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Abstract

Background—Hypoxia is often associated with cardiopulmonary diseases, which represent 

some of the leading causes of mortality worldwide. Long-term hypoxia exposures, whether from 

disease or environmental condition, can cause cardiomyopathy and lead to heart failure. Indeed, 

hypoxia-induced heart failure is a hallmark feature of chronic mountain sickness in maladapted 

populations living at high altitude. In a previously established Drosophila heart model for long-

term hypoxia exposure, we found that hypoxia caused heart dysfunction. Calcineurin is known to 

be critical in cardiac hypertrophy under normoxia, but its role in the heart under hypoxia is poorly 

understood.

Methods and Results—In the present study, we explore the function of calcineurin, a gene 

candidate we found downregulated in the Drosophila heart after lifetime and multigenerational 

hypoxia exposure. We examined the roles of 2 homologs of Calcineurin A, CanA14F, and Pp2B in 

the Drosophila cardiac response to long-term hypoxia. We found that knockdown of these 

calcineurin catalytic subunits caused cardiac restriction under normoxia that are further aggravated 

under hypoxia. Conversely, cardiac overexpression of Pp2B under hypoxia was lethal, suggesting 

that a hypertrophic signal in the presence of insufficient oxygen supply is deleterious.

Conclusions—Our results suggest a key role for calcineurin in cardiac remodeling during long-

term hypoxia with implications for diseases of chronic hypoxia, and it likely contributes to 

mechanisms underlying these disease states.
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Chronic exposure to hypoxia, seen in patients with obstructive sleep apnea, breathing 

disorders, and pulmonary hypertension, may lead to compromised cardiopulmonary 

function.1 In mammals, the normal response of the pulmonary circulation to local hypoxia is 

regional hypertension, which directs blood flow toward better oxygenated regions of the 

lungs.2,3 However, chronic pulmonary hypertension causes remodeling through a thickening 

of vascular smooth muscle and can lead to pathological hypertrophy as the heart pumps 

against increased vascular resistance.4 Untreated cardiac hypertrophy can progress to dilated 

cardiomyopathy and heart failure.4,5

Pathological cardiac hypertrophy is also a hallmark of chronic mountain sickness, yet is 

remarkably absent in select, presumably well-adapted, high-altitude populations.6–9 Chronic 

mountain sickness is characterized by an array of symptoms, and susceptible individuals 

may have cardiac disease in early adulthood. South American highland populations display a 

particularly high incidence of chronic mountain sickness, and the incidence of disease was 

recently correlated with increased expression of the genes ANP32D and SENP1.10 In 

contrast, EDNRB, a gene associated with well-adapted highland Ethiopians, improved 

cardiac function during hypoxia in heterozygous knockout mouse models, indicating that 

gene selection at altitude may confer cardioprotection.11 Despite recent studies establishing 

a genetic basis underlying high-altitude adaptations, little is known about hypoxia-related 

mechanisms involved in cardiac remodeling in these populations.12,13

Many pathways are conserved among mammals and Drosophila, including the genetic 

network orchestrating heart development, as well as the role of hypoxia-inducible factor 

(HIF-1α) in mediating hypoxia responses.14,15 With its relatively short lifespan and wealth 

of genetic tools, Drosophila is well suited for genetic and cardiac physiology studies.15–17 

The fly model has successfully identified novel genes involved in cardiomyopathies, and 

detailed cardiac responses can be measured through the use of various imaging 

techniques.15,17–19 Previously, we established Drosophila heart models for the effects of 

chronic (lifetime) and multigenerational hypoxia exposure.20 We found that the effects of 

chronic hypoxia (CH) on heart function are particularly pronounced in flies with HIFα 
deficiency, consistent with the known roles of HIF in mediating these hypoxia responses in 

human populations.1,7,20,21 Notably, we also observed significant cardiac alterations in flies 

selected for survival to multigenerational exposure to hypoxia (hypoxia-selected [HS]).20 HS 

flies exhibited cardiac restriction compared with normoxia or CH-exposed flies.

Using the Drosophila model to identify new players in mediating cardiac hypoxia responses, 

we considered calcineurin, known to promote cardiac hypertrophy by activating nuclear 

factor of activated T-cells.22,23 Transgenic mice expressing activated calcineurin show 

cardiac hypertrophy, while inhibiting calcineurin ameliorates stress-induced cardiac 

hypertrophy.24,25 Calcineurin is a calcium/calmodulin-dependent protein phosphatase with 2 

subunits, the catalytically active CanA subunit and the regulatory calcium/calmodulin-

binding CanB subunit. Drosophila homologs include 3 CanA genes (CanA1, CanA14F, and 

