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Supplementary Results and Discussion

Comments on RNA Seq analysis. RNA Seq analysis was used to identify differential mMRNA
expression patterns in hearts of highly inbred FVBN WT and AE3-null mice. The expression
changes were modest, but variability between samples of each genotype was remarkably low and
over 500 genes had a False Discovery Rate (FDR) < 0.05. The entire data set, which queried over
23,000 genes, with just under 19,000 genes showing expression in whole heart, is presented as an
Excel file in Supplementary Table S1 online. Additional Excel files present subsets of genes as
described in the legends for Supplementary Tables below. These include: Supplementary Table
S2 online, Hypoxia, Vasodilation, and Angiogenesis; Supplementary Table S3 online, Signaling
proteins; Supplementary Table S4 online, Energy Metabolism; Supplementary Table S5 online,
Membrane Excitability and Cardiac Conduction; Supplementary Table S6 online, Transporters,
Pumps, and Channels; Supplementary Table S7 online, Sarcomere and Sarcomeric Cytoskeleton
proteins. These Excel files provide interested readers with a comprehensive listing of the gene
expression changes occurring in AE3-null hearts that may allow further analyses of the
hypotheses described below or provide additional insights into the biological functions of AE3.
When appropriately sorted, these files also provide a listing of relative expression levels
(normalized to the size of the mMRNA; RPKM values) for genes expressed in the FVBN mouse
heart, which can be used to assess relative mMRNA expression of various proteins or isoforms.

Comments on Gene Ontology and PubMatrix analyses to identify relevant genes. The Gene
Ontology classification used by the GOrilla program is that of the Gene Ontology Consortium,
which is supported by the National Human Genome Research Institute. The assignment of genes
to various Gene Ontology (GO) categories is being constantly updated and provides only a rough
guideline about processes and functions that are affected by the experimental perturbation. Most
genes are assigned to multiple GO categories and the assignments are often made on the basis of
incomplete information. Because AE3 is active primarily in cardiac myocytes, identification of
processes and functions that are affected by loss of AE3 in heart is made even more difficult by
the presence of many different cell types in heart tissue, some of which may exhibit secondary
responses to changes originating in myocytes. Of particular relevance to the CO, disposal
hypothesis, the Response to Hypoxia GO category also contained genes present in Angiogenesis
GO categories, and the direction of changes were often inconsistent or contradictory. However,
PubMatrix literature analyses revealed that angiogenesis genes with functions that are largely
restricted to vascular tissue were consistently changed in a direction opposite to what would be
expected in tissue hypoxia, thus indicating well-oxygenated stromal tissue. Despite changes
suggesting a reduction in angiogenesis, expression of many other genes was changed in a
direction consistent with hypoxia. As discussed in the text, however, these findings are consistent
with the CO, disposal hypothesis.

The need for hypotheses to guide the evaluation of complex RNA Seq data can be
illustrated by the fact that changes in hypoxia and angiogenesis genes were not as obvious as the
changes in genes for cardiac electrical and myofibrillar functions, which indicated major
remodeling of these systems. Thus, in the absence of specific hypotheses about the functions of
AE3, indications of a perturbation in O,/CO, balance would likely not have seemed as relevant
as the changes in genes encoding channels and myofibrillar proteins. Changes in channel
expression could, for example, lead one to propose that these effects are due to perturbations of
intracellular anion concentrations or subsarcolemmal pHi, rather than remodeling, and this
remains a formal possibility. For example, as noted in the legend for Supplementary Table S9,
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changes in the expression of several CI" channels likely represent remodeling in response to
reduced CI" uptake resulting from the loss of AES3.

Hypotheses that have been proposed for the physiological functions of AE3. On the basis of
biological evidence and the tissue distribution and transport activities of AE3, three major
hypotheses about its physiological functions, which are not mutually exclusive, have been
proposed. Here we discuss the relative merits of these hypotheses based on information available
before the RNA Seq experiments were performed.

1. CO, disposal hypothesis: Removal of CO, from cells is generally thought to occur by
diffusion directly across the plasma membrane or through gas channels'*. Although there is
vigorous debate and controversy about which route is more important'*, diffusion undoubtedly
contributes to CO, disposal in many tissues; however, it is unlikely to be the only mechanism.

The possibility of transport-mediated CO, disposal is strongly supported by several
dramatic examples of CO, extrusion from epithelial cells in the form of HCO3™ and H”. Gastric
acid secretion involves apical H* extrusion via the H',K'-ATPase and basolateral HCO3
extrusion via the AE2 CI7HCO; exchanger’. HCOs-recovery in the renal proximal tubule
(~4,500 mmoles/day in an average human) involves basolateral NBCel-mediated HCOj3
extrusion and apical NHE3-mediated H* extrusion®®. In both cases, CO, is hydrated via
intracellular carbonic anhydrase and the hydration products are removed from the cell by active
transport mechanisms. Although these processes are not for the function of CO, disposal per se
(and would not be energetically efficient if this were their primary function), they illustrate the
potential of HCO3™ and H* extrusion as an effective means of CO, disposal. AE3 is expressed at
very high levels in cardiac muscle relative to other CI'7HCO3™ exchangers®, and would appear to
be well-suited to mediate bulk extrusion of HCO3 from cardiac myocytes.

A specialized case of CO; disposal involving CI'/HCO3™ exchange is the facilitation of
HCO5/CO;, transport in the blood by the Band 3 (AE1) CI/HCO3 exchanger’®. After hydration
of CO, that diffuses into the red blood cell, it is extruded from the cell in the form of HCO3’;
however, H" remain in the cell and are buffered by hemoglobin rather than being extruded via
active transport as in the examples given above. This allows CO; to be reformed as blood passes
through the lungs and O, binding to hemoglobin displaces bound H*.

Transport-mediated CO, dis]oaosal, referred to as “CO; siphoning”, was first proposed for
glial cells of the salamander retina'®, which exhibit high O, consumption. An electrogenic Na*-
HCO3 cotransporter (NBC) with a Na":HCO5  ratio of 1:3, similar to that of NBCel in the renal
proximal tubule, was identified as a possible HCO3™ extrusion mechanism. The H* extrusion
mechanism was not identified, but the author speculated that it might be a Na*/H* exchanger.
However, such a CO; disposal system would not be energetically efficient. With these specific
transporters, if HCOs;™ and H* extrusion were balanced, each cycle of NBC/NHE activity would
extrude 2 negative charges and take up 2 Na®, which would require expenditure of ATP via
Na*,K*-ATPase activity to maintain the membrane potential and ion balance. Kopito, Casey, and
colleagues were the first to note that AE3-mediated HCO3 extrusion has the potential to
contribute to CO, disposal in retina and neuronal cells**™*. However, a H* extrusion mechanism
that allows maintenance of overall charge and ion balance, which would be essential for
energetically efficient transport-mediated CO, disposal, was not identified.

