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Abstract

Phospholipase D (PLD), a superfamily of signaling enzymes that most commonly generate the
lipid second messenger Phosphatidic Acid (PA), is found in diverse organisms from bacteria to
man and functions in multiple cellular pathways. A fascinating member of the family, MitoPLD, is
anchored to the mitochondrial surface and has two reported roles. In the first role, MitoPLD-
generated PA regulates mitochondrial shape through facilitating mitochondrial fusion. In the
second role, MitoPLD performs a critical function in a pathway that creates a specialized form of
RNA. required by developing spermatocytes to suppress transposon mobilization during meiosis.
This spermatocyte-specific RNAI, known as piRNA, is generated in the nuage, an electron-dense
accumulation of RNA templates and processing proteins that localize adjacent to mitochondria in
a structure also called intermitochondrial cement. In this review, we summarize recent findings on
these roles for MitoPLD functions, highlighting directions that need to be pursued to define the
underlying mechanisms.
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1. Introduction

Long known as the powerhouse of the cell, mitochondria are now appreciated to regulate
many different cellular functions including apoptosis, intracellular calcium signaling, and
lipid synthesis and transport (1, 2). Mitochondrial shape, size and number are regulated by
the balance of mitochondrial fusion and fission and affect mitochondrial function, which is
important in mammalian health and disease (3, 4). MitoPLD, a member of mammalian
phospholipase D (PLD) superfamily, was initially reported to facilitate mitochondrial fusion
by hydrolyzing cardiolipin (CL) to generate phosphatidic acid (PA), constituting a novel
lipid signaling pathway on the mitochondrial surface (5, 6). More recent work, however, has
identified an additional function for MitoPLD in spermatogenesis (7-9).

Zucchini (Zuc), the Drosophila homolog of MitoPLD, was identified through screens for
female infertility, which was subsequently determined to ensue from a critical role for Zuc
in the PIWI-interacting RNA (piRNA) biogenesis pathway (10). The main function of
piRNA:s is to defend genomic integrity in germ-line cells by silencing transposable elements
(11). Male mice lacking MitoPLD also have decreased piRNA biogenesis and meiotic arrest
during spermatogenesis, analogous to the function of Zucin Drosophila (8, 9). Nuage, an
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electron dense structure, is the subcellular organelle in which piRNA biogenesis takes place
(12). Nuage is normally physically adjacent to mitochondria in spermatocytes; however, this
relationship is disrupted in mice lacking MitoPLD (8, 9). Mutations in many of the
components found in nuage impair piRNA biogenesis and derepress transposable elements
(11, 13-20).

Intriguing questions are raised by the findings reported for MitoPLD and Zuc, centered on
the control of mitochondrial shape and trafficking and why lipid-modifying enzymes on the
surface of the mitochondria are required for piRNA biogenesis. We review here the current
literature and experimental directions immediately apparent.

2. Mammalian MitoPLD

2.1 Molecular and Biochemical characterization

Phospholipase D superfamily members are found in prokaryotes, eukaryotes, and some
viruses (reviewed in 21). The canonical PLD enzymatic activity is to hydrolyze the lipid
phosphatidylcholine to yield choline and the signaling lipid PA, but some family members
can hydrolyze other phospholipids or perform lipid synthetic or other actions involving
hydrolysis or transfer at the phosphodiester bond linking the phosphate group to the
headgroup. PA, a lipid second messenger, plays multiple roles in cellular functions including
promoting cytoplasmic membrane fusion, and acting as a lipid anchor to recruit proteins to
membrane surfaces and in some cases alter their functional activity (22). PA can also be
converted through dephosphorylation by PA phosphohydrolases to diacylglycerol (DAG),
another important signaling lipid in many cellular processes (23, 24). The classical isoforms
of mammalian PLD, PLD1 and PLD2, were reported in the 1990’s (25, 26). Blast searches
of the completed human genome, however, later revealed additional genes encoding the
PLD catalytic domain, H(X)K(X4)D (HKD). One of these genes, MitoPLD (later also
denoted pld6), was found to be located on the mitochondrial surface (5). However, in
contrast to classical mammalian PLD family members which encode two half-catalytic HKD
domains (26) and fold together to form the functional enzymatic unit (27), MitoPLD has
only a single HKD half-catalytic site, requiring it to dimerize to create an active enzymatic
complex (5). Interestingly, having only one copy of the HKD domain makes MitoPLD quite
distinct from the classical PLD genes, and in fact closer in similarity to a prokaryotic branch
of the superfamily known as “Nuc” (28). The bacterial AMuc genes function as
endonucleases, hydrolyzing the phosphodiester bond in the backbone of DNA that is
analogous to the phosphodiester bond in phospholipids. Nonetheless, no group to date has
been able to demonstrate any type of nuclease activity for MitoPLD (5, 9). The next most
similar branch of the PLD superfamily to MitoPLD is a prokaryotic group of enzymes that
synthesize cardiolipin (CLS); however, CLS activity also could not be demonstrated for
MitoPLD (5, 29). What became apparent, though, was that alterations in lipid content in
mitochondria were observed when MitoPLD was overexpressed, leading to the identification
of a capability for MitoPLD to hydrolyze CL to generate PA (5).

