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Maintenance of genome integrity in germ cells is crucial for the
success of future generations. In Drosophila, and mammals, trans-
posable element activity in the germline can cause DNA breakage
and sterility. Recent studies have shown that proteins involved in
piRNA (PIWI-interacting RNA) biogenesis are necessary for retro-
transposon silencing in the Drosophila germline. Females mutant
for genes in the piRNA biogenesis pathway produce eggs with
patterning defects that result from Chk-2 (checkpoint kinase-2)
DNA damage checkpoint activation. Here we show that large
ribonucleoprotein aggregates form in response to DNA damage
checkpoint activation in egg chambers of females defective in
pPiRNA biogenesis. Aggregate formation is specific to piRNA bio-
genesis mutants, as other mutations that activate the same Chk-
2-dependent checkpoint do not cause aggregate formation. These
aggregates contain components of the dynein motor machinery,
retrotransposon RNA, and protein and axial patterning RNAs.
Disruption of the aggregates by colcemid treatment leads to
increased retrotransposon RNA levels, indicating that these struc-
tures may be the destination of retrotransposon RNA transport and
may be degradation or sequestration sites. We propose that
aggregate formation is a cellular response to protect germ cells
from DNA damage caused by elevated retrotransposon expression.
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he Drosophila melanogaster embryonic axes are established

during oogenesis through the differential localization of
RNA molecules (1). RNAs and proteins are initially synthesized
in the nurse cells, sister cells of the oocyte that are connected to
the oocyte by large cytoplasmic bridges. Subsequently, these
molecules are transported along a microtubule network into the
oocyte in a process dependent on the dynein motor complex (2).
Within the oocyte, RNAs necessary for the establishment of the
anterior/posterior (A/P) and dorsal/ventral (D/V) embryonic
axes such as bicoid (bcd), oskar (osk), and gurken (grk), are
differentially localized to the anterior, posterior, and dorsoan-
terior regions of the egg, respectively (1). Failure to correctly
localize these RNA molecules to and within the oocyte causes
axial patterning defects in the resulting embryos.

In addition to embryonic patterning molecules, retrotranspo-
son RNA also localizes to and within the oocyte (3, 4). One of
the best studied of these elements is the non-LTR (long terminal
repeat) retrotransposon, I factor, the Drosophila counterpart of
the mammalian LINE-1 element. I factor RNA localizes, in a
dynein-dependent manner, within the Drosophila oocyte in a
pattern similar to grk RNA (4). It has been proposed that I factor
transposition causes defects in grk RNA localization because of
a competition between grk and I factor RNA for the same
localization machinery (4).

Female flies with mutations in several genes in the piRNA
biogenesis pathway such as spindle E (spnE), aubergine (aub), and
armitage (armi) lay eggs with D/V patterning defects, because of
cytoskeletal changes that result in the mislocalization of grk
RNA within the egg chamber (5-7). These defects have been
linked to the Chk-2 DNA damage checkpoint that may be
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activated by increased retrotransposon RNA levels in mutants
defective in piRNA biogenesis (8, 9). How checkpoint activation
causes changes in the cytoskeletal network is currently unknown.
One possibility is that checkpoint activation directly modifies the
RNA transport machinery.

Here we show that large aggregates of the dynein motor ma-
chinery form in nurse cells and oocytes defective in piRNA
biogenesis. These transport aggregates carry patterning RNAs and
retrotransposon RNAs and proteins. Their assembly requires the
microtubule network and occurs in response to Chk-2 checkpoint
activation. Our findings suggest that aggregate formation is a
specific cellular response to DNA damage and elevated retrotrans-
poson RNA levels resulting from defective piRNA biogenesis. We
propose that the dynein motor machinery transports retrotranspo-
son RNA to and accumulates at retrotransposon degradation sites
in the absence of piRNA biogenesis.

