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SUMMARY

Macroautophagy (autophagy) is a lysosome-dependent degradation process that has been 

implicated in age-associated diseases. Autophagy is involved in both cell survival and cell death, 

but little is known about the mechanisms that distinguish its use during these distinct cell fates. 

Here, we identify the microRNA, miR-14, as being both necessary and sufficient for autophagy 

during developmentally regulated cell death in Drosophila. Loss of miR-14 prevented induction of 

autophagy during salivary gland cell death, but had no effect on starvation-induced autophagy in 

the fat body. Moreover, mis-expression of miR-14 was sufficient to prematurely induce autophagy 

in salivary glands, but not in the fat body. Importantly, miR-14 regulates this context-specific 

autophagy through its target, inositol 1,4,5-trisphosphate kinase 2 (ip3k2) thereby affecting 

inositol 1,4,5-trisphosphate (IP3) signaling and calcium levels during salivary gland cell death. 

This study provides the first in vivo evidence of microRNA regulation of autophagy through 

modulation of IP3 signaling.
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INTRODUCTION

Autophagy is a conserved catabolic process that delivers cytoplasmic materials, including 

proteins and organelles, to lysosomes for degradation (Mizushima and Komatsu, 2011). 

Autophagy functions in multiple cellular contexts, including infection, stress, and cell death, 

and is involved in multiple age-associated disorders, such as cancer and neurodegeneration. 
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During starvation, cells utilize autophagy to maintain nutrient homeostasis and for cell 

survival. Autophagy can also function in cell death, such as in the developmentally regulated 

death of larval salivary gland cells in Drosophila (Berry and Baehrecke, 2007). Although 

much is known about the mechanisms that control autophagy in response to nutrient 

deprivation, little is known about the regulation of autophagy during developmental cell 

death.

microRNAs were first discovered as regulators of developmental timing; a process which 

appears to be conserved among metazoans (Ambros, 2011; Sokol, 2012). microRNAs are 

small, non-coding RNAs that primarily function by down-regulating gene expression post-

transcriptionally through base pairing to the 3′untranslated regions (UTRs) of their target 

mRNAs. In Drosophila, microRNAs regulate multiple processes during development, 

including developmental timing, steroid hormone signaling, metabolism, and caspase 

activation (Brennecke et al., 2003; Caygill and Johnston, 2008; Varghese and Cohen, 2009; 

Varghese et al., 2010; Xu et al., 2003). The programmed degradation of larval salivary 

glands during Drosophila development requires the precise temporal regulation of hormone 

signaling, cell growth arrest, caspase activation, and autophagy (Berry and Baehrecke, 2007; 

Jiang et al., 1997; Lee and Baehrecke, 2001; Martin and Baehrecke, 2004). However, no 

microRNAs have been previously shown to control the destruction of this tissue.

microRNAs have been implicated in the regulation of autophagy (Frankel et al., 2011; Zhu 

et al., 2009). However, all previous studies have focused on the regulation of autophagy by 

microRNAs during nutrient deprivation in derived cell lines, and no evidence exists that 

microRNAs regulate autophagy under physiological conditions in animals. In addition, 

microRNAs have not been shown to influence autophagy during cell death, and how 

microRNAs influence autophagy is poorly understood.

Here we show that the microRNA, miR-14, is necessary for salivary gland degradation. 

While previous studies have shown that miR-14 can regulate hormone signaling and caspase 

activity in other contexts, we find that miR-14 does not influence either of these processes 

during salivary gland cell death. Rather, we ascertain that miR-14 regulates autophagy in 

dying salivary gland cells, and does so by targeting ip3k2, a gene that is involved in inositol 

1,4,5-trisphosphate (IP3) signaling and calcium release from the endoplasmic reticulum 

(ER). We determine that IP3 signaling, as well as the calcium binding messenger protein, 

Calmodulin, are necessary for the induction of autophagy during salivary gland cell death. In 

addition, through its regulation of ip3k2, miR-14 is necessary for a rise in calcium levels 

coinciding with salivary gland death. Moreover, this regulation of autophagy by miR-14, IP3 

signaling, and Calmodulin appears to be specific to the context of the developmental cell 

death of larval salivary glands, as starvation-induced autophagy in the larval fat body was 

not influenced by altered function of miR-14, ip3k2, IP3 signaling, or Calmodulin.

RESULTS

miR-14 functions in salivary gland cell death

The larval salivary glands of Drosophila undergo programmed cell death 14–16 hours after 

puparium formation resulting in no visible gland remnants by 24 hours after puparium 
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formation (described in Figures S1A and S1B). To determine if micoRNAs play a role in 

regulating salivary gland cell death, we inhibited microRNAs in the salivary gland by 

knocking down the microRNA processing factors drosha or dicer-1 via salivary gland-

specific RNAi. At 24 hours after puparium formation, histological analyses revealed that 

salivary gland cell fragments persisted in animals expressing a double-stranded inverse 

repeat construct designed to target either drosha (droshaIR) or dicer-1 (dicer-1IR), but no 

residual salivary gland material was observed in control animals at the same stage (Figures 

1A, 1B, S1E and S1F; emphasized in Figure S1C). We then determined the profile of 

microRNAs expressed in dying salivary glands (Table S1), and we screened 11 available 

mutants of gland-expressed microRNA genes for defects in salivary gland clearance. One 

null mutant, miR-14Δ1, displayed a strong failure in salivary gland clearance (Figures 1C and 

1D). In addition, expression of miR-14 specifically in salivary glands of homozygous 

miR-14 Δ1 mutant animals rescued the degradation defect in this tissue (Figures 1C and 1D). 