Pp2B) and 2 CanB genes (CanB and CanB2).26 The CanB subunit promotes Drosophila 
flight muscle differentiation and regulates catalytic activity of CanA through stabilizing 

binding of calcium/calmodulin.27 Reducing CanB expression results in cardiomyopathy by 

impairing cardiomyocyte growth in flies and mice.27–29 CanA14F and Pp2B share 73% to 
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78% amino acid sequence identity to the human calcineurin A protein and, as neighboring 

genes on the X chromosome in Drosophila, likely arose by gene duplication in Diptera.26,30 

A constitutively active form of the Drosophila Pp2B gene induced cardiac widening in the 

conical chamber under normoxic conditions, and inhibition of calcineurin in mammalian 

models is well known to reduce pathological hypertrophy.24,25,31 However, a role for 

calcineurin in long-term hypoxia exposures, where hypertrophy can be a defining feature of 

CH-related diseases, has not yet been identified.31,32

Here, we examined flies exposed to CH (3 weeks at 4% O2
20) and over many generations of 

hypoxia selection (HS; >250 generations at 4% O2
33). We found that both hypoxia regimens 

altered heart function, consistent with our previous findings.20 We then performed cardiac-

specific expression profiles and found expression of the calcineurin homologs CanA14F and 

Pp2B to be highly downregulated in HS hearts and, to a lesser degree, in CH hearts. Heart-

specific knockdown of CanA14F or Pp2B in normoxic flies similarly decreased cardiac size, 

as observed in HS flies. Under hypoxia, CanA14F or Pp2B knockdown resulted in further 

loss of cardiac performance. Interestingly, gain of Pp2B function, known to increase heart 

size under normoxia,31 was lethal under CH. This suggests that elevating the activity of a 

hypertrophy inducer, such as calcineurin A, in a hypoxic environment may cause 

cardiomyocyte instability, resulting in cardiac death and preventing long-term organismal 

survival. Our results provide insight into the effects of long-term hypoxia exposure on the 

heart and define novel roles for calcineurin A in cardiac remodeling because of long-term 

hypoxia.

Materials and Methods

Microarray and RNA-seq Analysis

Isolated hearts from the HS flies (at 4% O2) and normoxia control (NC) populations (at 21% 

O2) were used for microarray analysis. Three sets of 50 hearts from 3-week-old males in 

both HS and NC populations were compared. We also performed RNA-seq, optimized for 

Drosophila, on 3 sets of 20 hearts from wild-type (w1118) flies under conditions of normoxia 

or CH (3 weeks 4% O2). Transcriptomics data were filtered based on a minimum fold 

change of ±1.2, with a corresponding p value <0.05 relative to control lines.

Bioinformatics analysis of gene expression changes was performed using available online 

tools to describe differential patterns between HS, chronically exposed, and control 

populations. Gene functional annotation and classification was generated using the Database 

for Annotation, Visualization and Integrated Discovery bio-informatics module (http://

david.abcc.ncifcrf.gov).34,35 Additionally, mapping of Drosophila orthologs to known 

mammalian metabolic pathways was performed using the Kyoto Encyclopedia of Genes and 

Genomes array tool (http://www.kegg.jp/kegg/download/keg-tools.html).36 Heat maps were 

generated from sorted Database for Annotation, Visualization and Integrated Discovery and 

Kyoto Encyclopedia of Genes and Genomes gene subsets using TIGR’s open source MeV 

software (http://tm4.org/mev).37
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Optical Imaging and Heart Function Analysis

Direct immersion optics were used in conjunction with a digital high-speed camera (120–

150 frames/second; Hamamatsu EM-CCD) mounted on a Leica DMLFSA microscope to 

record 30-second movies of beating hearts, with images captured using HC Image 

(Hamamatsu Corp.). Cardiac function was analyzed from the high-speed movies using 

Semiautomatic Optical Heartbeat Analysis software (http://sohasoftware.com), which 

quantifies diastolic/systolic intervals (SIs), cardiac arrhythmia, diastolic/systolic diameters 

(DD and SD), and fractional shortening (FS).17,19

Supplementary Methods

Detailed methods for fly stocks, quantitative polymerase chain reaction validation of cardiac 

gene expression, heart function analyses, and statistical analyses are described in the Data 

Supplement.

Results

Lifelong and Multigenerational Exposure to Hypoxia Alters Cardiac Performance

We previously observed that CH exposure of laboratory wild-type flies (w1118) caused 

significantly altered cardiac performance by 3 weeks in adults, including a slower heartbeat 

(increased heart period [HP]).20 In addition, flies selected for survival at reduced oxygen 

levels over many generations (HS) exhibited a similar increase in HP, as well as significant 

cardiac constriction and decrease in FS compared with both NC populations and laboratory 

wild-type flies (w1118) after CH conditions (see Data Supplement). We sought to determine 

which traits were due primarily to adult lifetime CH, as opposed to the effects of hypoxia 

selection over generations. We conducted a side-by-side comparison of w1118, NC, and HS 

flies’ cardiac function at normoxia on reoxygenation after 3 weeks CH (Figure 1A). For 

comparison, we also include our previously published data for w1118 flies (labeled w1118 

control and w1118 CH), which exhibit an increased HP after CH, as observed in the hearts of 

NC hypoxia-raised flies (Figure 1B through 1D).20 Contractility, as measured by FS, was 

significantly decreased after CH in w1118 and NC flies, but cardiac constriction was 

relatively slight (Figure 1E through 1G). These results suggest that hearts from both w1118 

and NC respond similarly to adult lifelong hypoxia treatment.

