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The cAMP phosphodiesterase Prune localizes to the
mitochondrial matrix and promotes mtDNA
replication by stabilizing TFAM
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Abstract

Compartmentalized cAMP signaling regulates mitochondrial
dynamics, morphology, and oxidative phosphorylation. However,
regulators of the mitochondrial cAMP pathway, and its broad
impact on organelle function, remain to be explored. Here, we
report that Drosophila Prune is a cyclic nucleotide phosphodies-
terase that localizes to the mitochondrial matrix. Knocking
down prune in cultured cells reduces mitochondrial transcription
factor A (TFAM) and mitochondrial DNA (mtDNA) levels. Our data
suggest that Prune stabilizes TFAM and promotes mitochondrial
DNA (mtDNA) replication through downregulation of mitochon-
drial cAMP signaling. In addition, our work demonstrates the
prevalence of mitochondrial cAMP signaling in metazoan and its
new role in mitochondrial biogenesis.
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Introduction

Mitochondria produce ATP through oxidative phosphorylation
(OXPHOS) and are involved in various biosynthesis and cellular
signaling processes [1]. While the majority of mitochondrial
proteins are encoded in nuclear DNA (nuDNA), mitochondria
contain their own genome, the circular dsDNA in the matrix
mitochondrial DNA (mtDNA). mtDNA encodes 13 essential subunits
of electron transport chain (ETC) complexes, 2 rRNAs, and 22
tRNAs for mitochondrial translation [1]. mtDNA maintenance is
essential for mitochondrial biogenesis and cellular energy homeosta-
sis [2]. The mtDNA level is tightly maintained in any given cell
type, but varies among different tissues to cope with their specific

energy demands [3]. Additionally, developmentally regulated mtDNA
replication is involved in mtDNA inheritance and cell differentiation
[4,5]. Defects in mtDNA replication/maintenance often deplete
mtDNA and lead to severe human disorders [6,7].

mtDNA replication is carried out by a set of organelle-specific
replication factors including mtDNA polymerase (Tamas), DNA
helicase (Twinkle), RNA polymerase (mtRNApol), and transcrip-
tion factor A (TFAM) [3]. However, little is known regarding
cellular signaling pathways that regulate mtDNA replication in
response to physiological status or developmental cues in a cell.
As an important second messenger, cCAMP is produced by either
adenylyl cyclase (AC) on the plasma membrane or cytosolic solu-
ble adenylyl cyclase (sAC). cAMP activates protein kinase A
(PKA), which in turn regulates diverse cellular processes [8,9].
cAMP is degraded by phosphodiesterase (PDE) that downregulates
cAMP/PKA signaling. Of note, PKA and cAMP metabolizing
enzymes are often compartmentalized, ensuring the specificity of
cAMP/PKA signaling [10].

Mitochondria contain two distinct cAMP-signaling compart-
ments [11]. The surface of the outer membrane provides a docking
site for cAMP-signaling proteins, which in turn regulate mitochon-
drial fusion and fission [12]. In mammals, cAMP can also be
produced inside the matrix by a mitochondrial soluble adenylyl
cyclase (sAC) and directly regulates energy metabolism through
PKA-dependent phosphorylation of several enzymes in TCA cycle
and ETC complexes [13]. A recent study demonstrated that TFAM
could be phosphorylated by PKA and subsequently degraded by
matrix Lon protease in human cultured cells [14]. It suggests a link
between mtDNA maintenance and cAMP/PKA signaling. However,
the molecular nature of mitochondrial cAMP signaling and its
broad impact on mitochondrial function remain to be explored.
Additionally, the lack of sAC in the genomes of Drosophila and
C. elegans challenges the existence of intra-mitochondrial cAMP
signaling in these organisms [15]. Herein, we report that Drosoph-
ila prune (pn), an eye color gene, encodes a mitochondrial PDE.
Prune (Pn) downregulates cAMP level and promotes mtDNA repli-
cation through stabilizing TFAM. Our work proves the existence of
cAMP signaling in Drosophila mitochondria and demonstrates a
new role in mitochondrial biogenesis.
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Results and Discussion
Pn is required for mtDNA maintenance

