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SUMMARY

The mammalian Phospholipase D MitoPLD facilitates
mitochondrial fusion by generating the signaling lipid
phosphatidic acid (PA). The Drosophila MitoPLD
homolog Zucchini (Zuc), a proposed cytoplasmic
nuclease, is required for piRNA generation, a critical
event in germline development. We show that Zuc
localizes to mitochondria and has MitoPLD-like
activity. Conversely, MitoPLD '~ mice exhibit the
meiotic arrest, DNA damage, and male sterility
characteristic of mice lacking piRNAs. The primary
function of MitoPLD seems to be the generation of
mitochondrial-surface PA. This PA in turn recruits
the phosphatase Lipin 1, which converts PA to diacyl-
glycerol and promotes mitochondrial fission, sug-
gesting a mechanism for mitochondrial morphology
homeostasis. MitoPLD and Lipin 1 have opposing
effects on mitochondrialength and on intermitochon-
drial cement (nuage), a structure found between
aggregated mitochondria that is implicated in piRNA
generation. We propose that mitochondrial-surface
PA generated by MitoPLD/Zuc recruits or activates
nuage components critical for piRNA production.

INTRODUCTION

Mitochondria, in addition to their long-recognized role in energy
production, are now appreciated to regulate numerous cell bio-
logical pathways including apoptosis and intracellular calcium
homeostasis (Lebiedzinska et al., 2009). These regulatory
processes involve communication between the mitochondria
and the rest of the cell via signaling pathways on the mitochon-
drial surface that mediate interactions with cytoplasmic proteins.
Some of these pathways involve lipids (Huang and Frohman,
2009), such as cardiolipin, which serves to recruit tBid during
apoptosis (Schug and Gottlieb, 2009). We previously reported
that human MitoPLD, a member of the Phospholipase D (PLD)
superfamily, initiates a lipid signaling pathway that facilitates
mitochondrial fusion (Choi et al., 2006). Mitochondrial fusion

and fission are important for many aspects of normal cellular
homeostasis, enabling mitochondria to alter their morphology
to increase the efficiency of energy production, to mark
unhealthy mitochondria for autophagy, and to translocate to
subcellular locations at which ATP generation or calcium uptake
are most needed (Chen and Chan, 2009). The rates of fusion and
fission are regulated by varied types of signaling events.

MitoPLD is a highly divergent PLD superfamily member most
closely related to a subfamily of prokaryotic PLDs collectively
called Nuc, which function as endonucleases (Choi et al.,
2006). However, unlike Nuc, MitoPLD was unexpectedly found,
using biochemical approaches, to cleave the mitochondrial-
specific lipid cardiolipin to generate the canonical PLD super-
family product phosphatidic acid (PA). PA, a pleiotropic and
rapidly metabolized signaling lipid, has been shown to function
as a membrane anchor for recruitment of SNARE complex
proteins, small G protein exchange factors and kinases, to acti-
vate lipid kinase enzymes and vesicle trafficking machinery, and
to serve as substrate for production of the signaling lipids diac-
ylglycerol (DAG) and lysoPA (Cazzolli et al., 2006; Jenkins and
Frohman, 2005). Overexpression of WT MitoPLD causes mito-
chondria to aggregate, whereas a catalytically-inactive allele or
RNAi knockdown decreases fusion resulting in mitochondrial
fragmentation. This indicates that it is the production of PA
that regulates mitochondrial morphology, rather than protein/
protein interactions or other potential roles for MitoPLD (Choi
et al.,, 2006). Nonetheless, the mechanism through which
MitoPLD-generated PA alters mitochondrial morphology
remains unknown.

The Drosophila homolog of MitoPLD, denoted Zucchini (Zuc),
has been reported to be a cytoplasmic presumptive nuclease
with a critical role in piRNA generation during gametogenesis
(Pane et al., 2007). piRNA, a germline-specific defense mecha-
nism against transposon mobilization, is generated via a pair of
multiprotein complexes with distinct subcellular localization
(Aravin et al., 2009). One complex, termed the pi-body, localizes
to one type of an electron-dense structure known as nuage
(Russell and Frank, 1978). This type of nuage is transiently asso-
ciated with aggregated mitochondria in gametogenesis shortly
before and during meiosis. The other complex, the piP-body, is
physically distinct but in nearby germinal cytoplasmic granules.
piRNAs are thought to be generated initially by the pi-body
(primary piRNAs), after which the piP-body amplifies and
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expands the piRNA population generated (Brennecke et al.,
2007). Zuc is involved in the production of the primary piRNAs
characteristic of the pi-body, although whether it is required
(Saito et al., 2009) or has a more modest role (Malone et al.,
2009) in primary piRNA generation remains unsettled. Loss of
Zuc, or most any other of the identified piRNA pathway compo-
nents in either complex, results in a failure to suppress
transposon mobilization, ensuing DNA damage, and check
point-induced meiotic arrest, leading to apoptosis and sterility
(Thomson and Lin, 2009), although Zuc may undertake
other roles as well (Pane et al.,, 2007). A number of piRNA
pathway components, when ablated in mice, create similar
phenotypes, leading to meiotic arrest during spermatogenesis
(He et al., 2009).

Taken together, these reports raised questions regarding
whether the mammalian and Drosophila MitoPLD/Zuc homologs
have evolved to undertake different enzymatic functions at
different subcellular locations, or whether MitoPLD/Zuc might
encode multiple types of activities and functions. We present
findings in this study that largely resolve the species differences,
indicating conserved roles in mitochondrial lipid signaling,
fusion/fission homeostasis, and meiotic progression. Moreover,
we extend this lipid signaling pathway to encompass diacylgly-
cerol (DAG), which seems to play an opposing role in both
mitochondrial morphology and nuage formation. Our results
suggest a link between mitochondrial dynamics and the germline
ultrastructure necessary for piRNA production.

RESULTS

Both Human and Drosophila MitoPLD/Zuc Alter
Mitochondrial Morphology in an Activity-Dependent
Manner and Localize to Mitochondria

As previously reported, the mechanism via which MitoPLD
becomes localized to mitochondria involves a 39-amino acid
N-terminal domain that functions as a trans-membrane tail to
anchor MitoPLD into the outer mitochondrial membrane (Choi
etal., 2006). Drosophila Zuc also encodes a predicted N-terminal
transmembrane mitochondrial localization sequence (Choi et al.,
2006), but was reported to localize to cytoplasmic granules and
to perinuclear cytoplasm including the nuage (Pane et al., 2007;
Saito et al., 2009), potentially through complex formation with the
nuage-localized piRNA-binding protein Aubergine (Pane et al.,
2007). However, these studies employed Zuc alleles N-terminally
tagged with EGFP or HA. We thus examined the possibility that
the Zuc mitochondrial localization sequence had been inacti-
vated in the N-terminal fusion protein.

