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DEVELOPMENTAL BIOLOGY. For the article “Unique germ-line
organelle, nuage, functions to repress selfish genetic elements
in Drosophila melanogaster,” by Ai Khim Lim and Toshie Kai,
which appeared in issue 16, April 17, 2007, of Proc Natl Acad
Sci USA (104:6714-6719; first published April 11, 2007,
10.1073 /pnas.0701920104), the authors note that in Fig. 44,
the staining for Vasa in spindle-E mutant ovaries was incorrect.
Consistent with Findley et al. (4), Vasa perinuclear localization
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is unaffected in spindle-E mutant ovaries. This does not change
the major conclusion that the nuage functions to maintain
genome stability by repressing the expression of the selfish
genetic elements via rasiRNA-mediated gene silencing.
Rather, Spindle-E may function at the same hierarchical level
or downstream of Vasa to regulate the localization of Aub-
ergine, Krimper, and Maelstrom. The corrected figure and
legend appear below.
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Nuage foci are mislocalized in the germ-line-specific RNA-silencing component mutants. Ovaries from different mutant flies were immunostained for

the nuage components. Homozygous mutant alleles or allelic combinations were used for all the mutants, except for dcr-1, where clonal analysis was employed.
(Scale bar: 10 um.) (A) Localization of the nuage components at the perinuclear regions of the germ-line cells reflects a hierarchical assembly. The nuage
components, AUB, KRIMP, and MAEL, depend on SPN-E and VAS to localize normally to the perinuclear regions; KRIMP and MAEL depend on SPN-E, VAS, and
AUB to localize to the nuage; and MAEL depends on SPN-E, VAS, AUB, and KRIMP to localize normally. (B) Nuage localization is unaffected in the conventional

dicing enzyme mutants, dcr-7 and dcr-2.
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The nuage is an electron-dense perinuclear structure that is known to
be a hallmark of animal germ-line cells. Although the conservation of
the nuage throughout evolution accentuates its essentiality, its role(s)
and the exact mechanism(s) by which it functions in the germ line still
remain unknown. Here, we report a nuage component, Krimper
(KRIMP), in Drosophila melanogaster and show that it ensures the
repression of the selfish genetic elements in the female germ line. The
Krimp loss-of-function allele exhibited female sterility, defects in
karyosome formation and oocyte polarity, and precocious osk trans-
lation. These phenotypes are commonly observed in the other nuage
component mutants, vasa (vas) and maelstrom (mael), and the RNA-
silencing component mutants, spindle-E (spn-E) and aubergine (aub),
suggesting a shared underlying defect that uses RNA silencing.
Moreover, we demonstrated that the localization of the nuage
components depends on both SPN-E and AUB and that the selfish
genetic elements were derepressed to different extents in the nuage
component mutants, as well as in aub and armitage (armi) mutants.
In the nuage component mutants, vas, krimp, and mael, the levels of
roo, l-element, and HeT-A repeat-associated small interfering RNAs
were greatly reduced. Hence, our data suggest that the nuage
functions as a specialized center that protects the genome in the
germ-line cells via gene regulation mediated by repeat-associated
small interfering RNAs.

Krimper | repeat-associated small interfering RNA

G erm-line cells in numerous animals are characterized by the
presence of an electron-dense unique organelle called the
nuage (which means “cloud” in French), also known as the chro-
matoid body in mouse or perinuclear P granules in Caenorhabditis
elegans (reviewed in ref. 1). The nuage forms an amorphous and
fibrous structure that is localized to the cytoplasmic face of the
nuclear envelope when visualized by electron microscopy. In some
cells, the nuage is large enough to be visible by light microscopy.
Although the nuage was reported half a century ago, its role(s) and
the mechanism(s) by which it functions in the animal germ line
remain unknown.