To determine whether the cardiac effects in HS flies reversed under normoxia, HS flies were 

raised for 2 generations at 21% O2 (HS normoxia-raised F2). HS flies raised under hypoxia 

(4% O2) display much longer HP because of long diastolic interval (Figure 1B and 1C, sixth 

bars), compared with all the others. The mean HP in the HS flies raised under 21% O2 

reverted to levels that were similar to controls (Figure 1B, third and fifth bar). Notably, the 

SI was significantly reduced in HS hearts exposed to normoxia, compared with NC or w1118 

flies (Figure 1D). This suggests that the prolonged HP of HS fly hearts are likely because of 

a combination of lifetime exposure to hypoxia and heritable genetic changes over many 

generations under hypoxia selection because CH alone in NC and w1118 flies is insufficient 

to produce prolonged HP and HS normoxia-raised F2 revert to normal HP.
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As noted previously, hypoxia-reared HS flies are smaller in overall size than HS normoxia-

raised F2, NC, or w1118 control flies.20,33,38 However, the smaller HS heart size was not 

simply because of an overall reduction in fly size because the diameters were still 

significantly smaller for HS flies after normalizing to abdominal segment and tibia 

lengths.20 In this study, hearts from HS flies exhibited reduced DD and SD, and the 

diameters remained constricted even when raised for 2 generations at normoxia (Figure 1E 

through 1G, fifth and sixth bars). Previously, we concluded that the smaller heart size was 

not simply because of a reduction in the overall size of the fly because the average diameters 

were still significantly smaller for HS flies after normalizing the heart diameters to 

abdominal segment and tibia lengths in normoxia- and hypoxia-raised HS and NC.20 Taken 

together, this suggests that cardiac restriction in HS flies persist across generations, 

regardless of normoxic- or hypoxic-rearing condition.

Cardiac-Specific Gene Expression of HS- and CH-Exposed Flies

Although cardiac size in HS flies (raised at either 21% or 4%) is significantly reduced, this 

is not observed in CH flies (w1118 or NC; Figure 1E through 1G), suggesting that the cardiac 

restriction is the result of multigenerational hypoxia exposure rather than CH alone. To 

identify potential genetic mechanisms underlying HS cardiac restriction, we performed 

microarray analysis on isolated hearts from NC and HS lines using transcriptome arrays 

covering 13 061 total predicted genes from the Drosophila melanogaster genome (see 

Materials and Methods). Differential gene expression was defined as ±1.2-fold change in 

expression relative to control hearts with concomitant p values of <0.05. We identified a 

total of 449 upregulated genes and 622 downregulated genes in hearts from HS flies 

compared with NC (Figure 2A; Table I in the Data Supplement).

We also determined differential gene expression in hearts of CH flies relative to w1118 

controls (see Materials and Methods). We identified 267 upregulated and 396 downregulated 

genes in CH hearts (Table II in the Data Supplement). Comparative meta-analysis of HS and 

CH expression profiles identified 22 commonly upregulated and 50 commonly down-

regulated genes (Figure 2A; Table III in the Data Supplement). Notably, 22 genes were 

contraregulated between HS and CH populations. Next, we generated heat maps of 

differentially expressed gene subsets based on Kyoto Encyclopedia of Genes and Genomes 

metabolic and Database for Annotation, Visualization and Integrated Discovery gene 

ontology cluster analysis, which identified genes in categories related to cardiac remodeling 

(Figure 2B). We also generated a volcano plot of significant log2-fold changes (Figure IA in 

the Data Supplement), which were subsequently cross-compared between CH and HS 

expression data (Figure 2C).

CH flies and HS flies did exhibit differential gene expression relative to controls that were 

unique to each condition. CH flies showed activation of gene subsets enriched in non-coding 

RNA processing, extracellular matrix formation (especially collagens), and tracheal 

branching, while exhibiting suppression of ribosomal, sarcomeric, mitochondrial, and 

proteosomal genes. (Figure IB in the Data Supplement). Conversely, HS flies exhibited 

enhanced gene expression of cytochrome P450, endopeptidases, and immune response 
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genes, while showing suppression of c-Jun N-terminal kinases cascade and sarcomeric and 

stress response genes (Figure IC in the Data Supplement).