Results

The Dynein Motor Machinery Forms Cytoplasmic Aggregates in piRNA
Biogenesis Mutants. In most piRNA pathway mutant egg cham-
bers Chk-2 DNA damage checkpoint activation results in defects
in microtubule network polarization and axial patterning (8§-10).
To determine how checkpoint activation may affect the micro-
tubule network, we analyzed the distribution of the dynein motor
complex, which controls RNA transport into and within the
oocyte, in piRNA pathway mutant egg chambers. In egg cham-
bers mutant for spnE, aub, armi, maelstrom (mael), and vasa (vas)
we observed large aggregates of Dynein Heavy Chain (DHC),
Dynamitin (Dmn), Egalitarian (Egl) and Bicaudal-D (BicD)
(Fig. 1 A-E", for BicD in spnE also see refs. 11, 12; for BicD and
Egl in vas also see ref. 13; supporting information (SI) Fig. S1,
Table S1). These dynein aggregates were found between stages
4 and 9 of oogenesis within the nurse cell and oocyte cytoplasm
(Fig. 1 F-G").

To further characterize these dynein aggregates we analyzed
the localization of proteins with functions in RNA localization,
translational regulation, and RNAI, such as processing body,
stress granule, and aggresome components in spnE, aub, armi,
and vas mutant backgrounds. We found that most of these
proteins do not colocalize with the dynein aggregates (Table S2).
Relative to the general cytoplasmic staining, a small enrichment
of Orb (0018 RNA binding protein), Tudor, Cup, Me31B, and
Dcp-1 proteins was detected within the aggregates, and a small
amount of Exuperantia (Exu) was found in the oocyte aggregate;
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Fig. 1. The dynein localization machinery forms aggregates in piRNA path-
way mutant egg chambers. (A-C'’) Stage 8 egg chambers stained with (A, B,
and C) anti-Egl (green), (A’ and B’) anti-BicD (red), (C') anti-Dmn (red), and
(A", B, and C'’) merge (yellow). (A-A"’) Wild-type egg chambers, Egl and
BicD, colocalize within the oocyte (A", yellow). (B-B'') spnE®'¢/spnEA125egg
chambers. Aggregates of Egl and BicD form in the nurse cells of these mutant
egg chambers. The aggregates of Egl and BicD colocalize (B"’, yellow). (C-C'")
Aggregates of Dmn colocalize with Egl aggregates in spnE®'6/spnEA125 mutant
egg chambers (C'’, yellow). (D-E'') Egl and dynein form an aggregate at stages
5and 6 in spnE mutant oocytes. Egl (green), DHC (red), merge (yellow). (D-D’’)
In wild type, Egl and DHC localize to the oocyte with Egl localizing to a more
posterior region of the oocyte and DHC localizing around the oocyte nucleus
(arrowhead). (E-E'") In spnEE676/spnEA125> mutant egg chambers Egl and DHC
localize to a tight focus, along the side or at the posterior of the oocyte
(arrow). (F-G’) Localization machinery clustering begins at stage 4 of oogen-
esis and continues past stage 9. (F and F’) Wild-type ovariole (string of
developing egg chambers) stained with anti-Egl (green). (G and G') spnEE676/
spnEA125 ovariole stained with anti-Egl (green). (F' and G’) Later-stage egg
chambers from same ovariole as in F and G, respectively.

however, the degree of enrichment of these proteins was con-
siderably less than that of Egl, BicD, and DHC (Table S2). The
prominent and specific enrichment of Egl, BicD, and DHC
within these aggregates suggests that loss of spnE, aub, armi,
mael, and vas activity specifically interferes with the normal
distribution of the dynein transport machinery.