The ovary of Drosophila melanogaster has proven to be an
excellent system in which to study the composition and function(s)
of the nuage. In Drosophila, Vasa (VAS) (2), Aubergine (AUB) (3),
and Maelstrom (MAEL) (4) are reported to be nuage components.
VAS is a well conserved DEAD box RNA helicase expressed in
animal germ-line cells (2) and is reported to localize to the nuage
in other organisms, such as mouse, planarians, and C. elegans (5-7).
MAEL is also shown to localize to the nuage in mouse (8), thereby
implying a conserved role for it in the germ line throughout
evolution. The Drosophila germ line is characterized by the pres-
ence of a specialized region, known as the pole plasm, at the
posterior end of the embryo. During early embryogenesis, most of
the pole plasm is incorporated into the pole cells (or primordial
germ-line cells). The pole cells invaginate into the embryo and
migrate through the midgut epithelium to form the gonads with the
somatic gonadal cells. The nuage can be observed as early as the
formation of the primordial germ-line cells, and it persists in all
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germ-line cells until the oocyte is determined (9, 10). During the
remaining stages of oogenesis, the nuage can be found in all nurse
cells but not in the oocyte.

The possibility that the nuage uses RNA silencing as a gene-
regulation mechanism was proposed on the basis of the observa-
tions that one of the argonaute family proteins, AUB, localizes to
the nuage (11) and that another RNA-silencing component, Spin-
dle-E (SPN-E), governs the perinuclear localization of two nuage
components, VAS and MAEL (4, 12). Furthermore, in C. elegans,
it was shown that mutations in the retinoblastoma pathway com-
ponents cause somatic cells to enhance RNA interference (RNA1)
and elaborate perinuclear P granules (i.e., nuage), suggesting that
the nuage is an essential player of the germ line in regulating gene
expression by RNAi (13). Here we report a nuage component,
Krimper (KRIMP), whose loss-of-function allele, as well as vas and
mael mutants, exhibits a defect in the processing of the selfish
genetic elements roo, I-element, and HeT-A into repeat-associated
small interfering RNAs (rasiRNAs). The derepression of long
interspersed nuclear elements (LINEs), such as HeT-4 and I-
element, is also observed in the nuage component mutants krimp
and mael and RNA-silencing component mutants aub and armitage
(armi). Hence, we provide evidence that the nuage ensures the
repression of the selfish genetic element gene expression, possibly
via the production of rasiRNAs.

Results and Discussion

KRIMP Localizes to the Nuage. By comparing the expression profiles
of isolated tumor germ-line stem cells (GSCs) induced by the loss
of bag-of-marbles expression or the overexpression of decapentaple-
gic to those of the somatic cells, CG15707 (hereby known as
Krimper) was identified as one of the potential candidate genes that
is highly expressed in the GSCs (14). Krimper (Krimp) encodes a
protein predicted to contain a tudor domain (Fig. 14). Tudor
domain-containing proteins, such as the Drosophila Tudor (TUD),
SPN-E, mouse RNF17, and mouse tudor repeat 1 (MTR-1), are
reported to play essential roles in both the female and male germ
lines (15-18). Although krimp was identified as a highly expressed
mRNA in the GSCs from the microarray analysis, immunostaining
of KRIMP indicates a wide expression in germ-line cells, including
the differentiating germ cells in the germarium and egg chambers
(Fig. 1B). KRIMP seems to localize to perinuclear foci reminiscent
of the nuage (Fig. 1B). In fact, costaining of KRIMP with a well
known nuage component, VAS, shows an overlap of virtually all
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Fig. 1. KRIMP is a nuage component. (A) Gene structure of krimp is shown.
krimp contains two exons and is predicted to contain a tudor domain. A
piggyBac insertion, f06583, 35 bp upstream of the krimp ORF results in female
sterility. (B) KRIMP localizes to the perinuclear regions of the germ-line cells in
the Drosophila ovary. Ovaries were immunostained with anti-KRIMP (shown
in green) and anti-VAS (shown in red). KRIMP perinuclear foci colocalize with
VAS foci. All ovarioles are orientated with the anterior to the left. (Scale bars:
20 pum.) (C) Closer view of a nurse cell nucleus confirms the colocalization.
(Scale bars: 4 um.) (D) krimp™6583 is a loss-of-function allele. Northern analy-
sis indicates the expected transcript size of ~2.5 kb in the WT ovaries. No
detectable transcript is observed in krimp mutant ovaries.

