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RNA SEQ Analysis Indicates that 
the AE3 Cl−/HCO3

− Exchanger 
Contributes to Active Transport-
Mediated CO2 Disposal in Heart
Kanimozhi Vairamani1, Hong-Sheng Wang2, Mario Medvedovic3, John N. Lorenz4 & Gary E. 
Shull1

Loss of the AE3 Cl−/HCO3
− exchanger (Slc4a3) in mice causes an impaired cardiac force-frequency 

response and heart failure under some conditions but the mechanisms are not known. To better 
understand the functions of AE3, we performed RNA Seq analysis of AE3-null and wild-type mouse 
hearts and evaluated the data with respect to three hypotheses (CO2 disposal, facilitation of Na+-
loading, and recovery from an alkaline load) that have been proposed for its physiological functions. 
Gene Ontology and PubMatrix analyses of differentially expressed genes revealed a hypoxia response 
and changes in vasodilation and angiogenesis genes that strongly support the CO2 disposal hypothesis. 
Differential expression of energy metabolism genes, which indicated increased glucose utilization and 
decreased fatty acid utilization, were consistent with adaptive responses to perturbations of O2/CO2 
balance in AE3-null myocytes. Given that the myocardium is an obligate aerobic tissue and consumes 
large amounts of O2, the data suggest that loss of AE3, which has the potential to extrude CO2 in the 
form of HCO3

−, impairs O2/CO2 balance in cardiac myocytes. These results support a model in which the 
AE3 Cl−/HCO3

− exchanger, coupled with parallel Cl− and H+-extrusion mechanisms and extracellular 
carbonic anhydrase, is responsible for active transport-mediated disposal of CO2.

Anion exchanger isoform 3 (AE3; gene symbol Slc4a3), the most abundant Cl−/HCO3
− exchanger in cardiac muscle1,  

mediates electroneutral extrusion of HCO3
− in exchange for inward transport of Cl−. Although its transport func-

tion is well understood and it is the major HCO3
− extrusion mechanism in cardiac myocytes2, its physiological 

function is unclear. Mice lacking AE3 appear healthy and exhibit normal contractility under some conditions3; 
however, they have an impaired cardiac force-frequency response4 and develop rapid decompensation and heart 
failure on a hypertrophic cardiomyopathy background5. Proposed physiological functions for AE3 include oper-
ating in concert with Na+/H+ exchanger isoform 1 (NHE1) to facilitate Na+-loading, with subsequent effects 
on Ca2+-loading2, 6–8, and mediating recovery of intracellular pH (pHi) from an alkaline load2, 9. Although these 
functions are possible, the lack of an effect of AE3 ablation on hypertrophy in vivo5 or Ca2+-transients in isolated 
myocytes4 and the high metabolic acid load in vivo, particularly from CO2 hydration, suggest that these are not 
its major functions.

The RNA Seq data reported here provide strong support for a third hypothesis, originally proposed for retinal 
and neuronal cells10–12, that AE3-mediated HCO3

− extrusion contributes to CO2 disposal. This hypothesis is con-
sistent with data showing that intracellular carbonic anhydrase (CA) facilitates CO2 venting from cardiomyocyte 
mitochondria by generating HCO3

− and H+, and that this conversion is necessary to avoid inhibition of oxida-
tive phosphorylation by waste CO2

13. These findings suggest the need to dispose of the CO2 hydration products 
(H+  + HCO3

−) rather than simply CO2 itself. Furthermore, extracellular CA is associated with AE312, 14, indicat-
ing that HCO3

− extruded by AE3 is combined with H+ extruded via some other mechanism to form CO2 on the 
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extracellular surface. In fact, the association of AE3 and extracellular CA has been cited previously as supporting 
the CO2 disposal hypothesis12. A direct correlate of the hypothesis that AE3 contributes to CO2 disposal is that 
this mechanism would require energetically-efficient H+ extrusion and overall charge balance, which cannot be 
provided by the known acid-extrusion mechanisms in myocytes. However, data in publically available expression 
databases shows that the HVCN1 voltage-sensitive H+ channel, which would provide both energetically-efficient 
H+-extrusion and charge balance, is expressed in all mammalian tissues, including heart. These observations 
and the current RNA Seq data suggest that the combined activities of AE3 and HVCN1, in combination with Cl− 
recycling and extracellular CA activity, contribute to transport-mediated CO2 disposal on a beat-to-beat basis.

Results
RNA Seq analysis of wild-type (WT) and AE3-null hearts.  RNA Seq analysis was performed to obtain 
differential expression data that might support or negate one or more of the three major hypotheses that have 
been proposed for the physiological functions of AE3. In order of their perceived strengths (See Supplementary 
Results and Discussion), these are: (i) CO2 disposal, (ii) stimulation of Na+- and Ca2+-loading, and (iii) recovery 
from an intracellular alkaline load.

Gene Ontology analysis15 of the entire data set (Supplementary Table S1) and PubMatrix literature analyses16 
of genes with a False Discovery Rate (FDR) <0.05 revealed differential expression patterns involving hypoxia, 
angiogenesis, energy metabolism, and cardiac electrical and myofibrillar functions (Table 1 and Supplementary 
Tables S2–S7). As explained below, the observed expression patterns provide strong support for the CO2 disposal 
hypothesis and limited support for the Na+-loading hypothesis.

Expression changes indicate mild hypoxia and vasodilation.  Changes indicating a hypoxia response 
in AE3-null hearts (Fig. 1) included small increases in mRNAs for the transcription factors Hif1a and Epas1 
(Hif2a), which play a central role in hypoxia responses17–19, and larger changes for the RNA binding proteins 
Cirbp and Rbm3, which mediate Hif1a-independent hypoxia responses20. Also included were genes involved 
in direct regulation of hypoxia responses by a variety of mechanisms. Egln3 (prolyl hydroxylase 3), one of the 
most significantly down-regulated genes, contributes to O2-mediated degradation of Hif1a and other substrates21. 
Egln3 is normally up-regulated in hypoxia, an apparent discrepancy; however, it is down-regulated in high 
altitude hypoxia22, suggesting that under mild hypoxia, in which O2 is available at sufficient levels to stimu-
late enzyme activity, reduced Egln3 expression would limit prolyl hydroxylase activity22. Sqstm1 (Sequestosome 
1) is down-regulated by hypoxia and regulates metabolism and degradation of proteins, including Egln323. 
Up-regulation of Usp20, a deubiquitinase that acts on Hif1a and other proteins24, should reduce degradation of 
Hif1a.

Among major signaling proteins, Map2k6, which is involved in activation of Hif1a during hypoxia25, 
and Map3k7, which is required for hypoxia-induced NF-kB activity26, were up-regulated. Camk2g and 
Camk2d were up-regulated; both genes are in the hypoxia response GO category and it is known that Ca2+/
calmodulin-dependent protein kinase II contributes to cardioprotection after intermittent hypoxia27. Igfbp3 
(insulin-like growth factor-binding protein-3), a Hif1a target involved in many signaling pathways28, was 
increased. Ppp1r1b, an inhibitory subunit of protein phosphatase 1 that is induced by hypoxia29, was also 
up-regulated.

Ncor2, a transcriptional corepressor that inhibits Hif1a-mediated transcription30 was down-regulated and 
additional hypoxia-related transcription factors were affected. These include increased expression of Rcor2, a 
transcriptional corepressor that is a Hif1a target and up-regulated by hypoxia31, and both Mitf (microphthalmia 
associated transcription factor) and Thra (thyroid hormone receptor α), which are known to up-regulate Hif1a 
mRNA32–34. Also included was Tbx5, a major cardiac transcription factor that is a Hif1a target35, is up-regulated 
by hypoxia35, and works synergistically with Gata6, a member of the hypoxia response GO category, to induce 
atrial natriuretic factor36.

Changes indicating increased vasodilation (Fig. 1) included up-regulation of Nppa (ANF, atrial natriuretic 
factor) and Adm (adrenomedullin), which are induced by hypoxia37, 38. Both proteins are secreted from myocytes 
and mediate vasodilation39. Also included were up-regulation of Ramp1, which can form part of an adrenomedu-
lin receptor40, and Mrvi1 (IRAG) and Rxfp1, which mediate smooth muscle relaxation in response to ANF41 and 
relaxin42, respectively. Down-regulation of Ednrb (endothelin receptor type B; 0.84-fold; not shown) could also 
contribute to vasodilation43. These expression changes would be expected to increase blood flow and O2 delivery 
to stromal tissue in heart, thus providing some compensation for mild hypoxia occurring in myocytes as a result 
of impaired CO2 disposal.

Expression changes indicate reduced angiogenesis.  Changes in genes that have clear vascular func-
tions and affect angiogenesis (Fig. 2) included down-regulation of VegfA, which plays a central role in angiogen-
esis, along with its receptors Kdr (VEGFR2) and Flt1 (VEGFR1), its coreceptor Nrp244, 45, and Esm1 (endocan), 
Pvr (Necl-5), and Efnb2 (Ephrin B2), all three of which regulate of VEGFA/VEGFR2-driven angiogenesis46–49. 
Eng (endoglin), Acvrl1 (ALK1), and Bmpr2, which interact and serve as receptors for bone morphogenetic 
proteins during angiogenesis, were also down-regulated50, along with many other proteins with established roles 
in angiogenesis. These include: Notch1, Notch4, and the Notch ligand Dll4 (0.81-fold, not shown)51, 52; Eltd1, a 
G-protein coupled receptor that regulates sprouting angiogenesis and interacts with the Dll4-Notch pathway53;  
and CD248 (endosialin), which also regulates sprouting angiogenesis and acts via a pathway involving 
platelet-derived growth factor B (Pdgfb, 0.89-fold, not shown)54. Other down-regulated genes and some of their 
pro-angiogenesis functions are: Lrp5, regulation of angiogenesis as part of the Wnt receptor complex55; Cxcr7, a 
chemokine receptor that is regulated by VEGFA/VEGFR2 signaling and regulates endothelial progenitor cell tube 
formation56, 57; Flnb (Filamin B), endothelial cell migration in response to VEGF stimulation58; Prex2 (a guanine 
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nucleotide exchange factor)59 and Met (receptor for hepatocyte growth factor)60, both involved in endothelial 
cell migration via signaling mechanisms involving Rac1; Pecam1, modulates endothelial cell-cell and cell-matrix 
interactions61; Sgk1, endothelial cell migration and tube formation62; and Vash1, negative feedback regulation 
of angiogenesis after transcriptional induction by VEGFA and other pro-angiogenic stimuli63. Tfpi and Wif1, 
which were up-regulated, both serve as inhibitors of angiogenesis64, 65. In light of the apparent hypoxia response, 
the direction of changes in angiogenesis genes might seem paradoxical. However, this is consistent with mild 
hypoxia in AE3-null myocytes due to an O2/CO2 imbalance, with increased oxygenation of stromal tissue leading 
to reduced angiogenesis.