Mitochondria in Hela cells characteristically appear as an
elongated and branched tubular network (Figure 1A, arrow).
Overexpressed wild-type (WT) human MitoPLD tagged C-termi-
nally with EGFP localizes to the mitochondria and causes them
to accumulate peri-nuclearly as an aggregate (Figure 1A,
asterisk indicates region denoted by diamond shown magnified
in inset). In contrast, catalytically-inactive MitoPLD (H156N) trig-
gers mitochondrial fragmentation (Figure 1B, arrowhead, inset),
which also frequently results in perinuclear accumulation.
Deleting the N-terminal domain (see Figure S1 available online)
or placing EGFP at the N terminus (Figure 1C) causes MitoPLD
to localize to the cytoplasm and prevents changes to mitochon-

drial morphology. Finally, in contrast to the published reports
(Pane et al., 2007; Saito et al., 2009), Drosophila Zuc tagged
C-terminally with EGFP localizes to mitochondria (Figure 1D,
arrow), and like WT-MitoPLD, triggers perinuclear aggregation
when overexpressed sufficiently (). Conversely, an inactive
allele of Zuc, H169N, causes fragmentation (Figure 1E,
arrowhead).

Taken together, these findings indicate that, like human
MitoPLD, Zuc localizes to mitochondria. Moreover, it stimulates
mitochondrial aggregation in an activity-dependent manner.

MitoPLD Produces PA on the Mitochondrial Surface

We previously reported, using biochemical approaches, that
MitoPLD hydrolyzes cardiolipin to generate PA (Choi et al.,
2006), raising the question of where on the mitochondria the
PA is generated and accumulates. A fluorescent sensor for PA
(Raf1-PA binding domain [PABD]-EGFP) (Rizzo et al., 2000)
was employed to visualize changes in detectable PA as a conse-
quence of manipulating the MitoPLD expression level. In control
NIH 3T3 cells, the sensor distributes throughout the cell (Fig-
ure 2A). However, increasing MitoPLD expression to cause PA
production induced sensor translocation to the aggregated
mitochondria (Figure 2B, arrow). The recruitment was specific
for PA, because increasing MitoPLD expression did not elicit
translocation of a mutant form of the PA sensor that lacks the
ability to bind PA (Figures S2A and S2B), nor did the WT sensor
translocate in response to expression of the catalytically-inactive
MitoPLD allele H156N (data not shown). Finally, the PA sensor
did not translocate to the mitochondrial surface when the
N-terminally-truncated, cytosolic WT allele (A39-MitoPLD) was
expressed, indicating a requirement for MitoPLD to be localized
to the mitochondrial surface for PA to be generated there (data
not shown). Detection of PA on the exofacial mitochondrial
surface supports our prior model that MitoPLD is an outer
membrane protein with a cytoplasmically-oriented catalytic
domain that hydrolyzes CL on the mitochondrial surface (Choi
et al., 2006).

MitoPLD Production of PA Recruits Lipin 1b

that Converts the PA into DAG

In many signaling events, the PA produced by PLD is rapidly con-
verted to DAG. This process either serves to terminate the
signaling events promoted by PA, or DAG itself is the bioactive
signaling lipid in the cell biological process (Brindley et al.,
2009). We thus sought to determine if MitoPLD-generated PA
is converted to DAG, the enzyme involved if so, and whether
accelerating the conversion of PA to DAG promoted or opposed
the profusion effects of PA, because DAG has been linked both
to membrane organelle fusion and fission events in different
settings (Riebeling et al., 2009). PA dephosphorylation to
generate DAG is mediated by the Type 1 and 2 families of phos-
phatidate phosphatases (PAPs). PAP2s are well established as
multipass transmembrane proteins with active sites on the extra-
cellular surface or lumen of organelles, making them unlikely
candidates to mediate cytosolic conversion of PA to DAG.
PAP1, on the other hand, was recently identified as the Lipin
family of cytosolic proteins. Lipin 1 (of three isoforms) is the
best studied family member (Brindley et al., 2009). Mutations in
Lipin 1 cause a Type-ll diabetes-like syndrome in mice called
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Figure 1. Drosophila Zuc Localizes to and Aggregates Mitochondria in an Activity-Dependent Manner

Hela cells were transiently transfected with expression plasmids for tagged isoforms of human MitoPLD and Drosophila Zuc, immunostained for cytochrome
(cyt) c to visualize mitochondria, and imaged using confocal microscopy. (A) WT MitoPLD C-terminally tagged with EGFP; (B) catalytically-inactive (H156N)
MitoPLD; (C) WT MitoPLD N-terminally tagged with EGFP; (D) Zuc C-terminally tagged with EGFP; (E) catalytically-inactive (H169N) Zuc. Asterisk, transfected
cells with mitochondrial aggregation; arrow, nontransfected cell with tubular mitochondria; diamond, region magnified zoomed panel; arrowhead, fragmented
mitochondria; wavy arrow, colocalization of Zuc with mitochondrial tubules at low levels of expression. The cells shown are typical of those observed in multiple
fields for transfection experiments performed three or more times. Colocalization coefficients for transfected cells shown are shown at the bottom of the merged
panels, using the range 0 (no colocalization) to 1 (all pixels colocalized) to indicate the degree of colocalization of MitoPLD/Zuc with cyt c.

fatty liver dystrophy (fld) that involves lipid storage dysregulation
and poorly understood abnormal mitochondrial function. The
localization of Lipin 1 is complex, including to the cytoplasm,
endoplasmic reticulum, nuclear envelope, and nucleus in
different cell types and settings. The two alternately spliced
isoforms Lipin 1a and 1b (Figure 3) may have differences in their
localization patterns.

Transfection of Lipin 1b into NIH 3T3 cells revealed a punctate
cytoplasmic localization (Figure 2C). Surprisingly, increased
expression of MitoPLD resulted in translocation of virtually all
of the Lipin 1b to the aggregated mitochondria (Figure 2D,
arrow). The translocation was not due to physical interaction
between MitoPLD and Lipin 1b, because increased expression
of catalytically-inactive MitoPLD did not recruit Lipin 1b to the

mitochondrial surface (Figure 2E). The translocation was also
not caused by mitochondrial aggregation per se, because
forcing aggregation through overexpression of the fusion protein
Mitofusin 1 (Chen et al., 2003), which does not substantially
elevate mitochondrial PA levels (Choi et al., 2006), did not elicit
Lipin 1b movement (Figure 2F). Finally, underscoring the direct
role of PA in the recruitment, Lipin 1b could alternately be
recruited to the plasma membrane by overexpression of Phos-
pholipase D2 (Figures S2C and S2D), a mammalian PLD that
generates PA on the plasma membrane via hydrolysis of phos-
phatidylcholine (Colley et al., 1997).