Long-term hypoxia exposure causes a well-established shift from oxidative phosphorylation 

toward glycolysis and triacylglyceride synthesis in a variety of organisms and tissues.32,39,40 

Our cardiac gene expression analysis corroborated these findings, especially in HS hearts; 

genes favoring glycolysis and triglyceride synthesis were upregulated, whereas oxidative 

phosphorylation components were downregulated (Figure 2B; Figure II in the Data 

Supplement). Interestingly, CH hearts showed increased expression of lactate 

dehydrogenase, suggesting a shift toward anaerobic glucose oxidation (Figure II in the Data 

Supplement).

Next, we examined expression levels of known cardiac hypertrophy regulatory transcription 

factors GATA binding protein 4 and Mef2 (myocyte enhancer factor-2). The GATA binding 

protein 4 ortholog, pannier (pnr), was statistically unchanged in HS (−1.4-fold; P=0.4) and 

CH (+1.4-fold; P=0.09) flies. Interestingly, Mef2 was statistically increased in HS (+4.0-

fold; P=0.003) but not in CH (−1.1-fold; P=0.005; Tables I and II in the Data Supplement). 

Importantly, we also found that several members of the calcineurin gene family were 

differentially expressed in hearts of both CH and HS flies (Figure 2B). CanB2 expression 

was upregulated as was CanA1, although CanA1 expression is much less abundant in the 

heart compared with other calcineurin genes.41 Relatedly, quantitative polymerase chain 

reaction experiments validate CanB, a known CanB2 repressor, was down-regulated and 

CanB2, a known suppressor of CanA ortholog Pp2B, was upregulated after CH (Figure IIIA 

and IIIB in the Data Supplement).27 Pp2B, an enhancer of CanA14F expression, was 

downregulated along with CanA14F (Figure 2B; Figure IIIA and IIIB in the Data 

Supplement).41 CanA14F was overall the most downregulated gene in HS hearts (25-fold; 

Figure 2C; Table I in the Data Supplement). Given calcineurin’s known role in hypertrophy 

and metabolism,23,31,32 we chose to focus on the putative effector targets within the cal-

cineurin network, CanA14F and Pp2B, for further studies. We hypothesized that cardiac 

downregulation of calcineurin, as observed with long-term hypoxia exposure, results in 

cardiac restriction under normoxic conditions in hypoxia-naïve flies.

Cardiac Response to CH With Knockdown of Calcineurins in Myocardial and Pericardial 
Cells

We used cardiac-specific CanA14F and Pp2B RNAi knockdown to determine their potential 

roles in cardiac remodeling under normoxia and CH (see Figure 3A for assay protocol). 

Knockdown was spatially limited to the cardiomyocytes and pericardial cells using the 

Hand4.2-Gal4 driver and validated for reduction in cardiac mRNA expression levels using 

quantitative polymerase chain reaction (Figure IIIC and IIID in the Data Supplement; see 

also Zarndt et al20). Hand4.2>CanA14F-RNAi, but not Hand4.2>Pp2B-RNAi, survived to 3 

weeks CH. Under normoxia conditions, both cardiac-specific Pp2B-RNAi and CanA14F-

RNAi knockdown hearts exhibit a decrease in HP, although not significantly in CanA14F, 

primarily attributed to a decreased diastolic interval (DI; Figure 3B and 3C). After CH, HP 

and DI did not change on cardiac CanA14F knockdown relative to hypoxia control flies 

(Figure 3B and 3C). Interestingly, the SI increased after CH in CanA14F knockdown flies 
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(Figure 3D), possibly because of a compromise in the heart’s ability to contract and relax 

efficiently. Under normoxia, both CanA14F and Pp2B knockdown hearts exhibited cardiac 

constriction via decreased DD and SD, although CanA14F did not reach significance (Figure 

3F and 3G). However, no appreciable alterations in FS were observed under normoxia 

(Figure 3E). After CH, cardiac-specific CanA14F-RNAi knockdown hearts exhibited 

dramatically reduced DD and SD, with a concomitant decrease in FS (Figure 3E through 

3G).

Cardiac Response to CH With knockdown of Calcineurins in Myocardial Cells

To determine whether altered cardiac function was because of calcineurin knockdown 

specifically in cardiomyocytes, we repeated these experiments with the myocardial-specific 

TinCΔ4-Gal4 driver (TinC; Figure 4). Unlike knockdown in both myocardial and pericardial 

cells, Pp2B and CanA14F knockdown only in the myocardium survived to 3 weeks CH 

(Figures 3 and 4).