A landmark study dealing with acid-base homeostasis in cardiac myocytes, that is
relevant to both the CO, disposal hypothesis and the other hypotheses discussed below, is the
work of Schroeder et al**. These investigators showed that CO, generated by oxidative
phosphorylation in cardiomyocytes is rapidly hydrated to H" + HCOj3 to facilitate CO, venting
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from mitochondria. Inhibition of carbonic anhydrase (CA) showed that intracellular hydration of
CO,, a metabolic waste product, was essential to prevent inhibition of oxidative phosphorylation.
CA-catalyzed hydration of CO, = HCO;z and H" in cardiomyocytes (and in the other
metabolically highly active cells mentioned above) is a far-from-equilibrium reaction. During
oxidative phosphorylation, waste CO, is generated continuously and at high levels and converted
to HCO5;™ + H*, with H* being buffered by histidyl dipeptides and other components. Although
one might question whether CO,, after having been converted to HCO3; + H* as it exits the
mitochondria, might reform in another cytosolic sub-compartment and exit the cell by diffusion,
the extremely high volume density of mitochondria in cardiac myocytes, ranging from 25%
(human) to 38% (mouse)’, and prevention of the back reaction by buffering of H* by histidyl
dipeptides and other components makes this unlikely. Clear implications of this study are that: 1)
equimolar amounts of HCOz; + H" are generated from the CO, produced by oxidative
phosphorylation, and 2) the myocyte must dispose of both hydration products in order to
facilitate ongoing hydration of the CO, being produced.

A final consideration supporting a role for AE3 in CO; disposal is the demonstration by
Casey and Alvarez that extracellular CA XIV is physically associated with AE3 in excitable
tissues, including retinal cells, neurons, and cardiac myocytes'**°. These investigators noted that
“Association of AE3 and CA XIV may represent a mechanism to enhance disposal of waste
COy”. Because AE3 extrudes HCOj3', extracellular CA activity would be expected to catalyze the
conversion of HCO3™ to CO,, a reaction that would also require H*. HVCN1 voltage-sensitive H"
channel activity is a likely source of H" for this reaction.

2. Stimulation of Na*-loading and Ca**-loading hypothesis: As reviewed by Garciarena et.
al.?®, Na*-loading via NHE1-mediated Na*/H* exchange and to a much lesser degree by Na'-
HCOg3 cotransport is well-established and can be sharply increased by up-regulating their
activities. The increase in Na* stimulates Ca**-loading via the NCX1 Na‘/Ca** exchanger, with
subsequent effects on contractility’’. The hydration of CO, that occurs to facilitate CO, venting
from mitochondria®® suggests that Na*-loading via NHE1 is largely dependent on H* derived
from CO; hydration. This implies that parallel HCO3 extrusion would also be required as it
would be necessary to remove both products of CO, hydration to prevent inhibition of ongoing
CO; hydration and to maintain pH; homeostasis. Parallel CI'/HCOj3" exchange, which serves as an
“acid-loading” mechanism that balances acid-extrusion, has been proposed as a means of driving
NHEL activity in a pH-neutral manner. AE3 has been suggested as the most likely isoform to
mediate this activity™®2, although other CI'/HCO5 exchangers could contribute to this process or
provide some compensation in AE3-null mice.

The fact that the degree of Na*-loading can be stimulated under various conditions®’
implies that either 1) the production of H can be varied depending on the need for Na*-loading
or 2) the extrusion of H* occurring via an alternate Na*-independent mechanism can be shifted to
the NHE1 Na'/H" exchanger to increase Na'-loading. The ubiquitous HVCN1 voltage-gated H”
channel can, in fact, mediate Na'-independent H*-extrusion, thus indicating the potential for
regulating the relative amounts of H* extrusion via each route according to the need for Na'-
loading. Either route would appear to require parallel HCO3 extrusion, which is carried out in
heart via CI'/HCOj3 exchange.

Na*-loading and Ca**-loading is known to cause cardiac hypertrophy, so the reduced
heart weight/body weight ratios in AE3-null mice”®?, the reduction in Ca’*-loading in isolated
myocytes from AE3-null mice that also lack the NKCC1 Na*-K*-2CI" cotransporter®®, and the
reduction in angiotensin-induced hypertrophy in isolated AE3-null myocytes®® are consistent
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with the hypothesis that AE3 can facilitate Na'-loading. Furthermore, it is fossible that the
impaired force-frequency response in AE3-null mice subjected to atrial pacing® could be due, at
least in part, to a reduction in Na*- and Ca**-loading in vivo. Nevertheless, Ca**-transients in
isolated AE3-null myocytes were normal and AE3 ablation had no effect on the degree of
hypertrophy in a hypertrophic cardiomyopathy model®*, which argues against a critical role for
AE3 in Na'- and Ca”*- loading for which adequate compensation cannot occur.

3. Recovery from an alkaline load hypothesis: Experiments in which mouse AE3-null and wild-
type myocytes were subjected to an alkaline load show that AE3 mediates 60-70% of the
maximum CI/HCOj3 exchange activity in isolated myocytes?, so it is clear that AE3 could, in
principle, mediate recovery from an alkaline load. Numerous studies have shown that CI'/HCO3’
exchange®?, and AE3 activity specifically’®?°, can mediate recovery from an experimentally-
applied alkaline load in isolated cardiac myocytes. However, given the high rate of metabolism
in the intact heart, with the accompanying generation of acid, primarily from CO, hydration®, it
is difficult to envision physiological conditions in vivo that would require a major capacity for
recovery from an alkaline load. For example, it would not be credible to propose that the heart
failure phenotype®* or the impaired force-frequency response of AE3-null mice during pacing®
might be due to an enhanced cytosolic alkaline load, particularly given that most of the HCO3' is
derived from hydration of CO,, with equimolar production of H*. Nevertheless, the loss of AE3
could have a major effect on subsarcolemmal pH; and, as discussed previously?®, affect
biomechanical stress sensing and signaling at costameres, localized Na*- and Ca®*-loading, ion
channel activities, or cytoskeletal function. It is therefore possible that effects on localized pH; or
secondary effects on intracellular CI" may underlie some of the functional deficits.

Expression changes in genes involved in membrane excitability and cardiac conduction.
Gene expression changes provided strong evidence of electrical remodeling in AE3-null hearts
(Fig. 4, see Supplementary Table S5 online for a listing of all genes for this section). These
included altered expression of genes encoding a large number of cation channels. Among the
voltage-sensitive sodium channels, Scn5a (Na,1.5) and Scnl0a (Na,1.8) were upregulated and
Scnlb and Scndb regulatory beta subunits were downregulated. Scn5a is the primary Na®
channel responsible for depolarization in atria, ventricles, and the conduction system?®®. Scn10a,
expressed at much lower levels, has been reported in the conduction system?. Among voltage-
sensitive Ca* channels, there was no change in expression of Cacnalc (Ca,1.2; L-type a1C), the
major Ca** channel in heart (RPKM = 45 in both genotypes). Cacna2d2 (L-type 0.2/52 auxiliary
subunit), Cacnald (Ca,1.3; L-type ald), and Cacnalg (Ca,3.1; T-type alG) were upregulated.
Cacna2d2 is expressed in atria®®, and Cacnald and Cacnalg are expressed in pacemaking
cells*®3. Cacnals (Ca,1.1; L-type a1S), the major skeletal muscle Ca?* channel, was present at
relatively low levels and was downregulated.