&= krimp

KRIMP and VAS foci in the nuage (Fig. 1C). Unlike VAS, which
is both a nuage and pole plasm component (19, 20), KRIMP is
detected only in perinuclear foci and not in the pole plasm (Fig. 1B).

krimp®6583 |s a Loss-of-Function Allele and Exhibits Meiosis and
Oocyte-Patterning Defects. A piggyBac transposable element in-
serted 35 bp upstream of the Krimp ORF was identified as a
possible krimp mutant allele, whereas females homozygous for
krimp'9583 were sterile. Northern blotting analysis revealed the
absence of the 2.5-kb krimp transcript in the mutant ovary (Fig. 1D),
indicating that krimp™%%3 is a loss-of-function allele. Moreover,
immunostaining of krimp°383 ovary with anti-KRIMP also indi-
cated the loss of perinuclear foci (Fig. 1C). To confirm that
krimp™%583 is a suitable mutant allele for the characterization of the
krimp phenotypes, we placed this allele over an available deletion
that uncovers krimp genomic region Df(2R)Exel6063. Transhet-
erozygotes krimp%83/Df(2R)Exel6063 exhibited female sterility
and an extent of loss in KRIMP perinuclear staining similar to that
exhibited by homozygous krimp%3 (data not shown). Hence,
krimp%58 was used as a loss-of-function allele to characterize
krimp phenotypes in this work.

In krimp™%%3 mutant ovary, the progression of oogenesis was
compromised, and degeneration of the egg chambers was observed
from stage 8 onward (data not shown). A closer examination of
krimp™%583 revealed meiotic progression and oocyte polarity defects
that are commonly seen in the nuage component mutants vas and
mael (4,21) and the RNA-silencing component mutant spn-E (22).
krimp mutant oocyte nucleus failed to form a compact karyosome,
and the synaptonemal marker C(3)G remained chromosomal (Fig.
24). This is in contrast to the WT oocyte nucleus, which compacts
into a karyosome by stage 3, when C(3)G dissociates to become
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Fig. 2.  krimp mutants exhibit defective karyosome formation and oocyte
polarity. (A) Immunostaining with a synaptonemal complex marker, C(3)G
(shown in green), shows that the krimpf96583 oocyte nucleus fails to compact
into a karyosome (shown in blue). (Scale bars: 5 um.) (B) Ovary staining with
anti-GRK. The level of GRK expression is down-regulated (indicated by green
arrowheads), and its dorsal-anterior localization is disrupted in stage-8 egg
chamber. (Scale bars: 20 um.) (C) Ovary staining with anti-OSK. In WT, osk is
translated at stages 7-9. Precocious translation of osk mRNA is observed in the
nuage component mutants, including spn-E mutants, as indicated by green
arrowheads. (Scale bars: 20 um.)