pn was recovered from an ongoing RNAi screening for genes that
regulate the mtDNA level in Drosophila S2 cells. Knockdown of pn
significantly reduced the mtDNA/nuDNA ratio to 30% of control
cells that were incubated with lacZ dsRNA. To rule out the potential
off-target effect of dsRNA used in the initial screening, we produced
another dsRNA corresponding to the 3’ UTR of pn mRNA. We found
that the 3’ UTR-dsRNA also efficiently knocked down the pn mRNA
level (Supplementary Fig S1A) and reduced the mtDNA/nuDNA
ratio (Fig 1A). Additionally, this phenotype was partially rescued by
expressing pn cDNA that lacks 3’ UTR (Fig 1A). These results
demonstrate that Pn is required for maintaining the mtDNA/nuDNA
ratio in cultured cells.

To test whether Pn regulates mtDNA replication, we used EdU
incorporation assay to visualize mtDNA replication [4]. A 2-h pulse
of EQU incubation resulted in intensive signal in nuclei and many
perinuclear puncta in control cells (Supplementary Fig S1C). The
EdU puncta were co-localized with a mitochondrial marker, Tom20,
and the number of puncta was reduced in mitochondrial RNA poly-
merase CG4644 RNAI cells compared to control (Supplementary Fig
S1B and C), verifying that the puncta indeed labeled mtDNA
replication. We noticed that the number of EQU puncta often varied
significantly, even among the neighboring cells in the same experi-
ment (Fig 1C). To test whether this intrinsic variation of mtDNA
replication is related to cell cycle as recently demonstrated in
mammalian cells [16], we co-stained EdU-incubated cells with
different cell cycle markers: cyclin E for G1, nuclear EAU incorpora-
tion for S phase, cyclin A for G2, and phospho-histone H3 (PH3) for
mitosis [17,18]. We found that mitochondrial EdU incorporation
was higher in cells at G1 and G2 phase than in S phase and mitosis
(Supplementary Fig S1D). These two waves of mtDNA replication
prior to and post-S phase (Fig 1B) indicate a sequential coordination
between nuclear and mtDNA replication in S2 cells. Of primary
importance, knockdown of pn led to significant reduction in mtDNA
replication in gap phases, demonstrating that Pn promotes mtDNA
replication (Fig 1B and C).

Pn is a mitochondrial PDE

pn mutant flies have reduced red eye pigments, pterins that are
synthesized from GTP [19]. Besides a potential role in nucleotide
metabolism, little is known about Pn’s molecular functions. We
found that pn mutant flies showed minor morphogenesis defect and
severe retinal degeneration (Fig 5C and D). It suggests that Pn is
essential for maintaining neuronal integrity besides involvement in
eye pigment biosynthesis. Additionally, a putative mitochondrial
targeting sequence (MTS) is predicted at the N-terminus of Pn
(Supplementary Fig S2A), indicating a potential link between Pn and
mitochondria. To test whether Pn is indeed a mitochondrial protein,
we expressed Pn tagged with mCherry at C-terminus (Pn—mCherry)
in S2 cells and co-stained with a mitochondrial-specific dye, Mito-
Tracker. Though a low-level red fluorescent protein localized in the
cytoplasm, the majority of Pn-mCherry was co-localized with Mito-
Tracker (Fig 1D). Western blot also confirmed that Pn was enriched
in the crude mitochondrial preparation (Supplementary Fig S2B). The
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Figure 1. Pn localizes to mitochondria and is required for mtDNA

maintenance.

A gPCR analysis of mtDNA level in pn RNAi and control cells. Cells incubated
with dsRNAs against pn ORF or pn 3'UTR have reduced mtDNA level
compared to control (LacZ). Expression of pn cDNA partially restores mtDNA
level in pn 3'UTR RNAi cell. Bars indicate mean & SD (n = 3, *P < 0.05,
unpaired, two-tailed Student’s t-test).