We next used a fluorescent sensor for DAG (C1bd-YFP; Gior-
gione et al., 2006) to determine whether Lipin 1b, once brought to
the mitochondrial surface, would generate DAG from the PA
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Figure 2. Lipin 1b Is Recruited to the Mito-
chondrial Surface by MitoPLD-Generated
PA that It Converts to DAG

(A and B) MitoPLD-generated PA can be detected
by a cytosolic PA sensor. Control (A) and induc-
ible-MitoPLD-expressing (B) NIH 3T3 cells were
transfected with an expression plasmid encoding
the Raf1 PA sensor (Raf1-PABD). Arrow, localiza-
tion of sensor to MitoPLD-aggregated mitochon-
dria.

(C-F) Activity-dependent recruitment of Lipin 1b to
mitochondria by MitoPLD. NIH 3T3 control cells
(C) or inducible cells expressing (D) WT MitoPLD,
(E) catalytically-inactive H156N-MitoPLD, or (F)
Mitofusin 1 were transiently cotransfected with Mi-
toEGFP to visualize mitochondria and HA-tagged
Lipin 1b. 1 day later, the cells were immunostained
with anti-HA to detect Lipin 1b. Arrow, localization
of Lipin 1b to MitoPLD-aggregated mitochondria.
(G-l) Production of DAG on the mitochondrial
surface after Lipin 1b translocation. (G) Control
NIH 3T3 cells were transfected with an expression
plasmid encoding a DAG sensor (C1b3-YFP) and
immunostained to detect cytochrome c, or calreti-
culin as an endoplasmic reticulum (ER) marker and
GM130 as a Golgi marker. (H) C1b3-YFP (green)
was transiently transfected into NIH 3T3 cells
expressing MitoPLD-Flag, which was detected
using an anti-Flag epitope monoclonal antibody.
(I) Cotransfection of HA-Lipin 1b and C1bd-YFP
into NIH 3T3 cells expressing MitoPLD-Flag. g,
Golgi; m, mitochondria. The cells shown are
typical of >90% of the cells in multiple fields for
transfection experiments performed three or
more times.

(J) Proposed model for the MitoPLD-Lipin
mitochondrial surface lipid signaling pathway.

Increased expression of MitoPLD alone
did not cause substantial translocation
of the sensor to mitochondria (Figure 2H).
However, increased expression of both
MitoPLD and Lipin 1b led to robust
translocation of the DAG sensor to the
aggregated mitochondria (Figure 2lI).
Biochemical analysis revealed a 75%
increase in DAG in mitochondria
prepared from Hela cells overexpressing
MitoPLD and Lipin 1b compared to
control HeLa mitochondria (from 9.6 x
10° to 16.8 x 10° pmol DG/phosphate),
although this approach does not reveal
the specific increase on the mitochondrial
surface. The increase in mitochondrial
surface DAG was dependent on the cata-
lytic activity of Lipin 1b, because the cata-
lytically-inactive allele D712A (Brindley
et al., 2009) efficiently translocated to
mitochondria overexpressing MitoPLD

available there. When expressed in NIH 3T3 cells, which express  but did not trigger recruitment of the DAG sensor (Figures S2E
relatively low levels of Lipin 1b, the sensor localizes in parttothe and S2F). Taken together, these results demonstrate that in
Golgi apparatus (Figure 2G), a site at which DAG is abundant. a setting of exaggerated expression, Lipin 1b moves to the
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Figure 3. Lipin 1b Is Recruited to Mitochondria via a Central Domain
and Promotes Mitochondrial Tubule Shortening at Physiological

Levels of PA in an Activity-Dependent Manner

(A) Lipin 1b overexpression shortens mitochondrial tubules. HelLa cells were
transiently transfected with control vector, wild-type HA-Lipin 1b, or catalyti-
cally-inactive HA-Lipin 1b-D712A. Twenty-four hours later, the cells were
stained with anti-HA antibody (red) and cyt c (green). Asterisk, transfected cells
with fragmented mitochondria; arrow, nontransfected cell with tubular mito-

chondria.

(B) Mitochondrial morphology was quantified for cells with predominantly
tubular, intermediate, or fragmented mitochondria (see Experimental Proce-
dures). The experiment was repeated three times with an average of 61 cells
counted of each type per experiment. Bars represent standard deviation (SD).
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mitochondrial surface in response to MitoPLD-generated PA and
converts it into DAG (Figure 2J).

Lipin 1b Is Recruited to Mitochondria

via a PA-Responsive Central Domain

and Decreases Mitochondrial Length

Transient expression of Lipin 1b in HelLa cells transformed the
characteristic long mitochondrial tubules (Figure 3A, arrow)
into moderately-sized fragments (Figure 3A, asterisk). Quantita-
tion of the shift revealed a statistically significant shift toward
fragmentation, but only for the WT Lipin 1b allele, not for the
catalytically-inactive one (Figure 3B). Conversely, Lipin 1
knock-down lengthened mitochondrial tubules (Figure 3C). Mito-
chondria in control NIH 3T3 cells infected with adenoviral-deliv-
ered LacZ shRNA were intermediate (63 + 14%; arrowheads) or
tubular (36 + 13%) in appearance, with only 1% exhibiting an
elongated, supertubulated morphology. In contrast, 35% + 7%
of the mitochondria in cells infected with Lipin shRNA (Finck
et al., 2006) were unusually elongated (arrows), and many fewer
cells were intermediate in morphology (23 + 7%). These findings
suggest that PA is the profusogenic lipid signal, and Lipin 1b
conversion of PA to DAG serves to terminate the pathway(s)
activated by PA. The results also indicate that Lipin 1b affects
mitochondrial morphology at physiological levels of PA, although
the fraction of Lipin 1b stably recruited to the mitochondria in this
setting is below the limit of visible detection using this micro-
scopic approach.