Expression changes indicate altered energy metabolism with greater reliance on glucose and 
lesser reliance on fatty acids for energy metabolism.  CO2 venting from mitochondria is facilitated by 
intracellular CA-mediated hydration of CO2 to HCO3

− and H+ and a block in this conversion has been shown to 
inhibit oxidative phosphorylation13. Thus, if AE3-null myocytes have impaired CO2 disposal, one would predict 
changes in energy metabolism and substrate utilization to make the heart more efficient with respect to O2 uti-
lization. Glycolysis and glucose oxidation are more efficient for ATP generation than fatty acid oxidation, and a 

GO Category P-value Enrichment (N, B, n, b)

Hypoxia/Angiogenesis/Vasodilation

GO:0001525 Angiogenesis 8.08E-12 3.57 (21238,231,979,38)

GO:0001666 Response to hypoxia 7.5E-05 2.71 (21238,152,979,19)

GO:0019229 Regulation of 
vasoconstriction 6.51E-04 3.39 (21238,64,979,10)

GO:0042312 Regulation of vasodilation 7.86E-04 3.96 (21238,44,979,8)

Lipid/Carbohydrate metabolism

GO:0006109 Regulation of carbohydrate 
metabolic process 2.74E-07 8.79 (21239,151,176,11)

GO:0010906 Regulation of glucose 
metabolic process 6.16E-05 4.6 (21257,99,607,13)

GO:0008286 Insulin receptor signaling 
pathway 8.09E-05 6.52 (21257,49,599,9)

GO:0019216 Regulation of lipid metabolic 
process 1.11E-04 2.57 (21257,230,863,24)

GO:0032868 Response to Insulin 4.36E-04 3.84 (21257,120,599,13)

GO:0006110 Regulation of Glycolytic 
Process 3.48E-04 19.35 (21257,26,169,4)

Cardiac conduction/Transporters/Channels

GO:0008016 Regulation of heart 
contraction 3.76E-10 4.22 (21228,132,990,26)

GO:0061337 Cardiac conduction 2.22E-08 8.42 (21228,28,990,11)

GO:0002027 Regulation of heart rate 1.55E-08 5.21 (21228,70,990,17)

GO:0006811 Ion transport 3.56E-06 1.67 (21239,1054,990,82)

GO:0006813 Potassium ion transport 2.72E-05 2.82 (21239,152,990,20)

GO:0086001 Cardiac muscle cell action 
potential 1.89E-07 7.95 (21239,27,990,10)

GO:0051899 Membrane depolarization 1.59E-04 3.09 (21228,97,990,14)

GO:0086015 SA node cell action potential 3.9E-04 16.09 (21239,4,990,3)

GO:0086069 Bundle of His cell to 
Purkinje myocyte communication 4.9E-04 9.53 (21239,9,990,4)

GO:0086067 AV node cell to bundle of 
His cell communication 9.41E-04 12.87 (21239,5,990,3)

GO:0006816 Calcium ion transport 9.84E-04 2.17 (21239,198,990,20)

Sarcomere/Z-disc/Cytoskeleton

GO:0044449 Contractile fiber part 2.93E-14 4.57 (21238,166,979,35)

GO:0032432 Actin filament bundle 3.06E-11 6.54 (21238,63,979,19)

GO:0042641 Actomyosin 4.97E-09 5.59 (21238,66,979,17)

GO:0030018 Z disc 8.18E-09 4.62 (21238,94,979,20)

GO:0030315 T-tubule 2.19E-07 5.76 (21238,49,979,13)

GO:0014704 Intercalated disc 3.71E-05 4.72 (21238,46,979,10)

Table 1.  Significantly enriched Gene Ontology (GO) categories. GO categories were identified using the 
GOrilla program15 and grouped by related functions as described in Methods and Supplementary Information. 
The degree of enrichment = (b/n)/(B/N), with (N, B, n, b) defined as follows: N is the total number of genes, B 
is the total number of genes associated with a specific GO term, n is the number of genes in the target set, b is 
the number of genes in the intersection. For more complete information on GO categories and how to access 
specific gene lists in Excel Files, see legends for Supplementary Tables 2–7.
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reduction in the use of ATP and substrates for biosynthesis would allow greater utilization of ATP for contraction. 
Expression changes in energy metabolism GO categories were highly significant (Table 1), and when the direc-
tions of changes were examined, they indicated increased glucose metabolism, reduced fatty acid metabolism, 
and reduced biosynthesis (Fig. 3).

Changes in genes encoding major regulators of energy metabolism (Fig. 3A) included down-regulation of the 
transcription factors Ppard (a member of the hypoxia response GO category) and Pparg. The expression of both 
Ppard and Pparg are reduced by hypoxia66, 67, consistent with a role for AE3 in maintenance of O2/CO2 balance. 
Prkag2 and Prkab1, regulatory subunits of AMPK, which plays a major role in energy sensing, energy metab-
olism68, and response to hypoxia69, were up-regulated. Ppip5k2 (diphosphoinositol pentakisphosphate kinase 
2, 1.38-fold increase, not shown) regulates inositol pyrophosphate metabolism and is an AMPK-independent 
energy sensor and regulator70. The hypoxia-responsive ATP-sensitive K+ channels, Abcc8 (Sur1) and Abcc9 
(Sur2), were up-regulated. Both channels interact with Kcnj11 (Kir6.2, not changed), with Abcc8 the predomi-
nant form in atria and Abcc9 the predominant form in ventricles71. Abcc9 protects the heart against ischemia and 
both channels serve as metabolic sensors, couple energy metabolism and membrane excitability, play major roles 
in carbohydrate metabolism, and are induced by hypoxia72, 73.

Expression of genes for proteins that stimulate glycolysis, glucose uptake, and glucose oxidation were 
increased. These include Hif1a and Thra (Fig. 1), which play major roles in glucose metabolism74, 75. Changes in 
additional genes involved in glucose metabolism are shown in Fig. 3B. The α1-adrenergic receptor (Adra1b) is 
cardioprotective during myocardial infarction and ischemia in part because of enhanced glucose metabolism74, 76.  
Many of the encoded proteins are affected by activation of Akt (indicated in Fig. 3B). This occurs via phospho-
rylation of Ser473, which was significantly increased in AE3-null hearts subjected to atrial pacing4. For example, 
C2cd5 contributes to insertion of GLUT4 into the plasma membrane77, Cd28 stimulates glucose uptake and 
glycolysis78, and Ehbp1 is involved in insulin-regulated GLUT4 recycling and glucose transport79, all in response 
to Akt activation. Smarcd3 is a transcriptional cofactor that drives glycolytic metabolism through a mechanism 
involving Akt80. Entpd5, a UDPase, is involved in Akt responses and has been shown to increase the catabolic 
efficiency of aerobic glycolysis in tumor cells81. Ptk2b (Pyk2 tyrosine kinase, focal adhesion kinase 2) medi-
ates insulin-independent insertion of GLUT4 into the plasma membrane82 and contributes to α1-adrenergic 
receptor-mediated activation of Akt83. Tpk1 (thiamine pyrophosphokinase), generates thiamine pyrophosphate, a 

Figure 1.  Differential expression of genes involved in hypoxia responses and vasodilation. Relevant genes 
were identified by Gene Ontology analyses and/or by PubMatrix analyses of genes with an FDR < 0.05. RPKM 
(Reads Per Kilobase of transcript per Million mapped reads) values for WT (black bars) and AE3-null (white 
bars) hearts are shown. The genes shown are a subset of 143 genes in Supplementary Table S2 and in a subset 
of 158 signaling genes in Supplementary Table S3; values are means ± SE; n = 4 for each genotype; *p ≤ 0.01 vs 
WT controls.
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cofactor needed for oxidative decarboxylation of pyruvate and other substrates in mitochondria84. Up-regulation 
of Pdp1 (pyruvate dehydrogenase phosphatase 1) would favor dephosphorylation and activation of pyruvate 
dehydrogenase, which would enhance pyruvate (glucose) oxidation85. Activation of Crhr2, the urocortin 2 recep-
tor, causes increased AMPK activation, glucose uptake, and phosphorylation of acetyl-CoA carboxylase (which 
inhibits fatty acid biosynthesis) in cardiomyocytes86; cardioprotective effects of Crhr2 activation during ischemic 
injury include activation of phosphatidylinositol 3-kinase/Akt signaling87. Gene knockout studies showed that 
loss of Tbc1d1 impairs insulin-stimulated glucose uptake and increases fatty acid oxidation88, so up-regulation of 
Tbc1d1 should favor a switch to glucose metabolism.

Expression of the leptin receptor (Lepr), which is induced by hypoxia89 and affects both glucose and lipid 
metabolism, was up-regulated (Fig. 3C). In isolated hearts, treatment with leptin stimulates fatty acid oxidation, 
reduces cardiac efficiency, and has no effect on glucose oxidation90 so one could question a role for its receptor 
in glucose metabolism; however, hearts of diabetic mice lacking a functional long form of Lepr (ObRb), which 
might be expected to show the opposite effect, exhibit an increase in palmitate oxidation and a decrease in glyc-
olysis and glucose oxidation91. Also, after myocardial infarction, Lepr was upregulated and contributed to a shift 
from fatty acid to glucose metabolism in a process involving phosphatidylinositol 3-kinase/Akt signaling92. The 
latter study raises the possibility that up-regulation of Lepr mRNA in AE3-null hearts, which includes increased 
expression of the long form of Lepr (Supplementary Fig. S1), may affect glucose metabolism.

Down-regulation of Pparg and Ppard (Fig. 3A) is consistent with reduced fatty acid oxidation, as it has 
been shown that cardiac-specific ablation of Pparg93 or Ppard94 causes a reduction in fatty acid oxidation. Also, 
hypoxia-induced microRNA-mediated repression of Ppard facilitates a reduction in fatty acid metabolism and 
an increase in glucose metabolism in the failing heart66. Reduced utilization of fatty acids for energy metabolism 
is also suggested by reduced expression of the following genes (Fig. 3C): Cd36, which mediates fatty acid uptake 
across the plasma membrane95; Tlr4, which interacts with Cd36 and stimulates fatty acid uptake96; Iqgap2, which 
also interacts with Cd36 and serves a signaling pathway that stimulates fatty acid uptake and processing97; Mgll, 
which hydrolyzes monoglycerides to produce fatty acids and glycerol for energy metabolism and biosynthetic 
processes98; and Acadl (long-chain acyl-CoA dehydrogenase), which is expressed at high levels and catalyzes 
the initial step of fatty acid β-oxidation. Acadl expression has been shown to be down-regulated by Hif1α in 
tumor cells99. Mid1ip1 (Mig12, 1.22-fold) by itself or in a complex with Thrsp (Spot14, 0.77-fold) interacts with 
acetyl-CoA carboxylase100; increased Mid1ip1 and decreased Thrsp expression leads to higher acetyl-CoA carbox-
ylase activity, which reduces β-oxidation of fatty acids100. Scd1 and Scd2 (stearoyl-CoA desaturase 1 and 2) were 

Figure 2.  Differential expression of genes involved in angiogenesis. Relevant genes were identified by Gene 
Ontology analyses and/or by PubMatrix analyses of genes with an FDR < 0.05. RPKM values for WT (black 
bars) and AE3-null (white bars) hearts are shown. The genes shown are a subset of 143 genes in Supplementary 
Table S2; values are means ± SE; n = 4 for each genotype; *p ≤ 0.01 vs WT controls.
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both up-regulated, which would be expected to reduce fatty acid β-oxidation and improve glucose oxidation101, 102.  
Although an increase in stearoyl-CoA desaturase activity might be expected to increase lipid accumulation102, 
reduced expression of Plin3 (perilipin 3) and Plin4, which coat cytosolic lipid droplets103, may reflect a reduction 

Figure 3.  Differential expression of genes involved in energy metabolism. Genes encoding proteins that 
function in (A) regulation of energy metabolism, (B) glucose metabolism, (C) fatty acid metabolism, and (D) 
regulation of ATP and substrate utilization were identified by Gene Ontology analyses and/or by PubMatrix 
analyses of genes with an FDR < 0.05. RPKM values for WT (black bars) and AE3-null (white bars) hearts are 
shown. Genes encoding proteins that are regulated by Akt are indicated (Akt). The genes shown are a subset of 
142 genes in Supplementary Table S4; values are means ± SE; n = 4 for each genotype; *p ≤ 0.01 vs WT controls.
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in storage of cytosolic lipids in cardiomyocytes due to reduced fatty acid uptake. Abcd2 (1.61-fold increase) 
transports very long chain acyl-CoA into peroxisomes and contributes to fatty acid degradation and to synthesis 
of docosahexaenoic acid (DHA)104. Hypoxia has been shown to increase the DHA content of lipid membranes 
in heart105 and, along with eicosapentaenoic acid (EPA), DHA is protective in hypoxia-reoxygenation injury in 
cardiomyocytes106.

Expression changes indicate reduced use of ATP and substrates for biosynthesis.  A number of 
changes would be expected to reduce the use of ATP and substrates for biosynthesis (Fig. 3D). Reduced expres-
sion of Pcx (pyruvate carboxylase), which exhibits reduced activity in Drosophila flies adapted to hypoxia107, 
would reduce the conversion of pyruvate to oxaloacetate108. The reduction in Ucp2 (uncoupling protein 2), a 
member of the hypoxia response GO category that is down-regulated by hypoxia via repression of Pparg109, would 
reduce the transport of oxaloacetate and other 4-carbon intermediates out of mitochondria110. Thus, both changes 
would increase the use of pyruvate and other intermediates for oxidative phosphorylation and reduce their use 
in ATP-utilizing biosynthetic processes. Reduced expression of Mlxipl (ChREBP), which regulates glycolysis 
and fatty acid synthesis, would also be expected to reduce the use of glucose metabolites for biosynthesis111. 
Two genes involved in glycolysis, Pgam1 (phosphoglycerate mutase 1) and Pfkfb2 (6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase 2; 0.77-fold, not shown), were down-regulated. The substrates and products 
(2-phosphoglycerate, 3-phosphoglycerate, and fructose 2,6-bisphosphate) of the enzymes encoded by these genes 
serve regulatory functions in glycolysis112, 113. Pgam1 is up-regulated in cancer cells and stimulates the use of gly-
colytic intermediates for biosynthesis113, so down-regulation could have the opposite effect. Increased expression 
of Eef2k (eukaryotic elongation factor-2 kinase, 1.31-fold), which reduces consumption of energy by inhibiting 
protein synthesis during O2 deficiency114, would also conserve ATP for contraction. Hspb2, encoding a heat shock 
protein that dramatically enhances the efficiency of coupling between ATP hydrolysis and contractile work115,  
was up-regulated (Fig. 3D), suggesting an increase in cardiac efficiency.