Most of the affected K™ channel genes were upregulated. In addition to the Katp channels
(Abcc8 and Abcc9) discussed in the section on metabolism, these included Hcn4, a
hyperpolarization-activated cyclic nucleotide-gated K* channel expressed in the sinoatrial
node®’; Kend2 (K.4.2; a member of the Response to Hypoxia GO category) and Kcna4 (K,1.4),
which mediate transient outward currents during the initial phase of depolarization®®; Kcnh2
(Kv1l.1, ERG1), which is a major long QT syndrome gene; Kcnj3 and Kcnj5, which are
activated by acetylcholine and affect the atrial action potential and pacing®*®; and Kcnn2, a
Ca**-activated K* channel that functions in the atrioventricular node®*. The modulatory subunit

Kcne4 can associate with Kengl (K,7.1, 1.13-fold increase, p = 0.023) and inhibit its activity*>,
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suggesting that reduced expression could increase Kcngl activity in the later phase of
repolarization. Kcnel (minK), a modulatory subunit that associates with Kcngl and is a member
of the cardiac conduction GO category, was upregulated; loss or mutations in Kcnel leads to
pacing-induced ventricular arrhythmias or long QT syndrome®. Kcnj4 (K;2.3), an inwardly
rectifying channel that operates in the final phases of repolarization and helps set the resting
membrane potential®®, was the only major K* channel that was downregulated.

Additional upregulated genes with prominent functions in electrical excitability and
conduction were Gjal, Gja5, Dsc2, Dsg2, Hopx, and Popdc2. All were members of one or
more GO categories involved in cardiac conduction (Table 1). Gjal and Gja5 (connexins 43 and
40) are gap junction proteins that function in electrical coupling for propagation of the
depolarizing current®’. Dsc2 (desmocollin 2) and Dsg2 (desmoglein 2) are components of the cell
junction; they are required for mechanical coupling of cardiac myocytes, and particularly those
of the conduction system, where mutations in desmosomal proteins are known to cause
arrhythmias®®. Hopx is a transcription factor that is essential for the development and
maintenance of the conduction system*’. Popdc2 is a popeye domain-containing protein that
plays a critical role in the pacemaking and conduction system, possibly by increasing expression
of certain K* channels at the sarcolemma®.

In addition to genes for channel proteins discussed above, Supplementary Table S6
online includes all of the transporters, pumps, and channels that were significantly changed.
Some have the potential to affect conduction and electrical properties, as well as Na'-loading and
Ca?*-loading discussed in the text. For example, Na/Ca/K exchangers of the Slc24a family are
expressed at relatively low levels but their combined expression is ~20% of the levels of the
NCX1 Na/Ca exchanger (Slc8al) and both Slc24a2 and Slc24a4 were upregulated (1.51- and
2.0-fold). Although many of these genes, including that of the Na'/K'-ATPase a4 subunit
(Atpla4, 0.83-fold, Fig. 6) are expressed at low levels and cardiac expression has not been
shown previously, if they were expressed in conductive tissue, they could play important roles.

The above results suggest that AE3-null cardiac myocytes have altered electrical
properties and that conductive tissue is particularly affected. It is known that many ion channels
are affected by hypoxia***2. Furthermore, hypoxia has a strong effect on the action potential and
is known to cause atrial fibrillation*®. Thus, some of the changes in mMRNA expression may
represent an adaptive response to mild hypoxia resulting from impaired CO, disposal. On the
other hand, it is also possible that some of these changes represent a response to perturbations of
intracellular ion (HCO3 and CI") and pH homeostasis caused by the loss of AE3.

Expression changes in genes encoding sarcomere and sarcomeric cytoskeletal proteins.
Differentially expressed genes encoding myofibrillar proteins localized to the sarcomere, M-
band, Z-discs, t-tubules, and intercalated discs are shown in Fig. 5 (see Supplementary Table 7
online for the full gene set). Among the myosin chains*, the atrial myosin essential and
regulatory light chains (Myl4 and Myl7) were upregulated, but the corresponding ventricular
light chains (Myl3 and Myl2) were not changed, suggesting that the atria were more affected
than the ventricles by loss of AE3. Myl12a and Myl12b were both down-regulated. They are
thought to serve as non-muscle myosin regulatory light chains®; however, each isoform is
expressed at about half the levels of the atrial regulatory myosin light chain, suggesting an
important function in heart. Mybphl (myosin binding protein H-like; 1.33-fold increase) has not
been studied in heart, however, it is expressed at much higher levels than the closely related
myosin binding protein H (Mybph), a skeletal muscle protein that has been identified in cardiac
purkinje fibers*®. The relatively high Mybphl levels and high similarity to the titin-binding
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domain of cardiac myosin binding protein C suggest that it is likely to be a titin-binding protein
and play a significant role in heart. Myl1, the skeletal muscle myosin essential light chain, was
sharply downregulated (0.22-fold) and Actal, skeletal muscle actin, was also reduced (0.37-
fold); although they are expressed at only low levels relative to the cardiac isoforms, their
downregulation suggests significant remodeling of the myofibrils. In contrast to the myosin light
chains, expression of cardiac myosin heavy chains was not changed.

A number of differentially expressed mRNAs encode proteins that localize to the M-
band. These include Myom2 (myomesin 2, 1.32-fold increase; Myom1 was not changed), which
crosslinks myosin heavy chains*’, and both Obscn (obscurin) and Obsl1 (obscurin-like 1), which
are downregulated and are targeted to the M-band by interactions with titin and myomesin®.
Obscurin is necessary for localization of Ank2 (Ankyrin B, 1.10-fold increase) to the M-band,
where Ank2 helps organize costameres and subsarcolemma microtubules®. Lrrc39 (Momasp,
Myosin interacting, M-band-associated stress-responsive protein; 1.21-fold increase) interacts
with myosin heavy chains, is localized to the M-band, and regulates gene expression in response
to biomechanical stress®®. These M-band proteins may function in mechanical stress sensing™
and modulation of passive force by titin.

MRNAs for some Z-disc proteins were also differentially expressed. Myot (myotilin), a
Z-disc protein that can localize to the M-band under some conditions, was sharply
downregulated. It has been suggested to function in myofibrillar assembly®?, although targeted
deletion of Myot had no effect on contractility or muscle mass, possibly due to compensation by
Tcap and other Z-disc proteins®. Tcap (titin-cap, 1.41-fold increase) is a Z-disc, titin-interacting
protein that, among other functions, links t-tubules and myofibrils through its interaction with
Kcnel®, a K* channel B subunit discussed above. Nebl (nebulette), the smaller cardiac isoform
of nebulin that interacts with various myofibrillar proteins, was upregulated. Interaction of Nebl
with tropomyosin is important for thin filament stability in cardiac muscle®®. Mypn
(myopalladin) a multifunctional protein with many interacting partners, was downregulated.
Interaction of Mypn with nebulette is necessary for Z-disc assembly, and it’s interactions with
CARP (cardiac ankyrin repeat protein, Ankrdl) regulate muscle gene expression®. Palld
(palladin), which is related to myotilin and myopalladin, was upregulated; it binds actin and o-
actinin, and is expressed in Z-discs, focal adhesions, and other structures, where it may function
as a molecular scaffold®. Lims2 (Pinch2, 0.78-fold decrease) localizes to Z-discs and focal
adhesions™® and appears to be important in organization of intercalated discs and costameres and
in signaling through integrin linked kinase and Akt™. Xirp2, which was downregulated, interacts
with nebulette in the mature Z-disc and in developing myofibrils, and was proposed to function
in myofibril development and remodeling®®. Targeted deletion of Xirp2 also leads to defects in
the development and maturation of intercalated discs®.