extrachromosomal (23). Examination of a dorsal/ventral marker,
Gurken (GRK), indicated a loss of dorsal/ventral polarity in krimp
mutant oocytes. The level of GRK expression was markedly re-
duced in 100% (n = 30) of the mutant ovarioles, and its localization
to the anterior-dorsal corner of the oocyte was affected in 93% (n =
61) of mutant egg chambers in stage 8 and onward (Fig. 2B) (24).
Last, we saw the precocious translation of osk mRNA in 80% (n =
55) of krimp mutant ovarioles (Fig. 2C). In the WT, osk mRNA is
transcribed at the onset of oogenesis, but translation is initiated only
at stage 9 (Fig. 2C) (25). This is consistent with the osk silencing
defects reported previously for armi, mael, aub, and spn-E mutants
(Fig. 2C) (26). Taking all our observations together, our nuage
component, KRIMP, shares similarities in at least two or more
phenotypes with the other nuage component mutants, vas and mael,
and RNA-silencing component mutants, armi, aub, and spn-E. This
suggests a common underlying defect that uses RNA silencing.
We generated transgenic flies that expressed a Venus yellow
fluorescent protein (YFP)-tagged version of KRIMP protein under
the control of a UASp promoter. By crossing the flies harboring the
Venus-tagged KRIMP to flies that expressed the nosgal4VP16
transgene, Venus-tagged KRIMP protein was visualized as perinu-
clear foci that colocalized with endogenous VAS perinuclear foci,
therefore paralleling the localization of endogenous KRIMP pro-
tein (Figs. 1B and 34). However, when compared with endogenous
KRIMP expression, more cytoplasmic Venus-tagged KRIMP was
observed (Figs. 1B and 34), suggesting that the Venus tag affected
KRIMP localization to the nuage slightly. Although nosgal4VP16
overexpressed the UASp-venus-krimp transgene, we did not see any
gain-of-function phenotypes even in the presence of functional
KRIMP. The UASp-venus-krimp transgene driven by nosgal4VP16
could fully rescue the female sterility defect in krimp mutants, with
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Fig. 3. The UASp-venus(YFP)-krimp transgene fully rescues krimp mutant
defects. Transgenic flies carrying the venus-krimp transgene under the UASp
promoter were crossed with flies harboring the nosgal4VP16 transgene to
drive the expression of Venus-tagged KRIMP in the ovary. (A) Immunostaining
with anti-GFP (shown in green) and anti-VAS (shown in red) indicates that
Venus-tagged KRIMP protein localizes to the perinuclear regions of the
germ-line cells, which colocalize with VAS perinuclear foci. (Scale bars: 10 um.)
(B) By crossing flies harboring the venus-Krimp transgene into the krimpf06583
mutant background, the oocyte nucleus compacts into a karyosome (shown in
blue), and C(3)G (shown in red) becomes chromosomal. (Scale bars: 5 um.) (C)
MAEL, whose localization depends on KRIMP, localizes to the perinuclear
regions of the germ-line cells. (Scale bar: 10 um.) (D) osk mRNA is translation-
ally repressed normally. (Scale bars: 20 um.) (E) GRK expression is comparable
with the WT ovariole, and the protein localizes to the anterior-dorsal region
of the stage-8 egg chamber. (Scale bars: 20 um.)

the compaction of the oocyte nucleus into a karyosome by stage 6
in 100% (n = 44) of the egg chambers (Fig. 3B), an accurate
repression of osk translation in 100% (n = 24) of the ovarioles (Fig.
3D), a normal GRK expression in 100% (n = 23) of the ovarioles,
and the localization of GRK to the anterior-dorsal corner of the
oocyte in 97% (n = 31) of stage 8 egg chambers (Fig. 3E). This
indicates that the fusion protein was fully functional and that
KRIMP localization to the nuage is essential for proper meiosis and
oocyte polarity specification. Hence, all of the observed phenotypes
in krimp™%383 mutant ovaries were a result of the loss of CG15707
gene functions.

Hierarchical Relationship of the Nuage Components. Previous work
(4) has suggested that the nuage assembly reflects a hierarchical

6716 | www.pnas.org/cgi/doi/10.1073/pnas.0701920104

relationship among the known components. Localization of AUB
to the nuage depends on VAS, and MAEL localization depends on
VAS and AUB (Fig. 44) (4). To examine whether KRIMP par-
ticipates in this hierarchical assembly of the nuage, we examined
KRIMP localization in vas, aub, and mael mutants. KRIMP local-
ization was affected in vas?H195 and aub™ NI mutants but unaf-
fected by the loss of MAEL (Fig. 44). We also showed that MAEL
localization depended on KRIMP, as well as on VAS and AUB
(Fig. 4A4) (4). Moreover, MAEL perinuclear localization was
rescued in 100% (n = 30) of the ovarioles in the presence of a
UASp-venus-krimp transgene that was driven by nosgal4VPI6 in a
krimp mutant background (Fig. 3C). Hence, VAS seems to function
as a recruiting “platform” that lies in the perinuclear region and
facilitates the recruitment of subsequent nuage components. This
suggests the possibility that these examined components have
comparable activities in a common molecular machine; alterna-
tively, it suggests that they have distinct functions that are carried
out by using a common platform, the nuage.