Dynein Aggregation Requires an Intact Microtubule Network.
Dynein-based movement relies on the microtubule network for
directional molecular transport (14). We therefore tested
whether the formation or stability of the aggregates is dependent
on an intact microtubule network. We depolymerized the mi-
crotubule network in ovaries from spnE, armi, or vas mutant flies
by feeding them colcemid and assayed for aggregates by staining
the egg chambers with a-Egl antibody (Fig. 2). As previously
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Fig. 2. Dynein aggregation depends on the microtubule network and may
stabilize the microtubule network. (A-D) Dynein localization machinery clus-
ters are not present after microtubule depolymerization. (A-D) Anti-Egl
stained egg chambers (red). (A) Wild-type egg chambers showing strong Egl
accumulation within the oocyte. (B) spnEA'25/spnEE6'6 egg chambers with
Egl aggregates in the nurse cells. (C) Wild-type egg chambers after colcemid
treatment. Notice the lack of Egl accumulation within the oocyte. (D) spnEA125/
spnEE616 egg chambers after colcemid treatment. Smaller Egl aggregates are
found throughout the egg chamber. (E) Acetylated tubulin protein levels are
elevated in spnE and armi mutant ovarian extracts. By Western blotting the
ratio of acetylated tubulin to total cellular tubulin is increased in spnE and
armi mutant egg chambers. Western blots were repeated 4 times for spnE and
3 times for armi with 4 independent samples for spnE and 3 independent
samples for armi.

reported, after 16-24 h of colcemid treatment microtubule-
based transport to and within the oocyte, as judged by Egl
staining, was decreased in otherwise wild-type egg chambers
(Fig. 2C) (15). In the colcemid-treated mutant egg chambers,
smaller, and in some cases no Egl clusters were found within the
nurse cells, compared to control chambers that had not been
exposed to the drug (Fig. 24-D, Fig. S2). These smaller clusters
suggested that the microtubule network was not completely
depolymerized in the mutants after drug treatment. Indeed, we
found that the level of acetylated tubulin, a modification of
a-tubulin characteristic of stable microtubules (16), was in-
creased in extracts from piRNA pathway mutant ovaries (Fig.
2F). These results suggest that an intact microtubule network is
required for the formation or stability of the enlarged dynein
aggregates and that mutations in piRNA pathway components
may cause a more stable microtubule network to form.

Dynein Aggregates Contain bicoid and gurken RNAs. The microtu-
bule network and the dynein motor machinery transport RNAs
encoding patterning molecules from the nurse cells to the oocyte
and also within the oocyte. To determine whether the large
dynein aggregates in piRNA biogenesis mutants contain RNA
we analyzed the distribution bcd, osk, fs (1)K10, and grk RNA.
bed RNA colocalized with Egl in aggregates in nurse cells of
spnE, armi, aub, and vas mutant egg chambers (Fig. 3 A-C", Fig.
S3, for spnE see also ref. 11), while grk, osk, and fs (1)K10
mRNAs were found in the large Egl-positive aggregate within
the oocyte of these mutants (Fig. 3 D and E, Fig. S3, Table S3).
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Fig. 3. The dynein aggregates are RNP particles and result from Chk-2 check-
point activation. (A and B) Stage 9 egg chambers. bcd RNA localization in A wild
type, in B spnE~125/spnEFS6 mutant egg chambers. bed RNA forms aggregates in
the nurse cells of the mutant egg chambers (arrows). (C-C'’) bcd RNA colocalizes
with Egl protein in the nurse cell aggregates in vas®'’/vas"'6> mutant egg
chambers. (C) vas®'’/vasPH765 mutant egg chamber showing aggregates of Egl
protein. (C') vas®’’/vasP"16> mutant egg chamber showing aggregates of bcd RNA.
(C'") merge of Cand C'. (D and E) grk RNA localization at stage 5 of oogenesis. (D)
Wild-type grk RNA localization. (E) grk RNA localization in spnE~'25/spnEF676, grk
RNA forms an aggregate along the side of or at the posterior of the oocyte in the
mutant egg chambers. Arrows point to RNA aggregates. (F) Mutations in the
Chk-2 (mnk) DNA damage checkpoint suppress the dynein aggregation pheno-
type of aub, armi, and spnE mutant egg chambers. Representative images are of
aub mutant egg chambers stained with a-Egl antibody (green) to visualize the
aggregates. Dissections were preformed on 2 separate days and the average
results from these 2 experiments are shown in the figure. (G) The elevated levels
of acetylated tubulin in piRNA pathway mutant ovaries are returned to wild type
in the double mutant mnk;piRNA pathway mutant ovaries.
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gcl RNA, which in wild type is more evenly distributed through-
out nurse cells and oocytes (P. Rangan and R.L. personal
communication), was found neither in the nurse cell nor in the
oocyte aggregates (Table S3), suggesting that actively trans-
ported RNAs preferentially accumulate in dynein aggregates. We
conclude that dynein aggregates represent true RNP particles.