Furthermore, expression of droshaIR in the salivary glands of homozygous miR-14 mutant 

animals failed to enhance the phenotype observed in miR-14 mutant animals alone (Figures 

S1G and S1H). These results indicate that miR-14 is required for salivary gland clearance, 

that miR-14 functions in a salivary gland autonomous manner, and that if other microRNAs 

are required for salivary gland clearance, they function in the same genetic pathway as 
miR-14.

miR-14 does not regulate hormone signaling, cell growth arrest, or caspase activation 
during salivary gland cell death

Failure of salivary gland cell growth arrest results in attenuation of autophagy and 

incomplete salivary gland degradation (Berry and Baehrecke, 2007). Therefore, we tested if 

loss of miR-14 influences salivary gland cell growth arrest by using the tGPH reporter for 

phosphatidylinositol-3,4,5-P3 (PIP3) activity (Britton et al., 2002), and by measuring cell 

area. We observed neither a difference in tGPH localization nor an increase cell area in 

control and miR-14 mutant salivary glands (Figures 2A and 2B). These data indicate that the 

salivary gland degradation defect in miR-14 mutant animals is not an indirect consequence 

of a defect in cell growth arrest.

Salivary gland cell death is triggered by a developmental rise in the steroid hormone 20-

hydroxyecdysone (ecdysone) (Jiang et al., 1997). The Ecdysone Receptor (EcR) and its 

partner ultraspiracle (USP) then directly induce the transcription of multiple target genes 

including Broad Complex (BrC) leading to the degradation of the larval salivary glands 

(Gauhar et al., 2009). A previous study indicated that miR-14 can influence EcR levels based 

on analyses of whole pupae 24 hours after puparium formation (Varghese and Cohen, 2009). 

Therefore, we tested if loss of miR-14 influenced EcR and BrC levels during salivary gland 

death. To our surprise, neither EcR nor BrC protein levels were significantly altered in 

salivary glands by loss of miR-14 (Figure 2C). These data indicate that the salivary gland 

clearance defect that is observed in miR-14 mutant animals is not due to miR-14 regulation 

of either EcR or altered steroid signaling.

Caspase activity and autophagy are both required for salivary gland degradation, and these 

two processes appear to function independently of each other (Berry and Baehrecke, 2007). 

Nelson et al. Page 3

Mol Cell. Author manuscript; available in PMC 2015 November 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Thus, when either autophagy or caspases are inhibited, partial degradation of the salivary 

glands occurs resulting in a weaker degradation phenotype consisting of diffuse fragments 

of cellular material that we define as cell fragments. By contrast, when both caspases and 

autophagy are inhibited simultaneously, more intact tissue fragments in the shape of the two 

oval salivary glands persist resulting in a stronger phenotype that we define as gland 

fragments (described in Figures S1C and S1D) (Berry and Baehrecke, 2007). In miR-14 

homozygous mutant animals, we observed a weaker phenotype with dispersed cellular 

fragments (Figures 1C and 1D), suggesting that miR-14 regulates either autophagy or 

caspase activity but not both.

Since miR-14 was first identified as a genetic suppressor of apoptosis (Xu et al., 2003), we 

examined the relationship between caspases and miR-14 in dying salivary glands. We 

expressed the caspase inhibitor p35 in the salivary glands of control and miR-14 

homozygous mutant animals. While the weaker phenotype of salivary gland cell fragments 

were observed in control animals of either p35-expressing or miR-14 mutant alone, we 

observed a distinctly stronger phenotype of two large oval-shaped salivary gland tissue 

fragments in miR-14 mutant animals that also expressed p35 (Figures 2D and 2E; 

emphasized in Figure S1D). This enhancement of the salivary gland clearance defect 

indicates that miR-14 functions in an additive manner with the caspase pathway. In support 

of this conclusion, miR-14 mutant and control salivary glands also exhibited no clear 

difference in either the timing or amount of cleaved Caspase-3 immuno-fluorescence 

(Figures 2F and 2G). Taken together, these data indicate that loss of miR-14 does not 

influence caspases in dying salivary glands.

miR-14 is necessary and sufficient for autophagy during salivary gland cell death

Autophagy causes a reduction in cell size (Chang et al., 2013), and miR-14 mutant salivary 

gland cells failed to shrink as much as control cells (Figure 2B) suggesting that autophagy 

may be defective in miR-14 mutant salivary glands. To determine whether autophagy is 

involved in miR-14 regulation of salivary gland cell death, we inhibited autophagy by 

knockdown of the autophagy gene Atg6 in miR-14 mutant animals. We observed no clear 

differences in the cell fragment phenotypes of miR-14 homozygous mutant animals whether 

or not Atg6IR was expressed in salivary glands (Figures 3A and 3B). These data suggest that 

miR-14 functions in the same pathway as Atg6, and, therefore, regulates salivary gland cell 

death by autophagy. Consistent with this interpretation, homozygous miR-14 mutant salivary 

glands possess significantly fewer mCherry-Atg8a autophagy reporter puncta compared to 

heterozygous control salivary glands (Figures 3C and 3D). To determine if miR-14 is a 

general regulator of autophagy, we tested if this miRNA is required for starvation-induced 

autophagy in the larval fat body. In contrast to salivary gland cell death, we observed no 

difference in the amounts of mCherry-Atg8a autophagy reporter puncta in the fat bodies of 

control versus homozygous miR-14 mutant animals following four hours of nutrient 

deprivation (Figures 3E and 3F). This indicates that miR-14 is necessary for 

developmentally regulated autophagy in the salivary gland, but is dispensable for starvation-

induced fat body autophagy.
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We next tested if miR-14 is sufficient for autophagy. We observed that cell autonomous mis-

expression of miR-14 was sufficient to induce premature mCherry-Atg8a puncta in the 

salivary glands of third instar larvae (Figure 3G), but was not sufficient to induce autophagy 

reporter puncta in larval fat body (Figure 3H). To ensure that this tissue specific induction of 

autophagy was in fact because of mis-expression of miR-14, we repeated this experiment 

with a second miR-14 transgenic line. Once again, autophagy was induced in the salivary 

gland, but not the fat body (Figures S2A and S2B). Thus, miR-14 functions to regulate 

autophagy during developmental salivary gland cell death, but is not involved in nutrient 

deprivation-induced autophagy. The observation that mis-expression of miR-14 resulted in 

autophagy occurring at an earlier developmental stage than in wild type (Figure 3G) 

suggests that during wild type development, miR-14 levels may be limiting at earlier stages.

miR-14 targets the ip3k2 gene to regulate autophagy during salivary gland cell death

Our next goal was to identify targets of miR-14 that influence autophagy. We hypothesized 

that knockdown of miR-14 targets would result in phenotypes that are similar to those 

induced by mis-expression of miR-14. Knockdown of either EcR or sugarbabe, two 

previously-identified targets of miR-14 (Varghese and Cohen, 2009; Varghese et al., 2010), 

failed to induce mCherry-Atg8a autophagy reporter puncta in the salivary glands (Table S2). 