These findings raised the issue of the PA-directed recruitment
mechanism. Lipin 1b encodes a C-terminal catalytic domain,
a conserved N-terminal LIP domain of unknown function, and
three basic amino acid-rich regions characteristic of the types
of unstructured, positively-charged regions that mediate binding
of a number of signaling proteins to PA (Figure 3D). Deletion anal-
ysis revealed that none of these domains and regions mediated
the recruitment, but rather, the translocation was regulated by
a central domain, amino acids 430-570 (Figures 3D and 3E;
data not shown). As before, neither catalytically-inactive
MitoPLD nor Mitofusin 1 triggered mitochondrial translocation
(Figures S3A and S3B), and the Lipin 1b PA-responsive central
domain could be recruited to the plasma membrane by

(C) Knockdown of Lipin 1 using adenoviral-delivered shRNA causes length-
ening of mitochondrial tubules. Left, control NIH 3T3 cells infected with Lac
Z shRNA. The shRNA vector additionally expresses EGFP to reveal which cells
are transfected and the level of transfection. Note that the length of mitochon-
dria as imaged using anti-cyt. C antisera (red) is similar in transfected (arrow-
heads) versus nontransfected cells. Right panel, NIH 3T3 cells infected with
Lipin 1 shRNA. Note the elongated mitochondria (arrows). The experiment
was performed three times, counting 100 cells in each condition per
experiment.

(D and E) PA-dependent translocation depends on a central region of Lipin 1b.
Deletion mutants of Lipin 1b were cotransfected with MitoEGFP into control
and MitoPLD-expressing NIH 3T3 cells and imaged as shown in Figures 2C
and 2D to identify the region that mediates PA-induced translocation to
mitochondria. +, translocation seen in >95% of cotransfected cells; —, no
translocation observed. n > 100 cells for each construct, which were trans-
fected in at least three separate experiments. Red lines, basic amino acid clus-
ters; purple box, alternate exon included in Lipin 1b and excluded in Lipin 1a;
yellow bar, catalytic motif. (E) Lipin 1b (430-570) and MitoEGFP cotransfected
into control and MitoPLD-expressing NIH3T3 cells.
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Figure 4. The Lipin 1 Catalytic Domain Translocates Independently
of PA to Sites of Mitochondrial Fission and Causes Mitochondrial
Fragmentation

(A-D) HelLa cells were transfected with Lipin 1b 705-end. (A) Asterisk, non-
transfected cell showing normal mitochondrial tubulation; arrow, transfected
cells with extensive fragmentation. (B) Magnification of fragmented tubules.
Note the localization of HA-Lipin 1b to the tips of the fragments. (C) Example
of a relatively infrequent (13% = 1.9%) transfected cell that retained some
tubulation. (D) Magnification of tubules decorated with HA-Lipin 1b.

(E-K) Colocalization of HA-Lipin 1b with endogenous Drp1 on tubules (lower
power magnifications, Figure S4C). (F, I, and K) Arrowheads, constrictions
with Drp1 and the Lipin 1 catalytic domain; arrows, constrictions with only Drp1.
(L) Proposed model for regulated mitochondrial fusion and subsequent
fission. Production of PA by MitoPLD facilitates mitochondrial fusion followed

increased expression of PLD2 (Figures S3C and S3D). Although
there is no obvious cluster of basic amino acids in this central
region, there are dispersed basic amino acids that may mediate
interaction with PA. Alternately, it is possible that this region may
interact with another protein that binds PA directly. However,
because the region also translocates to the plasma membrane
on PLD2 expression, such a hypothetical protein partner could
not be mitochondrial-specific.

The Lipin 1 Catalytic Domain Localizes to Sites

of Mitochondrial Fission and Promotes Fission

in a PA-Independent Manner

Unexpectedly, even though elevated levels of PA on the mito-
chondrial surface are required to recruit a visibly detectable
quantity of full-length Lipin 1b, the isolated Lipin 1 catalytic
domain (amino acids 705-924) localized to mitochondria in cells
with physiological levels of PA (Figure 4A, arrow) and caused
production of DAG (Figure S4A). In fact, the Lipin 1 catalytic
domain localized to mitochondria even in cells expressing cata-
lytically-inactive MitoPLD, which should lack or have markedly
decreased PA on the mitochondrial surface (Figure S4B). More-
over, the normally elongated mitochondrial tubules character-
istic of HelLa cells (Figure 4A, asterisk) exhibited almost complete
fragmentation (Figure 4A, arrow), and the Lipin 1 catalytic
domain localized to the tips of the small mitochondria (Figure 4B).
In rare cells in which the fragmentation was incomplete, the Lipin
1 catalytic domain was observed to localize in a punctate
manner on the tubules (Figures 4C and 4D), which was reminis-
cent of the localization pattern for Drp1, a protein that drives
mitochondrial fission (Frank et al., 2001). Localization of Drp1
and the Lipin 1 catalytic domain on the incompletely fragmented
tubules (Figure 4E; Figure S4C) revealed that the Lipin 1 catalytic
domain (Figure 4l) colocalized with Drp1 (Figure 4J) at con-
stricted regions of the tubules (Figures 4F-4H, arrowheads), sug-
gesting its participation in the fission process. However, there
were also numerous sites of tubular constriction at which Drp1
alone was found (arrows).

These findings suggest a model in which fusion events
involving MitoPLD lead to PA production on the mitochondrial
surface (Figure 4L), which recruits Lipin 1b. We propose that
the recruitment process induces a conformational change in
Lipin 1b that exposes the cryptic, fission site-localizing domain,
leading to focusing of Lipin 1b at future sites of fission through
interaction with an unknown protein partner, and promotion of
fission through production of DAG. This hypothetical model is
attractive for several reasons, including that PA has been shown
in biochemical assays to dramatically stimulate Lipin 1 catalytic
activity through an unknown mechanism (Han and Carman,
2010). Moreover, mitochondrial fusion events have been linked
temporally and spatially to future fission events, although the
underlying mechanism is unknown (Liu et al., 2009; Twig et al.,
2008). The model proposed here provides one such potential
mechanism via a process that would promote homeostasis,
i.e., mitochondria undergoing fusion would stimulate their own

by the recruitment of Lipin 1 to convert the PA into DAG, which promotes
fission at nearby sites. See text for details.
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Figure 5. Loss of MitoPLD Shortens Mitochondrial
Tubules in Mouse Embryo Fibroblasts

(A) MEFs prepared from WT and MitoPLD~~ day 13.5
embryos were fixed, immunostained for cyt c, and scored
for tubular morphology. Typical fully-tubulated WT MEF.
(B) Typical MitoPLD~'~ MEF with shortened tubules and
many mitochondrial fragments (arrow), particularly in

p<0.001

p<0.001

MitoPLD™ WT MitoPLD* periphery of cell. Thin circle, region containing mitochon-
[ Tubular drial fragments copied into thick circle with increased
[ Intermediate

future fission, helping to maintain mitochondria within a relatively
restricted range of sizes.