If RNAs required for oocyte and embryonic axis formation
are indeed sequestered into large dynein aggregates in piRNA
biogenesis mutants, these RNP aggregates may prevent normal
RNA transport and cause the patterning defects observed in
these mutants. Indeed, we found that reduction of the motor
components BicD or Dhc partially suppressed the D/V axial
patterning defects in eggs laid by spnE or aub mutant mothers
(Table 1). Therefore, dynein-mediated RNA transport into
aggregates contributes to the axial patterning defects in piRNA
pathway mutant flies.

Dynein Aggregation Is a Consequence of Chk-2 DNA Damage Check-
point Activation. Microtubule network changes and axial pattern-
ing defects seen in the piRNA pathway mutant eggs are the result
of Chk-2 DNA damage checkpoint activation (8-10). We there-
fore asked whether Chk-2 checkpoint activation causes dynein
aggregation in piRNA biogenesis mutants. We analyzed dynein
aggregates in flies doubly mutant for the Chk-2 checkpoint gene,
mnk and piRNA pathway genes aub, armi, and spnE. We found
that the number of egg chambers with large dynein aggregates
was reduced in doubly mutant egg chambers compared to single
mutant ovaries (Fig. 3F). Additionally we tested whether the
elevated levels of acetylated tubulin in the piRNA pathway
mutant egg chambers also resulted from checkpoint activation.
We found that the level of acetylated tubulin in flies double
mutant for the Chk-2 checkpoint gene and the piRNA pathway
genes was reduced to wild-type levels (Fig. 3G). These results
suggest that Chk-2 checkpoint activation in piRNA biogenesis
mutants leads to dynein machinery aggregation and elevated
levels of acetylated tubulin.

We next asked whether checkpoint activation in general leads
to dynein aggregates or whether these particles are specific to the
piRNA pathway mutants. Females with mutations in the double
strand break repair enzymes spn-A (Rad-51), spn-B (DMC-1),
and spn-D (Rad51-C like) produce ovaries with RNA localiza-
tion and eggshell patterning defects very similar to the piRNA
pathway mutants (6, 17, 18). Furthermore, mutations in mem-
bers of both pathways activate the Chk-2 DNA damage check-
point (9, 10, 19). In contrast to mutants defective in piRNA
biogenesis, we failed to detect any dynein aggregates in the nurse
cells of spnA, spnB, or spnA,B double mutants (Table S1). We
conclude that dynein aggregate formation is a specific response
to DNA damage checkpoint activation because of defective
piRNA biogenesis.

I Factor RNA Localizes to the Dynein Aggregates. The non-LTR
retrotransposon, I factor RNA, uses the same dynein-based
microtubule motor machinery as fs (1)K10 and grk RNA for its
localization to and within the oocyte (4). Along with several
other retrotransposons such as Het-A and TART, I factor RNA
levels are increased in piRNA pathway mutant egg chambers
(20). We therefore tested if I factor, Het-A, or TART RNAs
were also found associated with the enlarged dynein aggregates.
By in situ hybridization we were unable to detect these RNAs in
the nurse cell aggregates. However, we did detect these RNAs in
the oocyte aggregate (Fig. 4 A-B’, Table S3) and using an
antibody to the ORF-1 I factor protein we found I factor protein
enriched in the nurse cell aggregates of aub and armi mutant egg
chambers (Fig. S4).