Therefore, we used the microRNA binding site prediction programs Pictar and Targetscan to 

identify candidate mir-14 target genes, and then used RNAi lines against these candidate 

targets to screen for the induction of mCherry-Atg8a autophagy reporter puncta (Table S2). 

Of the 31 genes tested, only knockdown of ip3k2 resulted in the tissue-specific induction of 

mCherry-Atg8a autophagy reporter puncta in salivary glands, and not in fat body (Figures 

4A and 4B). To ensure that the phenotype observed was not due to an off target effect of the 

RNAi, we tested a second RNAi line that targeted a different sequence of ip3k2; this RNAi 

line also displayed the same phenotype as mis-expression of miR-14 (Figures S3A and S3B).

To further validate ip3k2 as a target of miR-14 by genetic epistasis, we created a loss-of- 

function mutant, ip3k2Δ1 (see Experimental Procedures) that lacks most of the ip3k2 gene, 

including the conserved inositol polyphosphate kinase (IPK) domain (Figures S3C and 

S3D). When we combined the ip3k2 and miR-14 mutants we observed a significant 

suppression of the miR-14 salivary gland clearance phenotype (Figures 4C and 4D). 

Furthermore, the ip3k2 mutation suppressed the miR-14 mutant salivary gland autophagy 

phenotype based on restoration of the number of mCherry-Atg8a autophagy reporter puncta 

(Figures 4E and 4F). Moreover, in miR-14 mutant animals, we did not observe dominant 

suppression of the gland clearance phenotype nor restoration of mCherry-Atg8s puncta when 

animals were also heterozygous for the ip3k2 mutation. In addition, the ip3k2 mutant 

showed no difference in the number of mCherry-Atg8a puncta in fat bodies of either fed or 

nutrient deprived larvae (Figures S4A and S4B). Interestingly, we observed that deletion of 

ip3k2 was sufficient to suppress the gland clearance phenotype observed when drosha was 

knocked down specifically in the salivary glands (Figures S5A and S5B). These data 

indicate that ip3k2 functions genetically downstream of miR-14 in the regulation of 

autophagy during salivary gland cell death, and that if other microRNAs regulate gland 

degradation, they appear to function upstream of and in the same pathway as ip3k2.
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To investigate if ip3k2 3′ UTR sequences can mediate regulation by miR-14, we constructed 

in vivo green fluorescent protein (GFP) sensors. In these constructs, the 3′ UTR of ip3k2 was 

fused to GFP creating a wild type control sensor, and a similar sensor was created with 

mutations in the predicted miR-14 binding site (Figure S3E). Transgenic flies were 

generated containing either the wild type or mutant 3′ UTR constructs (Groth et al., 2004), 

and sensor levels were analyzed in control and miR-14 mutant salivary glands by immuno-

blot. With the wild type sensor, we observed a significant elevation of GFP protein in the 

salivary glands of homozygous miR-14 mutant animals compared to the salivary glands of 

control animals (Figures 4G and 4H). Moreover, salivary gland GFP expression from the 

sensor containing the mutant miR-14 binding site was increased in control animals, and was 

identical to the GFP levels in homozygous miR-14 mutant animals (Figures 4G and 4H). 

These data support the conclusion that ip3k2 is a bona fide direct target of miR-14 that 

regulates autophagy during cell death of salivary glands.

IP3 signaling and Calmodulin are necessary for autophagy during salivary gland death

We next sought to determine how ip3k2 regulates autophagy during salivary gland death. 

ip3k2 contains a highly conserved IPK domain (Figure S4B) that is known to phosphorylate 

IP3 to form inositol 1,3,4,5-tetrakisphosphate (IP4) (Seeds et al., 2004). IP3 can serve as a 

cytoplasmic second messenger molecule that stimulates calcium release by binding the IP3-

receptor, an ER localized calcium ion channel (Berridge et al., 2000).

We hypothesized that in miR-14 mutant animals, IP3K2 levels are elevated resulting in low 

levels of IP3. To determine if IP3 signaling plays a role in salivary gland degradation, we 

expressed an IP3 sponge specifically in the salivary glands. This IP3 sponge contains 

multiple IP3 binding motifs that bind to IP3 and decrease its availability (Usui-Aoki et al., 

2005). At 24 hours after puparium formation, the number of animals with persistent salivary 

gland cell fragments was increased in animals that expressed the IP3 sponge compared to 

control animals at the same stage (Figures 5A and 5B). In addition, expression of the IP3 

sponge in salivary glands inhibited the induction of autophagy based on the number of 

mCherry-Atg8a puncta compared to controls (Figures 5C and 5D). Importantly, when the 

IP3 sponge was expressed in ip3k2 mutant animals, we still observed the persistence of 

salivary gland cell fragments (Figures S5A and S5B) and low levels of mCherry-Atg8a 

puncta compared to controls (Figures 5E and 5F).