B Quantification of mtDNA replication (# EdU puncta/um?) at different cell
cycle phases of control and pn RNAI cells. pn knockdown reduces mtDNA
replication in G1 and G2 phases. Bars indicate mean + SEM (n = 34,

*P < 0.05, **P < 0.01, unpaired, two-tailed Student’s t-test).

C Representative images of S2 cells incubated with EdU (green) and co-
stained with DAPI (blue) and cyclin E (red). pn knockdown reduces mtDNA
replication (perinuclear EAU puncta), particularly in cells at gap phase
(cyclin E, red). Scale bars: 10 pm.

D A representative image of S2 cells expressing Pn—-mCherry (red), co-stained
with MitoTracker (green). Scale bars: 10 um.

Source data are available online for this figure.

deletion of the putative MTS in N-terminus led to a loss of the
punctate signal (Supplementary Fig S2C), suggesting that the
N-terminus of Pn is essential for its mitochondrial localization. We
also made a transgenic line expressing Pn—GFP fusion protein under
the control of hsp70 promoter (hs-pn). We found that Pn-GFP was
co-localized with MitoTracker in various tissues (Supplementary Fig
S2D and E), further validating that Pn is a mitochondrial protein.
Noteworthy, a truncated pn ORF that lacks N-terminal 50 amino acid
residues failed to rescue phenotypes of pn flies [20], while hs-pn
rescued the eye color phenotype and prevented retinal degeneration
(Fig 5D). These results suggest that the mitochondrial localization of
Pn is essential for its biological functions.
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Pn contains conserved DHH and DHHA2 domains (Supplementary
Fig S2A), signatures of inorganic pyrophosphatase, or phosphodies-
terase that break down Pi-Pi or Pi-O bond, respectively [21]. During
DNA replication, the incorporation of dideoxynucleotide triphos-
phates produces pyrophosphate (PPi), which inhibits DNA polymeri-
zation. A pyrophosphatase breaks down PPi to two molecules of Pi
and relieves the inhibitory effect of PPi on DNA replication [22].
Thus, Pn might be a mitochondrial inorganic pyrophosphatase
and promote mtDNA replication by removing PPi. Alternatively, Pn
could be a mitochondrial PDE and modulate mtDNA replication
through mitochondrial cAMP signaling. To test these possibilities, we
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expressed Pn in E. coli and directly examined its enzymatic activities
in vitro. We found that Pn demonstrated little pyrophosphatase
activity in a direct assay (Supplementary Fig S3A). Instead, Pn
effectively converted cAMP to AMP (K, = 19.42 + 15.80 uM,
Kear = 2.06 x 1073 £ 0.80 x 1073 s71), and the reaction could be
inhibited by IBMX, a competitive inhibitor of PDEs (Fig 2A and B).
Furthermore, Pn also showed cGMP PDE  activity
(Km =17.97 £ 10.78 uM,  Key =123 x 107> £ 0.14 x 103 s71)
(Supplementary Fig S3B and C). Taken together, these results show
that Pn is a mitochondrial PDE that may regulate mitochondrial cAMP
signaling.
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Figure 2. Pn is a phosphodiesterase and regulates matrix cAMP level.
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A Pn demonstrates CAMP PDE activity, hydrolyzing cAMP to AMP. A total of 200 uM 3, 5'-cAMP was incubated with purified Pn protein with or without IBMX for 2 h.
PDE activity is indicated as the amount of final 5AMP normalized with time and Pn protein concentration (mU/uM, 1 U = 1 nM 5’AMP/min). Bars indicate

mean =+ SD (n = 3).

B Lineweaver—Burk plot showing K, and Vinax Of Pn’s PDE activity for cAMP. Each data point represents the reciprocal value of the reaction velocity (y-axis)
corresponding to the reciprocal of substrate concentration (x-axis). V: CAMP hydrolysis rate as nM/2 h; S: cCAMP concentration as uM. Bars indicate mean + SD (n = 3).
The x-intercept of the plot is an estimate of —1/K,, while the y-intercept is an estimate of the inverse of Viax.