Although we observed some changes in HP, DI, and SI with myocardial knockdown of 

CanA14F and Pp2B under normoxia, CH did not cause much of a further change in HP and 

DI relative to hypoxic controls (Figure 4A through 4C). After CH exposure, however, SI was 

significantly increased with myocardial CanA14F knockdown (Figure 4D), similar to 

knockdown in both myocardial and pericardial cells (Figure 3D). This is consistent with the 

idea that cardiac deficiency of calcineurin, particularly in the myocardium, compromises 

contractility when combined with CH.

TinC-driven knockdown of CanA14F and Pp2B knockdown caused a reduction in DD, SD 

(Pp2B knockdown only), and FS (CanA14F only) under normoxia (Figure 4E through 4G). 

This is similar to the findings with Hand4.2-Gal4 (Figure 3E through 3G). On exposure to 

CH, heart size parameters were not reduced more than under normoxia (Figure 4E through 

4G), except that Pp2B knockdown flies show significantly reduced FS with CH because of 

decreased DD. Similar phenotypes were observed using the Hand4.2 driver, where CanA14F 

and Pp2B knockdown caused cardiac constriction in normoxia and CH exposure (Figure 3E 

through 3G).

To address whether the lethality observed with the Hand4.2 driver is caused by a Pp2B 

deficiency in the pericardial cells, we knocked down Pp2B with the pericardial-specific 

sticks and stones driver.42 We found that cardiac function was unaltered under pericardial 

knockdown of Pp2B, and there was no noticeable effect on survival under normoxia or 

hypoxia (Figure IV in the Data Supplement).

These data suggest that cardiac expression of both Pp2B and CanA14F play important roles 

in cardiac size and function under both normoxia and CH conditions. Specifically, a minimal 

level of Pp2B in the myocardium seems to be essential for adult survival under long-term 

hypoxia exposure and likely plays a critical role in cardiac adaptation to hypoxia. 

Additionally, cardiac knockdown of CanA14F under hypoxia seems to further aggravate 

heart function, including contractility, similar to the effects of reduced HIF1α under 

hypoxia.20 These data are particularly interesting in the context of HS, where basal 

expression of these genes is substantially suppressed and might underlie the observed 
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multigenerational cardiac restriction, even after 2 generations of normoxia (Figure 1F and 

1G, fifth bars).

A previous study reported that excess calcineurin activity causes cardiac hypertrophy in 

Drosophila,31 similar to observations in the mouse heart.22–25,31 We wondered if CH 

exposure could counteract calcineurin-induced cardiac hypertrophy. Remarkably, 

overexpressing Pp2B in the heart using either Hand4.2 or TinC drivers resulted in lethality 

under CH conditions. Thus, cardiac overexpression of calcineurin under CH is deleterious, 

resulting in death of the organism. This outcome may be because of a high oxygen demand 

on initiation of the calcineurin-evoked hypertrophic response, which cannot be met because 

of hypoxia, likely resulting in metabolic and, thus, functional cardiac collapse that is lethal 

in the long term.

Discussion

In humans, multigenerational adaptation to CH leads to either enhanced cardiac function or 

dysfunction in a population- and genotype-specific manner.4–6,13,43 Our laboratory model of 

HS flies exhibited significant changes in most cardiac parameters measured, compared with 

changes observed in normoxia controls (NC and w1118) and when raised under a matched 

duration of CH (Figure 1).20 Remarkably, the reduction in cardiac diameters in HS flies 

remained when reared for 2 generations under normoxia and when corrected for body size 

(21% O2; Figure 1F and 1G, fifth bars). Reduced organismal size under HS itself is likely 

adaptive for survival under hypoxia because of reduced oxygen availability and, hence, 

reduced metabolic output.44 Notably, we do not see significant cardiac restriction when 

rearing control populations (NC and w1118) under lifelong CH, suggesting that cardiac 

restriction in HS flies is a heritable trait. Across genotypes, HP was increased after hypoxia 

exposure. Significantly, HS flies raised in normoxia for 2 generations have a HP comparable 

to NCs, suggesting that some chronotropic effects are reversible.

Our comparison of transcriptomes of isolated hearts from HS and CH flies exhibit shared 

regulation of genes in mitochondrial and proteosomal families (downregulation), and 

tracheal, oxidoreduction, and immune response (upregulation), consistent with observations 

in hearts of other model organisms,13,45,46 thus, indicating that the fly heart displays 

evolutionarily conserved cardiac responses to hypoxia. Because CanA14F and Pp2B were 

downregulated in both HS and CH hearts, we tested their role in regulating the fly’s heart 

function during CH. We found that knockdown of CanA14F or Pp2B caused cardiac 

restriction under normoxia or hypoxia, similar to HS flies with multigenerational selection. 