To complement our analyses of IP3 sponge expression, we also utilized RNAi to knock 

down the ip3-receptor specifically in the salivary glands. Similar to animals that express the 

IP3 sponge, animals with knockdown of the ip3-receptor in salivary glands possessed 

persistent salivary gland cell fragments (Figures 5G and 5H), and had significantly 

attenuated mCherry-Atg8a puncta compared to controls (Figures 5I and 5J). Furthermore, 

when the ip3-receptor was knocked down in ip3k2 mutant animals, we still observed the 

persistence of salivary gland cell fragments (Figures S5C and S5D), and reduced mCherry-

Atg8a puncta relative to controls (Figures 5K and 5L). However, when either the IP3 sponge 

was expressed or the ip3-receptor was knocked down with RNAi in the fat body of animals 

following nutrient deprivation, we observed no difference in the number of mCherry-Atg8a 

puncta compared to control cells (Figures S4C–S4F). These data indicate that IP3 signaling 
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through the IP3-receptor is necessary for autophagy and degradation during salivary gland 

cell death, but are dispensable for autophagy during nutrient deprivation of the fat body.

We hypothesized that IP3 regulates autophagy through calcium signaling during salivary 

gland cell death. To test our hypothesis, we used RNAi to decrease the function of the 

Calmodulin gene, which encodes a calcium-binding messenger protein. When Calmodulin 

was knocked down specifically in salivary glands we observed persistence of salivary gland 

cell fragments (Figures 6A and 6B), and decreased mCherry-Atg8a autophagy reporter 

puncta (Figures 6C and 6D). In addition, when Calmodulin was knocked-down specifically 

in the salivary glands of ip3k2 mutant animals, the salivary gland cell fragments persisted 

(Figures 6E and 6F) and mCherry-Atg8a puncta were attenuated (Figures 6G and 6H). 

However, when Calmodulin was knocked down by RNAi in the fat body of nutrient 

deprived larvae, we observed no difference in the number of mCherry-Atg8a puncta 

compared to control cells (Figures S4G and S4H) indicating that Calmodulin is dispensable 

for autophagy during nutrient deprivation. Combined, these data indicate that Calmodulin 

functions downstream of IP3K2 in the regulation of autophagy during salivary gland cell 

death.

Next, we tested if IP3 signaling functioned downstream of miR-14 as indicated by our 

previous experiments. When the ip3-receptor was knocked down simultaneously with mis-

expression of miR-14 in the salivary glands, we did not observe the premature increase in 

mCherry-Atg8a puncta characteristic of mir-14 misexpression alone (Figures S7A and S7B; 

compare with Figure 3G). These data indicate that knockdown of the ip3-receptor is 

sufficient to suppress the induction of autophagy that is triggered by mis-expression of 

miR-14, and functions downstream of miR-14.

miR-14 and ip3k2 influence calcium levels in the salivary gland

We hypothesized that miR-14 regulation of ip3k2 mediates release of calcium during 

salivary gland destruction. Therefore, we sought to determine if miR-14 and ip3k2 influence 

calcium levels in the salivary gland using the calcium indicator, GCaMP (Akerboom et al., 

2012). Perturbations, such as dissection of the salivary gland, resulted in a rapid release of 

calcium. Therefore, we live-imaged salivary glands expressing GCaMP in intact animals. In 

control animals, an increase in the GCaMP signal was observed at eight hours after 

puparium formation coinciding with the rise in ecdysone that triggers salivary gland 

destruction (Figure 7). In miR-14 mutant animals, the GCaMP signal was lower at all stages 

compared to control animals, including no marked increase at eight hours after puparium 

formation (Figures 7A and 7B). Additionally, ip3k2 mutant animals exhibited a significant 

premature elevation in the GCaMP signal compared to control animals (Figures 7C and 7D). 

These data indicate that release of calcium precedes salivary gland death, miR-14 is 

necessary for this release of calcium, and loss of ip3k2 results in premature elevation of 

calcium.

DISCUSSION

While much is known about the regulation of autophagy during nutrient deprivation, 

relatively little is understood about the regulation of autophagy in the context of 
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programmed cell death. Our findings reveal a mechanism involving the regulation of ip3k2 

by the microRNA miR-14. In turn, these factors influence IP3 signaling and Calmodulin as a 

mechanism that distinguishes between the utilization of autophagy during programmed cell 

death from the use of autophagy in the context of cellular stress.

Previous studies have linked microRNAs and autophagy. For example, autophagy can 

modulate the intracellular levels of microRNAs by degradation of core microRNA 

machinery (Gibbings et al., 2012; Zhang and Zhang, 2013). In addition, multiple studies 

have shown that over-expression of microRNAs can be sufficient to inhibit autophagy in cell 

lines under starvation conditions (Frankel et al., 2011; Zhu et al., 2009). By contrast, our 

findings demonstrate that the microRNA, miR-14, is both necessary and sufficient for 

autophagy during developmental cell death in an animal, but that miR-14 has no apparent 

effect on autophagy triggered by nutrient deprivation. While miR-14 is expressed in the fat 

body (Varghese et al., 2010), it appears not to matter if miR-14 regulates ip3k2 in this tissue, 

as IP3 signaling and Calmodulin appear to play no detectable role in regulating autophagy 

during nutrient deprivation.

Interestingly, steroid signaling and caspase activity are both necessary for salivary gland cell 

death, and in other contexts, these two processes have been shown to be regulated by miR-14 

(Varghese and Cohen, 2009; Varghese et al., 2010; Xu et al., 2003). However, during 

salivary gland cell death, neither of these processes was affected by loss of miR-14. This 

new role of miR-14 in promoting organ-specific developmental autophagy underscores the 

context-specific roles that microRNAs can play.

Our findings show that miR-14 controls this context-specific autophagy in dying salivary 

gland cells by targeting the IP3-kinase ip3k2. Although the percentage of animals with a 

defect in salivary gland clearance appears less severe in animals with compromised IP3/

calcium signaling compared to miR-14 mutant animals, this is most likely due to RNAi 

knockdown and IP3 sponge expression efficiencies. In addition, in all histological analyses 

of salivary gland clearance, there is an inherent range of salivary gland material appearance 

and size. For example, cellular fragments are detached from each other and therefore fluid. 