Nuage Components Are Mislocalized in Germ-Line-Specific RNA-
Silencing Component Mutants. In recent years, evidence has accu-
mulated suggesting that RNAi or similar mechanisms function as a
gene-regulation mechanism in the Drosophila germ line. For ex-
ample, AUB and SPN-E have been implicated as key components
that relate RNA silencing to the regulation of polarity during ovary
development (26). To examine the dependence of the nuage
components on the germ-line-specific RNA-silencing components,
we investigated their localization in both aub and spn-E mutants. As
described earlier (4), the localization of both KRIMP and MAEL
was affected in aub mutants (Fig. 44). In the spn-E mutant, we also
saw mislocalization of all of the nuage components, VAS, AUB,
KRIMP, and MAEL (Fig. 44). We also noticed that VAS local-
ization depends partially on proper AUB localization. Although
VAS foci were apparent in aub mutants, cytoplasmic VAS was
visibly more abundant than in the WT (Fig. 44). Hence, we did not
rule out the possibility of the existence of a feedback mechanism
between VAS and AUB.

Vagin et al. (27) have also shown that Drosophila Dicer 1
(DCR-1) and Dicer 2 (DCR-2) are not involved in the processing
of rasiRNAs or the repression of selfish genetic elements, suggest-
ing that they are not germ-line-specific RNAi machinery. To test
the effect of Dicers on nuage localization, we examined the
localization of VAS, AUB, KRIMP, and MAEL in either dcr-1 or
dcr-2 mutants. We found that all of the nuage components localized
normally in both mutants (Fig. 4B). These data imply a clear
distinction in the use of RNA-silencing machinery between the
germ line and the soma. The nuage, a unique feature of the animal
germ line, may be a key in the regulation of germ-line-specific gene
expression. Germ-line-specific RNA-silencing components SPN-E
and AUB seem to act upstream of the nuage, where they regulate
the localization of nuage components.

Some Selfish Genetic Elements Are Derepressed in Nuage Component
Mutants. To examine the nuage’s role in regulating gene expression
in the germ-line cells, we analyzed the expression of some selfish
genetic elements using semiquantitative RT-PCR with RNA ex-
tracted from mutant ovaries (Fig. 54). The selfish genetic elements
examined include the repetitive LINEs such as HeT-A, TART, and
I-element (28), a tandem repeat that lies near the p-heterochroma-
tin mst40 (29), and a euchromatic long terminal repeat (LTR)
retrotransposon, roo (30). Interestingly, HeT-A and I-element were
derepressed in krimp and mael mutants (Fig. 54), similar to what
has been reported previously in vas, aub, and armi mutants (27, 31,
32). TART was derepressed only in mael and aub mutants, whereas
mst40 derepression was only observed in krimp and mael mutants
(Fig. 54). This may indicate differences in element specificity
among the nuage components. Alternatively, this difference may
have resulted from the differences among the oogenesis progression
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Nuage foci are mislocalized in the germ-line-specific RNA-silencing component mutants. Ovaries from different mutant flies were immunostained for

the nuage components. Homozygous mutant alleles or allelic combinations were used for all of the mutants, except for dcr-1, where clonal analysis was used.
(A) Localization of the nuage components at the perinuclear regions of the germ-line cells reflects a hierarchical assembly. All of the nuage components, VAS,
AUB, KRIMP, and MAEL, depend on SPN-E to localize normally to the perinuclear regions. AUB, KRIMP, and MAEL depend on VAS for proper localization; KRIMP
and MAEL depend on VAS and AUB to localize to the nuage; MAEL depends on VAS, AUB, and KRIMP to localize normally. (B) Nuage localization is unaffected
in the conventional dicing enzyme mutants, dcr-7 and dcr-2. (Scale bars: 10 um.)

defects among the different nuage component mutants. All of the
semiquantitative RT-PCR results were confirmed by using real-
time RT-PCR [supporting information (SI) Fig. 6].