Jph2 (junctophilin 2, 0.87-fold decrease) is a structural protein that connects the t-tubule
to the sarcoplasmic reticulum by positioning the L-type calcium channel and ryanodine receptor.
Cardiac specific knockdown of Jph2 in mice resulted in development of heart failure and reduced
Ca**-induced Ca** release from the SR by regulating Ryr2%?. Ankyrin B, discussed above, also
plays an important role in positioning of transporters and channels®.

Fhl1 and Fhi2 (four-and-a half LIM-only proteins 1 and 2; both decreased) and Ankrd23
(DARP, diabetes-related ankyrin-repeat protein; 0.65-fold decrease) interact with titin, have been
proposed to be involved in stretch sensing, and all 3 proteins can relocalize to the nucleus to
affect transcription®. Fhl1 localizes to both the Z-disc/l-band and M-band regions, interacts with
myosin-binding protein C, and regulates sarcomere assembly®. Fhl2 also localizes to the I-band



and M-band and is involved in the recruitment of metabolic enzymes to titin®. When Cryab
(aB-crystallin, 0.80-fold decrease) binds to titin in the I-band region, it increases passive
tension®’, suggesting that its reduced expression may reduce tension.

Unlike some of the genes involved in hypoxia responses and metabolism, it is difficult to
relate the changes in myofibrillar genes directly to deficits in CO, disposal and O, utilization.
However, after translocation to the nucleus, both Fhll and FhI2 inhibit Hifla-mediated
transcription®®®, suggesting that reduced expression may increase transcription of Hifla-
regulated genes. Sqstm1, mentioned earlier for its role in hypoxia responses (Fig. 1), interacts
with Nbr1 at the protein kinase domain of titin®. A possible function of the changes in some of
the titin-binding proteins, including the reduction in oB-crystallin mentioned above®, is to
reduce passive tension. Phosphorylation of titin by PKA following B-adrenergic stimulation was
shown to reduce passive tension’* and the authors speculated that this allows more rapid and
complete ventricular filling. A reduction in passive tension/stiffness may allow maintenance of
appropriate cardiac output, despite reduced O, utilization.

Possible additional mechanisms for reducing passive tension/stiffness. Regarding passive
tension/stiffness, mentioned above, some additional changes that could be adaptive in a heart
with impaired O,/CO, balance or other perturbations that affect contractility are downregulation
of Col4al (0.78-fold) and Col4a2 (0.79-fold), two of the most abundantly expressed collagens in
heart (Supplementary Table S1 online). Reduced expression of these basement membrane
collagens, produced by cardiomyocytes’?, should reduce myocardial stiffness. Both are members
of the Basement Membrane GO category (GO:0005604), which was significantly changed. Also
downregulated were LoxI1 (0.87-fold) and LoxI2 (0.83-fold, also a member of GO:0005604),
the most abundantly expressed lysyl oxidases in heart (Supplementary Table S1 online).
Downregulation of lysyl oxidases, which can increase stiffness by crosslinking collagen, has the
potential to reduce stiffness of the extracellular matrix”*.

Evidence that the differential mMRNA expression changes in AE3-null hearts represent
adaptive rather than pathological changes. A basic assumption in this study is that, in a mouse
model that appears healthy under normal conditions, most of the mMRNA expression changes will
be compensatory, and can therefore yield insights into compensatory mechanisms that allow
adaptation to physiological perturbations caused by a single gene deletion (e.g., the hypoxia
response and altered energy metabolism genes in AE3-null hearts that may allow adaptation to
impaired CO, disposal). In contrast, in a disease model, healthy adaptation is increasingly
difficult and a major fraction of the gene expression changes may be non-adaptive or secondary
to the disease process and reflect a deterioration of organ function rather than compensatory
adaptation to a specific perturbation. Of course, this is not to say that all of the expression
changes in the AE3-null heart are adaptive or that all expression changes in a heart disease model
are non-adaptive.

AE3-null mice at 4 months of age, as used in this study, appear indistinguishable from
their wild-type littermates and it is only when subjected to atrial pacing or when the AE3-null
mutation is combined with another mutation that a clear phenotype is apparent??*. Even in the
pacing studies, the phenotype was mild and the ~60% increase in Akt phosphorylation in hearts
of AE3-null mice, which correlated well with the induction of mRNA for Akt-responsive
proteins involved in glucose metabolism (noted in Fig. 3), seems likely to provide some
compensation for the force-frequency defect®.