In contrast to classical PLDs that have lipid-binding domains such as PX, PH, or PIP,-
binding motifs, MitoPLD is noteworthy for an N-terminal sequence that both localizes the
enzyme to mitochondria and functions as a transmembrane domain to anchor MitoPLD into
the mitochondrial surface. MitoPLD overexpression triggers mitochondrial aggregation
(discussed below); replacing the key catalytic Histidine residue, H156N, with Asparagine,
prevents this mitochondrial aggregation, indicating that it is MitoPLD’s enzymatic activity
that mediates the change in morphology observed with overexpression.

BMB Rep. Author manuscript; available in PMC 2013 September 03.
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2.2 MitoPLD and mitochondrial dynamics

Mitochondrial dynamics, including both fusion and fission, are very important in
maintaining mitochondrial and cellular function, which are crucial for mammalian
development and health (1, 30). Mitochondrial shape, size and number are determined by
the rate and balance of mitochondrial fusion and fission. Increased fusion or decreased
fission lead to elongated mitochondria, while decreased fusion or increased fission result in
mitochondrial fragmentation. These morphological changes are linked to pathological states
including cell apoptosis and neurodegenerative disease.

Mitofusin / fuzzy onion (MFN, fzo) was the first gene discovered to mediate mitochondrial
outer membrane fusion (31). The mammalian MFN homologs, MFN1 and MFNZ2, are
transmembrane GTPases located in the mitochondrial outer membrane. Mutations in MFN2
have been linked to the inherited peripheral neuropathy Charcot Marie Tooth disease (30).
The C-terminal tail of MFN functions to tether opposing mitochondria as they approach
each other during a fusion event, forming a dimeric, antiparallel coiled-coil structure (32).
Electron microscopy revealed that the mitochondrial tethering effect creates an interface in
which the adjacent mitochondria are separated by 16 nm (32). The GTPase is thought to
mediate the fusion event subsequent to tethering.

Overexpression of MitoPLD also results in the juxtaposition of mitochondria. However, the
mitochondria are separated by only 6 nm (5), and the ability of MitoPLD to create this
mitochondria interface requires Mfn proteins to be present. Thus, it was proposed that the
MFN-driven tethering event leads to MitoPLD production of PA on the closely apposed
mitochondrial outer membranes, triggering even closer apposition of the membranes to
facilitate the MFN-GTPase fusion event. Supporting this hypothesis, overexpression of a
catalytically-inactive (dominant-negative) MitoPLD mutant allele or use of MitoPLD RNAI
led to mitochondrial fragmentation (5), and mouse embryo fibroblasts (MEFs) isolated from
mice lacking MitoPLD exhibit shortened mitochondria (8). These findings indicate that
MitoPLD facilitates mitochondrial fusion through a mechanism dependent on its enzymatic
activity, although it is not absolutely required for fusion events to occur.

Support for a role for MitoPLD in fusion has recently been described in Drosophila (33).
Mitochondrial fission plays a critical role in cellular apoptosis upstream of cytochrome ¢
release. Dynamin-related protein 1 (Drp 1) is the major mitochondrial fission mediator and
is required for apoptosis (reviewed in 34). This pathway is relevant during dorsal closure, a
complex morphogenetic movement and essential stage in Drosophila embryogenesis:
apoptosis in cells in the amnioserosa triggers delamination of the cells which is the driving
force for the dorsal closure (35). As reported by Muliyil and colleagues, increasing Drpl
expression or decreasing MitoPLD expression which promotes mitochondrial fragmentation,
led to increased delamination, whereas decreasing Drpl decreased delamination (33). This
study showed that MitoPLD, by opposing mitochondrial fragmentation, has a functional role
in the regulation of apoptosis and morphogenetic movements during embryogenesis in
Drosophila.