Because I factor protein accumulated in mutant nurse cell
aggregates we reasoned that I factor RNA may be present in the
aggregates but below detection level. To directly observe RNA
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Table 1. Suppression of piRNA biogenesis mutant patterning defects by dynein motor complex members

Genotype Wild type (%) Fused (%) No, collapsed (%) n

SPNEE6T6 or A125[TM3 100 0 0 100
SPNEES16/spnEA125 0 44 = 11 56 = 11 183
+/CyO;spnEEe16[spnEA125 1.75+ 15 23.2 £11.9 75 +12.3 794
BicDR6/+,;spnEE616/spnEA125 17 =49 44 + 51 388 +t94 1329
BicDR6/+,spnEE676/+ or spnEA125/TM3 99.7 = 0.47 0 0.33 = 0.47 286
BicDRé/+;+/TM3 100 0 0 201
+/CyO;spnEE®76/+ or spnEA125/TM3 100 0 0 257
+/CyO;+/TM3 99 + 0.8 0 1.1 £0.82 283
aubtN2 or QC42/cyo 100 0 0 100
aubtN2[aubQc42 10.1 £ 6.7 35.4 £ 10.9 54.6 = 8.3 489
aubtN2[aubRc42; + |TM6 0 13.3+3.3 86.3 + 3.1 75
aubtN2[aubQ%42;DHC/+ 19+ 1.2 463 =8 36.7 =+ 6.9 439
aubfN2/CyO or aub®@#2/+;DHC/+ 100 0 0 100
+/CyO;DHC/+ 100 0 0 100
aubfN2/CyO or aub®2;+/TM6 100 0 0 100
+/CyO; +/TM6 100 0 0 100

Mutations in members of the dynein motor complex suppress the D/V patterning defects in piRNA pathway mutant eggs. Eggs were collected on apple juice
agar plates overnight and sorted into categories on the basis of their respiratory appendage phenotype, which is an indication of D/V patterning. The percentage
of eggs of each class represents the average of 3 separate collections. Note that there is a dramatic change in the phenotype between aub"N2/aubQ®? mutants
and aub"™2/aub®2;+/TM6. We cannot rule out the possibility that something on the TM6 chromosome enhances the aub phenotype. However, when comparing
each of these genotypes to aub"N2/aub?“2:DHC/+ we see a suppression of the phenotype although it is less dramatic when comparing aub"N2/aubQ%? to
aub'N2/aubQ™2;DHC/+. Wild type, two separate dorsal appendages; fused, fused dorsal appendages; no, collapsed, no dorsal appendages or collapsed eggs.

transport toward the dynein aggregates, we injected I factor
RNA into mutant nurse cells. When we injected highly concen-
trated fluorescently labeled I factor RNA into vas mutant nurse
cell cytoplasm, the transcripts accumulated within the dynein
aggregate, whereas the control nonlocalizing RNA, Krueppel, did
not localize to a specific region within the nurse cells (Fig. 4C,
Movie S1-84). Therefore, while endogenous I factor RNA levels
appear below detection, the injected retrotransposon RNA can
be actively incorporated into the nurse cell aggregates. Together
these data imply that endogenous I factor RNA is transported to
and translated in the dynein aggregates.

Dynein Aggregates May Be Sites of Retrotransposon RNA Degrada-
tion. Aggresomes, processing bodies and stress granules, large
cytoplasmic bodies found in many cell types, also require an
intact microtubule network and the dynein motor machinery for
their formation and/or stability (21-23). These bodies have been
proposed to be sites of cellular or viral RNA and protein storage
or degradation (24, 25). To test if the dynein aggregates we
observe regulate intracellular retrotransposon RNA levels, we
assessed the consequences of inhibiting them by depolymerizing
the microtubule network in the piRNA pathway mutant egg
chambers. In these experiments, the relative change in retro-
transposon RNA levels was compared between piRNA pathway
mutant ovaries treated with colcemid to ovaries of the same
genotype that had not been treated with colcemid, as measured
by quantitative RT-PCR (see Fig. 4 legend for more details).
After microtubule depolymerization, egg chambers from armi
and aub mutant mothers had elevated RNA levels of the
non-LTR retrotransposon, Het-A, but not of the housekeeping
gene aldehyde dehydrogenase or the patterning RNA bcd when
compared to mutant egg chambers where the microtubule
network was intact (Fig. 4D, bcd not shown). Degradation of
retrotransposon RNA in dynein aggregates may explain why we
failed to detect retrotransposon RNA in mutant nurse cell
aggregates. Because the level of bed RNA did not change upon
disruption of the aggregates, the aggregates found in the armi
and aub mutant ovaries may specifically degrade retrotranspo-
son RNA in a piRNA independent manner.