Further, calcineurin knockdown combined with hypoxia caused cardiac restriction and 

reduced FS. Given that flies with strong knockdown of Pp2B in both pericardial and 

myocardial cells survive under normoxia but not under CH, it is likely that the Pp2B gene 

also plays an important role in the cardiac response to hypoxia stress. Further, myocardial-

specific knockdown of either calcineurin produced similar changes as with knockdown in 

both pericardial and myocardial cells, suggesting that at least part of this response is heart-

autonomous.
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In human populations, hearts from well-adapted Tibetans exhibit increased myocardial 

glucose uptake and lower cardiac phosphocreatine-to-ATP ratios, even when these high-

altitude natives live for many years at low altitude.5,6,13,43 We suggest that calcineurins are 

involved in regulating this process, based on our findings and their known roles promoting 

the metabolic shift toward glycolysis during pathological car-diomyopathies.23,32 Moreover, 

active calcineurin stabilizes the HIF and, thus, favors a shift toward glycolysis,1,23 a shift 

which is also observed in whole HS flies.39,40,47 Notably, our Kyoto Encyclopedia of Genes 

and Genomes analysis of HS cardiac gene expression also noted a similar shift in HS fly 

hearts.

Human populations that are well adapted to multigenerational hypoxia, such as Tibetan 

Sherpas, show beneficial cardiac adaptations to their native high altitudes, including reduced 

rates of pathological right ventricular hypertrophy, increased ability to raise maximal heart 

rate and cardiac output at altitude, and increased myocardial glucose uptake.6,7 However, 

other high-altitude populations exhibit signs of cardiac disease, including cardiomyopathies 

and pathological hypertrophy because of multigenerational exposure to hypoxia.5,48 Recent 

evidence from high-altitude human and model organisms, including flies exposed to 

hypoxia, indicates shared genetic and physiological adaptations based on selection for long-

term hypoxia survival.49 Intriguingly, one of the few genomic regions found to be under 

positive selection in both HS flies and in multiple, well-adapted human populations contains 

SPRY, the fly homolog sprouty, a proposed negative regulator of epidermal growth factor 

that impacts calcineurin function, although no mechanism had been suggested for this gene 

in long-term hypoxia adaptation.49,50 Interestingly, the tracheal branching Gene Ontology 

classification, which contains epidermal growth factor, is modified, suggesting that hypoxia 

does exert a general effect on growth-related biological processes.

We conclude that calcineurin signaling is a critical factor during long-term hypoxia exposure 

of the Drosophila, as well as the mammalian heart. It is well established that chronic 

elevation of intracellular calcium in muscle cells stabilizes calmodulin binding to calcineurin 

B, thus, promoting activation of calcineurin A25,28,29,31,32,50 (see Figure IIIB in the Data 

Supplement). Calcineurin serves many functions in the cell, including dephosphorylation of 

nuclear factor of activated T-cells (in vertebrates), which allows translocation into the 

nucleus and activation of transcription factors, including GATA binding protein 4 and 

MEF2, to induce hypertrophic genes. A reduction in calcineurin signaling because of long-

term hypoxia exposure would then reduce induction of hypertrophic genes, which in turn 

leads to the cardiac restriction phenotype we observe in HS and CanA14F/Pp2B knockdown 

hearts. We propose that given calcineurins role in cardiac hypertrophy, modulation of 

calcineurin may also play a role in the adaptation to long-term hypoxia.

In summary, we examined heart function and transcriptional changes in Drosophila 
populations selected through chronic and multigenerational exposure to severe hypoxic 

conditions. Several genetic changes were identified in the hearts of HS flies that include 

downregulation of calcineurin and oxidative phosphorylation genes and upregulation of 

glycolysis. While multiple pathways undoubtedly contribute to cardiac remodeling observed 

in HS flies, we demonstrate that modulation of 2 Drosophila homologs of calcineurin A, 

CanA14F and Pp2B, are important in causing restriction in the Drosophila heart during 
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prolonged, especially multigenerational, hypoxia exposure. Cardiac remodeling identified in 

Drosophila may also play a crucial role in mammalian cardiac adaptation or the progression 

toward disease during long-term hypoxia exposures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVE

Chronic exposure to hypoxia is associated with compromised cardiopulmonary function 

in humans, as seen in patients with obstructive sleep apnea and pulmonary hypertension, 

as well as in individuals living for prolonged periods at high altitude. In this study, we 

used the laboratory fruit fly model,Drosophila, to compare the gene expression profiles of 

hearts from populations exposed to multigenerational or lifelong hypoxia. Many 

pathways are conserved between humans and Drosophila, including those orchestrating 

heart development and hypoxia responses; thus, we aimed to find conserved genes altered 

during long-term hypoxia exposures, which may be relevant to human cardiac disease 

progression or adaptation to hypoxia. We identified calcineurin as a gene significantly 

downregulated during both multigenerational and life-long chronic hypoxia exposures 

inDrosophila hearts. Using genetic tools available in Drosophila, we found calcineurin 