Expression changes indicate altered membrane excitability and contractile function.  Some 
particularly prominent groups of differentially expressed genes encoded: (i) proteins that regulate heart rate, 
membrane excitability, and cardiac conduction (Table 1, Fig. 4), and (ii) myofibrillar proteins localized to the 

Figure 4.  Differential expression of genes involved in membrane excitability and cardiac conduction. Genes 
relevant to these categories were identified by Gene Ontology analyses. RPKM values for WT (black bars) 
and AE3-null (white bars) hearts are shown. See Supplementary Information for detailed explanations and 
references for individual genes. The genes shown are a subset of 104 genes presented in Supplementary Table S5 
and 84 transporter, pump, and channel genes in Supplementary Table S6; values are means ± SE; n = 4 for each 
genotype; *p ≤ 0.01 vs WT controls, except Kcne1 (p = 0.015).
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sarcomere, M-band, Z-discs, t-tubules, and intercalated discs (Table 1, Fig. 5). These changes indicate major 
remodeling of electrophysiological and contractile functions in AE3-null hearts. Although some of these changes 
may have the potential to provide compensation for deficits resulting from impaired CO2 disposal, they do not 
provide strong evidence for or against any of the three major hypotheses being considered. See Supplementary 
Results and Discussion for explanations of the functions of specific genes in Figs 4 and 5, and evidence that they 
represent adaptive rather than pathological changes.

Expression changes relevant to the Na+-loading and pHi regulation hypotheses.  Genes for 
several proteins that affect contractility by increasing Na+-loading and Ca2+-loading were sharply up-regulated 
(Fig. 6). These include Agtr1a (angiotensin receptor 1a), Nr3c2 (mineralocorticoid receptor), and Egf (epider-
mal growth factor), which are involved in a pathway that affects Na+- and Ca2+-loading116. Additional changes 
consistent with the Na+-loading hypothesis were reduced expression of Atp1a2 and Atp1a4 (α2 and α4 isoforms 
of the Na+, K+-ATPase).

A number of changes appear related to impaired HCO3
− and pHi homeostasis. Myoc (myocilin, 1.52-fold) 

associates with syntrophins in the dystrophin complex117, a component of costameres. Increased myocilin, a 
member of GO:0014066 (Regulation of Phosphatidylinositol 3-Kinase Signaling), stimulates Akt signaling117. 
Processing and secretion of myocilin is altered by extracellular pH and HCO3

− concentrations118 and could there-
fore be affected by loss of AE3, which we have shown to cause an increase in Akt signaling in response to elevated 
heart rates4. Thus, changes in myocilin could be a response to localized changes in pHi or HCO3

− in AE3-null 
myocytes and may contribute to up-regulation of Akt signaling during pacing.

Slc4a4 (NBCe1 Na+/HCO3
− cotransporter), the major HCO3

− uptake mechanism in cardiomyocytes1, 119 was 
down-regulated, which should also reduce Na+-uptake, and Slc26a6, which mediates both Cl−/HCO3

− exchange 
and Cl−/formate exchange120, was up-regulated (Fig. 6). These changes could, in principle, provide compensation 
for alkalinization resulting from HCO3

− overload; however, NHE1 protein4 and Carns1 (carnosine synthase) 
mRNA (Fig. 6) were increased. NHE1 is a powerful H+-extrusion mechanism and Carns1 is involved in the 
synthesis of histidyl dipeptides121, which are present at very high levels in cardiac muscle and serve as a major 
intracellular buffer for H+.

Car14, which encodes CA XIV, the most abundant carbonic anhydrase in mouse heart, was up-regulated 
(Fig. 6, see Supplementary Table S8 for expression levels of all CA isoforms). CA XIV is associated with the 

Figure 5.  Differential expression of genes encoding sarcomere and sarcomeric cytoskeletal proteins. Genes 
relevant to these categories were identified by Gene Ontology analyses. RPKM values for WT (black bars) 
and AE3-null (white bars) hearts are shown. See Supplementary Information for detailed explanations and 
references for individual genes. The genes shown are a subset of 116 genes presented in Supplementary Table S7. 
Values are means ± SE; n = 4 for each genotype; *p ≤ 0.01 vs WT controls.
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sarcoplasmic reticulum and colocalizes with mitochondria, where it facilitates CO2 venting13. CA XIV also 
binds to AE3 on the extracellular surface of mouse cardiomyocytes, where it catalyzes the conversion of HCO3

− 
extruded by AE3 to CO2

14, which would require H+ extruded by some other mechanism. Although mitochon-
drial CA is expressed at very low levels in heart13, Car5b, a mitochondrial CA isoform, was significantly increased.

Potential Cl− and H+ extrusion mechanisms to function in AE3-mediated CO2 disposal.  It 
has been noted that AE3-mediated HCO3

− extrusion has the potential to contribute to CO2 disposal10–12; how-
ever, Cl− recycling and parallel H+-extrusion would also be needed. In heart, there are many Cl− channels that 
could mediate Cl− recycling (Supplementary Table S9). The negative membrane potential during most of the 
excitation-relaxation cycle would allow efficient Cl− recycling, although this would not provide charge balance, 
and extrusion of a net negative charge would require additional ion transport processes to maintain the resting 
membrane potential. H+-extrusion is particularly problematic because if Na+/H+ exchange were responsible, the 
process would not be electrically balanced and extrusion of Na+ would require additional expenditure of energy, 
with an increase in both ATP production and CO2 disposal.

The simplest and most energetically efficient H+-extrusion mechanism would be the HVCN1 voltage-sensitive 
proton channel122. Although HVCN1 has not been reported previously in cardiac myocytes, data in the 
EMBL-EBI Expression Atlas (see Methods) indicates that it is expressed in all mammalian tissues. This includes 
mouse heart and the heart of other mammalian species, including human (Supplementary Table S10). The availa-
ble expression data indicate that HVCN1 mRNA is expressed in heart at levels comparable to those of NHE1 and 
also show that AE3 is the most abundant Cl−/HCO3

− exchanger in mammalian hearts.

Discussion
Although AE3 was identified almost 30 years ago and shown to be expressed at high levels in heart123, 124, its physi-
ological functions are not yet established. Here we used RNA Seq analysis to assess the major hypotheses about its 
functions in cardiac muscle. The differential expression data provide strong support for the CO2 disposal hypothe-
sis and suggest major avenues of investigation that could be used to further test this hypothesis. This is potentially 
important as CO2 disposal is generally thought to occur entirely by diffusion, either directly across the plasma 
membrane or through gas channels125, 126. However, transporters involved in transepithelial ion transport pro-
cesses are able to extrude large quantities of HCO3

− and H+ that are derived from CO2 (see Supplementary Results 
and Discussion), so transport-mediated CO2 disposal is a reasonable mechanism. Also, the prior demonstra-
tions of carbonic anhydrase-mediated CO2 hydration in the venting of CO2 from cardiomyocyte mitochondria13,  
which is needed to avoid inhibition of oxidative phosphorylation, and the association of CA XIV with the extra-
cellular domains of AE312, 14 are consistent with transport -mediated CO2 disposal in heart.

The differential expression patterns most strongly indicating impaired CO2 disposal in AE3-null cardiomy-
ocytes were the changes in genes mediating hypoxia responses, coupled with changes that would likely increase 
blood flow, and reduced expression of angiogenesis genes, all of which indicated impaired O2/CO2 balance in 
heart. The changes in angiogenesis genes that play direct roles in vascular tissues, while modest, were unambig-
uously consistent with a reduction in angiogenesis in AE3-null hearts, which initially seemed inconsistent with 
the apparent hypoxia response. However, the hypoxia response is not due to systemic hypoxia, as global loss of 
AE3 does not affect respiratory function, systemic acid-base homeostasis, or blood gasses (O2, CO2)127. Also, the 
level of blood lactate, which is utilized as an energy source by cardiac myocytes, is slightly reduced127 rather than 
increased as in systemic hypoxia. Furthermore, systemic hypoxia should increase, not decrease, angiogenesis. 

Figure 6.  Differential expression of genes with potential for adaptation via Na+-loading or regulation of pHi. 
Genes in the top row have the potential to contribute to increased contractility via regulation of Na+-loading. 
Genes in the second row are affected by or involved in intracellular acid-base homeostasis. RPKM values for 
WT (black bars) and AE3-null (white bars) hearts are shown. Values are means ± SE; n = 4 for each genotype; 
*p ≤ 0.01 vs WT controls, except Car14 (p = 0.019), which encodes CA XIV, an AE3-interacting protein.
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The data are consistent with a mild hypoxia response in AE3-null myocytes, which in turn secrete vasodilators in 
order to increase blood flow. Increased oxygenation of the stromal tissue would lessen the hypoxia in myocytes 
but would also reduce the stimulus for angiogenesis. These results are consistent with impaired O2/CO2 balance 
occurring specifically in cardiomyocytes, as would be expected if AE3-mediated extrusion of HCO3

− plays a 
major role in CO2 disposal.

The RNA Seq data provide limited support for the Na+-loading hypothesis. Activation of Agtr1a128 and 
treatment with Egf129 stimulate contractility in cardiac myocytes and isolated hearts. Increased contractility in 
response to myocardial stretch requires angiotensin, mineralocorticoid, and Egf receptor activities130, along with 
the downstream effector NHE1, which was up-regulated at the protein level in AE3-null hearts4. Activation of 
this pathway is known to increase Na+- and Ca2+-loading116 and, as proposed previously2, 6–8, when NHE1 activity 
is activated to increase Na+-loading, H+-extrusion could be balanced by AE3-mediated HCO3

− extrusion. This 
function is compatible with a CO2 disposal function, since AE3 could be involved in maintaining pHi balance 
in response to H+-extrusion by either NHE1 or HVCN1. Nevertheless, in previous studies3, 4 we observed no 
changes in Ca2+-handling that might explain the reduction in force-frequency response in AE3-null mice, and the 
expression changes observed here provide only limited support for the Na+-loading hypothesis.

The current data and previous studies do not support the hypothesis that the major function of AE3 is to 
mediate recovery from an alkaline load in vivo, even though AE3-mediated recovery from an alkaline load can be 
demonstrated following experimental manipulations in vitro2. NHE1 protein was increased in AE3-null hearts4 
and NHE1 mRNA was increased in isolated AE3-null cardiac myocytes2. Also, mRNA encoding Carns1, involved 
in histidyl dipeptide synthesis, was increased. Histidyl dipeptides would likely be important for efficient venting 
of CO2 from mitochondria13 as they would buffer H+ produced by CO2 hydration, thus facilitating the reac-
tion that converts waste CO2 to H+ and HCO3

−. Increased expression of NHE1 and Carns1 mRNA suggest that 
the loss of AE3 leads to an increased need for NHE1-mediated H+-extrusion and H+ buffering capacity. Given 
that AE3 extrudes HCO3

−, this may seem paradoxical; however, CO2 hydration generates equimolar amounts 
of HCO3

− and H+ and a reduction in HCO3
− extrusion could affect not only the rate of CO2 hydration, but also 

a parallel mechanism of H+ extrusion that is affected by extracellular carbonic anhydrase associated with AE3 
(discussed below).

The up-regulation of Car14 is potentially relevant, as CA XIV has been proposed to play an important role in 
both CO2 venting from mitochondria13 and in AE3-mediated HCO3

− extrusion from cardiac myocytes, where it 
is associated with the extracellular domains of AE314. CA XIV also associates with AE3 in retina and brain12, 14.  
Also, its mRNA was increased in neurons of AE3-null mice14, 131, consistent with a deficit in CO2 disposal in 
AE3-null neurons. This could be responsible for the epilepsy phenotype in AE3-null mice14, 132 and in humans 
with a heterozygous AE3 mutation133, as hypoxia can contribute to epilepsy134. Interestingly, expression of Car5b, 
a mitochondrial CA isoform, was increased in AE3-null hearts, suggesting a perturbation of CO2 venting from 
mitochondria. This is consistent with the reduction in AE3-mediated extrusion of HCO3

− from the cell, which 
would shift the equilibrium toward a reduction in CO2 hydration. These changes support the CO2 disposal 
hypothesis.