To test the assumption that differential gene expression patterns in the AE3-null heart
were generally adaptive rather than pathological, we compared expression levels of the top 620
named genes that were significantly changed (FDR < 0.075; P < 0.0025) in the AE3-null heart
with 1364 named genes that were changed by at least 1.5-fold (up-regulated or down-regulated)
in a mouse model of heart failure (HF), as determined by RNA Seq analysis’®. When the two
data sets were compared, 134 genes overlapped, so ~10% of the HF genes were represented in
the top 620 named genes in the AE3 data set. However, when the direction of change was
analyzed, only 40 genes (30%) were changed in the same direction and 94 genes (70%) were
changed in the opposite direction. Similar results were observed if we compared the 142 genes
illustrated in Figs. 1-6 with the HF genes; 42/142 genes (30%) overlapped with the Heart Failure
genes, with 14 (33%) changing in the same direction and 28 (67%) changing in the opposite
direction. In addition, the magnitudes of the changes were much greater in the Heart Failure
model. This suggests that the changes in AE3-null hearts are largely adaptive rather than
pathological.
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Supplementary Figure S1. RT-PCR analysis of Leptin Receptor mRNA. The Leptin
Receptor includes multiple short forms with truncated C-termini and a long form (ObRb) with an
extensive cytoplasmic C-terminal region. To determine whether the observed up-regulation (see
Fig. 3) included the long-form, which contains the major signaling domains, quantitative RT-
PCR of heart mRNA (n = 4 mice of each genotype) was performed. The following primers were
used: Common form: Forward primer, GTCTTCGGGGATGTGAATGTC and Reverse primer,
ACCTAAGGGTGGATCGGGTTT,; unique regions present in the C-terminal domains of the
long form: Forward primer, TGGTCCCAGCAGCTATGGT and Reverse primer,
ACCCAGAGAAGTTAGCACTGT. Fold-change expression levels for AE3-null (white bars) vs
WT (black bars) are shown. The common regions (1.71 + 0.10 increase; P = 0.002) and long-
form regions (1.54 = 0.16 increase; P = 0.022) exhibited similar increases in AE3-null hearts.
Amplification occurred at a higher cycle number for the long form, suggesting that it is a lower
abundance splice variant in mouse heart.
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Supplementary Figure S2. Representative output from GOrilla Gene Ontology (GO)
program (Gene Ontology enRIchment analLysis and visuaLizAtion tool; http://cbl-
gorilla.cs.technion.ac.il/)”®. The diagram illustrates some of the nested GO Molecular Function
categories obtained during analysis of genes that were significantly changed in AE3-null hearts.
The user can switch between Biological Function, Molecular Function, and Cellular Component
GO subcategories. Color-coding indicates degree of significance (red > dark orange > light
orange > yellow). In addition to the visual display, a listing of all significant GO categories is
provided with an option to Show genes or Hide genes (provided as gene symbols and
descriptions); in the analysis shown, genes with FDR < 0.01 were used to examine Biological
Process GO categories. The first P value listed is a raw P value and the second P value is an
adjusted P value (or False Discovery Rate) that takes into consideration the large number of total
GO categories, thereby reducing false positive GO categories. The final column gives the
enrichment score and the numbers of genes (N, B, n, b) on which the enrichment was based (see
Gene Ontology Analysis in Methods).
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Supplementary Figure S3. Representative output from PubMatrix literature searches’.
Significantly changed genes (535 genes, FDR < 0.05) were run against modifier terms for
various aspects of energy metabolism as shown in the top panel. Each set of searches is
displayed on a grid that allows any pairwise search to be opened. In the example shown (upper
panel), Abcc9, also known as Sur2, had 70 literature hits when searched against “(mitochondria
or mitochondrial)”. When a given search is opened, a listing of papers is provided by PubMed, a
resource of the U.S. National Library of Medicine (bottom panel). The reader can access the
searches performed here for Hypoxia (8 searches) and Metabolism (8 searches) genes by
registering on PubMatrix with a username (typically email address) and password. The searches
are archived under Public Results, username Vair&Shull. Searches were kindly transferred to
Public Results by Dr. Kevin G. Becker of the National Institutes of Health.
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Supplementary Figure S4. Validation of RNA Seq Data by Real-time PCR Analysis.
Expression of selected genes that exhibited significant changes by RNA-Seq Analysis were
analyzed by Quantitative RT-PCR and normalized by Gapdh expression. Among the 15 genes
analyzed (n = 4 hearts of each genotype), all exhibited changes in the same direction as observed
in RNA Seq analysis, and 12/15 genes exhibited “P values < 0.05. P values for remaining 3 genes
were: Kcnj5, 0.122; Myl1, 0.135; and Carnsl, 0.116). Variability for each gene was far less in
the RNA Seq analysis than by RT-PCR, indicating a much greater degree of reliability in the
direct measurements provided by RNA Seq analysis rather than the amplification procedure

provided by RT-PCR.
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Legends for Supplementary Tables S1-S7 online, which are provided as Excel Files

Supplementary Table S1 online. Differential gene expression data in FVBN AE3-null vs
wild-type mouse whole hearts. This table presents expression levels of the 23,281 genes
examined by RNA Seq analysis. Genes are identified by gene identification numbers, gene
symbol and gene description (if known), or by Riken numbers or accession numbers if for a gene
of unknown function. Columns contain individual RPKM values for 4 WT (WT1-4) and 4 AE3-
null (KO1-4) heart samples (male, 4-months old); mean values, standard errors, and standard
deviations for WT and AE3-null samples; fold-change; log2fold-change, p-value, and adjusted p-
value or False Discovery Rate (FDR) that takes into account the overall number of genes
examined. This table can be used to compare relative expression levels of various genes in male
FVBN mouse hearts.

Supplementary Table S2 online. Differentially expressed genes involved in Hypoxia,
Vasodilation, and Angiogenesis. Relevant genes were identified by analyzing all genes with P
values < 0.01 using the GOrilla Gene Ontology (GO) program and by PubMatrix analysis of
genes with FDR < 0.05. See methods for those procedures and for explanation of P-values,
enrichment scores, and gene numbers (N, B, n, b) in GO analysis. The following GO categories
were identified: GO:0001525 Angiogenesis, P = 8.08E-12, 3.57 enrichment,
(21238,231,979,38); GO:0045765 Regulation of Angiogenesis, P = 5.05E-9, 3.37 enrichment
(21238,193,979,30); GO:0001666 Response to Hypoxia, P = 7.5E-5, 2.71 enrichment
(21238,152,979,19); GO:0019229 Regulation of Vasoconstriction, P = 6.51E-4, 3.39 enrichment
(21238,64,979,10); GO:0042312 Regulation of Vasodilation, P = 7.86E-04, 3.96 enrichment,
(21238,44,979,8). For PubMatrix analysis we searched all genes with FDR < 0.05 with the
following Modifier Terms: (hypoxia or hypoxic), (HIF1 or Hiflalpha or Hifla or Hif), (EgIn3 or
PHD3), (Epas or Hif2a), (Vegf or Vegfa), Angiogenesis, Vasodilation, and Vasoconstriction.
Genes (143 total) identified in these GO categories or judged to have significant involvement in
hypoxia, angiogenesis, or vasodilation based on the literature identified in Pubmatrix are listed in
the Excel file.

Supplementary Table S3 online. Differentially expressed genes involved in Signaling.
Relevant genes (158 total) were identified by analyzing all genes with P values < 0.01 using the
GOrilla Gene Ontology program. See methods for those procedures and for explanation of P-
values, enrichment scores, and gene numbers (N, B, n, b) in GO analysis. The following GO
categories were identified: GO:0007169 Transmembrane Receptor Protein Tyrosine Kinase
Signaling Pathway, P = 1E-6, 2.62 enrichment, (21258,254,991,31); GO:0043122 Regulation of
I-KappaB Kinase/NF-KappaB Signaling, P = 3.51E-4, 2.41 enrichment, (21258,169,991,19);
GO0:0008286 Insulin Receptor Signaling Pathway, P = 3.83E-4, 3.94 enrichment,
(21258,49,991,9); GO:0008277 Regulation of G-Protein Coupled Receptor Protein Signaling
Pathway, P = 4.57E-4, 2.94 enrichment, (21258,95,991,13); GO:0070372 Regulation of ERK1
and ERK2 cascade, P = 5.07E-4, 2.48 enrichment, (21258,147,991,17); GO:0032147 Activation
of Protein Kinase Activity, P = 5.12E-4, 2.28 enrichment, (21258,188,991,20); GO:0014066
Regulation of Phosphatidylinositol 3-Kinase Signaling, P = 8.05E-4, 3.30 enrichment,
(21258,65,991,10); GO:0034976 Response to Endoplasmic Reticulum Stress, P = 6.95E-4, 2.96
enrichment, (21258,87,991,12); GO:0004672 Protein Kinase Activity, P = 6.18E-5, 1.80
enrichment, (21258,571,991,48); GO:0035591 Signaling Adaptor Activity, P = 1.33E-4, 5.05
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enrichment, (21258,34,991,8); GO:0016301 Kinase Activity, P = 1.47E-4, 1.64 enrichment,
(21258,774,991,59); GO:0051020 GTPase Binding, P = 1.65E-4, 2.42 enrichment,
(21258,186,991,21); GO:0005070 SH3/SH2 Adaptor Activity, P = 2.23E-4, 6.44 enrichment,
(21258,20,991,6); GO:0004683 Calmodulin-Dependent Protein Kinase Activity, P = 6.6E-4,
5.36 enrichment, (21258,24,991,6); GO:0004674 Protein Serine/Threonine Kinase Activity, P =
9.97E-4, 1.75 enrichment, (21258,429,991,35).