C cAMP levels in mitochondria isolated from control and pn RNAi cells. pn knockdown significantly increases mitochondrial cAMP levels compared with control

(P < 0.05, unpaired, two-tailed Student’s t-test). Bars indicate mean + SD (n = 3).

D Representative images of S2 cell co-expressing Pn-nGFP—-mCherry (red) and SOD2—cGFP. Two half-GFP molecules reconstitute into a functional whole GFP (green),
demonstrating that Pn—-nGFP-mCherry is co-localized with SOD2-cGFP in mitochondrial matrix. Scale bars: 20 um.
E FACS analyses of cells expressing ICUE3 and MitolCUE3 showing increased CFP-to-YFP emission ratio after adding forskolin and IBMX (arrow). Each data point

represents mean + SEM of > 200 cells over every 15-s span.

F  pn RNAI cells have increased CFP-to-YFP emission ratio of MitolCUE3 compared with control in FACS analyses, indicating an increased mitochondrial cCAMP level.

Source data are available online for this figure.

Published 2015. This article is a U.S. Government work and is in the public domain in the USA



Fan Zhang et al

Pn regulates matrix cCAMP levels

Mitochondria contain two distinct cAMP-signaling compartments:
the outer membrane and the matrix [11]. To further understand Pn’s
function, we investigated its sub-mitochondrial localization. We
developed an assay based on the concept of bimolecular fluorescence
complementation (BiFC) wherein two halves of a GFP molecule will
reconstitute into the native structure and become fluorescent when
they locate in physical proximity [23]. We co-expressed a Pn fused
with the N-terminal half of GFP (Pn-nGFP-mCherry), with a known
mitochondrial protein fused to the C-terminal half of GFP (Supple-
mentary Fig S2F). These two fusion proteins were encoded in a single
polycistron with a self-processing viral T2A sequence in between
[24]. Thus, two proteins would be expressed concurrently and at
equal level. Additionally, mCherry was fused to Pn-nGFP to monitor
its expression and localization. We found that Pn-nGFP-mCherry
complemented with a matrix protein SOD2-cGFP to reconstitute
functional GFP molecules (Fig 2D). It did not complement with
Tom20-cGFP or i-AAA-cGFP that localize to the outer membrane or
the inter-membrane space, respectively (Supplementary Fig S2G).
These results indicate that Pn localizes to mitochondrial matrix.

Pn’s mitochondrial matrix localization and PDE activity suggest
that it might regulate intramitochondrial cAMP signaling. To test this
idea, we used ICUE3 [25,26], a FRET-based genetic reporter, to
examine the mitochondrial cAMP level. cAMP binds to ICUE3, which
decreases CFP-YFP FRET efficiency and increases CFP-to-YFP ratio
[25]. We constructed a mitochondrially targeted ICUE3 (MitoICUE3)
by fusing ICUE3 with the full-length SOD2, a bona fide mitochondrial
protein, to ensure the efficient mitochondria targeting. When
expressed in S2 cells, MitoICUE3 co-localized with MitoTracker
(Supplementary Fig S3E). Additionally, Western blots revealed
MitoICUE3 in the mitochondrial fraction (Supplementary Fig S3D),
but not in the cytosolic fraction, suggesting MitoICUE3 was predomi-
nantly localized to mitochondria. Therefore, the MitoICUE3 could
reliably report cAMP in mitochondria specifically. We used an
established procedure to augment cytosolic cAMP level by treating
S2 cells with a combination of forskolin, an activator of membrane
adenylyl cyclase, and IBMX, an inhibitor of PDEs [11]. We found that
CFP-to-YFP ratios were increased about 30% in both ICUE3- and
MitoICUE3-expressing cells (Fig 2E), indicating increased cAMP
level in both cytoplasm and mitochondria. We also found that the
ratio of CFP to YFP of Mito-ICUE3 was higher in the pn RNAI cells
compared with the control cells (Fig 2F), indicating a higher cAMP
level in mitochondrial matrix of pn RNAi cells. To directly assess the
impact of Pn on mitochondrial cAMP level, we measured cAMP level
in mitochondria isolated from control and pn RNAI cells (Fig 2C).
We found that the cAMP concentration was 18.8 + 3.5 pmol per mg
protein, or ~20 pM based on the notion that mitochondrial water
content is about 1 ul/mg protein [27]. cAMP in mitochondria of pn
RNAI cells was 33.5 + 6.7 pmol per mg protein. Taken together,
these results not only demonstrate the presence of cAMP in the mito-
chondrial matrix of Drosophila S2 cells, but also confirm that Pn
downregulates mitochondrial cCAMP level.