Because a reduction in carbonic anhydrase-mediated hydration of waste CO2 as it exits the mitochondria 
causes an inhibition of oxidative phosphorylation13, it is reasonable to expect that a reduction in the ability to 
dispose of HCO3

− would elicit adaptative changes in energy metabolism. The changes in metabolic genes, while 
modest, suggest an increase in glucose metabolism and a reduction in fatty acid uptake and metabolism, which 
would provide a more favorable ATP/O2 ratio during mild hypoxia. Interestingly, a number of the proteins 
involved in glucose metabolism are affected by activation of Akt (indicated in Fig. 3), which is known to have 
a major effect on glucose metabolism in heart135. The increased Akt phosphorylation observed when AE3-null 
mice were subjected to atrial pacing4 and upregulation of glucose metabolism genes that respond to Akt suggest 
that glucose metabolilsm may be stimulated in AE3-null hearts during acute biomechanical stress, when O2 
utilization would be increased. In addition to an improved ATP/O2 ratio, a shift in the relative balance between 
glucose and fatty acid metabolism would also be expected to improve cardiac function due to a reduction in the 
negative effects of fatty acid metabolism on cardiac efficiency136. An increase in cardiac efficiency is supported 
by the up-regulation of Hspb2 (Fig. 3D). When challenged with β-adrenergic stimulation, mice lacking Hspb2 
hydrolyzed more ATP but performed less work115. Thus, an increase in Hspb2 should provide better protection of 
energy reserves and improved contractility in response to β-adrenergic stimulation and other stress conditions. 
In addition, there were a number of expression changes that would be expected to reduce the use of substrates 
and ATP for biosynthesis, which would conserve energy for muscle contraction. A reduction in use of ATP and 
substrates for biosynthesis is consistent with the smaller hearts in AE3-null mice2, 4.

The major difficulty in proposing a role for AE3 in transport-mediated CO2 disposal in cardiac myocytes is that 
it would require the parallel operation of an energetically-efficient H+ disposal mechanism. Of the known mech-
anisms of H+ extrusion, only the HVCN1 H+ channel, which is expressed in heart (Supplementary Table S8) and 
seems to be ubiquitous in mammalian tissues, would appear to have the necessary properties. It is perfectly selec-
tive for H+, mediates outward transport only, and is strongly activated by intracellular acidity and a positive mem-
brane potential122. As illustrated in Fig. 7, HVCN1 and AE3 have the potential to form an efficient mechanism for 
transport-mediated CO2 disposal. Because AE3 is electroneutral and unaffected by changes in membrane potential, 
its HCO3

− extrusion activity is driven by the inwardly directed Cl− gradient. With recycling of Cl− through sarco-
lemmal Cl− channels while the cell is in the polarized resting phase, efficient export of HCO3

− being produced via 
CO2 hydration13 would be maintained. H+ passing through HVCN1 during each action potential would be catalyti-
cally combined with HCO3

− present in the unstirred layer via extracellular CA XIV that is associated with AE312, 14, 
thereby preventing a buildup of acid on the cell surface. It should be noted that generation of CO2 by this mechanism 
would not require tight coupling in which the HCO3

− being extruded by AE3 is directly combined with H+ being 
extruded by HVCN1. With HCO3

− serving as the major extracellular buffer and AE3 continuously replenishing 
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HCO3
− being consumed by CO2 production via extracellular CA activity, the HCO3

− concentration in the unstirred 
layer would be maintained and the CO2 generated would be washed away in the blood.

Although additional studies will be needed to test various aspects of the proposed CO2 disposal mechanism 
and to assess the metabolic, electrical, and contractile consequences of its perturbation, the expression data 
described here suggest that AE3 plays a central role in transport-mediated CO2 disposal. Transport-mediated 
CO2 disposal occurs in epithelial tissues as a side effect of acid-base and electrolyte transport; however, this is the 
first description of an energetically-efficient system for transport-mediated CO2 disposal. In addition, the data 
set (included in its entirety in Supplementary Files) provides both a framework and a rich source of additional 
information for further investigations of the cardiac functions of AE3.

Methods
RNA Seq Analysis.  Total RNA was isolated from whole hearts of 4-month-old FVB/N WT and AE3-null male 
mice (n = 4 of each genotype). All procedures using animals conformed to guidelines published by the National 
Institutes of Health (Guide for the Care and Use of Laboratory Animals) and were approved by the Institutional 
Animal Care and Use Committee at the University of Cincinnati. Samples were subjected to RNA Seq analysis in the 
University of Cincinnati Genomics and Sequencing Core using the Illumina HiSeq. 1000 platform. Sequence reads 
were aligned to the reference mouse genome using TopHat aligner137. The full data set was deposited in the Gene 
Expression Omnibus (GEO accession number GSE70471) and is also provided as an Excel File in Supplementary 
Table S1. Additional Excel Files with subsets of expression data are provided in Supplementary Tables S2–S7. Fold-
change expression data in the Excel files relate expression in AE3-null hearts relative to that observed in WT hearts.

Statistical analysis to identify differentially expressed genes was performed using the negative-binomial model 
of read counts as implemented in DESeq Biocondoctor package138. Most of the genes (80%) included in the fig-
ures had an FDR (False Discovery Rate) < 0.05, which is a measure of the probability of a false positive given 
the inclusion of over 23,000 genes in the analysis. Among the 536 genes with FDR < 0.05, 284 were up-regulated 
and 252 were down-regulated. Some genes with FDR > 0.05 were also included because they were in significantly 
enriched GO categories that were a major part of the phenotype (see Table 1 and legends for Supplementary 
Tables S2–S7). Inclusion of genes with a significant P value but an FDR > 0.05 that were also present in significant 
GO categories, which were derived from a small subset of genes, protected against exclusion of false negatives. 
mRNA expression is presented as Reads Per Kilobase per Million mapped reads (RPKM), which normalizes for 
the size of the mRNA and provides a measure of the relative abundance of specific transcripts. Approximately 25 
million reads were achieved per sample.

Cardiac RNA Seq expression data for mammalian hearts (Supplementary Table S10) and other tissues was 
obtained from the European Bioinformatics Institute (EBI) Expression Atlas (http://www.ebi.ac.uk/gxa/home). 
Heart data was for mRNA expression in hearts of both male and female Fisher 344 rats at 4 developmental 
stages139 and in hearts of C57Bl6 mice, opossum, rhesus monkey, and human140. The latter study used a normali-
zation procedure that allowed cross-species comparisons of specific genes.

Gene Ontology Analysis.  The online GOrilla program15 (Gene Ontology enRIchment anaLysis and visu-
aLizAtion tool; http://cbl-gorilla.cs.technion.ac.il/) was used for Gene Ontology analyses. This program can be 
accessed and used without registering and is self-explanatory and easy to use. Two analysis options were used: 
(1) Single Rank List in which the entire gene set was ranked according to P values and (2) Two Unranked Lists, 
in which a target list of genes with a P value or FDR (false discovery rate) value within a specified range was 
compared against the background list of all genes (over 23,000 total, with 18,892 expressed genes) to which reads 
were mapped. Neither analysis option alone was completely satisfactory for identifying relevant GO categories 
and genes. Thus, we used both the Single Rank option, which considers only the relative significance ranking of 
all genes and does not depend on an arbitrary cutoff and the Two Unranked lists option, in which various cutoffs, 

Figure 7.  Model for the role of the AE3 Cl−/HCO3
− exchanger in transport-mediated CO2 disposal. Oxygen 

entering the myocyte is rapidly converted to CO2 in mitochondria. CO2 venting from mitochondria13 is 
facilitated by CA-mediated conversion of CO2 to HCO3

− and H+, with H+ buffered by histidyl dipeptides 
(HDP) and other components, thereby effectively blocking the back reaction by keeping the concentration 
of free H+ low. CO2 disposal is proposed to be mediated by a combination of HCO3

− extrusion by AE3, Cl− 
recycling via Cl− channel activity, H+-extrusion via HVCN1 during each depolarization, and extracellular 
carbonic anhydrase (CA) activity to generate CO2.
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ranging from very stringent (FDR < 0.01–0.05) to less stringent (P < 0.01) were used. The Single Rank option 
identified some functions that were highly enriched at the top end of the significance range and other functions 
that were significantly enriched over a very large range, but with lower enrichment scores. Both approaches are 
needed to minimize inclusion of false positives or exclusion of false negatives.

Enrichment analysis for both options uses the hypergeometric distribution to calculate statistical probabilities15.  
The Single Rank option avoids setting an arbitrary cutoff of P values to be considered and was particularly use-
ful for identifying GO categories that were highly enriched at the top end of the significance range for individual 
genes. When using the Single Rank analysis, all genes were ranked by P values and the distribution of genes in each 
GO category was used to calculate significance scores and enrichment of specific GO categories. When using the 
Two List analysis, significance and enrichment in each GO category is calculated based on the number of genes 
for specific GO categories appearing in the target list and background list. Enrichment (N, B, n, b) is defined as 
follows: N is the total number of genes, B is the total number of genes associated with a specific GO term, n is the 
number of genes in the top of the input list or in the target set when appropriate, b is the number of genes in the 
intersection; Enrichment = (b/n)/(B/N). As shown in Supplementary Fig. S2, the program provides a visual display 
of hierarchically arranged GO categories, with large broad categories displayed at the top and smaller, more spe-
cific categories nested within one or more of the broad categories. In addition, the program provides a list of GO 
categories ranked by significance and a list of the genes in each GO category, which can be shown or hidden. When 
performing GOrilla analysis, the genes were not separated into up-regulated or down-regulated genes since a given 
process might be affected positively (or negatively) by up-regulation of some genes and down-regulation of others. 
Significant GO categories were inspected, grouped by related functions, and a list of non-redundant genes for each 
broad category was prepared as described in the legends for Supplementary Tables S2–S7. In some cases, particularly 
(1) Hypoxia, Vasodilation, Angiogenesis (Supplementary Table S2) and (2) Energy Metabolism (Supplementary 
Table S4), additional genes were included in the lists based on PubMed literature searches, which relied heavily on 
PubMatrix. Those searches can be publicly accessed as described below.

PubMatrix Analyses.  Pubmatrix (https://pubmatrix.irp.nia.nih.gov/), an online literature search tool16, was 
used to search PubMed to identify relevant publications describing the functions of specific genes in various 
biological processes (Supplementary Fig. S3). In each run, PubMatrix performs pairwise literature searches of 
up to 100 search terms and up to 10 modifier terms. The search terms corresponded to the 536 genes with an 
FDR ≤ 0.05; for each gene, the gene symbol was grouped with common names for the gene. For example, search 
terms for the angiotensin II receptor, type 1 was: (Agtr1a or AT1a or Agtr1). The 536 genes with FDR < 0.05 
were grouped into 4 sets of up-regulated genes (Sets 1–4) and 4 sets of down-regulated genes (Sets 5–8) and 
each set was searched against modifier terms for 1) Hypoxia and related processes [Modifier terms: (hypoxia or 
hypoxic), (HIF1 or Hif1alpha or Hif1a or Hif), (Egln3 or PHD3), (Epas or Hif2a), (Vegf or Vegfa), Angiogenesis, 
Vasodilation, Vasoconstriction, (ischemia or ischemic), (heart or cardiac)] and 2) Energy Metabolism [Modifier 
terms: “energy metabolism”, “lipid metabolism”, “beta oxidation”, (mitochondria or mitochondrial), “glucose 
metabolism”, “glucose oxidation”, Glucose, Glycolysis, Ampk, AKT]. As illustrated in Supplementary Fig. S3, each 
set of searches is displayed on a grid that allows any pairwise search to be opened; the searches are stored and 
can be reopened at any time. The reader can access the searches performed here for Hypoxia and Metabolism 
genes (under Public Results, username Vair&Shull) by registering on PubMatrix with a username (typically email 
address) and a simple password.

Quantitative Real-time PCR (RT-PCR) analysis.  Total RNA was isolated from hearts of 4-month-old 
FVB/N male mice (N = 4 of each genotype) using Tri-reagent (Molecular Research Center, Cincinnati, OH). 
cDNA was prepared by random priming using Superscript III First-strand synthesis kit from Life Technologies.