Thus, two dimensional histological sections do not always convey the best representation of 

salivary gland material in an animal.

To the best of our knowledge, no IP3-kinase has previously been implicated in the control of 

autophagy. Our data indicate that ip3k2 regulates autophagy through IP3 signaling, by 

inducing the release of calcium, thereby affecting Calmodulin activity. Our findings imply 

that calcium-bound Calmodulin activity should result in the induction of autophagy, 

potentially through the modulation of proteins such as Calmodulin-dependent kinases and/or 

Atg proteins. A previous study demonstrated that Calmodulin can bind IP3K2 in vitro, and 

that this calcium-dependent binding decreased the ability of IP3K2 to remove IP3 (Lloyd-

Burton et al., 2007). It is possible that calcium released by IP3 signaling could activate 

Calmodulin, resulting in a positive feedback loop to inhibit IP3K2, releasing more calcium 

to activate Calmodulin further, and induce higher levels of autophagy that contribute to 

salivary gland cell death.
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Interestingly, ip3k1 is also a predicted target of miR-14, but we observed no influence of this 

gene on autophagy in the salivary gland using two independent RNAi lines that target 

distinct sequences (Table S2) (Terhzaz et al., 2010). Additionally, heterozygous loss of 

ip3k1 failed to suppress the miR-14 salivary gland clearance defect (data not shown), 

suggesting that ip3k1 is not involved in the regulation of autophagy during salivary gland 

death. Furthermore, a previous study demonstrated that Calmodulin cannot bind IP3K1 in 

vitro (Lloyd-Burton et al., 2007), and it may be this lack of interaction that ensures that 

IP3K1 does not regulate autophagy during salivary gland destruction.

While multiple studies have linked calcium signaling to autophagy (Decuypere et al., 2011), 

the manner, either positive or negative, in which calcium influences autophagy seems to 

depend on context. Since it has been shown that a rise in free Ca2+ can induce autophagy 

via mTOR inhibition (Høyer-Hansen et al., 2007), it is possible that the mTOR pathway 

could contribute to the effect of miR-14 on autophagy induction. However, we have 

previously shown that that modulation of mTOR pathway influences both cell size and 

tGPH reporter localization (Berry and Baehrecke, 2007). Since neither cell size nor tGPH 

reporter were affected in mir-14 mutant salivary glands (Figure 2A and 2B), it appears 

unlikely that mTOR activity is appreciably altered by loss of mir-14.

Finally, we cannot exclude that ip3k2 could also regulate autophagy in an IP3- and/or 

calcium-independent manner. For example, the mammalian Beclin1 (Atg6) complex has 

been shown to bind the ER localized IP3-receptor through the protein NAF-1 (Chang et al., 

2010). Therefore, it is possible that IP3 signaling may serve as a mechanism to relocate the 

Beclin1 complex to the ER so that the ER can function as a membrane source for 

autophagosomes. Additionally, calcium signaling may cooperate with localization of the 

Beclin1 complex to the ER to achieve complete induction of autophagy during salivary 

gland cell death. Future studies should resolve how miR-14 and its target, the novel 

autophagy factor ip3k2, and IP3 signaling regulate autophagy.

EXPERIMENTAL PROCEDURES

Drosophila strains

See supplemental experimental procedures.

ip3k2Δ1 mutant

The ip3k2Δ1 deletion allele was created by flippase mediated site specific recombination of 

two transposable p-element strains containing flippase recognition target sequences. For 

more details see supplemental experimental procedures.

Transgenic strains

To generate the tub-eGFP-ip3k2 wild type 3′UTR vector, the 3′UTR of ip3k2 was PCR 

amplified from genomic DNA. The miR-14 binding site was mutated via de novo gene 

synthesis (Biomatik). Construct sequences were validated and inserted into the attP2 landing 

site to generate transgenic Drosophila lines (Genetic Services, Inc). For more details see 

supplemental experimental procedures.
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Quantitative real-time PCR

RNA isolated from staged salivary glands was performed as described previously (Andres 

and Thummel, 1994). Five μL of a 0.5ng/μL RNA sample was used for multiplex miR-

Taqman reactions according to the manufacturer’s instruction, using an ABI 7900HT Real 

Time PCR System (Applied Biosystems).

Protein Extracts and Western Blotting

Protein extraction and Western Blotting were performed as described previously (Dutta and 

Baehrecke, 2008). Primary antibodies used were rabbit anti-GFP (1:1,000) (Novus 

Biologicals), chicken anti-GFP (1:20,000) (Abcam), mouse anti-Ecdysone Receptor (1:500) 

(Developmental Studies Hybridoma Bank), mouse anti-Broad Complex (1:100) 

(Developmental Studies Hybridoma Bank), Rabbit anti-Histone-H3 (1:2000) (Santa Cruz 

Biotechnology), and mouse anti-Beta-Tubulin (1:500) (Developmental Studies Hybridoma 

Bank). Western blots were imaged using a Bio-Rad Chemi-Doc XRS+ and quantified using 

Bio-Rad Image Lab software.

Histology

Histology was performed as described previously (Muro et al., 2006).

Immunolabeling and Microscopy

For immunohistochemisty, salivary glands were dissected from animals kept at 25°C, fixed 

in 4% paraformaldehyde (PFA) overnight at 4°C, blocked in PBS, 1% BSA and 0.1% tween 

(PBSBT), and incubated with rabbit anti-cleaved-Caspase-3 (1:400) (Cell Signaling 

Technology) overnight at 4°C. Salivary glands were washed for two hours at room 

temperature in PBSBT, incubated with appropriate secondary antibodies for two hours at 

room temperature, and washed for one hour in PBSBT. Salivary glands were mounted in 

Vectashield (Vector Laboratories). For mCherry-Atg8a, tGPH and cell size analyses, 

salivary glands were dissected from animals staged at 25°C, fixed in 2% PFA containing 

2μM Hoechst stain for two minutes at room temperature, washed in PBS, and mounted in 

PBS. Cell size was measured using Zeiss measure software. mCherry-Atg8a puncta were 

quantified using Zeiss Automeasure software. Pixel intensity was measured using ImageJ 

software. All imaging except GCaMP was performed on a Zeiss Axiophot II microscope. 

