult heart or corre-
sponds to the persistent expression of a fetal form.
Northern blot analysis of RNAs isolated from post-
natal human hearts with HCTNT! yielded a single tran-
script of approximately 1.2 kb, which was also found in
the rat and chick heart (not shown). This length is con-
sistent with that of the various cardiac TnT mRNAs
described so far [4,7.15]. Moreover, this mRNA was
also present in the fetal heart and accumulated during
development, suggesting that it corresponded to an

adult isoform. However, since the resolution of this
technique is not sufficient to differentiate closely size-
related transcripts, our probe may in fact have detected
several cardiac TnT transcripts of approximately the
same molecular weight. We have isolated other clones,
the analysis of which will probably yield cDNAs of
other human cardiac TnT isoforms and thus answer this
question.

Interestingly, whereas the 0.9 kb transcript found in
the skeletal muscle was never detected in the human
heart, a 1.2 kb transcript was found both in fetal and
adult skeletal muscle, although to a far lesser extent in
the latter (not shown). These data strongly suggested
that slow skeletal TnT is not coexpressed in the human
heart, whatever the stage of development. although a
very low level of expression cannot be ruled out because
of the insufficient sensitivity of Northern blot analysis.
By contrast, our data show that the two cardiac and
skeletal TnT transcripts are coexpressed in fetal skeletal
muscle, and that the former is downregulated during
further development, as previously reported in the chick
and rat [7,8]. In addition, our Northern blot analysis
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1 AGA GCA GAG ACC ATG TCT GAC ATA GAA GAG GTG GTG GAA GAG TAC 45

1 Met Ser Asp Ile Glu Glu Val Vval Glu Glu Tyr 11
46 GAG GAG GAG GAG CAG GAA GAA GCA GCT GTT GAA GAG CAG GAG GAG 90
12 Glu Glu Glu Glu Gln Glu Glu Ala Ala Val Glu Glu Gln Glu Glu 26
91 GCA GCG GAA GAG GAT GCT GAA GCA GAG GCT GAG ACC GAG GAG ACC 135
27 Ala Ala Glu Glu Asp Ala Glu Ala Glu Ala Glu Thr Glu Glu Thr 41
136 AGG GCA GAA GAA GAT GAA GAA GAA GAG GAA GCA AAG GAG GCT GAA 180
42 Arg Ala Glu Glu Asp Glu Glu Glu Glu Glu Ala Lys Glu Ala Glu 56
181 GAT GGC CCA ATG GAG GAG TCC AAA CCA AAG CCC AGG TCG TTC ATG 225
57 Asp Gly Pro Met Glu Glu Ser Lys Pro Lys Pro Arg Ser Phe Met 71
226 CCC AAC TTG GTG CCT CCC AAG ATC CCC GAT GGA GAG AGA GTG GAC 270
72 Pro Asn Leu Val Pro Pro Lys Ile Pro Asp Gly Glu Arg Vval Asp 86
271 TTT GAT GAC ATC CAC CGG AAG CGC ATG GAG AAG GAC CTG AAT GAG 315
87 Phe Asp Asp Ile His Arg Lys Arg Met Glu Lys Asp Leu Asn Glu 101
316 TTG CAG GCG CTG ATT GAG GCT CAC TTT GAG AAC AGG AAG AAA GAG 360
102 Leu Gln Ala Leu Ile Glu Ala His Phe Glu Asn Arg Lys Lys Glu 116
361 GAG GAG GAG CTC GTT TCT CTC AAA GAC AGG ATC GAG AAA CGT CGG 405
117 Glu Glu Glu Leu Val Ser Leu Lys Asp Arg Ile Glu Lys Arg Arg 131
406 GCA GAG CGG GCC GAG CAG CAG CGC ATC CGG AAT GAG CGG GAG AAG 450
132 Ala Glu Arg Ala Glu Gln Gln Arg Ile Arg Asn Glu Arg Glu Lys 146
451 GAG CGG CAG AAC CGC CTG GCT GAA GAG AGG GCT CGA CGA GAG GAG 495
147 Glu Arg Gln Asn Arg Leu Ala Glu Glu Arg Ala Arg Arg Glu Glu 161
496 GAG GAG AAC AGG AGG AAG GCT GAG GAT GAG GCC CGG AAG AAG AAG 540
162 Glu Glu Asn Arg Arg Lys Ala Glu Asp Glu Ala Arg Lys Lys Lys 176
541 GCT TTG TCC AAC ATG ATG CAT TTT GGG GGT TAC ATC CAG AAG CAG 585
177 Ala Leu Ser Asn Met Met His Phe Gly Gly Tyr Ile Gln Lys Gln 191
586 GCC CAG ACA GAG CGG AAA AGT GGG AAG AGG CAG ACT GAG CGG GAA 630
192 Ala Gln Thr Glu Arg Lys Ser Gly Lys Arg Gln Thr Glu Arg Glu 206
631 AAG AAG AAG AAG ATT CTG GCT GAG AGG AGG AAG GTG CTG GCC ATT 675
207 Lys Lys Lys Lys Ile Leu Ala Glu Arg Arg Lys Val Leu Ala Ile 221
676 GAC CAC CTG AAT GAA GAT CAG CTG AGG GAG AAG GCC AAG GAG CTG 720
222 Asp His Leu Asn Glu Asp Gln Leu Arg Glu Lys Ala Lys Glu Leu 236
721 TGG CAG ACG ATC TAT AAC TTG GAG GCA GAG AAG TTC GAC CTG CAG 765
237 Trp Gln Thr Ile Tyr Asn Leu Glu Ala Glu Lys Phe Asp Leu Gln 251
766 GAG AAG TTC AAG CAG CAG AAA TAT GAG ATC AAT GTT CTC CGA AAC 810
252 Glu Lys Phe Lys Gln Gln Lys Tyr Glu Ile Asn Val Leu Arg Asn 266
811 AGG ATC AAC GAT AAC CAG AAA GTC TCC AAG ACC CGC GGG AAG GCT 855
267 Arg Ile Asn Asp Asn Gln Lys Val Ser Lys Thr Arg Gly Lys Ala 281
856 AAA GTC ACC GGG CGC TGG AAA TAG AGC CTG GCC TCC TTC ACC AAA 900
282 Lys Val Thr Gly Arg Txp Lys #*=*+ 289
901 GAT CTG CTC CTC GCT CGC ACC TGC CTC CGC TGC ACT CCC CCA GTT 945
946 CCC GGG CCC TCC TGG GCA CCC CAG GCA GCT CCT GTT TGG AAA TGG 990