Surprisingly, we did not detect derepression of roo in any of the
nuage component mutants, including armi mutants (Fig. 54 and SI
Fig. 6B). Our data differ from previous work wherein Vagin et al.
(27) reported slight derepression of roo in armi and spn-E mutants.
This minor derepression, when compared with the other selfish
genetic elements, is seemingly inconsequential. Moreover, we con-
firmed our roo results with real-time RT-PCR. The LINE family
elements, HeT-A, I-element, and TART, as well as mist40, are located
predominantly in the heterochromatin regions of the chromosome,
whereas roo is primarily a euchromatic retrotransposon (28, 30).
Hence, the different effects of the nuage component mutants on the
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Fig.5. LINEs are derepressed, and the production of rasiRNAs is defective in
the nuage component mutants. (A) The expression of the selfish genetic
elements was examined by using semiquantitative RT-PCR. HeT-A and /-ele-
ment were derepressed in the nuage component mutants, krimp and mael,
and RNA-silencing component mutants, aub and armi. TART was derepressed
in mael, aub, and armi mutants. mst40 was derepressed in krimp and mael
mutants. roo, belonging to the euchromatic LTR family, was not derepressed.
(B) PAGE northern analysis of roo, I-element, and HeT-A rasiRNAs. The pro-
duction of roo, l-element, and HeT-A rasiRNAs was reduced in the nuage
component mutants, as well as the RNA-silencing component mutants.
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selfish genetic elements imply a role for the nuage in maintaining
the silenced state of the heterochromatin.

Because Tudor (TUD) is reported to be a component of both the
pole plasm and nuage (33), we also examined the repression of
HeT-A, I-element, and TART transcripts in a loss-of-function fud
allele, tud' (34). All of the examined transcripts seemed to be
repressed to an extent similar to that in the WT (SI Fig. 7),
indicating that fud is not involved in the repression of retroelements.
The nuage may, thus, serve as a “station” where TUD undertakes
different role(s) in the germ line.

Production of rasiRNAs Is Reduced in the Nuage Component Mutants.
A previous report has linked the up-regulation of selfish genetic
elements in aub and armi mutants to the failure in rasiRNA
production (27). To determine whether the production of
rasiRNAs is compromised in the nuage component mutants, we
analyzed the levels of roo, I-element, and HeT-A rasiRNAs. Inter-
estingly, all of the examined rasiRNAs were reduced in vas, krimp,
and mael mutants, and the RNA-silencing component mutant,
spn-E (Fig. 5B). This suggests a role of the nuage in regulating the
production of rasiRNAs. Although roo, I-element, and HeT-A
rasiRNAs were reduced in the nuage component mutants, only
I-element and HeT-A, which belong to the LINE family, were
significantly derepressed (Fig. 54 and SI Fig. 6). This implies that
the expression of roo may be regulated by mechanism(s) other than
rasiRNA-mediated silencing. Alternatively, the number of roo
rasiRNAs that is produced in the nuage component mutants may
be sufficient to ensure repression. However, we cannot rule out the
possibility that the reduction of other LTR rasiRNAs in the nuage
component mutants may affect the repression of their respective
transcripts.

Conclusion

The highly conserved nature of the nuage throughout evolution
strongly implies its importance and essentiality in the germ line.
Here, we suggest a function for the nuage, to repress the selfish
genetic elements by regulating the production of rasiRNAs. Dro-
sophila nuage component, KRIMP, and the germ-line-specific
RNA-silencing component, SPN-E, contain tudor domains that
were previously implied to associate with the methylated peptides
of histones H3 and H4 (35). In addition, Drosophila MAEL shuttles
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between the nucleus and cytoplasm (4), and mouse MAEL asso-
ciates with the chromatin remodeler, SNF5/INI1 (8). Therefore, the
nuage may regulate the chromatin state to repress unfavorable gene
expression in the germ-line cells. Moreover, our work suggests that
the nuage functions to maintain genome stability by repressing the
expression of the selfish genetic elements, such as HeT-4 and
I-element. In fact, it has been shown that the repression of telomeric
retroelements in Drosophila germ-line cells is required to control
telomere length (31, 32). Protection of the genome is essential to
govern high fidelity, and this is critical in the case of the germ line,
which gives rise to the next generation.