Mouse Embryo Fibroblasts Lacking MitoPLD Exhibit
Shortened Mitochondrial Tubules and Fragments

and Are Resistant to the Effects of Lipin 1b,

but Not the Lipin 1 Catalytic Domain

We targeted the MitoPLD gene in embryonic stem cells to
generate an allele in which the second exon, which encodes
the key HKD catalytic motif, was flanked with loxP sites (Fig-
ure S5). Mice harboring the targeted allele were crossed to
mice expressing Cre recombinase in oocytes, and off-spring
with Cre-deleted alleles identified. Mice heterozygous for the
Cre-deleted allele were mated to generate homozygous mice
that express only the first exon (MitoPLD~'~), which should
constitute a complete loss of gene function, because the HKD
motif is critical for enzymatic activity for all members of the
PLD superfamily (Jenkins and Frohman, 2005).

Mouse embryo fibroblasts (MEFs) were isolated from
MitoPLD™~ and control WT E13.5 embryos. Control MEFs
almost uniformly exhibited long, tubular mitochondria (Figure 5A,
quantitation in Figure 5C), whereas MitoPLD~’~ MEFs exhibited
shortened mitochondria (Figure 5B, square inset), and in ~50%
of the cells, mitochondrial fragments (arrow) were particularly
prominent in the cellular periphery (Figure 5B, enhanced in
round inset). This finding confirms a role for MitoPLD in regula-
tion of mitochondrial morphology, although the phenotype is
less profound than that observed for loss of proteins that
physically mediate the fusion event such as Mitofusin 1 (Chen
et al., 2003).

Similar to the results shown in Figures 3A and 3B for HelLa
cells, expression of Lipin 1b in WT MEFs led to mitochondrial
shortening and fragmentation (74.6% reduction in tubulation,
238% increase in fragmentation, n = 336 total cells counted,
p < 0.001). However, Lipin 1b expression did not result in further
shortening or fragmentation of MitoPLD~~ MEFs (n = 346,
p > 0.15). In contrast, the Lipin 1 catalytic domain efficiently trig-
gered fragmentation for both WT and MitoPLD '~ MEFs (Figures
5D and 5E). Taken together, these results confirm that the ability
of full-length Lipin 1b to promote mitochondrial fission is depen-

brightness.

(C) Quantitation of mitochondrial morphologies.
MitoPLD™~ MEFs generally displayed at least a small
amount of tubulation and thus were scored as interme-
diate rather than fragmented, despite obvious differences
in appearance of the tubules. The experiment was per-
formed five times with an average of 61 cells counted of
each type per experiment. Bars represent SD.

(D and E) Transient transfection of Lipin 1b 705-end in WT
and MitoPLD '~ MEFs causes extensive fragmentation in
both cell lines.

dent on PA production by MitoPLD, but the isolated catalytic
domain functions independently of PA production.

MitoPLD™'~ Mice Exhibit Meiotic Arrest during
Spermatogenesis, Loss of Nuage and TDRD1,

and Genomic Damage

MitoPLD~'~ offspring generated by crossing MitoPLD*'~ mice
were born in the normal Mendelian ratio and appeared grossly
normal. Mating of the MitoPLD™~ male and female mice re-
vealed normal fertility for females, but 100% penetrant infertility
for male mice (>7 males continuously mating for 6 months). We
previously reported that MitoPLD is expressed widely at low
levels (Choi et al., 2006), and many ESTs in the NCBI database
have been isolated from brain and lung. An anti-MitoPLD anti-
serum demonstrated expression of MitoPLD in the adult testes
(Figure 6A). Data available from microarray studies revealed
that MitoPLD is expressed at low levels in type A and B sper-
matogonia, increases 5-fold in spermatocytes undergoing
meiosis (pachytene spermatocytes), and then decreases again
in round spermatids, and that it is expressed at low levels in
testes in young mice, and then increases 7-fold from day 14 to
day 29 with the onset of puberty (Figure S6).

Gross histological examination demonstrated a substantial
reduction in size for MitoPLD™'~ testes obtained from 3-
month-old mice (Figures 6B and 6C). Hematoxylin and eosin
staining of fixed sections revealed a dramatic difference in
morphology. Seminiferous tubules in WT testes exhibited normal
architecture with an external layer of spermatogonia (Figure 6D)
and progressively more differentiated spermatocytes (Figures
6Ea and 6Eb) and finally spermatids (Figure 6E, c) toward the
lumen of the tubule. In contrast, MitoPLD™'~ tubules were
reduced in size with only a thin layer of cells around the periphery
(Figures 6D and 6E). Spermatogonia and Sertoli cells appeared
normal (Figure 6E, d), and spermatocytes early in meiosis
(prophase) at the leptotene/zygotene/early pachytene stages
were observed (Figure 6Ee), but not late or postmeiotic sper-
matocytes nor spermatids. Instead, the tubules contained
many cells with condensed, heavily staining nuclei typical of
cells undergoing apoptosis (Figure 6Ef, lower cell), cells with
disorganized chromosomal material (Figure 6D, arrowhead,
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Figure 6. MitoPLD~~ Mice Exhibit Meiotic Arrest During Spermatogenesis and Loss of Nuage

(A) MitoPLD is expressed in testes. An affinity-purified anti-MitoPLD peptide rabbit antiserum that recognizes MitoPLD overexpressed in NIH 3T3 cells (left panel)
by Western blotting identifies a band of the correct size (35 kDa) in WT testes (right panel) that is absent in MitoPLD '~ testes. Tubulin, loading control.

(B and C) MitoPLD ™'~ testes were uniformly reduced in size compared to WT testes (n > 20).

(D and E) Hematoxylin and eosin staining of testes sections. White boxes, areas magnified in (E); asterisks, vacuole/cell drop-out sites; arrow, apoptotic cell with
condensed, darkly staining nucleus; arrowhead, cell with disorganized chromosomal material (magnified in inset at lower right of panel). (E) Insets from (D). a and
e, prophase spermatocyte; b, meiotic spermatocyte; c, spermatid; d, spermatogonia; f, apoptotic cell (below) and cell with disorganized chromosomal material
(above).

(F-K) Electron microscopy of WT (F-H) and MitoPLD™"~ (I-K) testes. n, nucleus; arrowheads, nuage associated with aggregated mitochondria; arrow, nuage;
asterisk, magnified region in (H) (K) and (M).