In contrast to armi _and aub mutant egg chambers, when we
examined retrotransposon RNA levels after microtubule depo-

9694 | www.pnas.org/cgi/doi/10.1073/pnas.0903837106

lymerization in spnE mutant egg chambers we found a decrease
in retrotransposon RNA levels (Fig. 4D). In support of these
data, reducing the amount of the dynein motor component BicD
in the spnE mutant background caused a decrease in the RNA
levels of the Het-A retrotransposon and the LTR retrotranspo-
son mdg-1 (Fig. S5). Differences have previously been seen
between spnE mutants compared with armi and aub mutants (9,
10). For example, the D/V patterning defects of armi and aub
mutant eggs are suppressed by mutations in the Chk-2 (mnk)
DNA damage checkpoint kinase, whereas the spnE patterning
defects are not (9, 10). This suggests that spnE may have
additional functions independent of piRNA processing. These
additional functions of spnE may target RNA stability and
translation through regulation of the Drosophila CPEB, Orb. In
spnE mutant ovaries Orb levels are significantly decreased,
whereas, in aub and armi mutants, Orb levels remain close to
wild type (ref. 26; C.N. and R.L. unpublished data). Indeed, we
were able to detect I factor protein within the aggregates in armi
and aub but not spnE mutant egg chambers. This raises the
possibility that SpnE, through its effect on Orb levels, may
directly affect translation of RNAs encoding patterning mole-
cules and retrotransposon proteins in dynein aggregates inde-
pendently of its role in piRNA processing.

Discussion

Here we show that mutations in piRNA pathway members cause
aggregation of the dynein-mediated microtubule motor complex
during Drosophila oogenesis. Aggregation is dependent on the
activation of the Chk-2 DNA damage checkpoint and is specific
to piRNA pathway mutants. Our results suggest that the dynein
aggregates form in response to high levels of retrotransposon
RNA in piRNA mutant ovaries. The aggregates may accumulate
at sites of retrotransposon sequestration or degradation and may
prevent retrotransposon RNA from entering the oocyte nucleus,
thus protecting the germline from DNA damage. We propose
that this response also occurs in wild-type ovaries, although less
robustly because of relatively low retrotransposon load com-
pared to piRNA biogenesis mutants.

The dynein aggregates we observe may represent enlarged
RNA transport particles derived from ribonucleoprotein (RNP)
particles that normally transport RNA molecules from the nurse

Navarro et al.
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Fig. 4. The dynein aggregates accumulate | factor RNA and may be sites of