RNA Seq data were validated by quantitative PCR (Supplementary Fig.  S4). RT-PCR analy-
sis to determine mRNA levels of differentially expressed genes selected from each of the catego-
ries discussed was performed on an ABI 7300 Real Time PCR system according to the manufacturer 
recommended protocol using both SYBR green and TaqMan assays. The primer sequences used 
for SYBR green-based f luorescence were Gapdh: 5′-AGGTCGGTGTGAACGGATTTG-3′  and 
5′-TGTAGACCATGTAGTTGAGGTCA-3′; Hif1a: 5′-ACCTTCATCGGAAACTCCAAAG-3′ and 5′-CTGT 
TAGGCTGGGAAAAGTTAGG-3′; Cirbp: 5′-GGACTCAGCTTCGACACCAAC-3′ and 5′-ATGGCGTCCTTAG 
CGTCATC-3′; Rbm3: 5′-CTTCGTAGGAGGGCTCAACTT-3′ and 5′-CTCCCGGTCCTTGACAACAAC-3′; 
Egln3:  5 ′  GGCTGGGCAAATACTATGTCAA 3 ′  and 5 ′-GGT TGTCCACATGGCGAACA-3 ′ ; 
Tbx5: 5 ′-TTGGATGAGGTGGAGAGAGC-3 ′  and 5 ′-ACACAGGATGTCTCGGATGC-3 ′ ;  Adm: 
5 ′ -AAC CAGCT TCAT TCTGTGGC-3 ′  and  5 ′ -TGGACT T TGGGGT T T TGCTA-3 ′ ;  S lc26a6 : 
5′-GTGGCGAACTTGGTTCCGAT-3′ and 5′-AGCCATTCACGCACAGGATAC-3′.

TaqMan assays were purchased from Life Technologies. The assay IDs for the TaqMan assays for Gapdh, Adra1b, 
Kcnj5, Gja5, Myl7, Myl1, Myot, Agtr1a, Carns1, are Mm99999915_g1, Mm00431685_m1, Mm01175829_m1, 
Mm00433619_s1, Mm01183005_g1, Mm00659043_m1, Mm00498877_m1, Mm01957722_s1, and Mm01236521_
m1 respectively. The ΔΔCt method was used to calculate relative expression of analyzed transcripts after normali-
zation with Gapdh in both cases. Values are means ± SE and significance was determined by Student’s t-test.

References
	 1.	 Wang, H. S., Chen, Y., Vairamani, K. & Shull, G. E. Critical role of bicarbonate and bicarbonate transporters in cardiac function. 

World J Biol Chem 5, 334–345, doi:10.4331/wjbc.v5.i3.334 (2014).
	 2.	 Sowah, D., Brown, B. F., Quon, A., Alvarez, B. V. & Casey, J. R. Resistance to cardiomyocyte hypertrophy in ae3−/− mice, deficient 

in the AE3 Cl−/HCO3
− exchanger. BMC Cardiovasc Disord 14, 89, doi:10.1186/1471-2261-14-89 (2014).

http://S2
http://S2
http://S7
http://S2
http://S4
https://pubmatrix.irp.nia.nih.gov/
http://S3
http://S3
http://S4
http://dx.doi.org/10.4331/wjbc.v5.i3.334
http://dx.doi.org/10.1186/1471-2261-14-89


www.nature.com/scientificreports/

13SCiEntifiC REportS | 7: 7264  | DOI:10.1038/s41598-017-07585-y

	 3.	 Prasad, V. et al. Impaired cardiac contractility in mice lacking both the AE3 Cl−/HCO3
− exchanger and the NKCC1 Na+-K+-2Cl− 

cotransporter: effects on Ca2+ handling and protein phosphatases. J Biol Chem 283, 31303–31314, doi:10.1074/jbc.M803706200 (2008).
	 4.	 Prasad, V. et al. Loss of the AE3 Cl−/HCO3

− exchanger in mice affects rate-dependent inotropy and stress-related AKT signaling 
in heart. Front Physiol 4, 399, doi:10.3389/fphys.2013.00399 (2013).

	 5.	 Al Moamen, N. J. et al. Loss of the AE3 anion exchanger in a hypertrophic cardiomyopathy model causes rapid decompensation 
and heart failure. J Mol Cell Cardiol 50, 137–146, doi:10.1016/j.yjmcc.2010.10.028 (2011).

	 6.	 Alvarez, B. V., Fujinaga, J. & Casey, J. R. Molecular basis for angiotensin II-induced increase of chloride/bicarbonate exchange in 
the myocardium. Circ Res 89, 1246–1253 (2001).

	 7.	 Chiappe de Cingolani, G. E. et al. Involvement of AE3 isoform of Na+-independent Cl−/HCO3
− exchanger in myocardial pHi 

recovery from intracellular alkalization. Life Sci 78, 3018–3026, doi:10.1016/j.lfs.2005.11.030 (2006).
	 8.	 Alvarez, B. V. et al. Carbonic anhydrase inhibition prevents and reverts cardiomyocyte hypertrophy. J Physiol 579, 127–145, 

doi:10.1113/jphysiol.2006.123638 (2007).
	 9.	 Vaughan-Jones, R. D. & Spitzer, K. W. Role of bicarbonate in the regulation of intracellular pH in the mammalian ventricular 

myocyte. Biochem Cell Biol 80, 579–596 (2002).
	 10.	 Kobayashi, S., Morgans, C. W., Casey, J. R. & Kopito, R. R. AE3 anion exchanger isoforms in the vertebrate retina: developmental 

regulation and differential expression in neurons and glia. J Neurosci 14, 6266–6279 (1994).
	 11.	 Alvarez, B. V. et al. Blindness caused by deficiency in AE3 chloride/bicarbonate exchanger. PLoS One 2, e839, doi:10.1371/journal.

pone.0000839 (2007).
	 12.	 Casey, J. R., Sly, W. S., Shah, G. N. & Alvarez, B. V. Bicarbonate homeostasis in excitable tissues: role of AE3 Cl−/HCO3

− exchanger 
and carbonic anhydrase XIV interaction. Am J Physiol Cell Physiol 297, C1091–1102, doi:10.1152/ajpcell.00177.2009 (2009).

	 13.	 Schroeder, M. A. et al. Extramitochondrial domain rich in carbonic anhydrase activity improves myocardial energetics. Proc Natl 
Acad Sci USAUSA 110, E958–967, doi:10.1073/pnas.1213471110 (2013).

	 14.	 Vargas, L. A. & Alvarez, B. V. Carbonic anhydrase XIV in the normal and hypertrophic myocardium. J Mol Cell Cardiol 52, 
741–752, doi:10.1016/j.yjmcc.2011.12.008 (2012).

	 15.	 Eden, E., Navon, R., Steinfeld, I., Lipson, D. & Yakhini, Z. GOrilla: a tool for discovery and visualization of enriched GO terms in 
ranked gene lists. BMC Bioinformatics 10, 48, doi:10.1186/1471-2105-10-48 (2009).

	 16.	 Becker, K. G. et al. PubMatrix: a tool for multiplex literature mining. BMC Bioinformatics 4, 61, doi:10.1186/1471-2105-4-61 (2003).
	 17.	 Giordano, F. J. Oxygen, oxidative stress, hypoxia, and heart failure. J Clin Invest 115, 500–508, doi:10.1172/JCI24408 (2005).
	 18.	 Wu, J. et al. HIF-1α in heart: protective mechanisms. Am J Physiol Heart Circ Physiol 305, H821–828, doi:10.1152/

ajpheart.00140.2013 (2013).
	 19.	 Henderson, J. et al. The EPAS1 gene influences the aerobic-anaerobic contribution in elite endurance athletes. Hum Genet 118, 

416–423, doi:10.1007/s00439-005-0066-0 (2005).
	 20.	 Wellmann, S. et al. Oxygen-regulated expression of the RNA-binding proteins RBM3 and CIRP by a HIF-1-independent 

mechanism. J Cell Sci 117, 1785–1794, doi:10.1242/jcs.01026 (2004).
	 21.	 Wong, B. W., Kuchnio, A., Bruning, U. & Carmeliet, P. Emerging novel functions of the oxygen-sensing prolyl hydroxylase domain 

enzymes. Trends Biochem Sci 38, 3–11, doi:10.1016/j.tibs.2012.10.004 (2013).
	 22.	 Baze, M. M. Effects of hypoxia and high altitude on the gene expression, energetics, and immune function. Ph.D thesis, University 

of Nevada, Reno (2011).
	 23.	 Rantanen, K. et al. p62/SQSTM1 regulates cellular oxygen sensing by attenuating PHD3 activity through aggregate sequestration 

and enhanced degradation. J Cell Sci 126, 1144–1154, doi:10.1242/jcs.115667 (2013).
	 24.	 Li, Z., Wang, D., Messing, E. M. & Wu, G. VHL protein-interacting deubiquitinating enzyme 2 deubiquitinates and stabilizes HIF-

1α. EMBO Rep 6, 373–378, doi:10.1038/sj.embor.7400377 (2005).
	 25.	 Emerling, B. M. et al. Mitochondrial reactive oxygen species activation of p38 mitogen-activated protein kinase is required for 

hypoxia signaling. Mol Cell Biol 25, 4853–4862, doi:10.1128/MCB.25.12.4853-4862.2005 (2005).
	 26.	 Culver, C. et al. Mechanism of hypoxia-induced NF-kappaB. Mol Cell Biol 30, 4901–4921, doi:10.1128/MCB.00409-10 (2010).
	 27.	 Yu, Z., Wang, Z. H. & Yang, H. T. Calcium/calmodulin-dependent protein kinase II mediates cardioprotection of intermittent 

hypoxia against ischemic-reperfusion-induced cardiac dysfunction. Am J Physiol Heart Circ Physiol 297, H735–742, doi:10.1152/
ajpheart.01164.2008 (2009).

	 28.	 Natsuizaka, M. et al. Hypoxia induces IGFBP3 in esophageal squamous cancer cells through HIF-1α -mediated mRNA 
transcription and continuous protein synthesis. FASEB J 26, 2620–2630, doi:10.1096/fj.11-198598 (2012).

	 29.	 Hu, X., Rea, H. C., Wiktorowicz, J. E. & Perez-Polo, J. R. Proteomic analysis of hypoxia/ischemia-induced alteration of cortical 
development and dopamine neurotransmission in neonatal rat. J Proteome Res 5, 2396–2404, doi:10.1021/pr060209x (2006).

	 30.	 He, Q. et al. Regulation of HIF-1α activity in adipose tissue by obesity-associated factors: adipogenesis, insulin, and hypoxia. Am J 
Physiol Endocrinol Metab 300, E877–885, doi:10.1152/ajpendo.00626.2010 (2011).

	 31.	 Ortiz-Barahona, A., Villar, D., Pescador, N., Amigo, J. & del Peso, L. Genome-wide identification of hypoxia-inducible factor 
binding sites and target genes by a probabilistic model integrating transcription-profiling data and in silico binding site prediction. 
Nucleic Acids Res 38, 2332–2345, doi:10.1093/nar/gkp1205 (2010).

	 32.	 Busca, R. et al. Hypoxia-inducible factor 1α is a new target of microphthalmia-associated transcription factor (MITF) in melanoma 
cells. J Cell Biol 170, 49–59, doi:10.1083/jcb.200501067 (2005).

	 33.	 Lin, H. Y. et al. L-Thyroxine vs. 3,5,3’-triiodo-L-thyronine and cell proliferation: activation of mitogen-activated protein kinase and 
phosphatidylinositol 3-kinase. Am J Physiol Cell Physiol 296, C980–991, doi:10.1152/ajpcell.00305.2008 (2009).

	 34.	 Feige, E. et al. Hypoxia-induced transcriptional repression of the melanoma-associated oncogene MITF. Proc Natl Acad Sci USA 
108, E924–933, doi:10.1073/pnas.1106351108 (2011).

	 35.	 Krishnan, J. et al. Essential role of developmentally activated hypoxia-inducible factor 1α for cardiac morphogenesis and function. 
Circ Res 103, 1139–1146, doi:10.1161/01.RES.0000338613.89841.c1 (2008).

	 36.	 Maitra, M. et al. Interaction of Gata4 and Gata6 with Tbx5 is critical for normal cardiac development. Dev Biol 326, 368–377, 
doi:10.1016/j.ydbio.2008.11.004 (2009).