Supplementary Table S4 online. Differentially expressed genes involved in Energy
Metabolism. Relevant genes were identified by analyzing all genes with P values < 0.01 using
the GOrilla Gene Ontology program and by PubMatrix analysis of genes with FDR < 0.05. We
also used the Single Rank GOrilla option, which gave a better understanding of the enrichment
of carbohydrate metabolism genes among the most significantly changed genes. See methods for
explanation of P-values, enrichment scores, and gene numbers (N, B, n, b). The following GO
categories were identified: GO:0006109 Regulation of Carbohydrate Metabolic Process, P =
1.41E-5, 2.95 enrichment (21238,147,979,20); GO:0045913 Positive Regulation of
Carbohydrate Metabolic Process, P = 2.97E-5, 14.96 enrichment (21257,52,164,6); GO:1900077
Negative Regulation of Cellular Response to Insulin Stimulus, P = 3.56E-5, 8.06 enrichment
(21257,30,703,8); GO:0010906 Regulation of Glucose Metabolic Process, P = 6.16E-5, 4.60
enrichment (21257,99,607,13); GO:0043470 Regulation of Carbohydrate Catabolic Process, P =
7.34E-5, 17.97 enrichment (21257,35,169,5); GO:0008286 Insulin Receptor Signaling Pathway,
P = 8.09E-5, 6.52 enrichment (21257,49,599,9); GO:0019216 Regulation of Lipid Metabolic
Process, P = 1.11E-4, 2.57 enrichment (21257,230,863,24); GO:0006110 Regulation of
Glycolytic Process, P = 3.48E-4, 19.35 enrichment (21257,26,169,4); G0O:0032869 Cellular
Response to Insulin Stimulus, P = 3.96E-4, 3.80 enrichment (21257,91,800,13); G0O:0032868
Response to insulin, P = 4.36E-4, 3.84 enrichment (21257,120,599,13). For PubMatrix analysis
we searched all genes with FDR < 0.05 with the following Modifier Terms: “energy
metabolism”, “lipid metabolism”, “beta oxidation”, (mitochondria or mitochondrial), “glucose
metabolism”, “glucose oxidation”, Glucose, Glycolysis, Ampk, Akt. Genes (142 total) identified
in these GO categories or judged to have significant involvement in energy metabolism based on
the literature identified in Pubmatrix are listed in the Excel file.

Supplementary Table S5 online. Differentially expressed genes involved in membrane
excitability and cardiac conduction. Relevant genes were identified by analyzing all genes
with P values < 0.01 using the GOrilla Gene Ontology program. See methods for explanation of
P-values, enrichment scores, and gene numbers (N, B, n, b). The following GO categories were
identified: GO:0008016 Regulation of Heart Contraction, P = 3.76E-10, 4.22 enrichment
(21228,132,990,26); GO:0003254 Regulation of Membrane Depolarization 1.42E-8, 7.80
enrichment (21228,33,990,12); G0O:0002027 Regulation of Heart Rate, P = 1.55E-8, 5.21
enrichment (21228,70,990,17); GO:0061337 Cardiac Conduction, P = 2.22E-8, 8.42 enrichment
(21228,28,990,11); GO:0086091 Regulation of Heart Rate by Cardiac Conduction, P = 1.66E-6,
8.58 enrichment (21228,20,990,8); GO:0042391 Regulation of Membrane Potential, P = 2.31E-
6, 2.52 enrichment (21228,264,990,31); GO:0060307 Regulation of Ventricular Cardiac Muscle
Cell Membrane Repolarization, P = 3.83E-6, 11.70 enrichment (21228,11,990,6); GO:0060371
Regulation of Atrial Cardiac Muscle Cell Membrane Depolarization, P = 1.09E-5, 13.40
enrichment (21228,8,990,5); GO:0086001 Cardiac Muscle Cell Action Potential, P = 1.16E-5,
6.86 enrichment (21228,25,990,8); GO:0086065 Cell Communication Involved in Cardiac
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Conduction, P = 2.2E-5, 9.19 enrichment (21228,14,990,6); GO:0001508 Action Potential, P =
5.54E-5, 3.84 enrichment (21228,67,990,12); GO:0051899 Membrane Depolarization, 1.59E-4,
3.09 enrichment (21228,97,990,14); GO:0086069 Bundle of His cell to Purkinje Myocyte
Communication, 2.83E-4, 10.72 enrichment (21228,8,990,4); GO:0086010 Membrane
Depolarization during action potential, P = 8.36E-4, 4.41 enrichment (21228,34,990,7);
G0:0086005 Ventricular Cardiac Muscle Cell Action Potential, P = 8.45E-4, 6.31 enrichment
(21228,17,990,5); GO:0086067 AV Node Cell to Bundle of His Cell Communication, P =
9.42E-4, 12.87 enrichment (21228,5,990,3).

In addition to the above GO categories, other GO categories also contain genes such as
cation channels that are potentially relevant to cardiac conduction and membrane excitability,
and are therefore included in the table. These are: GO:0051924 Regulation of Calcium lon
Transport, P = 6.32E-6, 2.77 enrichment (21228,186,990,24); G0O:0006813 Potassium lon
Transport, P = 2.26E-5, 2.86 enrichment (21228,150,990,20); GO:0098662 Inorganic Cation
Transmembrane Transport, P = 2.35E-5, 2.05 enrichment (21228,397,990,38); GO:0098655
Cation Transmembrane Transport, P = 5.23E-5, 1.90 enrichment (21228,473,990,42);
G0:0006816 Calcium lon Transport, P = 8.73E-4, 2.19 enrichment (21228,196,990,20);
G0:0022843 Voltage-gated Cation Channel Activity, P = 5.03E-5, 2.79 enrichment
(21228,146,990,19); GO:0015079 Potassium lon Transmembrane Transporter Activity, P =
5.16E-5, 2.88 enrichment (21228,134,990,18); GO:0015267 Channel Activity, P = 7.27E-5, 1.99
enrichment (21228,388,990,36); GO:0005244 Voltage-gated lon Channel Activity, P = 1.32E-
4, 2.46 enrichment (21228,183,990,21). Genes (104 total) identified in the above GO categories
or judged to have significant involvement in Cardiac Conduction or Membrane Excitability
based on literature searches are listed in the Excel file.