Pn maintains TFAM level

To understand how Pn impacts mtDNA replication, we checked the
levels of several key factors of mtDNA replication machinery,
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including Tamas, TFAM, and Twinkle [3]. We found that pn
knockdown decreased the TFAM protein level (Fig 3A), but had no
impact on Tamas or Twinkle. Additionally, the level of Tfam mRNA
was comparable in pn knockdown and control cells (Supplementary
Fig S4A), suggesting that TFAM protein was decreased via a
posttranscriptional mechanism. TFAM and mtDNA levels are well
coordinated under various conditions. Overexpression or downregu-
lation of the TFAM level modulates the mtDNA level proportionally
[28]. Depletion and repletion of mtDNA can also regulate TFAM
level reciprocally [29]. To determine whether the decrease in TFAM
causes mtDNA reduction, or vice versa in pn RNAI cells, we checked
time courses of TFAM and mtDNA levels after the addition of pn
dsRNA (Fig 3C and D). We found that mtDNA level showed a steep
decline 3 days after the addition of pn dsRNA, while TFAM level
showed a steep decline 2 days after. These results indicate that
TFAM reduction is prior to the mtDNA reduction. In addition, over-
expression of TFAM restored mtDNA level in pn knockdown cells
(Fig 3B), further supporting that reduced mtDNA level was caused
by the decrease of TFAM.

In human cultured cells, TFAM is phosphorylated by PKA and
subsequently degraded by the matrix Lon protease [14]. Drosophila
TFAM level is also regulated by Lon protease [30]. Notably, a PKA
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Figure 3. Pn maintains TFAM.

A Western blots reveal that TFAM is reduced in pn RNAI cells, and the levels
of Tamas and Twinkle are not altered. SOD2 and actin were used as loading
controls for mitochondrial contents and total cellular extract, respectively.

B gPCR analysis of mtDNA level reveals that overexpression of TFAM,
TFAM™®* and TFAM"™®P restore mtDNA levels in pn RNAi cells. Bars indicate
mean + SD (n = 3, **P < 0.01, P < 0.001, unpaired, two-tailed Student’s
t-test).

C Western blot analysis of TFAM on consecutive days after the onset of pn
RNAI. SOD2 and actin were used as loading controls.

D Levels of pn mRNA, mtDNA, and TFAM on consecutive days after pn RNAI.
Data are presented as mean + SD (n = 3). Note that TFAM level is
significantly reduced on day 2 compared to day 1 (P < 0.01, unpaired, two-
tailed Student’s t-test); mtDNA level is significantly reduced on day 3
compared to day 2 (P < 0.001, unpaired, two-tailed Student’s t-test).

Source data are available online for this figure.
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phosphorylation site, Thr, is highly conserved between Drosophila
and mammals [31] (Supplementary Fig S4B). Indeed, TFAM
appeared to be phosphorylated by PKA, evidenced by the Western
blot of immunopurified TFAM probed with anti-phospho-PKA
substrate (Fig 4A). In addition, phosphorylation level of TFAM was
increased in pn RNAI cells, but decreased in PKA RNAI cells. These
results demonstrate that Drosophila TFAM is phosphorylated by
PKA and suggest a conserved regulatory mechanism of TFAM by
cAMP/PKA signaling.