(Land M) NIH 3T3 cells expressing elevated levels of MitoPLD. Images presented in (D-K) are representative of >400 images collected from two to three mice per

genotype in different experiments. Mice were 2-4 months in age.

inset; Figure 6Ef, upper cell), vacuoles suggestive of cell drop-
outs (Figure 6D, asterisks), and cell debris sloughed into the
lumen of the tubules (Figure 6D, upper left). These findings
indicate that spermatocytes in MitoPLD™'~ mice exhibit
meiotic arrest, consistent with the phenotypes for zuc™’~
Drosophila and for a number of genes involved in piRNA produc-
tion that have been shown to be required for mammalian
spermatogenesis.

Electron microscopy examination of spermatocytes from WT
mice at the prophase stage revealed numerous cells in which
the mitochondria were aggregated perinuclearly (Figure 6F, arrow-
heads; Figure S6B), separated by electron-dense nuage, also

known as intermitochondrial cement (Figure 6G, arrow; higher
magnification in Figure 6H). Nuage and aggregated mitochondria
were observed in all WT samples examined. In contrast, neither
aggregated mitochondria nor associated nuage were observed
in any sample of multiple MitoPLD ™'~ testes examined (Figure 6l).
Mitochondria could be found on occasion in close approximation
(Figure 6J), but they were not separated by interposed nuage (Fig-
ure 6K). Loss of nuage is characteristic of some, but not all, of the
previously reported knockout phenotypes for piRNA components
that cause meiotic arrest (He et al., 2009).

piRNA components are known to form large multi-protein
complexes, which has led to the hypothesis that loss of critical
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Figure 7. Loss of TDRD1 Expression and Increased Double-Strand
Breaks in MitoPLD™~ Testes Whereas fld/fld Testes Exhibit
Increased Nuage and Altered TDRD1 Localization

(A and B) Frozen sections of WT and MitoPLD /'~ testes were fixed and stained
with DAPI and immunostained with anti-TDRD1. Inset, magnification of area
indicated by asterisk. Diffuse red haze in interstitial tissue in WT and
MitoPLD ™'~ testes reflects nonspecific staining.

(C and D) Frozen sections were stained with DAPI and immunostained with
anti-yH2X. Images representative of >40 sections examined from two sepa-
rate immunostaining experiments. All images were captured with the same
intensity of laser and processed identically. Asterisk, center of tubule.

(E-G) Electron microscopy images of fld/fld testes. Arrowheads, nuage;
asterisk, white box, areas magnified in (F and G). Representative of >75 images
from three adult mice (2-4 months old).

(H) Normalized nuage density in WT and fld/fld testes. NIH ImagedJ software
was used to quantitate nuage density, which was then normalized to the
density of adjacent mitochondrial matrix to control for contrast and darkness
of image (compare H to Figure 6H). n = 21 measurements for each genotype,
images obtained from multiple grids and experiments. Box, 25th and 75th
percentiles; bars represent range.

(I and J) Anti-TDRD1 and DAPI staining in frozen sections from fld/fld testes.
n = 2 experiments, five sections/experiment. Representative images.

proteins physically destabilizes the entire complex (Ma et al.,
2009). MitoPLD could be proposed to undertake a similar func-
tion. However, this appears unlikely, because one of the fully
penetrant alleles of Drosophila zuc is a mutation of the key histi-
dine in the HKD enzymatic motif (Pane et al., 2007), which should
only eliminate enzymatic activity. We have shown that mutation
of this residue results in a mutant protein (for both Drosophila
Zuc and human MitoPLD) that is expressed at WT levels, local-
izes normally to the mitochondria, and folds sufficiently well to
heterodimerize with WT protein and function as a dominant
negative (Figure 1 and Choi et al., 2006). Thus, a critical
protein/protein interaction does not seem likely to underlie
the requirement for MitoPLD in formation of nuage-associated
mitochondria. In fact, overexpression of enzymatically-active

Developmental Cell
MitoPLD, Mitochondria Fusion, and piRNA Biogenesis

MitoPLD in cultured cell lines aggregates mitochondria with
a thin intervening layer of electron dense material (Figures 6L
and 6M and Choi et al., 2006), suggesting that the formation of
nuage-associated mitochondria might be driven solely by raising
levels of PA sufficiently high enough on the surface of the mito-
chondria, because almost all of the other piRNA-associated
components are expressed only in germ cells and hence would
not be present in the cultured cells.

Loss of nuage should result in mislocalization or loss of critical
pi-body components of the piRNA pathway. To examine this,
immunofluorescent staining for TDRD1, one such component,
was performed. TDRD1 expression initiates in the meiotic
prophase as spermatogonia differentiate into spermatocytes,
and then decreases with formation of spermatids (Hosokawa
et al., 2007). TDRD1 localized to the nuage, which appeared as
a collection of largely perinuclear punctate foci in spermatocytes
in WT tubules prepared from adult male mice (Figure 7A). In
contrast, TDRD1 was not detected in MitoPLD~'~ tubules
(Figure 7B).

Loss of critical components of the piRNA-generating pathway,
such as TDRD1, leads to transposon mobilization and ensuing
DNA damage, as can be visualized by imaging yH2X that local-
izes to double-strand DNA breaks (Soper et al., 2008). A low level
of yH2X expression is observed in WT tubules as a consequence
of the meiotic process and a low level transposon expression
(Figure 7C and Soper et al., 2008). Markedly increased levels
of YH2X were observed in MitoPLD~'~ spermatocytes (Fig-
ure 7D), indicative of substantial genomic damage. Taken
together, the loss of nuage and TDRD1, increased genomic
damage, meiotic arrest, and cell death provides compelling
evidence that the role of MitoPLD in mice is similar to the role
of Zuc in Drosophila in the piRNA generation pathway that
confers defense against transposon mobilization during
gametogenesis.

Ablation of the PA-Metabolizing Enzyme Lipin 1
Increases Nuage and Alters the Localization

Pattern of TDRD1

Male mice lacking Lipin 1 (fld, fatty liver dystrophy) are infertile,
which has been proposed to ensue from their spastic neurolog-
ical phenotype (Langner et al., 1991). Examination of adult fld/fld
testes indicated that they are normal sized, appear normal
histologically, and produce motile sperm (data not shown).
However, electron microscopy examination revealed a difference
in the appearance of nuage (Figure 7E, arrowheads). In contrast
to the nuage observed in WT mice (Figures 6F-6H), which
exhibited approximately the same density as the adjacent
mitochondrial matrix (Figure 6F and Figure 7H), the nuage in
fld/fld spermatocytes was substantially increased in density
(Figures 7E-7H). In addition, the nuage between mitochondria
in WT mice typically was short in length (17.6% =+ 2.9% of the
circumference of the mitochondria, n = 11), but was 2-fold longer
for fld/fld spermatocytes (34.3% +2.7%, n = 18, p < 0.01).
Consistent with the alteration in nuage appearance, the localiza-
tion of TDRD1 was also altered, in that the pattern of many small
foci shifted to a less uniform collection dominated by larger foci
(Figure 71, J). Taken together, these findings suggest that loss of
the PA-metabolizing enzyme Lipin 1 results in elevated levels of
PA on the mitochondrial surface, leading to increased nuage
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formation and further supporting the role of PA in mitochondria-
nuage association.