Supplementary Table S6 online. Differentially expressed genes encoding Transporters,
Pumps, and Channels. Relevant genes (84 total) were identified by analyzing all genes with P
values < 0.017 (the top 1250 genes) using the GOrilla Gene Ontology program for significantly
enriched transport-related GO categories and by inspection of the list for genes with designations
(e.g., Slc, Ken, Atp, Abc, etc) indicating that they were transporters, pumps, or channels. Known
direct regulators of pumps or channels such as phospholamban, sarcolipin, and junctophilins
were also included. See methods for explanation of P-values, enrichment scores, and gene
numbers (N, B, n, b). The following GO categories were identified: GO:0030001 Metal lon
Transport, P = 6.97E-10, 3.14 enrichment, (21257,512,556,42); GO:0006812 Cation Transport,
P = 4.47E-9, 3.80 enrichment, (21257,680,247,30); GO:0043269 Regulation of lon Transport, P
= 7.5E-9, 2.99 enrichment, (21257,485,586,40); GO:0034765 Regulation of lon Transmembrane
Transport, P = 3.47E-8, 5.57 enrichment, (21257,278,247,18); GO:0006811 lon Transport, P =
1.1E-7, 2.21 enrichment, (21257,1004,564,59); GO:0006873 Cellular lon Homeostasis, P =
1.67E-7, 3.06 enrichment, (21257,348,639,32); GO:0034220 lon Transmembrane Transport, P =
2.5E-7, 3.78 enrichment, (21257,546,247,24); GO:0030003 Cellular Cation Homeostasis, P =
2.55E-7, 3.07 enrichment, (21257,336,639,31); GO:0015672 Monovalent Inorganic Cation
Transport, P = 2.63E-7, 4.87 enrichment, (21257,318,247,18); G0O:0055085 Transmembrane
Transport, P = 3.12E-7, 3.23 enrichment, (21257,772,247,29); GO:0055080 Cation
Homeostasis, P = 6.43E-7, 2.90 enrichment, (21257,409,573,32); GO:0050801 lon Homeostasis,
P = 1.3E-6, 2.76 enrichment, (21257,444,573,33); G0O:0051924 Regulation of Calcium lon
Transport, P = 1.11E-5, 3.22 enrichment, (21257,162,857,21); GO:0055065 Metal lon
Homeostasis, P = 1.33E-5, 2.92 enrichment, (21257,365,499,25); GO:0046916 Cellular
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Transition Metal lon Homeostasis, P = 257E-5, 7.58 enrichment, (21257,53,476,9);
G0:0006813 Potassium lon Transport, P = 3.11E-5, 4.17 enrichment, (21257,149,479,14);
G0:0030004 Cellular Monovalent Inorganic Cation Homeostasis, P = 1.1E-4, 7.24 enrichment,
(21257,41,573,8); G0O:0006816 Calcium lon Transport, P = 2.06E-4, 3.18 enrichment,
(21257,194,551,16); GO:0035725 Sodium lon Transmembrane Transport, P = 2.86E-4, 3.57
enrichment, (21257,70,1190,14); GO:0071804 Cellular Potassium lon Transport, P = 2.92E-4,
3.76 enrichment, (21257,122,556,12); GO:0071805 Potassium lon Transmembrane Transport, P
= 9.8E-4, 2.88 enrichment, (21257,121,1036,17).

Supplementary Table S7 online. Differentially expressed genes involved in the Sarcomere
and Sarcomeric Cytoskeleton. Relevant genes were identified by analyzing all genes with P
values < 0.01 using the GOrilla Gene Ontology program. See methods for those procedures and
for explanation of P-values, enrichment scores, and gene numbers (N, B, n, b) in GO analysis.
The following GO categories were identified: GO:0044449 Contractile Fiber Part, P = 2.93E-14,
4.57 enrichment (21238,166,979,35); GO:0032432 Actin Filament Bundle, P = 3.06E-11, 6.54
enrichment (21238,63,979,19); GO:0001725 Stress Fiber, P = 5.53E-10, 6.36 enrichment
(21238,58,979,17); GO:0042641 Actomyosin, P = 4.97E-9, 5.59 enrichment (21238,66,979,17);
G0:0030018 Z Disc, P = 8.18E-9, 4.62 enrichment (21238,94,979,20); G0O:0015629 Actin
Cytoskeleton, P = 1.68E-7, 3.19 enrichment (21238,177,979,26); GO:0030315 T-tubule, P =
2.19E-7, 5.76 enrichment (21238,49,979,13); GO:0043292 Contractile Fiber, P = 6.03E-6, 4.73
enrichment (21238,55,979,12); GO:0014704 Intercalated Disc, P = 3.71E-5, 4.72 enrichment
(21238,46,979,10); GO:0031674 | band, P = 2.82E-4, 6.20 enrichment (21238,21,979,6);
G0:0016459 Myosin Complex, P = 3.32E-4, 3.68 enrichment (21238,59,979,10); GO:0003779
Actin Binding, P = 3.5E-12, 3.00 enrichment (21238,361,979,50); GO:0051393 Alpha-Actinin
Binding, P = 2.82E-4, 6.20 enrichment (21238,21,979,6); G0O:0031432 Titin Binding, P =
4.69E-4, 9.64 enrichment (21238,9,979,4); GO:0007015 Actin Filament Organization, P =
4.45E-9, 3.79 enrichment (21238,149,979,26); GO:0051494 Negative Regulation of
Cytoskeleton Organization, P = 5.35E-7, 3.78 enrichment (21238,109,979,19); GO:0008064
Regulation of Actin Polymerization or Depolymerization, P = 6.72E-6, 3.34 enrichment
(21238,117,979,18); G0O:0051693 Actin Filament Capping, P = 2.77E-4, 5.24 enrichment
(21238,29,979,7). Genes (116 total) identified in these GO categories are listed in the Excel file.
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Supplementary Table S8. Expression of Carbonic Anhydrase mRNAs in Mouse Heart.

Gene Description Meavr:/z SE Meaﬁoi SE Fold Change | P-value
Carl Carbonic anhydrase 1 0 0 not exp n/a
Car2 Carbonic anhydrase 2 3.47 £ 0.10 3.43+0.17 0.97 0.99
Car3 Carbonic anhydrase 3 129+1.2 15.0+ 3.2 1.14 0.88
Car4 Carbonic anhydrase 4 10.6 £ 0.8 9.75+0.61 0.91 0.28
Carba Carbonic anhydrase 5a 0.01+0.01 0.03 £ 0.02 not exp n/a
Carsb Carbonic anhydrase 5b 0.40 + 0.07 0.64 + 0.02 1.60 0.01
Car6 Carbonic anhydrase 6 0 0.01+0.01 not exp n/a
Car7 Carbonic anhydrase 7 3.54 + 0.50 442 £0.12 1.23 0.14
Car8 Carbonic anhydrase 8 3.16 £ 0.18 3.54+0.21 1.10 0.12
Car9 Carbonic anhydrase 9 0.48 + 0.06 0.46 + 0.02 0.94 0.80
Carl0 Carbonic anhydrase 10 0.01 £0.01 0.01 £0.01 not exp n/a
Carll Carbonic anhydrase 11 3.39+£0.35 3.74+£0.13 1.09 0.63
Carl2 Carbonic anhydrase 12 0.01 £0.01 0.02 £ 0.01 not exp n/a
Carl3 Carbonic anhydrase 13 0.63+0.11 0.64 + 0.08 1.02 0.95
Carl4 Carbonic anhydrase 14 75.2+ 3.0 85.7+ 3.7 1.13 0.02
Carl5 Carbonic anhydrase 15 1.19+0.16 1.39+0.13 1.15 0.59

MRNA expression levels (RPKM values) of all carbonic anhydrase isoforms in WT and AE3-
null (KO) heart are shown, with fold-change and P-values (n/a = not applicable). Carl, Car5a,
Car6, Carl0, and Car12 had no transcripts in one or more samples of both WT and KO samples
(n = 4 of each genotype), and are therefore considered to be not expressed (not exp) in FVB/N
mouse heart. Carl4 facilitates CO, venting from mitochondria’* and associates with AE3 on the
extracellular surface of the myocyte® and other cell-types*®, was expressed at much higher levels
than other isoforms, and was one of only two CAs (CA14 and CA5b) exhibiting significant
expression changes (see text). Extracellular Car4, which also affects AE3 activity’’, was
expressed at moderate levels in mouse heart and was not changed. These data support the
predominance of Carl4 in mouse cardiac myocytes. However, note that Car4 (CA 1V) is the
predominant isoform in human heart (see Supplementary Table 10).
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Supplementary Table S9. Expression Levels (RPKM) of CI'Channel mRNAs in Heart.