downregulation to cause cardiac restriction in both hypoxia-naïve flies and those exposed 

to chronic hypoxia, mimicking previous observations in flies adapted over many 

generations to survive extreme hypoxia. We postulate that downregulation of calcineurin 

causes cardiac restriction during long-term hypoxia exposures in Drosophila, and 

modulation of calcineurin could play a crucial role in mammalian cardiac adaptation to 

high altitude or progression toward disease during prolonged hypoxia. Genetic or 

pharmacological inhibition of calcineurin may be a useful means for reducing cardiac 

hypertrophy during long-term exposures to chronic hypoxia in humans.
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Figure 1. 
Cardiac response to chronic hypoxia in w1118 flies (CH) compared with hypoxia-selected 

flies (HS) and their normoxia control (NC) populations, reared under either hypoxia or 

normoxia. A, Protocol for chronic hypoxia treatment in female w1118 flies and in male HS 

and NC populations.20 B, Exposure of w1118 flies to chronic hypoxia exposure (CH) 

significantly increased heart period compared with their w1118 controls; HS flies reared 

under their chronic hypoxia selection conditions had heart periods significantly longer than 

either NC or HS population reared under normoxia or hypoxia-reared NC flies. C, Increase 

in heart period is caused by increases in diastolic intervals. D, Systolic intervals were 

unchanged after chronic hypoxia in all groups except normoxia-raised HS flies, where 

systolic interval is significantly decreased compared with NC and HS. E, Fractional 

shortening is significantly decreased in hearts from both w1118 flies and NC flies exposed to 

chronic hypoxia. F, Diastolic diameters were unchanged after chronic hypoxia in w1118 and 

NC, but were significantly reduced in normoxia-raised HS, compared with NC, and in 

hypoxia-raised HS compared with both NC and hypoxia-raised HS fly. G, Similarly, systolic 

diameters were unaffected by CH in w1118 or NC lines, but are reduced in normoxia-raised 
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HS compared with NC and in hypoxia-raised HS compared with both NC and hypoxia-

raised HS flies. All values are mean ± SEM for hearts (N=75, w1118 controls; N=41, 

hypoxia-raised w1118 (CH); N=57, NC; N=41, hypoxia-raised NC; N=60, normoxia-raised 

HS; N=36, HS). Two-way analysis of variance (ANOVA) with Tukey’s multiple 

comparisons post hoc test; n.s. indicates not significant, *P<0.05, ***P<0.001. Adapted 

from Zarndt et al20 with permission of the publisher. Copyright© 2015, The American 

Physiological Society. Authorization for this adaptation has been obtained both from the 

owner of the copyright in the original work and from the owner of copyright in the 

translation or adaptation.
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Figure 2. 
Cardiac-specific differential gene expression in hypoxia-selected populations and in w1118 

flies exposed to chronic hypoxia. Tran-scriptome analysis of RNA from isolated Drosophila 
hearts containing both myocardial and pericardial cells. A, Venn diagram depicting the 

number of genes differentially expressed in common or uniquely in hypoxia-selected flies 

(HS) compared with chronic hypoxia-exposed w1118 flies (CH) under 4% O2. B, Heat maps 

for groups of upregulated, downregulated, or contraregulated genes between HS and CH 

populations. The various categories include the 22 contraregulated genes between HS and 

CH populations. C, Log2-fold change in cardiac expression between HS vs CH flies with 

>1.2-fold upregulated (red), downregulated (green), or contraregulated genes and with 

P<0.05.
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Figure 3. 
Effect of chronic hypoxia on heart function in hearts with myocardial and pericardial 

knockdown of calcineurins. A, left, Protocol for chronic hypoxia assay. B–G, Heart function 

data under normoxia (left bars) or CH exposure (right bars) per genotypes indicated in figure 

key (A, right): progeny of CanA14F-RNAi and Pp2B-RNAi crossed to a Hand4.2-Gal4 

driver causes knockdown (KD) specifically in pericardial and myocardial cells during 

development through adulthood. Hearts were dissected and assayed under 21% O2 after 3 

weeks at 21% or 4% O2 (as in Zarndt et al20). Note that cardiac Pp2B-RNAi KD flies under 

CH did not survive to 3 weeks. B, Heart period (HP) was reduced on cardiac Pp2B-RNAi 

KD in normoxia (condition: F=14.24, P=0.0002; genotype: F=8.089, P=0.0004; 

interaction=2.7, P=0.07). CanA14F KD had a similar put less pronounced effect. Under 

hypoxia, CanA14F KD had no significant effect. C, Similarly, diastolic intervals (DI) were 
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reduced on cardiac CanA14F-RNAi and Pp2B-RNAi KD under normoxia, but not under CH 

(DI condition: F=13, P=0.0004; genotype: F=3.8, P=0.025; interaction =2.1, P=0.13). D, 