DISCUSSION

The piRNA generation pathway is complex, involving enzymes
that methylate the RNA-cleaving enzymes and piRNAs them-
selves, MRNAs that both serve as substrate to generate piRNAs
and encode proteins that transport the piRNAs to the nucleus,
and proteins of unknown function that may serve as scaffolds
or recruit small G-proteins to the active complex. piRNA primary
processing takes place on pi-bodies, which colocalize with
intermitochondrial cement/nuage (Russell and Frank, 1978).
A current question concerns the relationship of the primary pro-
cessing in pi-bodies to the association of nuage with mitochon-
dria. We show here that a mitochondrial regulator of fusion/
fission homeostasis is also required for nuage formation and
meiotic progression. In the accompanying study by Watanabe
et al. (2011), a meiotic spermatogenic block and a requirement
for MitoPLD in nuage formation is similarly shown, accompanied
by loss of the majority of primary piRNA biogenesis and
derepression of LINE1 retrotransposons in the mutant testis.
Zucchini, the Drosophila homolog of MitoPLD, was reported as
a cytoplasmic or nuage-localizing presumptive nuclease (Pane
et al., 2007). As previously reported, we were unable to demon-
strate nuclease activities for MitoPLD (Choi et al., 2006). Instead,
we found that it generated a lipid signal using the mitochondrial
lipid cardiolipin as substrate to generate PA, although we can not
formally rule out the possibility that MitoPLD might additionally
display piRNA-generating nuclease activities in the presence of
the proteins and environment found in spermatocytes. Nonethe-
less, we show here that Zuc, when not N-terminally tagged,
localizes to mitochondria and alters mitochondrial morphology,
including causing mitochondrial aggregation, prompting the
need for new hypotheses concerning how it regulates piRNA
generation in Drosophila.

We showed previously that MitoPLD generates PA in the
context of fusion events (Choi et al., 2006). We show here the
PA is generated on the mitochondrial surface, and that the PA
recruits a second lipid-modifying enzyme, Lipin 1, to convert
the PA into DAG, which then promotes fission. DAG has been
shown to regulate fission of membrane vesicles at the Golgi
via recruitment of protein kinase D or through effecting changes
in membrane curvature (Bossard et al., 2007; Fernandez-
Ulibarri et al., 2007; Shemesh et al., 2003), but has not previ-
ously been linked to mitochondrial fission. The spatiotemporal
linkage of fusion and fission we propose is intriguing in light
of two prior reports. Twig et al. (2008) have described
a temporal correlation between fusion and fission: mitochondria
fuse at random points on average every 10 min, but many
fusion events are followed rapidly (average, 70 s) by a fission
event. This “kiss and run” type of (partial) fusion event can
be discriminated from full fusion events by rapid assembly of
Drp1 at the fusion site, followed by fission (Liu et al., 2009).
The lipid signaling pathway we describe here suggests poten-
tial mechanisms through which such temporal-spatial targeting
of fission could be achieved. Conversely, sites at which only
Drp1 assembly is observed (Figure 4) may represent fission
events spatially and temporally unconnected to fusion events.

The effects of MitoPLD and Lipin on mitochondrial morphology
are likely to have consequences for tissues in which regulated
fusion and fission are important, including in peripheral tissues
such as fat and muscle. Alterations in mitochondrial fusion and
fission could lead to changes in numbers of mitochondria and
potentially the capacity for fatty acid oxidation. However, the
effects do not trigger lethality. This is frequently the case for
lipid signaling genes for which compensatory mechanisms
can moderate the loss of a single synthetic or degradative
pathway. Two other Lipin genes and another MitoPLD-related
gene are present in the mammalian genome and may provide
some redundancy or compensation in the long-term knockout
setting.

However, the dramatic effect of loss of MitoPLD/Zuc on
nuage association with mitochondria and piRNA-generation
raises the question of the enzymatic role played by these
enzymes, presumably though generating the lipid signal PA.
Examination of mice lacking Lipin 1 revealed more, not less
nuage, and mature sperm were produced, suggesting that PA
is the bioactive lipid in this process rather than DAG, which is
the key signaling lipid in other well-defined signaling pathways
(Mor et al., 2007). PA is well established as a lipid anchor
that recruits a variety of types of proteins with PA-binding
domains and/or activates enzymes such as kinases (Jenkins
and Frohman, 2005). The apparent requirement for PA in this
setting is reminiscent of the role of yeast PLD (Spo14) during
meiosis, where it localizes to an electron-dense amorphous
structure on the outer surface of spindle pole bodies, and,
through generating PA there, recruits a PA-binding protein that
is key for the subsequent developmental step (Nakanishi
et al., 2006). Could MitoPLD/Zuc-generated PA play an analo-
gous role? One possibility is that the PA might recruit a key
protein required for piRNA production to the nuage. We have
examined whether proteins known to be critical in the pathway,
Miwi, Mili, MVH, Tdrd1, Tdrd6, Tdrkh (Tdrd2), Gasz, and
RanBP9, are recruited to the mitochondria in HelLa cells overex-
pressing MitoPLD, but did not observe PA-induced transloca-
tion (data not shown). It is possible that formation of the proteins
into a complex is required to expose a PA-binding domain, or
that there is a PA-responsive critical protein in the pathway
that we have not yet examined. Alternately, nuage has long
been known to be strongly positively charged (Paniagua et al.,
1985), due presumably to the high content of ribonucleopro-
teins. Because PA is a strongly negatively charged lipid, mito-
chondria with exofacial PA might simply be able to associate
with and sandwich nuage via electrostatic interactions. A regu-
latory function for PA would still be required, but could involve
conformational change or activation of some component of
the piRNA-generating process through proximity with PA, rather
than robust recruitment.