We mutated the Thr’® to Ala and Asp to mimic the non-
phosphorylated and phosphorylated states, respectively. When
expressed in S2 cells, both mutants, TFAM™®* and TFAM™°P,
localized to mitochondria properly (Supplementary Fig S4E). To
examine the stabilities of TFAM mutants, we generated stable cell
lines expressing TFAM, TFAM™°*, or TFAM"™°P, While the mRNA
levels of three transgenes were comparable (Supplementary Fig
S4C), the protein levels at steady state varied. TFAM"™®* was higher
than wild-type TFAM, whereas TFAM™°°P was lower regardless of
pn knockdown, suggesting that PKA phosphorylation regulates
TFAM stability (Fig 4C). Wild-type TFAM level was reduced in pn
RNA cells compared to control. However, levels of TFAM™* and
TFAM™°P were insensitive to pn knockdown. These results demon-
strate that non-phosphorylated TFAM is stable, whereas phospho-
mimetic TFAM is downregulated via a mechanism downstream of
Pn. TFAM™®P was the least stable and also had the least impact on
the steady-state mtDNA level or restoring of mtDNA level in pn
RNAI cells (Fig 3B). Moreover, the knockdown of PKA (Supplemen-
tary Fig S4D) also partially restored TFAM and mtDNA levels in pn
RNAI cells (Fig 4B and D). Collectively, these results demonstrate
that Pn, as a mitochondrial PDE, inhibits cAMP/PKA signaling in
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the matrix, thereby stabilizing TFAM and promoting mtDNA
replication (Supplementary Fig S5C).

Pn maintains neuronal integrity

Consistent with the observations in cultured cells, TFAM protein
level was also reduced in the adult tissues, especially in the eye of
pn flies compared with wild-type (Fig 5A). Additionally, young
mutant flies showed minor morphogenesis defects, and the combi-
nation of pn mutation and Tfam RNAI in post-mitotic tissues driven
by GMR-gal4 led to severely deformed eyes. In contrast, Tfam RNAi
alone did not cause any obvious defect (Fig 5B). Furthermore, old
pn flies displayed severe retinal degeneration that can be rescued by
a pn cDNA transgene (Fig 5C and D). We combined pn with muta-
tions on cinnabar and brown (cn bw), two genes that function in
eye pigment transport [32]. cn bw flies have white eyes that are
completely devoid of any eye pigment [32]. We found that pn, cn
bw flies showed severe retinal degeneration (Fig 5C), demonstrating
that this degenerative phenotype is independent of the defective
pigment composition in pn flies. Taken together, these results
further confirm Pn’s function in maintaining TFAM and suggest an
important role of mitochondrial cAMP signaling in neural morpho-
genesis and maintenance.

Intramitochondrial cAMP signaling has emerged as an important
regulator of energy metabolism in mammals [33]. cCAMP activates
PKA that phosphorylates several components of respiration chain
complexes and regulates their activities. The mitochondrial localiza-
tion of PKA seems to be cell or tissue specific. While PKA has been
demonstrated in mitochondrial matrix in various tissues and cells
[33], a recent work indicated a lack of PKA activity inside the
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Figure 4. Pn regulates TFAM level through PKA phosphorylation.

A Western blot reveals that TFAM is phosphorylated by PKA, which is downregulated in pn RNAi cells. TFAM-V5 fusion protein, immunopurified from LacZ, pn, or PKA

RNAI cells, was probed with anti-phospho-PKA substrate and anti-V5 antibodies.
B Western blot reveals that PKA knockdown restores TFAM level in pn RNAI cells.

C Western blot analysis of TFAM, TFAM™®, and TFAM™®P proteins in control (lacZ) and pn RNAI cells.
D gPCR of mtDNA demonstrates that PKA knockdown partially restores mtDNA level in pn RNAi cells. Bars indicate mean & SD (n = 3, *P < 0.05, unpaired, two-tailed

Student’s t-test).