Systolic intervals (SI) were significantly elevated only in cardiac CanA14F KD flies after 

CH compared with controls under hypoxia (SI condition: F=0.64, P=0.43; genotype: F=7.8, 

P=0.0006; interaction =1.2, P=0.31). E, Fractional shortening (FS) was not significantly 

changed on cardiac calcineurin KD in normoxic flies. However, under hypoxia controls, 

CanA14F-RNAi KD in the heart results in reduced FS after CH (condition: F=0.53, P=0.47; 

genotype: F=20, P<0.0001; interaction=9.0, P=0.0002). F, Diastolic diameters were 

decreased significantly with both cardiac CanA14F-RNAi and PP2B-RNAi KD at normoxia, 

as well as with CanA14F KD under CH (condition: F=7.3, P=0.0009; genotype: F=14, 

P=0.0003; interaction=7.3, P=0.0009). G, Systolic diameters were similarly decreased with 

CanA14F and Pp2B KD at normoxia, as well as CanA14F KD under CH (condition: F=11, 

P=0.0009; genotype: F=1.4, P=0.26; interaction=F=3.0, P=0.055). All values are mean ± 

SEM (normoxia: N=37 KK control, N=33 CanA14F-RNAi, N=32 Pp2B-RNAi; chronic 

hypoxia: N=43 KK control, N=20 CanA14F-RNAi, N=20 Pp2B-RNAi). Two-way analysis 

of variance (ANOVA) and Sidak or Dunn multiple comparisons tests; *<0.05, **P<0.01, 

***P<0.001. See also Materials and Methods.
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Figure 4. 
Effect of chronic hypoxia on heart function in hearts with myocardial-specific knockdown of 

calcineurins. A, left, Diagram of Drosophila heart tube within dissected abdominal 

preparation (image courtesy of Dr. Georg Vogler). TinC-Gal4 drives expression specifically 

in myocardial cells (central tube), excluding the ostia (inflow valves). Hand4.2-Gal4-driven 

expression includes the ostia, as well as the pericardial cells. B–G, Heart function data under 

normoxia (left bars) or CH exposure (right bars) per genotypes indicated in figure key (A, 

right): progeny of CanA14F-RNAi and Pp2B-RNAi crossed to a TinC-Gal4 driver causes 

knockdown (KD) specifically in myocardial cells during embryonic development and in 

pupal stages through adulthood. Hearts were dissected and assayed under 21% O2 after 3 

weeks at 21% or 4% O2 (as in Zarndt et al20). B, Heart period (HP) was elevated in 

CanA14F-RNAi but lowered in Pp2B-RNAi flies under normoxic conditions. After 3 weeks 

CH, HP was reduced for control and did not changed further on calcineurin KD (condition: 

F=14, P=0.0002; genotype: F=8.1, P=0.0004; interaction =2.7, P=0.070). C, Diastolic 

intervals changed similar to HP (condition: F=13, P=0.0004; genotype: F=3.8, P=0.025; 
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interaction: F=2.1, P=0.13). D, Systolic intervals (SI) did not change on myocardial 

calcineurin KD under normoxia but were reduced in control flies after CH. Calcineurin KD 

in the myocardium under CH increased the systolic interval, similar to the Hand4.2-Gal4 

data in Figure 3D (condition: F=0.64, P=0.43; genotype: F=7.8, P=0.0006; interaction: 

F=1.2, P=0.31). E, Fractional shortening (FS) was significantly reduced in myocardial 

CanA14F-RNAi KD, compared with controls, at normoxia and compared with CanA14F 

KD under CH. Myocardial Pp2B KD exhibited reduced FS on CH, but not under normoxia 

(condition: F=0.53, P=0.47; genotype: F=20, P<0.0001; interaction: F=9.0, P=0.0002). F, 

Diastolic diameters were decreased significantly with CanA14F-RNAi and Pp2B-RNAi KD 

under normoxia and CH (condition: F=7.3, P=0.0009; genotype: F=14, P=0.0003; 

interaction: F=7.3, P=0.0009). F, Systolic diameters were decreased, significantly only with 

Pp2B-RNAi KD at normoxia (condition: F=11, P=0.0009; genotype: F=1.4, P=0.26; 

interaction: F=3.0, P=0.055). All values are mean ± SEM (normoxia: N=32 KK control, 

N=30 CanA14F-RNAi, N=38 Pp2B-RNAi; chronic hypoxia: N=28 KK control, N=22 

CanA14F-RNAi, N=20 Pp2B-RNAi). Data analysis: Kruskal–Wallis test and Dunn multiple 

comparisons post hoc test and 2-way analysis of variance (ANOVA) and Tukey’s multiple 

comparisons post hoc test; n.s.=not significant, *P<0.05, **P<0.01, ***P<0.001.
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