retrotransposon degradation. (A-B’) | factor RNA localization during oogenesis.
(A and A’) Wild-type ovariole showing no detectable localization of | factor
throughout oogenesis. (B and B’) spnEA'25/spnEE6’6 mutant ovariole showing |
factor RNA expression and localization throughout oogenesis. (B') An aggregate
of | factor RNA is found within the oocyte of spnE2125/spnEE6’6 mutant egg
chambers. (C) Exogenously injected | factor RNA is transported to the nurse cell
aggregates in vas?'’/vasPH765 mutant egg chambers. At time 0 (t = 0) | factor RNA
is found uniformly distributed at the site of injection. After 13 min (t = 13 min),
a large accumulation of | factor RNA is found associated with the Egl aggregate.
In contrast, the nonlocalizing RNA Kruppel (Kr) is found uniformly distributed at
all time points. The 2 different Kr panels are 2 different focal planes because of
drift during filming. While filming we did focus up and down and never saw Kr
localizing to the Egl aggregates. | factor RNA (red), Egl-RFP protein (green), Kr
RNA (red). Arrow points to Egl aggregate; arrowhead points to injected | factor
RNA aggregate; double arrowhead points to where an Egl aggregate is in the Kr
RNA injected egg chamber. (D) Retrotransposon RNA levels decrease after mi-
crotubule depolymerization in spnEA125/spnEE616 mutant egg chambers and in-
crease in aub"™2/aubN'" and armi’?'/armi’ mutant egg chambers. The RNA levels
of the LTR retrotransposon Het-A, and the housekeeping gene Adh, were
measured by quantitative RT-PCR. The change in relative expression was
calculated as the value of 2722t where, for example, AACt(colcemid treated) = ACt
(spnNEA125/spnEE6T6) o1 cemid treated — ACt(spnEA125/Balancer and spnEE6'6/Balancer
combined)colcemid treated and AACt(control untreated) = ACt(SPnEMZS/
SPNEECT8) ontrol untreated — ACt(spnEA125/Balancer and spnEE®'¢/Balancer com-
bined)control untreated- The NnUmber shown on the graph is the ratio of the change
in relative expression of colcemid-treated samples compared to the change in
relative expression of untreated samples of the same genotype, 2~ **<iemid;
2~ AACt(untreated control) Ct yalues are the threshold cycle, or the number of cycles
required for the fluorescent signal to cross the threshold, thus exceeding back-
ground levels. All Ct values are normalized to the housekeeping RNA, rp49 = ACt.
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cells to and within the oocyte. In general, DNA damage check-
point activation causes changes in microtubule network polarity
in the oocyte (9). While accumulation of patterning RNA into
large dynein aggregates in the oocyte may be a consequence of
such changes in microtubule network polarity, nurse cell aggre-
gates are only observed in response to checkpoint activation in
piRNA biogenesis mutants. We observe that bed RNA, which
localizes to the oocyte beginning at stage 4 of oogenesis, is
present in nurse cell aggregates, while grk, osk, and fs (1)K10
mRNAs, which are transported to the oocyte during early
oogenesis (germarial region 2b for osk and grk) and before we
detect nurse cell aggregates, are only found in oocyte aggregates.
One possibility is that nurse cell aggregates form as retrotrans-
poson levels increase, and that early transported RNAs such as
grk, osk, and fs (1)K10 mRNAs reach the oocyte before these
nurse cell aggregates form.

Because axial patterning and cytoskeletal polarity within the
Drosophila oocyte require the correct spatial and temporal
localization of patterning mRNAs (27), changes in dynein motor
activity could disrupt the timing and/or localization of these
RNAs leading to the patterning defects seen in piRNA pathway
mutant eggs. Alternatively, BicD and DHC activity could play a
more direct role in modifying the cytoskeleton by transporting
factors necessary for microtubule integrity to and within the
oocyte. These hypotheses are not mutually exclusive and the
polarity defects in piRNA pathway mutants may arise from a
combination of both mechanisms. Our data support the hypoth-
esis that checkpoint activation leads to more active dynein-
mediated transport as reducing the levels of the dynein complex
members BicD or dynein partially suppresses the D/V pheno-
types of eggs laid by piRNA mutant mothers. BicD is a phos-
phoprotein and in mammalian cells BicD phosphorylation is
necessary for its association with the dynein complex (28).
Therefore, it is possible that BicD is itself a target of the Chk-2
checkpoint. Ectopic localization machinery aggregation may
thus be driven by a direct modification of the dynein motor
machinery.

Finally, dynein-dependent aggregates are associated with
many neurodegenerative diseases such as Alzheimer’s, Hunting-
ton’s and amyotrophic lateral sclerosis (ALS) (29, 30). In the
mouse model for ALS, overexpression of superoxide dismutase
(SOD) leads to SOD aggregation (aggresome-like structures)
and lifespan shortening (31, 32). Reducing the levels of dynein
activity in the SOD overexpression background suppresses the
ALS phenotype, implying that similar cytoskeletal changes to
those that we see in our model may occur in these neurodegen-
erative disorders (33, 34). It will be interesting to see how similar
the mechanisms of aggregation are between the 2 systems.