	 37.	 Arjamaa, O. & Nikinmaa, M. Hypoxia regulates the natriuretic peptide system. Int J Physiol Pathophysiol Pharmacol 3, 191–201 (2011).
	 38.	 Sena, J. A., Wang, L., Pawlus, M. R. & Hu, C. J. HIFs enhance the transcriptional activation and splicing of adrenomedullin. Mol 

Cancer Res 12, 728–741, doi:10.1158/1541-7786.MCR-13-0607 (2014).
	 39.	 Nagaya, N. et al. Intravenous adrenomedullin in myocardial function and energy metabolism in patients after myocardial 

infarction. J Cardiovasc Pharmacol 39, 754–760 (2002).
	 40.	 Nagoshi, Y. et al. The calcitonin receptor-like receptor/receptor activity-modifying protein 1 heterodimer can function as a 

calcitonin gene-related peptide-(8-37)-sensitive adrenomedullin receptor. Eur J Pharmacol 450, 237–243 (2002).
	 41.	 Desch, M. et al. IRAG determines nitric oxide- and atrial natriuretic peptide-mediated smooth muscle relaxation. Cardiovasc Res 

86, 496–505, doi:10.1093/cvr/cvq008 (2010).
	 42.	 Halls, M. L. Constitutive formation of an RXFP1-signalosome: a novel paradigm in GPCR function and regulation. Br J Pharmacol 

165, 1644–1658, doi:10.1111/j.1476-5381.2011.01470.x (2012).
	 43.	 Ou, M., Dang, Y., Mazzuca, M. Q., Basile, R. & Khalil, R. A. Adaptive regulation of endothelin receptor type-A and type-B in 

vascular smooth muscle cells during pregnancy in rats. J Cell Physiol 229, 489–501, doi:10.1002/jcp.24469 (2014).

http://dx.doi.org/10.1074/jbc.M803706200
http://dx.doi.org/10.3389/fphys.2013.00399
http://dx.doi.org/10.1016/j.yjmcc.2010.10.028
http://dx.doi.org/10.1016/j.lfs.2005.11.030
http://dx.doi.org/10.1113/jphysiol.2006.123638
http://dx.doi.org/10.1371/journal.pone.0000839
http://dx.doi.org/10.1371/journal.pone.0000839
http://dx.doi.org/10.1152/ajpcell.00177.2009
http://dx.doi.org/10.1073/pnas.1213471110
http://dx.doi.org/10.1016/j.yjmcc.2011.12.008
http://dx.doi.org/10.1186/1471-2105-10-48
http://dx.doi.org/10.1186/1471-2105-4-61
http://dx.doi.org/10.1172/JCI24408
http://dx.doi.org/10.1152/ajpheart.00140.2013
http://dx.doi.org/10.1152/ajpheart.00140.2013
http://dx.doi.org/10.1007/s00439-005-0066-0
http://dx.doi.org/10.1242/jcs.01026
http://dx.doi.org/10.1016/j.tibs.2012.10.004
http://dx.doi.org/10.1242/jcs.115667
http://dx.doi.org/10.1038/sj.embor.7400377
http://dx.doi.org/10.1128/MCB.25.12.4853-4862.2005
http://dx.doi.org/10.1128/MCB.00409-10
http://dx.doi.org/10.1152/ajpheart.01164.2008
http://dx.doi.org/10.1152/ajpheart.01164.2008
http://dx.doi.org/10.1096/fj.11-198598
http://dx.doi.org/10.1021/pr060209x
http://dx.doi.org/10.1152/ajpendo.00626.2010
http://dx.doi.org/10.1093/nar/gkp1205
http://dx.doi.org/10.1083/jcb.200501067
http://dx.doi.org/10.1152/ajpcell.00305.2008
http://dx.doi.org/10.1073/pnas.1106351108
http://dx.doi.org/10.1161/01.RES.0000338613.89841.c1
http://dx.doi.org/10.1016/j.ydbio.2008.11.004
http://dx.doi.org/10.1158/1541-7786.MCR-13-0607
http://dx.doi.org/10.1093/cvr/cvq008
http://dx.doi.org/10.1111/j.1476-5381.2011.01470.x
http://dx.doi.org/10.1002/jcp.24469


www.nature.com/scientificreports/

1 4SCiEntifiC REportS | 7: 7264  | DOI:10.1038/s41598-017-07585-y

	 44.	 Neufeld, G., Cohen, T., Gengrinovitch, S. & Poltorak, Z. Vascular endothelial growth factor (VEGF) and its receptors. FASEB J 13, 
9–22 (1999).

	 45.	 Boengler, K. et al. The ankyrin repeat containing SOCS box protein 5: a novel protein associated with arteriogenesis. Biochem 
Biophys Res Commun 302, 17–22 (2003).

	 46.	 Rocha, S. F. et al. Esm1 modulates endothelial tip cell behavior and vascular permeability by enhancing VEGF bioavailability. Circ 
Res 115, 581–590, doi:10.1161/CIRCRESAHA.115.304718 (2014).

	 47.	 Roudnicky, F. et al. Endocan is upregulated on tumor vessels in invasive bladder cancer where it mediates VEGF-A-induced 
angiogenesis. Cancer Res 73, 1097–1106, doi:10.1158/0008-5472.CAN-12-1855 (2013).

	 48.	 Kinugasa, M. et al. Necl-5/poliovirus receptor interacts with VEGFR2 and regulates VEGF-induced angiogenesis. Circ Res 110, 
716–726, doi:10.1161/CIRCRESAHA.111.256834 (2012).

	 49.	 Sawamiphak, S. et al. Ephrin-B2 regulates VEGFR2 function in developmental and tumour angiogenesis. Nature 465, 487–491, 
doi:10.1038/nature08995 (2010).

	 50.	 Beets, K., Huylebroeck, D., Moya, I. M., Umans, L. & Zwijsen, A. Robustness in angiogenesis: notch and BMP shaping waves. 
Trends Genet 29, 140–149, doi:10.1016/j.tig.2012.11.008 (2013).

	 51.	 Dufraine, J., Funahashi, Y. & Kitajewski, J. Notch signaling regulates tumor angiogenesis by diverse mechanisms. Oncogene 27, 
5132–5137, doi:10.1038/onc.2008.227 (2008).

	 52.	 Hainaud, P. et al. The role of the vascular endothelial growth factor-Delta-like 4 ligand/Notch4-ephrin B2 cascade in tumor vessel 
remodeling and endothelial cell functions. Cancer Res 66, 8501–8510, doi:10.1158/0008-5472.CAN-05-4226 (2006).

	 53.	 Masiero, M. et al. A core human primary tumor angiogenesis signature identifies the endothelial orphan receptor ELTD1 as a key 
regulator of angiogenesis. Cancer Cell 24, 229–241, doi:10.1016/j.ccr.2013.06.004 (2013).

	 54.	 Naylor, A. J. et al. A differential role for CD248 (Endosialin) in PDGF-mediated skeletal muscle angiogenesis. PLoS One 9, e107146, 
doi:10.1371/journal.pone.0107146 (2014).

	 55.	 Mammoto, T. et al. LRP5 regulates development of lung microvessels and alveoli through the angiopoietin-Tie2 pathway. PLoS One 
7, e41596, doi:10.1371/journal.pone.0041596 (2012).

	 56.	 Yamada, K. et al. CXCL12-CXCR7 axis is important for tumor endothelial cell angiogenic property. Int J Cancer 137, 2825–2836, 
doi:10.1002/ijc.29655 (2015).

	 57.	 Yan, X. et al. Chemokine receptor CXCR7 mediates human endothelial progenitor cells survival, angiogenesis, but not proliferation. 
J Cell Biochem 113, 1437–1446, doi:10.1002/jcb.24015 (2012).

	 58.	 Del Valle-Perez, B. et al. Filamin B plays a key role in vascular endothelial growth factor-induced endothelial cell motility through 
its interaction with Rac-1 and Vav-2. J Biol Chem 285, 10748–10760, doi:10.1074/jbc.M109.062984 (2010).

	 59.	 Li, Z., Paik, J. H., Wang, Z., Hla, T. & Wu, D. Role of guanine nucleotide exchange factor P-Rex-2b in sphingosine 1-phosphate-
induced Rac1 activation and cell migration in endothelial cells. Prostaglandins Other Lipid Mediat 76, 95–104, doi:10.1016/j.
prostaglandins.2005.02.002 (2005).

	 60.	 Gallo, S., Sala, V., Gatti, S. & Crepaldi, T. Cellular and molecular mechanisms of HGF/Met in the cardiovascular system. Clin Sci 
(Lond) 129, 1173–1193, doi:10.1042/CS20150502 (2015).

	 61.	 Park, S., DiMaio, T. A., Scheef, E. A., Sorenson, C. M. & Sheibani, N. PECAM-1 regulates proangiogenic properties of endothelial 
cells through modulation of cell-cell and cell-matrix interactions. Am J Physiol Cell Physiol 299, C1468–1484, doi:10.1152/
ajpcell.00246.2010 (2010).

	 62.	 Zarrinpashneh, E. et al. Ablation of SGK1 impairs endothelial cell migration and tube formation leading to decreased neo-
angiogenesis following myocardial infarction. PLoS One 8, e80268, doi:10.1371/journal.pone.0080268 (2013).

	 63.	 Sato, Y. Novel Link between Inhibition of Angiogenesis and Tolerance to Vascular Stress. J Atheroscler Thromb 22, 327–334, 
doi:10.5551/jat.28902 (2015).

	 64.	 Song, H. B. et al. Tissue factor regulates tumor angiogenesis of retinoblastoma via the extracellular signal-regulated kinase pathway. 
Oncol Rep 28, 2057–2062, doi:10.3892/or.2012.2048 (2012).

	 65.	 Ramachandran, I. et al. Wnt inhibitory factor 1 induces apoptosis and inhibits cervical cancer growth, invasion and angiogenesis 
in vivo. Oncogene 31, 2725–2737, doi:10.1038/onc.2011.455 (2012).

	 66.	 el Azzouzi, H. et al. The hypoxia-inducible microRNA cluster miR-199a approximately 214 targets myocardial PPARdelta and 
impairs mitochondrial fatty acid oxidation. Cell Metab 18, 341–354, doi:10.1016/j.cmet.2013.08.009 (2013).

	 67.	 Yun, Z., Maecker, H. L., Johnson, R. S. & Giaccia, A. J. Inhibition of PPAR gamma 2 gene expression by the HIF-1-regulated gene 
DEC1/Stra13: a mechanism for regulation of adipogenesis by hypoxia. Dev Cell 2, 331–341 (2002).

	 68.	 Zaha, V. G. & Young, L. H. AMP-activated protein kinase regulation and biological actions in the heart. Circ Res 111, 800–814, 
doi:10.1161/CIRCRESAHA.111.255505 (2012).

	 69.	 O’Halloran, K. D. A paradigm shift in oxygen sensing with a twist in the tale! Biochem J 473, 2687–2689, doi:10.1042/BCJ20160500 
(2016).

	 70.	 Wilson, M. S., Livermore, T. M. & Saiardi, A. Inositol pyrophosphates: between signalling and metabolism. Biochem J 452, 
369–379, doi:10.1042/BJ20130118 (2013).

	 71.	 Glukhov, A. V., Uchida, K., Efimov, I. R. & Nichols, C. G. Functional roles of KATP channel subunits in metabolic inhibition. J Mol 
Cell Cardiol 62, 90–98, doi:10.1016/j.yjmcc.2013.04.016 (2013).

	 72.	 Kefaloyianni, E. et al. Comparative proteomic analysis of the ATP-sensitive K+ channel complex in different tissue types. Proteomics 
13, 368–378, doi:10.1002/pmic.201200324 (2013).

	 73.	 Du, Q. et al. Overexpression of SUR2A generates a cardiac phenotype resistant to ischemia. FASEB J 20, 1131–1141, doi:10.1096/
fj.05-5483com (2006).

	 74.	 Semenza, G. L. Hypoxia-inducible factor 1 and cardiovascular disease. Annu Rev Physiol 76, 39–56, doi:10.1146/annurev-
physiol-021113-170322 (2014).

	 75.	 Itoh, Y. et al. Brain glucose utilization in mice with a targeted mutation in the thyroid hormone alpha or beta receptor gene. Proc 
Natl Acad Sci USA 98, 9913–9918, doi:10.1073/pnas.171319498 (2001).