991 GGA GCT GGC CTA GTG GGA GCC ACC ACT CCT GCC TGC CCC CAC ACC 1035
1036 CAC TCC ACA CCA GTA ATA AAA AGC CAC CAC ACA CTG AAA AAA AAA 1080

1081 AAA AAA 1086

Fig. 2. Nucleotide sequence of human cardiac TnT deduced by sequencing clones HCTNT1 and HCTNT2 and the corresponding amino-acid
sequence The asterisks indicate the termination codon (TAG). and the polyadenylation signal sequence 1s underlined.
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Fig. 3. Alignment of human cardiac TnT amino-acid sequence, deduced from the nucleotidic sequence, with those of other species and the human
slow skeletal TnT sequence deduced from clone M1 (isolated by Gahlmann et al. [6]). Amino-acid sequences from bovine and rabbit cardiac TnT
were determined directly by amino-acid sequencing after protein isolation. The single-letter code is used: (*) no corresponding amino acid.
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Fig. 4. Expression of human cardiac and slow skeletal TnT mRNAs analysed by Northern-blot hybridization with cDNA probes of slow skeletal

TnT and cardiac TnT. Ten ug of total RNA was loaded on each lane' rat hiver (RL), rat ventricle (RV), human ventricle (HV), atrium (HA), and

skeletal muscle (skM) The tissues were from a 29-week-old fetus (F 29w. and F.), a 12-year-old child (12y.), and an adult (Ad.). The blot was

successively hybridized with a fragment of slow skeletal TnT ¢cDNA (s.sk TnT), with a PCR fragment of HCTNT! (¢ TnT), and with the 18S
oligonucleotide to check the quantity of RNA on each lane.

suggested that the cardiac transcript first accumulates
in the fetal atria, whereas accumulation is greater in the
adult ventricles. A similar finding has been made by
others working on chick and rat hearts [26]. Isolation
and characterisation of other human cardiac TnT
c¢DNAs and the use of isoform-specific probes will ena-
ble us to determine the precise expression of human
cardiac TnTs according to the chamber (atria vs. ventri-
cles). tissue (sinio-atrial and atrio-ventricular nodes and
conduction system) and developmental stage, as well as
in a number of disease states.
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