Source data are available online for this figure.
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A Western blot demonstrates reduced TFAM level in the thorax and eye of pn mutant flies (pn?) compared with wild-type (wt). SOD2 and actin were used as loading

controls.

B Knockdown of Tfam (Tfam'®) in post-mitotic tissues driven by GMR-gal4 leads to severely deformed eyes in pn mutant background, but has no obvious defect in the

wild-type background.

C Electron microscopic analyses of retina sections of young (2 days) and old (28 days) white-eye pn (pn’ cn, bw) and control (cn, bw) flies. Note the minor
morphogenesis defect (arrowhead) in a young pn fly and severe degeneration (arrow) in an old pn fly. R: rhabdomere. Scale bars: 1 pum.

D Numbers of rhabdomeres per ommatidium plotted against age show retinal degeneration of pn flies (pn?), which can be rescued by a transgene expressing pn cDNA
under control of the hsp70 promoter (pn?, hs-pn). Each data point represents mean = SD of three groups. Each group contains > 100 ommatidia.

Source data are available online for this figure.

mitochondria of HeLa cells [11]. To examine PKA localization in S2
cells, we used BiFC assay to test whether PKA-nGFP-mCherry could
reconstitute with SOD2-cGFP. While PKA distributed evenly in
cytoplasm based on the localization of mCherry signal, 12% of
mCherry-positive cells had GFP signal that was co-localized with
MitoTracker (Supplementary Fig S5A). As a control, there was no
reconstitution between i~AAA-nGFP-mCherry and SOD2-cGFP at
all. A successful reconstitution depends on the random collision
between two half-GFPs inside the matrix. These results suggest that
either a small amount of PKA localizes to mitochondria in S2 cells,
or PKA might only be imported into mitochondria in a subset of
cells under a specific condition.

Mammalian mitochondrial inner membrane is thought to be
impermeable to cAMP [11], while a mitochondrial sAC produces
cAMP locally. However, the lack of sAC in Drosophila genome ques-
tions the origin of matrix cAMP [15]. We found that the addition of
cAMP increased CFP-to-YFP ratios of MitoICUE3 in cells permeabi-
lized with digitonin (Supplementary Fig S5B). Thus, mitochondrial
cAMP could be transported from cytoplasm. On the other hand,
Drosophila genome encodes 14 adenylyl cyclases genes that are
annotated to produce a total of 38 isoforms (http://flybase.org/). It
is possible that an unidentified sAC or some of these isoforms might
localize to the matrix and produce cAMP therein. Despite these

Published 2015. This article is a U.S. Government work and is in the public domain in the USA

unanswered questions, our work identifies Pn as a novel mitochon-
drial PDE, the very first player of mitochondrial cAMP signaling in
Drosophila. 1t demonstrates the prevalence of mitochondrial cAMP
signaling in the metazoans, and it also suggests a novel regulation
of cAMP signaling on mitochondrial biogenesis. Pn belongs to a
conserved family of phosphoesterase [21]. However, mammalian Pn
homologs lack mitochondrial targeting signal, and human Pn does
not localize to the mitochondria [34]. Instead, an isoform of
mammalian PDE2A, PDE2A2, localizes to the matrix and regulates
mitochondrial cAMP level and the activity of respiration chain in
cultured cells [35]. Thus, Drosophila Pn could be the functional
counterpart of PDE2A2, despite their distinct evolution origin. It also
suggests that Pn might regulate other aspects of mitochondrial phys-
iology besides stabilizing TFAM and promoting mtDNA replication.
We anticipate that future analysis on Pn would reveal a broad
impact of intramitochondrial cAMP signaling on mitochondrial and
cellular physiology.

Materials and Methods

Full descriptions of Drosophila strains and maintenance, molecular
cloning, cell culture, Western blotting, cell imaging, and retina
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morphology analyses are included in the Supplementary Materials
and Methods.