	 76.	 Salvi, S. Protecting the myocardium from ischemic injury: a critical role for α1-adrenoreceptors? Chest 119, 1242–1249 (2001).
	 77.	 Xie, X. et al. C2 domain-containing phosphoprotein CDP138 regulates GLUT4 insertion into the plasma membrane. Cell Metab 

14, 378–389, doi:10.1016/j.cmet.2011.06.015 (2011).
	 78.	 Frauwirth, K. A. et al. The CD28 signaling pathway regulates glucose metabolism. Immunity 16, 769–777 (2002).
	 79.	 Guilherme, A., Soriano, N. A., Furcinitti, P. S. & Czech, M. P. Role of EHD1 and EHBP1 in perinuclear sorting and insulin-

regulated GLUT4 recycling in 3T3-L1 adipocytes. J Biol Chem 279, 40062–40075, doi:10.1074/jbc.M401918200 (2004).
	 80.	 Meng, Z. X. et al. Baf60c drives glycolytic metabolism in the muscle and improves systemic glucose homeostasis through Deptor-

mediated Akt activation. Nat Med 19, 640–645, doi:10.1038/nm.3144 (2013).
	 81.	 Zadran, S., Amighi, A., Otiniano, E., Wong, K. & Zadran, H. ENTPD5-mediated modulation of ATP results in altered metabolism 

and decreased survival in gliomablastoma multiforme. Tumour Biol 33, 2411–2421, doi:10.1007/s13277-012-0505-1 (2012).
	 82.	 Park, J. G., Bose, A., Leszyk, J. & Czech, M. P. PYK2 as a mediator of endothelin-1/G alpha 11 signaling to GLUT4 glucose 

transporters. J Biol Chem 276, 47751–47754, doi:10.1074/jbc.C100524200 (2001).
	 83.	 Guo, J., Sabri, A., Elouardighi, H., Rybin, V. & Steinberg, S. F. Alpha1-adrenergic receptors activate AKT via a Pyk2/PDK-1 pathway 

that is tonically inhibited by novel protein kinase C isoforms in cardiomyocytes. Circ Res 99, 1367–1375, doi:10.1161/01.
RES.0000252830.01581.fd (2006).

http://dx.doi.org/10.1161/CIRCRESAHA.115.304718
http://dx.doi.org/10.1158/0008-5472.CAN-12-1855
http://dx.doi.org/10.1161/CIRCRESAHA.111.256834
http://dx.doi.org/10.1038/nature08995
http://dx.doi.org/10.1016/j.tig.2012.11.008
http://dx.doi.org/10.1038/onc.2008.227
http://dx.doi.org/10.1158/0008-5472.CAN-05-4226
http://dx.doi.org/10.1016/j.ccr.2013.06.004
http://dx.doi.org/10.1371/journal.pone.0107146
http://dx.doi.org/10.1371/journal.pone.0041596
http://dx.doi.org/10.1002/ijc.29655
http://dx.doi.org/10.1002/jcb.24015
http://dx.doi.org/10.1074/jbc.M109.062984
http://dx.doi.org/10.1016/j.prostaglandins.2005.02.002
http://dx.doi.org/10.1016/j.prostaglandins.2005.02.002
http://dx.doi.org/10.1042/CS20150502
http://dx.doi.org/10.1152/ajpcell.00246.2010
http://dx.doi.org/10.1152/ajpcell.00246.2010
http://dx.doi.org/10.1371/journal.pone.0080268
http://dx.doi.org/10.5551/jat.28902
http://dx.doi.org/10.3892/or.2012.2048
http://dx.doi.org/10.1038/onc.2011.455
http://dx.doi.org/10.1016/j.cmet.2013.08.009
http://dx.doi.org/10.1161/CIRCRESAHA.111.255505
http://dx.doi.org/10.1042/BCJ20160500
http://dx.doi.org/10.1042/BJ20130118
http://dx.doi.org/10.1016/j.yjmcc.2013.04.016
http://dx.doi.org/10.1002/pmic.201200324
http://dx.doi.org/10.1096/fj.05-5483com
http://dx.doi.org/10.1096/fj.05-5483com
http://dx.doi.org/10.1146/annurev-physiol-021113-170322
http://dx.doi.org/10.1146/annurev-physiol-021113-170322
http://dx.doi.org/10.1073/pnas.171319498
http://dx.doi.org/10.1016/j.cmet.2011.06.015
http://dx.doi.org/10.1074/jbc.M401918200
http://dx.doi.org/10.1038/nm.3144
http://dx.doi.org/10.1007/s13277-012-0505-1
http://dx.doi.org/10.1074/jbc.C100524200
http://dx.doi.org/10.1161/01.RES.0000252830.01581.fd
http://dx.doi.org/10.1161/01.RES.0000252830.01581.fd


www.nature.com/scientificreports/

1 5SCiEntifiC REportS | 7: 7264  | DOI:10.1038/s41598-017-07585-y

	 84.	 Mayr, J. A. et al. Thiamine pyrophosphokinase deficiency in encephalopathic children with defects in the pyruvate oxidation 
pathway. Am J Hum Genet 89, 806–812, doi:10.1016/j.ajhg.2011.11.007 (2011).

	 85.	 Roche, T. E. et al. Distinct regulatory properties of pyruvate dehydrogenase kinase and phosphatase isoforms. Prog Nucleic Acid Res 
Mol Biol 70, 33–75 (2001).

	 86.	 Li, J. et al. Urocortin 2 autocrine/paracrine and pharmacologic effects to activate AMP-activated protein kinase in the heart. Proc 
Natl Acad Sci USA 110, 16133–16138, doi:10.1073/pnas.1312775110 (2013).

	 87.	 Chanalaris, A. et al. Protective effects of the urocortin homologues stresscopin (SCP) and stresscopin-related peptide (SRP) against 
hypoxia/reoxygenation injury in rat neonatal cardiomyocytes. J Mol Cell Cardiol 35, 1295–1305 (2003).

	 88.	 Dokas, J. et al. Conventional knockout of Tbc1d1 in mice impairs insulin- and AICAR-stimulated glucose uptake in skeletal 
muscle. Endocrinology 154, 3502–3514, doi:10.1210/en.2012-2147 (2013).

	 89.	 Ducsay, C. A., Hyatt, K., Mlynarczyk, M., Kaushal, K. M. & Myers, D. A. Long-term hypoxia increases leptin receptors and plasma 
leptin concentrations in the late-gestation ovine fetus. Am J Physiol Regul Integr Comp Physiol 291, R1406–1413, doi:10.1152/
ajpregu.00077.2006 (2006).

	 90.	 Atkinson, L. L., Fischer, M. A. & Lopaschuk, G. D. Leptin activates cardiac fatty acid oxidation independent of changes in the AMP-
activated protein kinase-acetyl-CoA carboxylase-malonyl-CoA axis. J Biol Chem 277, 29424–29430, doi:10.1074/jbc.M203813200 
(2002).

	 91.	 Belke, D. D., Larsen, T. S., Gibbs, E. M. & Severson, D. L. Altered metabolism causes cardiac dysfunction in perfused hearts from 
diabetic (db/db) mice. Am J Physiol Endocrinol Metab 279, E1104–1113 (2000).

	 92.	 Witham, W., Yester, K., O’Donnell, C. P. & McGaffin, K. R. Restoration of glucose metabolism in leptin-resistant mouse hearts after 
acute myocardial infarction through the activation of survival kinase pathways. J Mol Cell Cardiol 53, 91–100, doi:10.1016/j.
yjmcc.2012.03.016 (2012).

	 93.	 Luo, J. et al. Conditional PPARgamma knockout from cardiomyocytes of adult mice impairs myocardial fatty acid utilization and 
cardiac function. Am J Transl Res 3, 61–72 (2010).

	 94.	 Cheng, L. et al. Cardiomyocyte-restricted peroxisome proliferator-activated receptor-delta deletion perturbs myocardial fatty acid 
oxidation and leads to cardiomyopathy. Nat Med 10, 1245–1250, doi:10.1038/nm1116 (2004).

	 95.	 Schneider, H. et al. Protein mediated fatty acid uptake: synergy between CD36/FAT-facilitated transport and acyl-CoA synthetase-
driven metabolism. Arch Biochem Biophys 546, 8–18, doi:10.1016/j.abb.2014.01.025 (2014).

	 96.	 Dong, B. et al. TLR4 regulates cardiac lipid accumulation and diabetic heart disease in the nonobese diabetic mouse model of type 
1 diabetes. Am J Physiol Heart Circ Physiol 303, H732–742, doi:10.1152/ajpheart.00948.2011 (2012).

	 97.	 Chiariello, C. S., LaComb, J. F., Bahou, W. F. & Schmidt, V. A. Ablation of Iqgap2 protects from diet-induced hepatic steatosis due 
to impaired fatty acid uptake. Regul Pept 173, 36–46, doi:10.1016/j.regpep.2011.09.003 (2012).

	 98.	 Taschler, U. et al. Monoglyceride lipase deficiency in mice impairs lipolysis and attenuates diet-induced insulin resistance. J Biol 
Chem 286, 17467–17477, doi:10.1074/jbc.M110.215434 (2011).

	 99.	 Huang, D. et al. HIF-1-mediated suppression of acyl-CoA dehydrogenases and fatty acid oxidation is critical for cancer progression. 
Cell Rep 8, 1930–1942, doi:10.1016/j.celrep.2014.08.028 (2014).

	100.	 Park, S. et al. Spot14/Mig12 heterocomplex sequesters polymerization and restrains catalytic function of human acetyl-CoA 
carboxylase 2. J Mol Recognit 26, 679–688, doi:10.1002/jmr.2313 (2013).

	101.	 Flowers, M. T. & Ntambi, J. M. Role of stearoyl-coenzyme A desaturase in regulating lipid metabolism. Curr Opin Lipidol 19, 
248–256, doi:10.1097/MOL.0b013e3282f9b54d (2008).

	102.	 Matsui, H. et al. Stearoyl-CoA desaturase-1 (SCD1) augments saturated fatty acid-induced lipid accumulation and inhibits 
apoptosis in cardiac myocytes. PLoS One 7, e33283, doi:10.1371/journal.pone.0033283 (2012).

	103.	 Sztalryd, C. & Kimmel, A. R. Perilipins: lipid droplet coat proteins adapted for tissue-specific energy storage and utilization, and 
lipid cytoprotection. Biochimie 96, 96–101, doi:10.1016/j.biochi.2013.08.026 (2014).

	104.	 Fourcade, S. et al. A key role for the peroxisomal ABCD2 transporter in fatty acid homeostasis. Am J Physiol Endocrinol Metab 296, 
E211–221, doi:10.1152/ajpendo.90736.2008 (2009).

	105.	 Oka, T. et al. Change in the membranous lipid composition accelerates lipid peroxidation in young rat hearts subjected to 2 weeks 
of hypoxia followed by hyperoxia. Circ J 72, 1359–1366 (2008).

	106.	 Hayashi, M. et al. The effects of long-term treatment with eicosapentaenoic acid and docosahexaenoic acid on hypoxia/
rexoygenation injury of isolated cardiac cells in adult rats. J Mol Cell Cardiol 27, 2031–2041 (1995).

	107.	 Feala, J. D. et al. Metabolism as means for hypoxia adaptation: metabolic profiling and flux balance analysis. BMC Syst Biol 3, 91, 
doi:10.1186/1752-0509-3-91 (2009).

	108.	 Gray, L. R., Tompkins, S. C. & Taylor, E. B. Regulation of pyruvate metabolism and human disease. Cell Mol Life Sci 71, 2577–2604, 
doi:10.1007/s00018-013-1539-2 (2014).

	109.	 Wang, M. et al. Uncoupling protein 2 downregulation by hypoxia through repression of peroxisome proliferator-activated receptor 
gamma promotes chemoresistance of non-small cell lung cancer. Oncotarget 8, 8083–8094, doi:10.18632/oncotarget.14097 (2017).

	110.	 Vozza, A. et al. UCP2 transports C4 metabolites out of mitochondria, regulating glucose and glutamine oxidation. Proc Natl Acad 
Sci USA 111, 960–965, doi:10.1073/pnas.1317400111 (2014).

	111.	 Tong, X., Zhao, F., Mancuso, A., Gruber, J. J. & Thompson, C. B. The glucose-responsive transcription factor ChREBP contributes 
to glucose-dependent anabolic synthesis and cell proliferation. Proc Natl Acad Sci USA 106, 21660–21665, doi:10.1073/
pnas.0911316106 (2009).

	112.	 Mulukutla, B. C., Yongky, A., Daoutidis, P. & Hu, W. S. Bistability in glycolysis pathway as a physiological switch in energy 
metabolism. PLoS One 9, e98756, doi:10.1371/journal.pone.0098756 (2014).

	113.	 Hitosugi, T. et al. Phosphoglycerate mutase 1 coordinates glycolysis and biosynthesis to promote tumor growth. Cancer Cell 22, 
585–600, doi:10.1016/j.ccr.2012.09.020 (2012).

	114.	 Kenney, J. W., Moore, C. E., Wang, X. & Proud, C. G. Eukaryotic elongation factor 2 kinase, an unusual enzyme with multiple roles. 
Adv Biol Regul 55, 15–27, doi:10.1016/j.jbior.2014.04.003 (2014).

	115.	 Pinz, I., Robbins, J., Rajasekaran, N. S., Benjamin, I. J. & Ingwall, J. S. Unmasking different mechanical and energetic roles for the 
small heat shock proteins CryAB and HSPB2 using genetically modified mouse hearts. FASEB J 22, 84–92, doi:10.1096/fj.07-
8130com (2008).