Gene Description wT KO Fold P-value
Symbol Mean £+ SE | Mean = SE | Change
Clenl Chloride channel 1 1.94+0.27 | 2.60+0.17 1.33 0.04
Clcn2 Chloride channel 2 1.55 + 0.07 1.69+0.12 1.08 0.29
Clcn3 Chloride channel 3 10.6 £0.4 11.2+0.4 1.04 0.41
Clcn4-2 Chloride channel 4-2 22.8+04 23.8+04 1.03 0.39
Clcn5 Chloride channel 5 0.60+0.04 | 0.66 + 0.05 1.09 0.53
Clcn6 Chloride channel 6 436+0.36 | 445+0.14 1.01 1
Clen7 Chloride channel 7 11.7 £ 0.09 11.8+0.30 1.00 1
Clcnkb Chloride channel Kb 0.40 £ 0.10 0.45 £ 0.05 1.11 0.50
Ostm1 Osteopetrosis associa}ted 13.7+023 11.18 + 0.8 0.000023
transmembrane protein 1 0.15
Cftr Cystic fibrosis transmembrane 0.07+0.02 | 011£0.02 | 1.59 0.31
conductance regulator
Best 1 Bestrophin 1 0.07+0.02 | 0.09 +0.02 1.32 0.63
Best 3 Bestrophin 3 5.07+0.36 | 4.40+0.06 0.86 0.04
Anol Anoctamin 1 472+0.01 | 474+0.11 1.00 0.96
Ano3 Anoctamin 3 0.11+0.02 | 0.14+0.01 1.28 0.55
Ano4 Anoctamin 4 2.0+0.11 2.64+0.14 1.30 0.001
Ano5 Anoctamin 5 0.93+0.12 | 0.47 +£0.03 0.50 0.001
Anob6 Anoctamin 6 8.43+0.19 8.63+0.2 1.01 0.95
Ano8 Anoctamin 8 8.51+0.39 | 9.78+0.34 1.13 0.01
Anol0 Anoctamin 10 25.8+04 24.7 £ 0.97 0.94 0.25
Clcal Ca” activated CI channel 1 0.44 £ 0.03 0.39 £ 0.06 0.88 0.73
Clca2 Ca” activated CI channel 2 0.15+0.01 0.16 £ 0.02 1.05 0.90
Lrrc8a Leucine rich repeat containing 8A 21.5+1.61 20.0 £ 0.55 0.92 0.35
Lrrc8b Leucine rich repeat containing 8B 3.00 £ 0.08 2.96 £ 0.15 0.97 0.75
Lrrc8c Leucine rich repeat containing 8C 9.75+0.33 8.57+£0.31 0.87 0.01
Lrrc8d Leucine rich repeat containing 8D 1.69 £ 0.01 1.59 £+ 0.06 0.93 0.37
Lrrc8e Leucine rich repeat containing 8E 0.15+0.03 0.20 £ 0.03 1.33 0.32

Expression levels and fold-changes of potential sarcolemmal/t-tubule CI" channels in WT and
AE3-null (KO) heart. Genes not detected in one or more samples were considered not expressed
(all had mean RPKM < 0.05) and are not included. The Clic (Chloride Intracellular Channel)
isoforms also are not shown. The genes shown include those of the Clcn family™®; Ostm1, an
accessory subunit that interacts with Clcn7’®; the Anoctamin and Bestrophin families, which
function as Ca®*-activated CI" channels®®; Clca Ca**-activated CI" channels and Cftr, which
were expressed at only low levels; and Lrrc8 isoforms, recently identified as components of the
volume-regulated anion channel (VRAC)®®2. A clear pattern of changes indicative of CI°
channel activity that might function in CI" recycling was not observed, although changes in
Ostml and Lrrc8c transcripts suggest their involvement. Members of the Clcn family can
function as either CI” channels (Clcni, 2, and kb) or as CI'/H" exchangers (Clcn3, 4, 5, 6, and 7),
most likely with a 2:1 stoichiometry’®. Although the latter group typically function in endosomal
compartments or lysosomes (Clcn7), Clen7/Ostmlalso functions in the ruffled border (a plasma
membrane) of osteoclasts’® and surface expression of members of this group has been reported.
Their high expression suggests important functions in heart. If involved in CI" recycling to
balance CI'/HCOj3" exchange, which would be sharply reduced in the AE3 KO, then some of
these changes could represent remodeling in direct response to reduced CI™ uptake.
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Supplementary Table S10. mRNA expression of H* extrusion mechanisms, CI/HCOj3
exchangers, and extracellular carbonic anhydrases in heart of mammalian species.

Gene Protein FVB/Na FiShEr CS?BI‘SC Opossum® Rhesusc Human®
Mouse Rat Mouse Monkey
Slc9al NHE1 9.10+£0.20 2.4 8 7 17 5
Hvcnl HVCN1 | 2.11+0.13 1.1 1 1 5 9
Slcdal AE1l 0.20 £ 0.05 3.1 0.2 2 0.5 0.3
Slc4a2 AE2 12.6 £ 0.28 3.6 7 16 23 7
Slc4a3 AE3 85.7 £ 0.64 25 47 45 77 178
Slc26a6 PAT1 4.56 + 0.26 4 4 n/a 6 3
Carl4 CAl14 752+ 3.0 24.9 41 101 3 1
Car4d CA4 10.6 £ 0.8 3.9 9 n/a 9 8

RPKM values for mRNA expression is from: *Current study, Mean + SE for WT FVB/N mouse;
PEBI Expression Atlas (see Supplemental Methods), mean values for Fisher 344 Rat®®, EBI
Expression Atlas, mean values for Mouse (C57BI6), gray short-tailed opossum, rhesus monkey,
and human®. Data were normalized in the latter study®, allowing approximate cross-species
comparisons of individual transporters; the other studies cannot be directly compared due to
differences in the number of genes examined. These expression data indicate that HVCNL is
expressed in heart of all species listed and that AE3 is the most abundantly expressed CI'/HCO3’
exchanger. Carl4 is the most abundantly expressed carbonic anhydrase mRNA in rodent and
opossum heart; Car4 is most abundant in human and rhesus monkey heart. Both CA isoforms
enhance AE3 activity in neurons’”.
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