RNAi in S2 cells

dsRNAs used in this study were from Drosophila RNAIi Library 1.0 &
2.0 (Thermo Scientific Open Biosystems) or designed by the
authors. dsRNAs were prepared according to the standard protocol
(http://www.flyrnai.org/DRSC-PRC.html). For 24-well plate RNAi
assay, 1 x 10° cells were used for each well and incubated in
Schneider’s Drosophila medium containing 3 pg dsRNA or transfec-
ted with 800 ng dsRNA using Effectene Transfection Reagent
(Qiagen) at 25°C for 3-6 days. The efficiency of RNAi was
confirmed by quantitative reverse transcription-PCR analysis
(QRT-PCR) of mRNA level. The total RNA was isolated using
RNeasy Mini Kit (Qiagen). Two microgram of total RNA was used
for cDNA synthesis using the SuperScript VILO cDNA Synthesis kit
(Life Technologies). qRT-PCRs were performed in triplicate using
Roche LightCycler 480 system and SYBR Green I Master. All primers
for dsRNA preparation and qRT-PCR analyses are listed in Supple-
mentary Table S1.

Real-time PCR (qPCR) analysis of mtDNA level

To quantify mtDNA level, total DNA was prepared using DNeasy
Blood Kit (Qiagen). qPCR was carried out using fluorescent probes
and primers against mt:Col and His4 sequence (Supplementary
Table S1). TagMan gPCR assay was performed in a multiplex reac-
tion on a Roche LightCycler 480 system.

EdU incorporation assay

EdU incorporation was performed as described previously [4], using
the Click-iT EAU Alexa Fluor 488 Imaging kit (Life Technologies).
Briefly, cells were incubated with 10 uM EdU in the Schneider’s
medium containing 10% FBS for 2 h at 25°C and then fixed with
4% PFA. Samples were washed in PBS with 0.1% Triton X-100
(PBST), blocked with 5% BSA in PBST, and stained with different
antibodies.

Pn protein expression, purification, and enzymatic assays

The pn CDS was cloned into the pETDuet-1vector and expressed in
the Rosetta™ 2(DE3) Singles™ Competent Cells (Merck Millipore)
induced with 1 mM IPTG (Merck Millipore) at 16°C overnight. The
Ni-NTA Fast Start kit (Qiagen) was used to purify the N-terminal
His-tagged Pn protein. After dialysis (10 mM Tris-HCl, pH 8.0), the
protein aliquot was saved for future use. Pyrophosphate activity and
cyclic nucleotide phosphodiesterase activity were determined using
a Pyrophosphate Assay Kit (Abcam) and a Cyclic Nucleotide Phos-
phodiesterase Assay kit (Enzo Life Sciences). A total of 20 mM NaF
was used as the pyrophosphate inhibitor, and 40 uM IBMX was
used as the PDE inhibitor.

Flow cytometry analysis of cCAMP level

S2 cells transfected with MitoICUE3 were treated with pn or lacZ
dsRNA for 3 days. Cells were harvested, washed once with
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complete medium, and re-suspended in serum-free medium.
Forskolin (50 puM; Sigma-Aldrich) and IBMX (1 mM; Sigma-Aldrich)
were added to induce cAMP production; DMSO vehicle was used as
control. Cells were permeabilized with 10 pg/ml digitonin before
cAMP (100 uM) was added. Flow cytometry analyses were
performed on a BD FACSCalibur flow cytometer with excitation/
emission wavelengths of 405/450 or 405/515 nm and analyzed with
FACSDiva.

Measuring mitochondrial cAMP

Isolated mitochondria were resuspended in the isolation buffer
described in the Supplementary Information and adjusted to the
same concentration of proteins. Protein concentration was deter-
mined by Bradford assay. Measurements were performed using the
Direct cAMP ELISA kit (Enzo Life Sciences).

Statistical analysis

F-test was performed to evaluate the equality of variances. Two-
tailed Student’s t-test was used for statistical analysis. Difference
was considered statistically significant when P < 0.05. Results are
represented as mean + SD or SEM.

Supplementary information for this article is available online:
http://embor.embopress.org
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