Finally, PA is a dynamic lipid capable of being converted into other bioactive signaling
lipids, one of which is diacylglycerol (DAG) (23). The family of cytoplasmic enzymes that
mediate this activity is known as Lipin (23). Mutations in Lipin 1 cause fatty liver dystrophy
and peripheral neuropathy in mice (36, 37). MitoPLD-generated PA recruits Lipin 1b to the
mitochondria; Lipin 1b then converts the PA to DAG on the mitochondrial surface,
terminating the fusion-promoting function of PA and shifting mitochondrial morphology
towards increased fragmentation (8). Many mitochondrial fusion events are followed by a
fission event (38); the MitoPLD-PA-lipin1-DAG signaling cascade may play a role in the
temporal-spatial changes of mitochondrial dynamics, in particular in mitochondrial
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dynamic-sensitive tissues such as fat, muscle and neurons. Further studies are needed to
show how PA production regulate mitochondrial fusion, such as through recruiting proteins
that have PA binding domains, or via the negative charge and membrane curvature-altering
properties of PA.

3. Zucchini, the Drosophila homolog of MitoPLD

3.1 Molecular characterization

The Drosophila homolog of MitoPLD, Zuc, was genetically uncovered in a mutagenesis
screen for female sterile mutations (39). The molecular characterization of Zuc was reported
in 2007 (10), subsequent to the identification of mammalian MitoPLD (5), in a study in
which Zuc was shown to be required for transposon suppression during meiosis, a process
that involves production of a specialized form of small RNAs known as piRNA (11). Based
on the similarity of the MitoPLD / Zuc genes to the prokaryotic branch of the PLD
superfamily that exhibits endonuclease activity, Zucwas proposed to be the nuclease that
generates piRNA, but no biochemical evidence has yet been generated to support this
function. Instead, as discussed above, MitoPLD / Zuc has been shown to hydrolyze CL to
generate PA; hence, either that MitoPLD/.Zuc posses both (CL) hydrolase and endonuclease
activities, or the role for Zuc in piRNA biogenesis is an indirect one. Elegantly confirming
the requirement for catalytic activity for Zuc in transposon suppression, the Histidine residue
of the HKD domain is critical for the function of PLD superfamily enzymes (26, 28, 40) as
discussed earlier, and one of the mutant alleles of Zuc that results in loss of transposon
suppression consists of a point mutation in which the HKD His residue was converted to
Tyrosine, ZucS®83 (10). Zuc protein is expressed in Drosophila ovary nurse cell and somatic
supportive cells (10, 41, 42). Zuc was initially reported to be a cytoplasmic protein and / or
in the nuage, a germ cell-specialized electron-dense perinuclear structure that functions as
the site for piRNA biogenesis (10, 43). However, these studies were conducted using an
allele fused at the N-terminus of the protein to a myc-tag or EGFP, which masked the
mitochondrial localization sequence and transmembrane domain. More recent studies using
alleles tagged at the C-terminus reported that it localizes to mitochondria (8, 44), similar to
that reported for MitoPLD (5, 8, 9).

3.2 Function of Zucchini in the Drosophila Germline Cell

In Drosophila germline cells, Zuc has been well-demonstrated to have a critical role in
biogenesis/maturation of piRNAs (Fig. 1). PIWI-interacting RNAs, or piRNAs, initially
named as repeat-associated small interfering RNAs (rasiRNASs) (45), together with
microRNA (miRNA) and small interfering RNAs (siRNAS) are the three classes of small
RNA molecules that mediate RNA interference action in eukaryotic organisms (11, 46).
piRNAs are 24-30nt long RNAs produced from piRNA clusters and repeat sequences by a
Dicer endonuclease-independent process. The Piwi family proteins Piwi, Aubergine and
Argonaute3 associate with piRNAs during piRNA biogenesis and then mediate silencing of
transposons. Transposons are genetic elements that move from site to site within the genome
causing genetic mutations. piRNA-mediated transposon silencing is thus critical for
maintaining genome stability, in particular in germline cells when transposons are mobilized
as a consequence of wide-spread genomic demethylation.