GCaMP imaging was performed on a Zeiss two-photon microscope, LSM 7 MP. During all 

quantifications, the images that were used were unaltered. In all mCherry-Atg8a and 

cleaved-Caspase-3 figures, the brightness, contrast, and gamma were altered separately from 

the DNA to better emphasize puncta.

Induction of cell clones

The induction of mis-expression and RNAi-expressing cell clones was performed as 

described previously (McPhee et al., 2010).

Starvation of larvae

Starvation of larvae was performed as described previously (McPhee et al., 2010).

Nelson et al. Page 10

Mol Cell. Author manuscript; available in PMC 2015 November 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• miR-14 is necessary and sufficient for autophagy during cell death

• miR-14 targets the inositol 1,4,5-trisphosphate kinase 2 gene to regulate 

autophagy

• IP3 signaling and Calmodulin are necessary for autophagy during cell death

• miR-14 regulates calcium levels during salivary gland destruction
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Figure 1. Drosha and miR-14 are required for salivary gland degradation
(A) Samples from control animals (+/w; +/UAS-droshaIR), n = 16 (left), and those with 

salivary gland-specific knockdown of drosha (fkh-GAL4/w; +/UAS-droshaIR), n = 27 

(right), analyzed by histology for the presence of salivary gland material (blue dotted circle) 

24 h after puparium formation.

(B) Quantification of data from (A). Data are represented as mean. Statistical significance 

was determined using a Chi-squared test.

(C) Samples from control animals (w; +/miR-14Δ1; fkh-GAL4/UAS-luciferase-miR-14), n = 

39 (left), miR-14 null mutants (w; miR-14Δ1/miR-14Δ1; +/UAS-luciferase-miR-14), n = 25 

(middle), and miR-14 null mutants with salivary gland-specific expression of miR-14 (w; 

miR-14Δ1/miR-14Δ1; fkh-GAL4/UAS-luciferase-miR-14), n = 25 (right), analyzed by 

histology for the presence of salivary gland material (blue dotted circle) 24 h after puparium 

formation.

(D) Quantification of data from (C). Data are represented as mean. Statistical significance 

was determined using a Chi-squared test.
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Figure 2. Loss of miR-14 does not alter cell growth, hormone signaling, or caspase activity during 
salivary gland degradation
(A) Salivary glands dissected from control (+/w; +/miR-14Δ1, tGPH) and miR-14 null mutant 

(w; miR-14Δ1/miR-14Δ1, tGPH) animals as feeding larvae (top) and 4 h after puparium 

formation (bottom) for analysis of tGPH localization. Salivary glands were all stained with 

Hoechst (blue). Scale bars represent 50μm.

(B) Salivary gland cell size in control (+/w; +/miR-14Δ1), n ≥ 32, and miR-14 null mutant 

(w; miR-14Δ1/miR-14Δ1), n ≥ 29, animals dissected from wandering larvae and 14 h after 

puparium formation. Statistical significance was determined using a Student’s t-test. Data 

are represented as mean +/− SEM.

(C) Protein extracts from salivary glands 4, 8 and 12 hours after puparium formation of 

control (+/w; +/miR-14Δ1) and miR-14 null mutant (w; miR-14Δ1/miR-14Δ1) animals 
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analyzed by immuno-blot with anti-Ecdysone Receptor (EcR) and anti-Broad Complex (BR-

C).

(D) Samples from miR-14 null mutants (w; miR-14Δ1/miR-14Δ1; UAS-p35/+), n = 20 (left), 

animals with salivary gland-specific expression of p35 (w; miR-14Δ1/+; UAS-p35/fkh-

GAL4), n = 26 (middle), and miR-14 null mutants with salivary gland-specific expression of 

p35 (w; miR-14Δ1/miR-14Δ1; UAS-p35/fkh-GAL4), n = 24 (right), analyzed by histology for 

the presence of salivary gland material 24 h after puparium formation. Blue dotted circles 

enclose cell fragments; red dotted circles enclose gland fragments.

(E) Quantification of data from (D). Data are represented as mean. Statistical significance 

was determined using a Chi-squared test comparing the percentages of gland fragments. (F 

and G) Salivary glands dissected from control (+/w; +/miR-14Δ1) and miR-14 null mutant 

(w; miR-14Δ1/miR-14Δ1) animals and stained with cleaved Caspase-3 antibody (white) and 

Hoechst (blue). Salivary glands were dissected from wandering larvae (F) and 14 h after 

puparium formation (G). Scale bars represent 50 μm.
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Figure 3. miR-14 is necessary and sufficient for autophagy in salivary glands, but not fat body
(A) Samples from miR-14 null mutants (w; miR-14Δ1/miR-14Δ1; UAS-Atg6IR/+), n = 24 

(left), animals with salivary gland-specific knockdown of Atg6 (w; miR-14 Δ1/+; UAS-

Atg6IR/fkh-GAL4), n = 21 (middle), and miR-14 null mutants with salivary gland-specific 

knockdown of Atg6 (w; miR-14Δ1/miR-14Δ1; UAS-Atg6IR/fkh-GAL4), n = 24 (right), 

analyzed by histology for the presence of salivary gland material 24 h after puparium 

formation. Blue dotted circles enclose cell fragments.
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(B) Quantification of data from (A). Data are represented as mean. Statistical significance 

was determined using a Chi-squared test comparing the percentages of animals with gland 

fragments.

(C) mCherry-Atg8a was expressed in the salivary glands of control animals (+/w; +/

pmCherry-Atg8a, miR-14Δ1) and in miR-14 null mutants (w; pmCherry-Atg8a, miR-14Δ1/

miR-14Δ1). Salivary glands were dissected 14 h after puparium formation for analyses of 

mCherry-Atg8a puncta.