	116.	 Cingolani, H. E., Perez, N. G., Cingolani, O. H. & Ennis, I. L. The Anrep effect: 100 years later. Am J Physiol Heart Circ Physiol 304, 
H175–182, doi:10.1152/ajpheart.00508.2012 (2013).

	117.	 Joe, M. K., Kee, C. & Tomarev, S. I. Myocilin interacts with syntrophins and is member of dystrophin-associated protein complex. 
J Biol Chem 287, 13216–13227, doi:10.1074/jbc.M111.224063 (2012).

	118.	 Aroca-Aguilar, J. D. et al. Bicarbonate-dependent secretion and proteolytic processing of recombinant myocilin. PLoS One 8, 
e54385, doi:10.1371/journal.pone.0054385 (2013).

	119.	 Garciarena, C. D., Ma, Y. L., Swietach, P., Huc, L. & Vaughan-Jones, R. D. Sarcolemmal localisation of Na+/H+ exchange and Na+-
HCO3

− co-transport influences the spatial regulation of intracellular pH in rat ventricular myocytes. J Physiol 591, 2287–2306, 
doi:10.1113/jphysiol.2012.249664 (2013).

	120.	 Alvarez, B. V., Kieller, D. M., Quon, A. L., Markovich, D. & Casey, J. R. Slc26a6: a cardiac chloride-hydroxyl exchanger and 
predominant chloride-bicarbonate exchanger of the mouse heart. J Physiol 561, 721–734, doi:10.1113/jphysiol.2004.077339 (2004).

http://dx.doi.org/10.1016/j.ajhg.2011.11.007
http://dx.doi.org/10.1073/pnas.1312775110
http://dx.doi.org/10.1210/en.2012-2147
http://dx.doi.org/10.1152/ajpregu.00077.2006
http://dx.doi.org/10.1152/ajpregu.00077.2006
http://dx.doi.org/10.1074/jbc.M203813200
http://dx.doi.org/10.1016/j.yjmcc.2012.03.016
http://dx.doi.org/10.1016/j.yjmcc.2012.03.016
http://dx.doi.org/10.1038/nm1116
http://dx.doi.org/10.1016/j.abb.2014.01.025
http://dx.doi.org/10.1152/ajpheart.00948.2011
http://dx.doi.org/10.1016/j.regpep.2011.09.003
http://dx.doi.org/10.1074/jbc.M110.215434
http://dx.doi.org/10.1016/j.celrep.2014.08.028
http://dx.doi.org/10.1002/jmr.2313
http://dx.doi.org/10.1097/MOL.0b013e3282f9b54d
http://dx.doi.org/10.1371/journal.pone.0033283
http://dx.doi.org/10.1016/j.biochi.2013.08.026
http://dx.doi.org/10.1152/ajpendo.90736.2008
http://dx.doi.org/10.1186/1752-0509-3-91
http://dx.doi.org/10.1007/s00018-013-1539-2
http://dx.doi.org/10.18632/oncotarget.14097
http://dx.doi.org/10.1073/pnas.1317400111
http://dx.doi.org/10.1073/pnas.0911316106
http://dx.doi.org/10.1073/pnas.0911316106
http://dx.doi.org/10.1371/journal.pone.0098756
http://dx.doi.org/10.1016/j.ccr.2012.09.020
http://dx.doi.org/10.1016/j.jbior.2014.04.003
http://dx.doi.org/10.1096/fj.07-8130com
http://dx.doi.org/10.1096/fj.07-8130com
http://dx.doi.org/10.1152/ajpheart.00508.2012
http://dx.doi.org/10.1074/jbc.M111.224063
http://dx.doi.org/10.1371/journal.pone.0054385
http://dx.doi.org/10.1113/jphysiol.2012.249664
http://dx.doi.org/10.1113/jphysiol.2004.077339


www.nature.com/scientificreports/

1 6SCiEntifiC REportS | 7: 7264  | DOI:10.1038/s41598-017-07585-y

	121.	 Veiga-da-Cunha, M., Chevalier, N., Stroobant, V., Vertommen, D. & Van Schaftingen, E. Metabolite proofreading in carnosine and 
homocarnosine synthesis: molecular identification of PM20D2 as beta-alanyl-lysine dipeptidase. J Biol Chem 289, 19726–19736, 
doi:10.1074/jbc.M114.576579 (2014).

	122.	 DeCoursey, T. E. & Hosler, J. Philosophy of voltage-gated proton channels. J R Soc Interface 11, 20130799, doi:10.1098/
rsif.2013.0799 (2014).

	123.	 Kudrycki, K. E., Newman, P. R. & Shull, G. E. cDNA cloning and tissue distribution of mRNAs for two proteins that are related to 
the band 3 Cl−/HCO3

− exchanger. J Biol Chem 265, 462–471 (1990).
	124.	 Kopito, R. R. et al. Regulation of intracellular pH by a neuronal homolog of the erythrocyte anion exchanger. Cell 59, 927–937 (1989).
	125.	 Cooper, G. J., Occhipinti, R. & Boron, W. F. CrossTalk proposal: Physiological CO2 exchange can depend on membrane channels. 

J Physiol 593, 5025–5028, doi:10.1113/JP270059 (2015).
	126.	 Hulikova, A., Vaughan-Jones, R. D., Niederer, S. A. & Swietach, P. CrossTalk opposing view: Physiological CO2 exchange does not 

normally depend on membrane channels. J Physiol 593, 5029–5032, doi:10.1113/JP270013 (2015).
	127.	 Kampik, N. B. et al. The murine Cl−/HCO3

− exchanger Ae3 (Slc4a3) is not required for acid-base balance but is involved in 
magnesium handling by the kidney. Cell Physiol Biochem 34, 1566–1577, doi:10.1159/000366360 (2014).

	128.	 Rajagopal, K. et al. Beta-arrestin2-mediated inotropic effects of the angiotensin II type 1A receptor in isolated cardiac myocytes. 
Proc Natl Acad Sci USA 103, 16284–16289, doi:10.1073/pnas.0607583103 (2006).

	129.	 Nair, B. G., Rashed, H. M. & Patel, T. B. Epidermal growth factor produces inotropic and chronotropic effects in rat hearts by 
increasing cyclic AMP accumulation. Growth Factors 8, 41–48 (1993).

	130.	 Ennis, I. L., Aiello, E. A., Cingolani, H. E. & Perez, N. G. The autocrine/paracrine loop after myocardial stretch: mineralocorticoid 
receptor activation. Curr Cardiol Rev 9, 230–240 (2013).

	131.	 Svichar, N. et al. Carbonic anhydrases CA4 and CA14 both enhance AE3-mediated Cl–HCO3
− exchange in hippocampal neurons. 

J Neurosci 29, 3252–3258, doi:10.1523/JNEUROSCI.0036-09.2009 (2009).
	132.	 Hentschke, M. et al. Mice with a targeted disruption of the Cl−/HCO3

− exchanger AE3 display a reduced seizure threshold. Mol 
Cell Biol 26, 182–191, doi:10.1128/MCB.26.1.182-191.2006 (2006).

	133.	 Sander, T. et al. Association of the 867Asp variant of the human anion exchanger 3 gene with common subtypes of idiopathic 
generalized epilepsy. Epilepsy Res 51, 249–255 (2002).

	134.	 Ingram, J. et al. Oxygen and seizure dynamics: I. Experiments. J Neurophysiol 112, 205–212, doi:10.1152/jn.00540.2013 (2014).
	135.	 Sussman, M. A. et al. Myocardial AKT: the omnipresent nexus. Physiol Rev 91, 1023–1070, doi:10.1152/physrev.00024.2010 (2011).
	136.	 Lopaschuk, G. D., Ussher, J. R., Folmes, C. D., Jaswal, J. S. & Stanley, W. C. Myocardial fatty acid metabolism in health and disease. 

Physiol Rev 90, 207–258, doi:10.1152/physrev.00015.2009 (2010).
	137.	 Trapnell, C., Pachter, L. & Salzberg, S. L. TopHat: discovering splice junctions with RNA-Seq. Bioinformatics 25, 1105–1111, 

doi:10.1093/bioinformatics/btp120 (2009).
	138.	 Anders, S. & Huber, W. Differential expression analysis for sequence count data. Genome Biol 11, R106, doi:10.1186/gb-2010-11-

10-r106 (2010).
	139.	 Yu, Y. et al. A rat RNA-Seq transcriptomic BodyMap across 11 organs and 4 developmental stages. Nat Commun 5, 3230, 

doi:10.1038/ncomms4230 (2014).
	140.	 Brawand, D. et al. The evolution of gene expression levels in mammalian organs. Nature 478, 343–348, doi:10.1038/nature10532 (2011).

Acknowledgements
We thank Vikram Prasad for generating the RNA Seq data, Kevin G. Becker, National Institute on Aging, for 
placing our PubMatrix search results in the Public Results section of PubMatrix, Mukta Pathak for assistance with 
bioinformatics analyses, and Glenn Doerman for preparation of the figures. This study was supported by NIH 
grants HL061974 (G.E.S.), ES017263 (H.S.W.), P30ES06096 (M.M.), and funds from the University of Cincinnati 
Cardiovascular Center and the College of Medicine (G.E.S., H.S.W., J.N.L.).

Author Contributions
Conceived and designed the experiments and performed extensive literature analyses: K.V. and G.E.S. Performed 
the experiments: K.V. Analyzed the data: K.V., G.E.S., and M.M. Performed statistical analyses: M.M. and K.V. 
Reviewed, discussed, and interpreted the results: H.S.W., J.L.N., K.V., G.E.S., and M.M. Wrote the paper: G.E.S. 
and K.V. All authors reviewed and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-07585-y
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1074/jbc.M114.576579
http://dx.doi.org/10.1098/rsif.2013.0799
http://dx.doi.org/10.1098/rsif.2013.0799
http://dx.doi.org/10.1113/JP270059
http://dx.doi.org/10.1113/JP270013
http://dx.doi.org/10.1159/000366360
http://dx.doi.org/10.1073/pnas.0607583103
http://dx.doi.org/10.1523/JNEUROSCI.0036-09.2009
http://dx.doi.org/10.1128/MCB.26.1.182-191.2006
http://dx.doi.org/10.1152/jn.00540.2013
http://dx.doi.org/10.1152/physrev.00024.2010
http://dx.doi.org/10.1152/physrev.00015.2009
http://dx.doi.org/10.1093/bioinformatics/btp120
http://dx.doi.org/10.1186/gb-2010-11-10-r106
http://dx.doi.org/10.1186/gb-2010-11-10-r106
http://dx.doi.org/10.1038/ncomms4230
http://dx.doi.org/10.1038/nature10532
http://dx.doi.org/10.1038/s41598-017-07585-y
http://creativecommons.org/licenses/by/4.0/

	RNA SEQ Analysis Indicates that the AE3 Cl−/HCO3− Exchanger Contributes to Active Transport-Mediated CO2 Disposal in Heart

	Results

	RNA Seq analysis of wild-type (WT) and AE3-null hearts. 
	Expression changes indicate mild hypoxia and vasodilation. 
	Expression changes indicate reduced angiogenesis. 
	Expression changes indicate altered energy metabolism with greater reliance on glucose and lesser reliance on fatty acids f ...
	Expression changes indicate reduced use of ATP and substrates for biosynthesis. 
	Expression changes indicate altered membrane excitability and contractile function. 
	Expression changes relevant to the Na+-loading and pHi regulation hypotheses. 
	Potential Cl− and H+ extrusion mechanisms to function in AE3-mediated CO2 disposal. 

	Discussion

	Methods

	RNA Seq Analysis. 
	Gene Ontology Analysis. 
	PubMatrix Analyses. 
	Quantitative Real-time PCR (RT-PCR) analysis. 

	Acknowledgements

	Figure 1 Differential expression of genes involved in hypoxia responses and vasodilation.
	Figure 2 Differential expression of genes involved in angiogenesis.
	Figure 3 Differential expression of genes involved in energy metabolism.
	Figure 4 Differential expression of genes involved in membrane excitability and cardiac conduction.
	Figure 5 Differential expression of genes encoding sarcomere and sarcomeric cytoskeletal proteins.
	Figure 6 Differential expression of genes with potential for adaptation via Na+-loading or regulation of pHi.
	Figure 7 Model for the role of the AE3 Cl−/HCO3− exchanger in transport-mediated CO2 disposal.
	Table 1 Significantly enriched Gene Ontology (GO) categories.