Finally, we report two functional roles for MitoPLD, one
involving relatively low level expression that has effects on mito-
chondrial morphology in nongerm cells, and another involving
high level expression that leads to mitochondrial aggregation.
The mechanism underlying MitoPLD effects on mitochondrial
morphology and fusion are unknown but may involve promoting
transient outer leaflet trans-affinity to facilitate fusion and thus
represent a weaker version of the role undertaken by MitoPLD
during spermatogenesis.
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EXPERIMENTAL PROCEDURES

Plasmid Construction

Truncation mutants of HA-tagged mouse Lipin 1b were generated by ampli-
fying the specified region using PCR and ligating the restriction enzyme-
digested PCR products into an expression vector containing a 3xHA tag.
Site-directed mutagenesis was performed using the Quik-Change kit
(Invitrogen). Successful mutagenesis and integrity of the remainder of the
coding region was confirmed by sequencing. Details of construction of plas-
mids described in this study will be provided on request.

Cell Culture and Transfection

MEF, Hela, and NIH 3T3 cells were maintained in DMEM (Invitrogen, Carls-
bad, CA) supplemented with 10% calf serum (Hyclone, Logan, UT). NIH 3T3
cells stably transfected with mifepristone-inducible WT and H156N MitoPLD
and Mitofusin1 were generated previously (Choi et al., 2006). CHO cells stably
transfected with tetracycline-inducible PLD2 were generated previously (Du
et al., 2004). NIH 3T3, MEF, and CHO cells were transfected with Lipofect-
amine LTX (Invitrogen) according to the manufacturer’s instructions. HelLa
cells were transfected using FuGene HD (Roche) transfection reagent.

Immunofluorescence Microscopy

Twenty-four hours after transfection, cells were fixed with 4% paraformalde-
hyde for 15 min, permeabilized with 0.1% Triton X-100 for 10 min, and blocked
with 5% normal goat serum for 1 hr. The cells were then immunostained using
primary antibodies against cytochrome c (1:200, PharMingen, San Diego, CA),
HA epitope (1:500, Rockland Immunochemicals, Gilbertsville, PA), calreticulin
(1:500, Stressgen Biotechnologies, San Diego, CA), GM130 (1:500, BD
Transduction Laboratory), FLAG epitope(1:500, M2; Sigma, St. Louis, MO),
and Drp1 (1:200, BD Transduction Laboratory) followed by fluorescent dye-
conjugated secondary antibodies (1:500). Stained cells were visualized using
a Leica TCS2 or Zeiss 510 confocal microscope. Images were processed
using Adobe Photoshop.

Western Blotting
Freshly isolated adult mice testes were snap-frozen in liquid nitrogen, pulver-
ized in dry ice using a precooled motor, and lysed in 8 M urea lysis buffer.
Samples were centrifuged and the supernatant used for both western blot
analysis (40 pg of protein) on 10% SDS-PAGE, and measurement of protein
concentration. After transfer to nitrocellulose membrane, blots were probed
with primary antibody, followed by secondary antibodies conjugated with
IRDye 800 (Rockland Immunochemicals). Fluorescent signals were detected
with an Odyssey infrared imaging system (LICOR Biosciences, Lincoln, NB).
Polyclonal anti-MitoPLD antibody was custom made by Covance (PA, USA)
using the synthetic peptide CIGLLRKAGIQVRHDQD as antigen. The resulting
antiserum was affinity-purified using a peptide-bead coupled column. The
antiserum only weakly recognizes native MitoPLD when overexpressed in
cell lines, contains crossreacting antibodies that stain the Golgi and nucleoli,
and does not exhibit sufficient signal/noise sensitivity to image endogenous
MitoPLD in spermatocytes.

Mitochondrial Morphology Quantification

Mitochondrial morphology was visualized by staining with anticytochrome
¢ antibody and imaging using confocal microscopy. Morphology of mitochon-
dria for each cell was then categorized by a blinded investigator into tubular
(>75% of mitochondria with long tubules), intermediate (25%-75% mitochon-
dria with long tubules) and fragmented (<25% mitochondria with long
tubules). Long tubules were defined as >5 um in length.

Generation of MitoPLD™~ Mice

MitoPLD gene-targeted mice were generated using homologous recombina-
tion of C57/BI6 stem cells as described in Figure S5, by Ozgene (Australia).
C57/BI6 blastocyst embryos were used for generation of germline transmitted
heterozygous mice, and Cre-recombinase was introduced using an egg-
driven Cre gene in a C57/BI6 background. The resulting offspring were geno-
typed to discard the Cre gene and maintained as heterozygotes. Genotyping
was performed using PCR primers P1, 2, and 3 as shown in Figure S5 (P1:
GTTAGCCAGCCAAAGCCAGTGTG; P2: ATGGCCTGTGTGGTCCAGTTGAG;
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P3: TGATACAAGAGGGGTGGATGTCCAC). Animal procedures were
approved by the SBU Institutional Animal Care and Use Committee (IACUC).

Generation of Primary and Immortalized MEFs

MEFs were prepared from embryos derived from intercrossing MitoPLD*'~
heterozygotes at embryonic day 13.5 after fertilization. Primary WT or
knockout MEFs were immortalized by transfecting cells with an SV40 large T
antigen expressing construct. Genotyping was done by PCR using the primers
P1-P3 described above.

Histology

Freshly dissected testes were fixed in 4% paraformaldehyde overnight at 4°C,
processed for paraffin embedding, sectioned at a thickness of 5 um, and
stained with hematoxylin and eosin.

Immunofluorescence on Sections

Cryosections (10 um) of testes were fixed in 4% paraformaldehyde and immu-
nostained with anti-TDRD1 (Abnova) or anti-phospho-histone-H2A.X (Ser 139)
(Millipore) antibody, followed by secondary antibody Alexa Fluor 568 anti-
mouse IgG. Nuclei were stained with DAPI.

Electron Microscopy

Samples used for transmission electron microscopy were processed using
standard techniques. Briefly, 2- to 5-month-old mice were perfused with 4%
paraformaldehyde and 2.5% EM grade glutaraldehyde in 0.1 M sodium caco-
dylate buffer (pH 7.4), and testes were postfixed overnight in the same fixative.
Samples were then placed in 2% osmium tetroxide in 0.1 M PBS (pH 7.4)
dehydrated in a graded series of ethyl alcohol and embedded in Durcupan
resin. Ultrathin sections of 80 nm were cut with a Reichert-Jung UltracutE ultra-
microtome and placed on formvar-coated slot copper grids. Sections were
counterstained with uranyl acetate and lead citrate and viewed with a FEI Tec-
nai12 BioTwinG? electron microscope. Digital images were acquired with an
AMT XR-60 CCD Digital Camera system and compiled using Adobe
Photoshop.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and can be found with this
article online at doi:10.1016/j.devcel.2011.01.004.
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