(D) Quantification of data from (C). Data are represented as mean +/− SEM; n ≥ 23. 

Statistical significance was determined using a Student’s t-test.

(E) mCherry-Atg8a was expressed in the fat bodies of control animals (+/w; +/pmCherry-

Atg8a, miR-14Δ1) and in miR-14 null mutants (w; pmCherry-Atg8a, miR-14 Δ1/miR-14Δ1). 

Larvae were starved for 4 h, and fat bodies were dissected for analyses of mCherry-Atg8a 

puncta.

(F) Quantification of data from (E). Data are represented as mean +/− SEM; n ≥ 19. 

Statistical significance was determined using a Student’s t-test.

(G and H) Salivary glands (G) and fat bodies (H) expressing mCherry-Atg8a in all cells, and 

miR-14 mis-expression specifically in GFP-marked clone cells (heatshock (hs)flp/w; 

pmCherry-Atg8a/UAS-miR-14; act<FRT, cd2, FRT>Gal4, UAS-GFP/+) dissected from 

feeding larvae for analyses of mCherry-Atg8a puncta. Salivary glands and fat bodies were 

all stained with Hoechst (blue). Scale bars represent 50 μm.
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Figure 4. miR-14 targets inositol 1,4,5-trisphosphate kinase 2 to regulate autophagy during 
salivary gland death
(A and B) Salivary glands dissected from wandering larvae (A) and fat bodies dissected 

from feeding larvae (B) expressing mCherry-Atg8a in all cells, and ip3k2 knockdown 

specifically in GFP-marked clone cells (hsflp/w; pmCherry-Atg8a/UAS-ip3k2IR; act<FRT, 

cd2, FRT>Gal4, UAS-GFP/+) analyzed for mCherry-Atg8a puncta.

(C) Samples from ip3k2 mutant animals (ip3k2 Δ1/Y; +/miR-14Δ1), n = 21 (left), miR-14 null 

mutant animals (ip3k2 Δ1/w; miR-14Δ1/miR-14Δ1), n = 26 (middle), and ip3k2, miR-14 

double mutant animals (ip3k2 Δ1/Y; miR-14Δ1/miR-14Δ1), n = 50 (right), analyzed by 
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histology for the presence of salivary gland material (blue dotted circle) 24 h after puparium 

formation.

(D) Quantification of data from (C). Data are represented as mean. Statistical significance 

was determined using a Chi-squared test.

(E) mCherry-Atg8a was expressed in ip3k2 mutant animals (ip3k2 Δ1/Y; miR-14Δ1/

pmCherry-Atg8a), miR-14 null mutant animals (ip3k2 Δ1/w; miR-14Δ1/miR-14Δ1, pmCherry-

Atg8a), and ip3k2, miR-14 null double mutant animals (ip3k2 Δ1/Y; miR-14Δ1/miR-14Δ1, 

pmCherry-Atg8a). Salivary glands were dissected 14 h after puparium formation for 

analyses of mCherry-Atg8a puncta.

(F) Quantification of data from (E). Data are represented as mean +/− SEM; n ≥ 16. 

Statistical significance was determined using a Student’s t-test. Salivary glands and fat 

bodies were all stained with Hoechst (blue). Scale bars represent 50 μm.

(G) Protein extracts from salivary glands dissected from wandering larvae of control (w; 

miR-14Δ1/+; tub-GFP-ip3k2 3′UTR/+) and miR-14 null mutant (w; miR-14Δ1/miR-14Δ1; tub-

GFP-ip3k2 3′UTR/+) animals expressing a GFP sensor containing either the wild type ip3k2 

3′UTR or a mutated miR-14 binding site in the 3′UTR, and analyzed by immuno-blot with 

anti-GFP antibody.

(H) Quantification of data from (G). Wild type and mutated sensors are normalized to Beta-

tubulin and plotted relative to their respective controls +/− SEM; n’s = 3. Statistical 

significance was determined using a Student’s t-test.
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Figure 5. IP3 signaling functions downstream of ip3k2 and is required for autophagy and the 
degradation of salivary glands
(A) Samples from control animals (+/w; +/UAS-IP3 sponge), n = 32 (left), and those with 

salivary gland-specific expression of the IP3 sponge (fkh-GAL4/w; +/UAS-IP3 sponge), n = 

28 (right), analyzed by histology for the presence of salivary gland material (blue dotted 

circle) 24 h after puparium formation.

(B) Quantification of data from (A). Data are represented as mean. Statistical significance 

was determined using a Chi-squared test.

(C) mCherry-Atg8a was expressed in the salivary glands of control animals (w; +/

pmCherry-Atg8a; UAS-IP3 sponge/+) (left), and those with salivary gland-specific 
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expression of the IP3 sponge (w; pmCherry-Atg8a/+; fkh-GAL4/UAS-IP3 sponge) (right). 

Salivary glands were dissected 14 h after puparium formation for analyses of mCherry-

Atg8a puncta.

(D) Quantification of data from (C). Data are represented as mean +/− SEM; n ≥ 11. 

Statistical significance was determined using a Student’s t-test.

(E) mCherry-Atg8a was expressed in ip3k2 mutant animals (ip3k2 Δ1/Y; pmCherry-Atg8a/+; 

+/UAS-IP3 sponge), animals with salivary gland-specific expression of the IP3 sponge 

(ip3k2 Δ1/w; pmCherry-Atg8a/+; fkh-GAL4/UAS-IP3 sponge), and ip3k2 mutant animals 

with salivary gland-specific expression of the IP3 sponge (ip3k2 Δ1/Y; pmCherry-Atg8a/+; 

fkh-GAL4/UAS-IP3 sponge). Salivary glands were dissected 14 h after puparium formation 

for analyses of mCherry-Atg8a puncta.

(F) Quantification of data from (E). Data are represented as mean +/− SEM; n ≥ 14. 

Statistical significance was determined using a Student’s t-test.