Materials and Methods

Drosophila Strains. All crosses were maintained at 25 °C. The wild-type strain
used was Oregon-R. For a list of flies used please see S| Materials and Methods.
One- to 2-day-old flies were transferred to fresh yeast overnight and then
dissected.

Whole-Mount Antibody Staining of Ovaries and in Situ Hybridization. In situ
hybridization was performed as described (35). RNA probes were synthesized
using the digoxigenin RNA labeling system (Roche). Fast Red detection-based
in situ hybridization was done as in ref. 36. Data were gathered using a Zeiss
axiophot microscope using an Insight digital camera.

Antibody staining was performed as described (37). For a list of antibodies
used please see S/ Materials and Methods. Data were gathered using a Zeiss
510 LSM confocal microscope. All images were processed using Image J or
Photoshop software.

Depolymerization of the Microtubule Network. Flies were fed either yeast paste
containing 50 mg/mL colcemid or yeast paste alone for 16-24 h. Ovaries were
dissected after this treatment and fixed as described above.
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Quantitative RT-PCR. RNA was isolated from ovaries of 2- to 3-day-old fattened
females using TRIzol extraction (Invitrogen). RNA was then treated with
DNAfree reagent (Ambion) twice to remove contaminating genomic DNA.
cDNA was synthesized using 500 ng of RNA and superScript Il reverse tran-
scriptase (Invitrogen). One microliter of each reverse transcription reaction
was used per real-time reaction, which contained 1x Sybrgreen master mix
(ABI) and 0.075 mM gene-specific primers in a 10-uL reaction. Cycling param-
eters were: 50 °C, 2 min; 95 °C, 10 min; 95 °C, 15 sec; 60 °C, 1 min for 40 cycles
in an ABI 7900HT. The following primers were used: HETA: 5’-ATCCTTCAC-
CGTCATCACCTTCCT-3’, 5-GGTGCGTTTAGGTGAGTGTGTGTT-3’, RP49: 5'-
ATGACCATCCGCCCAGCATAC-3’, 5'-CTGCATGAGCAGGACCTCCAG-3' (10),
Adh 5'-CCGTGGTCAACTTCACCAGCTC-3’, 5'-TCCAACCAGGAGTTGAACGT-
GTGC-3', mdg1for: 5'-GTCAGAAGGAGGCCATTCAGGAATTT-3’, mdg1rev: 5'-
GTTGCTGGCGGTTTCTGTTATTGTCAA-3’ (38). Data were analyzed using SDS
software. Statistical significance was calculated using the Student’s t test.

Western Blotting. Western blotting was done according to Navarro et al. (37).
Mouse anti-acetylated-tubulin and mouse anti-B-tubulin (Sigma) were used at
1:10,000. For acetylated tubulin levels in spnE mutant ovaries Western blots of
4 independent samples were done. For levels in the armi mutant background
3 separate blots representing 3 independent samples were done. For levels in
the aub mutant background 2 separate blots representing 2 independent
samples were done.
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Injections. Ovaries from individual flies were dissected in Voltaleff 9S halo-
carbon oil (VWR) on a 22 X 64-mm coverslip (RA Lamb), with ovarioles teased
apart and spread so that they adhered to the glass. Immediately afterward, an
RNA injection was performed on an IX71 inverted microscope (Olympus) using
a 40x/1.35 NA 340/UApo oil iris objective. Clusters of Egl-RFP were visualized
with epifluorescence and the corresponding nurse cells injected with 2-mM
solution (in RNase-free water) of Alexa 488-5-UTP-labeled | factor localization
element (552 nt, see ref. 4) or Krueppel (full length) mRNA using a fine,
heat-pulled glass needle. Images were captured with the Ultraview ERS spin-
ning disk system (Perkin—Elmer) fitted with a Hamamatsu Orca ER CCD camera.
Alternate images were taken of fluorescent RNA and Egl-RFP over 15 min, with
exposures of 1 secand 2 sec, respectively. Fluorescent mRNA was produced as
described in ref. 39.
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