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Abstract
Identification of promoter sequences that can drive heart-specific expression of transgenes is essential to 

investigate gene function in the heart. The aim of this study was to identify heart-specific genes and their promoter 
sequences that can promote heart-specific transgene expression in pig primary heart cells. Gene expression 
profiles in the Gene Expression Omnibus (GEO) repository have been integrated and utilized to identify MYH6, 
TNNI3, and MYBPC3 as common heart-specific genes in the mouse and human. RT-PCR further confirmed heart-
specific expression of the genes among various tissues in pigs as well as in mice and humans. Bioinformatics 
analysis predicted that their promoter sequences contain multiple binding sites for transcription factors involved in 
cardiogenesis and the promoter sequences were substantially conserved between pigs and humans. In addition, 
in vitro analysis showed that expression of (i.e., the green fluorescence protein (GFP)) reporter gene under the 
regulation of promoter sequences of MYH6, TNNI3, and MYBPC3 was detected in primary pig heart cells but not in 
other primary cells. These findings, along with the physiologic similarities between humans and pigs, suggest that 
these novel promoters may be valuable candidates for the regulation of heart gene expression in both humans and 
pigs for biomedical purposes.
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Introduction
�e identi�cation of di�erentially expressed genes and their 

promoters, which control gene expression in a tissue-speci�c manner, 
is of great importance for the investigation of transgene function 
and generation of transgenic animals for xenotransplantation. Gene 
expression pro�les generated with cDNA microarrays in the public 
Gene Expression Omnibus (GEO) repository have been integrated and 
utilized to verify a large number of di�erentially expressed genes and 
discovered novel, tissue-speci�c genes as described in our previous 
studies [1,2]. �e abundance of mRNA reported in the GEO repository 
is a useful indicator of tissue-speci�c patterns of gene expression. 
In the current study, genes di�erentially expressed in the heart were 
investigated for the discovery of novel promoter sequences that can 
drive heart-speci�c transgene expression. Selection of promoter 
sequences is crucial for overcoming a major limitation of cardiac gene 
transfer, namely ectopic expression of the transgene. Tissue-speci�c 
promoters have been widely used to generate transgenic animals in 
our previous studies. For example, aP2/FABP4 promoter, albumin 
promoter, and insulin promoter have been used to overexpress DLK1/
Pref-1 in fat, liver, and pancreatic β-cells, respectively, of transgenic 
mice [3,4]. In the avian species, the RBP7 gene was discovered as a 
novel adipose tissue-speci�c gene, and its promoter has been utilized 
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obtained from the GEO DataSets (GDS) in the NCBI web site were 
described in our previous report [1]. Two sources of DataSets: GDS3142 
for the mouse containing a total of 70 expression pro�les for 22 tissues 
with an average replication of three for individuals for each tissue, and 
GDS596 for the human containing expression pro�les for 79 tissues 
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using one-way ANOVA followed by Tukey’s post hoc test at P<0.05. 
All statistical analyses were performed using SAS 9.4 so�ware (SAS 
Institute, Inc., Cary, NC).

Results

Microarray analysis of heart-specific genes in mice and 
humans

By analyzing the microarray data of mouse and human genes in 
various tissues obtained from the GEO Datasets, the ten most highly 
expressed genes in either mice or humans were collected and listed by 
fold changes (Table 1). Among the ten genes, MYH6, TNNI3, MYBPC3, 
and FHL2 were present in both lists. Following ranks in the human, 
the top three expressed genes (TNNI3, MYBPC3, and MYH6) were 
selected as candidate genes commonly expressed in the heart (Table 
1). In the mouse, expression of TNNI3, MYBPC3, and MYH6 genes 
were 87.0, 42.2, and 95.8 folds greater in the heart, respectively, than the 
average of other tissues. In the human, the three genes expressed 151.2, 
32.9, and 23.2 folds greater in the heart, respectively. 

Confirmation of the heart-specific expression and selection of 
pig cardiac muscle-specific genes 

�e expression of the three genes (TNNI3, MYBPC3, and MYH6) 
was con�rmed in various tissues of the mouse, human, and pig by 
reverse transcription-PCR (RT-PCR) (Figure 1). All three genes were 
highly expressed in heart tissues of each of the three species and did not, 
or were barely expressed, in other tissues. �erefore, our comparative 
analysis of microarray and RT-PCR led to identi�cation of common, 
heart-speci�c genes in the mouse, human, and pig. 