(G) Samples from control animals (+/w; +/UAS-ip3-receptorIR), n = 15 (left), and those 

with salivary gland-specific knockdown of the ip3-receptor (fkh-GAL4/w; +/UAS-ip3-

receptorIR), n = 27 (right), analyzed by histology for the presence of salivary gland material 

(blue dotted circle) 24 h after puparium formation.

(H) Quantification of data from (G). Data are represented as mean. Statistical significance 

was determined using a Chi-squared test.

(I) mCherry-Atg8a was expressed in the salivary glands of control animals (w; UAS-ip3-

receptorIR/pmCherry-Atg8a) (left), and those with salivary gland-specific knockdown of the 

ip3-receptor (w; UAS-ip3-receptorIR/pmCherry-Atg8a; +/fkh-GAL4) (right). Salivary 

glands were dissected 14 h after puparium formation for analyses of mCherry-Atg8a puncta.

(J) Quantification of data from (I). Data are represented as mean +/− SEM; n ≥ 21. 

Statistical significance was determined using a Student’s t-test.

(K) mCherry-Atg8a was expressed in ip3k2 mutant animals (ip3k2 Δ1/Y; pmCherry-Atg8a/

UAS-ip3-receptorIR), animals with salivary gland-specific knockdown of the ip3-receptor 

(ip3k2 Δ1/w; pmCherry-Atg8a/UAS-ip3-receptorIR; fkh-GAL4/+), and ip3k2 mutant animals 

with salivary gland-specific knockdown of the ip3-receptor (ip3k2 Δ1/Y; pmCherry-Atg8/

UAS-ip3-receptorIR; fkh-GAL4/+). Salivary glands were dissected 14 h after puparium 

formation for analyses of mCherry-Atg8a puncta.

(L) Quantification of data from (K). Data are represented as mean +/− SEM; n ≥ 11. 

Statistical significance was determined using a Student’s t-test.
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Figure 6. Calmodulin functions downstream of ip3k2 and is required for autophagy and the 
degradation of salivary glands
(A) Samples from control animals (+/w; +/UAS-CalmodulinIR), n = 22 (left), and those with 

salivary gland-specific knockdown of Calmodulin (fkh-GAL4/w; +/UAS-CalmodulinIR), n = 

29 (right), analyzed by histology for the presence of salivary gland material (blue dotted 

circle) 24 h after puparium formation.

(B) Quantification of data from (A). Data are represented as mean. Statistical significance 

was determined using a Chi-squared test.

(C) mCherry-Atg8a was expressed in the salivary glands of control animals (w; pmCherry-

Atg8a/+; +/UAS-CalmodulinIR) (left), and those with salivary gland-specific knockdown of 
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Calmodulin (w; pmCherry-Atg8a/+; fkh-GAL4/UAS-CalmodulinIR) (right). Salivary glands 

were dissected 14 h after puparium formation for analyses of mCherry-Atg8a puncta.

(D) Quantification of data from (C). Data are represented as mean +/− SEM; n ≥ 15. 

Statistical significance was determined using a Student’s t-test. Salivary glands were all 

stained with Hoechst (blue). Scale bars represent 50 μm.

(E) Samples from ip3k2 mutant animals (ip3k2 Δ1/Y; +/UAS-CalmodulinIR), n = 21 (left), 

animals with salivary gland-specific knockdown of Calmodulin (ip3k2 Δ1/w; fkh-GAL4/

UAS-CalmodulinIR), n = 28 (middle), and ip3k2 mutant animals with salivary gland-specific 

knockdown of Calmodulin (ip3k2 Δ1/Y; fkh-GAL4/UAS-CalmodulinIR), n = 24 (right), 

analyzed by histology for the presence of salivary gland material (blue dotted circles) 24 h 

after puparium formation.

(F) Quantification of data from (E). Data are represented as mean. Statistical significance 

was determined using a Chi-squared test.

(G) mCherry-Atg8a was expressed in ip3k2 mutant animals (ip3k2 Δ1/Y; pmCherry-

Atg8a/+; +/UAS-CalmodulinIR), animals with salivary gland-specific knockdown of 

Calmodulin (ip3k2 Δ1/w; +/pmCherry-Atg8a; fkh-GAL4/UAS-CalmodulinIR), and ip3k2 

mutant animals with salivary gland-specific knockdown of Calmodulin (ip3k2 Δ1/Y; 

pmCherry-Atg8a/+; fkh-GAL4/UAS-CalmodulinIR). Salivary glands were dissected 14 h 

after puparium formation for analyses of mCherry-Atg8a puncta.

(H) Quantification of data from (G). Data are represented as mean +/− SEM; n ≥ 10. 

Statistical significance was determined using a Student’s t-test. Salivary glands were all 

stained with Hoechst (blue). Scale bars represent 50 μm.
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Figure 7. miR-14 and ip3k2 influence calcium levels in the salivary gland
(A) GCaMP was expressed specifically in the salivary glands of control animals (w; +/

miR-14Δ1; fkh-GAL4/UAS-GCaMP5) and miR-14 mutant animals (w; miR-14Δ1/miR-14Δ1; 

fkh-GAL4/UAS-GCaMP5), and live-imaged at 0, 4 and 8 h after puparium formation.

(B) Quantification of data from (A). Statistical significance was determined using a 

Student’s t-test. Error bars represent SEM; n ≥ 8. Scale bars represent 50 μm.

(C) GCaMP was expressed specifically in the salivary glands of control animals (ip3k2 Δ1/w; 

+/UAS-GCaMP5; +/fkh-GAL4) and ip3k2 mutant animals (ip3k2 Δ1/Y; +/UAS-GCaMP5; +/

fkh-GAL4), and live-imaged at 0, 4 and 8 h after puparium formation.
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(D) Quantification of data from (C). Statistical significance was determined using a 

Student’s t-test. Error bars represent SEM; n ≥ 10. Scale bars represent 50 μm. miR-14 and 

ip3k2 experiments are normalized to their respective controls.
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