Genetic mutation of Zuc causes sterility in Drosophila females characterized by dorsal-
ventral patterning defects during oogenesis (10). piRNA biogenesis in fly ovaries and testes
is impaired in Zuc mutants as indicated by the decreased expression levels of many types of
these small RNAs (10, 47), leading to upregulation of retrotransposons. Increased
expression of the transposons leads to DNA damage, triggering a meiotic checkpoint that
activates the kinase Chk2, that in turn then suppresses translation of Grk, a protein involved

BMB Rep. Author manuscript; available in PMC 2013 September 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gao and Frohman

3.3 Function

Page 5

in axial patterning of the oocyte. Functional disruption of many of the RNAi pathway
proteins similarly leads to increased Chk2, decreased Grk, and dorsal-ventral patterning
defects. However, whereas the dorsal-ventral patterning defects can be rescued in most of
these cases by eliminating Chk2, the defects persist in embryos lacking Zuc, suggesting that
Zuc undertakes morphogenetic functions independent of its role in piRNA biogenesis (10).
The recent report that Zuc / MitoPLD plays a role in dorsal closure through regulating
mitochondrial morphology (33) is intriguing in connection to the dorsal-ventral patterning
defects reported by Pane and colleagues (10).

The involvement of Zuc in the germline piRNA pathway was further supported by studies
on retrotransposons located in euchromatin and heterochromatin, | and P elements,
respectively. The production of piRNAs involves an amplification loop called the “ping-
pong” cycle. The initial antisense piRNAs are produced by heterochromatic loci, after
association with Piwi and Aub; these antisense piRNAS target the transcripts of euchromatic
elements to generate sense piRNAS, and then the sense piRNASs generate more new
antisense piRNAs from heterochromatin. The | element belongs to class | retrotransposons,
which lacks the long terminal repeats. Mutation of piRNA pathway genes, including aub,
Squ, Zuc, induce derepression of euchromatic | element in a partially post-transcriptional
manner (48). Heterochromatic Pelement is a class Il transposon; its movement within the
genome depends on a transposase. Mutation in Zuc and Sgu showed either complete or
partial loss of repression of frans-silencing effect, an effect characterized by repressing a p
element-lacz copy in trans due to the presence of another one or two copies of p element-
lacz in telomeric-associated sequences in the Drosophila female germline (49, 50). The loss
of repression of frans-silencing is likely due to the strong inhibition of accumulation of /acZ
small RNAs, which is effected by the piRNA pathway in ovaries.

of Zucchini in Drosophila Somatic Cells

Drosophila ovarian follicle cells are specialized somatic cells. In these cells, piwi is the only
PIWI protein present; the other two PIWI proteins, aub and AGO3, are not expressed. Thus,
follicle cells possess only a primary piRNA pathway (47), providing a simplified piRNA
pathway in comparison to that found in germ cells. The somatic piRNAs derive mainly from
piRNA clusters such as flamenco and traffic jam. Mutation in Zuc decreases not only the
production of somatic and germline piRNAs from the flamenco locus, but also the somatic
piRNAs from the traffic jamlocus (41, 43).

Screening of genes involved in the Drosophila piRNA pathway by in vivo RNAI assay
identified Zuc, Armitage and Yb as the essential factors for primary piRNA biogenesis in
ovarian somatic cells (42, 44). Armitage and Yb are RNA helicases. In contrast to the
nuclear localization of piwi, Armitage and Yb co-localize in cytoplasmic foci in the Yb
body, an electron-dense cytoplasmic foci involved in the maintenance of germline and
somatic stem cells that is associated with the mitochondria, whereas Zuc localizes to the
mitochondria (44). Loss of Zuc also affects the localization of piwi. Piwi is no longer seen in
the nucleus, and instead exhibits a perinuclear accumulation co-localized with Armitage at
the Yb body (42, 51). These findings suggest that a role for Zucis in the regulation of transit
of cytosolic piwi through Armitage and the Yb body, involving biogenesis or loading of
piRNAs onto piwi or its release form the Yb body.

Taken together, Zuc plays a critical role in piRNA biogenesis in both ovarian germline cells
and somatic cells.

BMB Rep. Author manuscript; available in PMC 2013 September 03.
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4. MitoPLD and spermatogenesis in mice

Mice lacking MitoPLD have provided insight into the expression, distribution and function
of endogenous MitoPLD. As cited above, the Drosophila MitoPLD homologue, Zuc, plays a
vital role in piRNA biogenesis; mammalian MitoPLD is also essential for germline nuage
formation and spermatogenesis.

MitoPLD~/~ mice are grossly normal in appearance and the major phenotype is male mice
infertility (8, 9). MitoPLD is strongly expressed in the testis. In the absence of MitoPLD,
mitochondrial dynamics in somatic cells are altered with more centralized localization of
shorter mitochondria; in fetal germ cells, mitochondria re-localize to the peri-centrosomal
region. These findings indicate an altered relationship of mitochondria to the microtubule
network.