Promoter analysis

Next, the binding sites of the cardiac muscle-speci�c transcription 
factors, NKX2.5, GATA4, and TBX5, were predicted (Figure 2). �ere 
were multiple transcription factor binding sites for NKX2.5, GATA4, 
and TBX5 on the promoter regions of the three genes, and the promoter 
regions were more highly conserved between pigs and humans than 

Figure 1:�� �(�[�S�U�H�V�V�L�R�Q�� �R�I�� �F�D�U�G�L�D�F�� �P�X�V�F�O�H���V�S�H�F�L�¿�F�� �J�H�Q�H�V���� �7�K�H�� �H�[�S�U�H�V�V�L�R�Q�� �R�I��
�F�D�U�G�L�D�F���P�X�V�F�O�H���V�S�H�F�L�¿�F���J�H�Q�H�V���L�Q���Y�D�U�L�R�X�V���W�L�V�V�X�H�V���R�I���W�K�H���P�R�X�V�H�����K�X�P�D�Q�����D�Q�G���S�L�J����
�7�1�1�,������ �0�<�%�3�&������ �D�Q�G�� �0�<�+�μ�� �Z�H�U�H�� �H�[�S�U�H�V�V�H�G�� �S�U�H�G�R�P�L�Q�D�Q�W�O�\�� �L�Q�� �W�K�H�� �K�H�D�U�W�� �R�I�� �W�K�H��
�W�K�U�H�H�� �V�S�H�F�L�H�V���� �)���� �)�D�W���� �0���� �0�X�V�F�O�H���� �+���� �+�H�D�U�W���� �/�X���� �/�X�Q�J���� �/�L���� �/�L�Y�H�U���� �.���� �.�L�G�Q�H�\���� �6�S����
�6�S�O�H�H�Q�����D�Q�G���,�����,�Q�W�H�V�W�L�Q�H����

Figure 2:���3�U�H�G�L�F�W�L�R�Q���R�I���W�K�H���E�L�Q�G�L�Q�J���V�L�W�H�V���I�R�U���F�D�U�G�L�D�F���P�X�V�F�O�H���V�S�H�F�L�¿�F���W�U�D�Q�V�F�U�L�S�W�L�R�Q��
�I�D�F�W�R�U�V���� �7�K�H�� �S�U�H�G�L�F�W�L�R�Q�� �R�I�� �W�K�H�� �E�L�Q�G�L�Q�J�� �V�L�W�H�V�� �I�R�U�� �W�K�H�� �F�D�U�G�L�D�F�� �P�X�V�F�O�H���V�S�H�F�L�¿�F��
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between pigs and mice (Supplementary Figure 1). �erefore, the 
promoters of the three genes could be valuable candidates for a cardiac-
muscle speci�c promoter. 

The expression of green fluorescence protein (GFP) by cardiac 
muscle-specific promoters in pig cardiac muscle cells

To con�rm the capability as a cardiac muscle-speci�c promoter, the 
above three candidate promoters were tested in vitro with various pig 
tissues. �e 1.2 kb, 2 kb, and 3.6 kb of the 5’ upstream region of TNNI3, 
MYBPC3, and MYH6 genes, respectively, were selected for a promoter 
and inserted into the pGlow vector to test the cardiac muscle-speci�c 
expression. Each vector was co-transfected with CMV-RFP vector 
which could express red �uorescent protein initiated by CMV promoter 
into various pig primary cells including the heart, fat, kidney, lung, 
liver, spleen, and muscle. �e expression of GFP was observed only 
in the heart primary cells, while the RFP was observed in all primary 
cells (Figure 3A, and Supplementary Figures 2A-2F); suggesting that all 
three promoters can initiate the expression of a gene speci�cally in the 
heart. Western blot analysis showed that GFP expression was stimulated 
under the regulation of MYH6, MYBPC3, and TNNI3 promoters, and 
the strength of the promoters may be in the descending order of MYH6, 
MYBPC3, and TNNI3 (Figure 3B). Collectively, all three promoters are 
able to initiate the gene expression in a cardiac cell-speci�c manner in 
vitro.

Discussion
In this study, we cloned three heart-speci�c promoters from the 

pig genome and con�rmed the availability of the promoters in vitro, 
assessing whether they could restrict the foreign gene expression to the 
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