Meiotic arrest at the primary spermatocyte stage, more specifically, early in development of
pachytene spermatocytes, is observed in MitoPLD™~ mice (8, 9). The germline-specific
structure, the nuage, also known as intermitochondrial cement, or chromatoid body,
depending on the specific stages, is absent from MitoPLD ™/~ spermatocytes. Mutation of
genes encoding other nuage components, including MILI, MIWI2, TDRD1, TDRD9, MVH,
Mael and GASZ (14-20), leads to a similar meiotic arrest phenotype during spermatogenesis
(Fig. 2). As nuage is the major site of piRNA biogenesis, derepression of L1
retrotransposons, loss of TDRD1 expression, increased level of genomic damage and
reduced methylation of the Rasgrf1 differentially-methylated region in MitoPLD~/~ testis all
indicate the important role of MitoPLD in the piRNA pathway (8, 9, 52).

The major biochemical process currently demonstrated for MitoPLD is to hydrolyze
cardiolipin to generate PA,; the PA recruits Lipin 1 to the mitochondrial surface to convert
the PA to DAG. The presumably elevated levels of PA on the mitochondrial surface appear
to increase nuage formation in mice lacking Lipin 1 (f/a/fld) mice, confirming the presence
of the PA and DAG generating pathways on the mitochondrial surface and their influence on
nuage formation. However, the fld/fld mice produce motile sperm, indicating that increased
nuage formation does not interfere with spermatogenesis. How PA exerts its function in
nuage formation and in piRNA complex formation / biogenesis are not currently known.
Possibilities include recruitment of PA-binding proteins that promote the complex formation
or effects on the microtubule trafficking of mitochondria or piRNA precursor transcripts to
the mitochondria. PA is also a highly negatively charged lipid, it could also attract nuage by
electrostatic force, since the nuage is enriched in positively-charged histone proteins.

In summary, the discovery of MitoPLD as a protein that regulates mitochondrial dynamics
revealed an important lipid signaling pathway on the mitochondrial surface. PA is the only
signaling molecule known to be generated by the activity of MitoPLD at present. The
establishment of MitoPLD™~ mice uncovered the piRNA biogenesis-regulating role of
MitoPLD, which is similar to that of its Drosophilahomolog Zuc. Further studies are needed
to understand how MitoPLD affects nuage formation as well as piRNA generation.

Finally, since piRNA biogenesis is known to be critical only for spermatogenesis, the
requirement for MitoPLD in the process raises the potential of small molecule MitoPLD
inhibitors as potential male contraceptive agents. Specific and potent small molecule
inhibitors with utility /n vivo have been developed for other members of the PLD family
(53-58), making it feasible to propose identifying one for MitoPLD (the existing classical
PLD1/2 small molecule inhibitor does not block MitoPLD activity (54)). Males account for
approximately one third of contraceptive usage in general, making this an attractive
therapeutic target that could be highly effective and easily reversible.
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Fig. 1. Components of the piRNA biogenesis complex in Drosophila melanogaster
In Drosophila ovarian somatic cells, primary piRNAs are generated at the Yb body. Piwi
associates with Armi and translocates to the Yb body, where piRNA precursors are loaded
onto piwi-Armi complex and processed to form mature piRNAs in the presence of Zuc, the
Drosophila homolog of MitoPLD, which is expressed on the mitochondrial surface. In the
absence of Zuc, piwi fails to be released from Yb body and accumulates there. In Drosophila
germ cells, piRNA biogenesis occurs in the nuage via an amplification loop, also called the
ping-pong cycle. Zucand Sgu have been reported to interact physically with Aub, and Tudor
to associate with Aub and Ago3, Vasa, Mael, and Tejas. SpnE and KRIMP are also
components of the nuage and may play roles in piRNA biogenesis. See text for additional

details.

BMB Rep. Author manuscript; available in PMC 2013 September 03.

Page 11



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Gao and Frohman Page 12

piP-body  Nuage Mitochondrion
pi-body

Fig. 2. Proposed piRNA biogenesis complex in mice

MitoPLD localized on the mitochondrial surface hydrolyzes cardiolipin to generate PA, a
negatively-charged lipid, which may promote nuage complex formation either by recruiting
the positively-charged nuage via electrostatic attraction, by anchoring a nuage-localized PA-
binding protein, or by affecting piRNA precursor or mitochondrial trafficking along
microtubules. GASZ co-localizes with mili, MVH, TDRD1, RanBP9, or MIWI depending
on the stages of spermatogenesis. The piP-body contains Mael, MIWI2 and TDRD9 and
physically interacts with nuage/the pi-body. See text for additional details.
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