Homologues of KRIMP can be identified in the Drosophilidae
family, including the melanogaster group and others, such as D.
virilis and D. grimshawi (SI Fig. 8). Although no close ortho-
logues of KRIMP are found in the higher vertebrates, two mouse
tudor domain proteins, RNF17 and MTR-1, are reported to
localize to the chromatoid body (16, 18). Hence, RNF17 and
MTR-1 may potentially be functional homologues of KRIMP,
which may have evolved to repress a unique set of retroelements.
On the other hand, mouse VAS and MAEL are reported to
localize to the chromatoid body (7, 8), implying their conserved
functions beyond species. In fact, the argonaute proteins, MIWI,
AGO?2, and AGO3, are also localized to the chromatoid body
(36), suggesting that a similar RNA-silencing pathway is also
used to regulate gene expression in higher vertebrates. Further-
more, Kotaja et al. (36) also reported the concentration of the
microRNA (miRNA), Let-7a, and the processing enzyme, Dicer
1, at the chromatoid body in mouse, implying that the miRNA
precursors are processed at the perinuclear site. Thus, gene
regulation involving the miRNA pathway may also play a role in
germ-line development. This may account for the precocious osk
translation phenomena that was observed in both the nuage and
RNA-silencing component mutants (Fig. 2C) because a poten-
tial miR-280 binding site is present at the 3" UTR of osk mRNA
(26). Further experiments will be needed to address the role of
the nuage for osk translational repression via miR-280 and/or
other regulatory mechanisms. The question remains open of
whether the germ line, besides using a small RNA-silencing
mechanism, also uses other form(s) of gene regulation mecha-
nism(s) to regulate germ-line-specific gene expression.

Materials and Methods

Fly Strains and Transgenes. For ovary staining and molecular work,
yw was used as a WT control. The mutant alleles and allelic
combinations used in this work were vas?H1 (21), krimp06583
(Bloomington Drosophila Stock Center at Indiana University,
Bloomington, IN), dcr-2M8115X (37), armi®G04664 (Bloomington Dro-
sophila Stock Center), krimp™%383/Df(2R)Exel6063 (Bloomington
Drosophila Stock Center), aubBN/NI11 (38 39)  maelM391/
Df(3L)79E-F (40, 41), and spn-E°'9Ms3987 (17, 22). The original
krimp™%583 mutant line from the Bloomington Drosophila Stock
Center exhibited male sterility due to a background mutation, and
it was cleaned up before the use of this allele for all of the
experiments described here. Because homozygous dcr-1Q1147¢ is
lethal, mitotic clones were generated by subjecting 2-day-old female
flies (hsFLP/eyFLP;FRT82BUbi-GFP/FRT82Bdcr-12"7%) to heat-
shock at 37°C for 1.5 h. The treated flies were then aged for 7-10
days before immunostaining.

Transgenic flies harboring the UASp-venus-krimp transgene
were generated as follows: The transgene was constructed by
cloning the full-length krimp-coding sequence, amplified with
the primers krimpFL-FW and krimpFL-RV (see SI Table 1), into
pENTR/D-TOPO (Invitrogen, Carlsbad, CA) and then recom-
bining it downstream of pPVW (The Drosophila Gateway Vector
Collection, Carnegie Institution of Washington, Baltimore, MD;
www.ciwemb.edu/labs/murphy/Gateway%?20vectors.html) in ac-
cordance with the manufacturer’s instruction manual. The re-
sulting plasmid was injected into yw embryos by using standard
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methods (42). Transgenic flies carrying UASp-venus-krimp were
crossed to flies harboring the nosgal4VP16 transgene to drive
Venus-tagged KRIMP expression in the female germ line (43).
The rescue experiment of krimp mutant defects was performed
by crossing w; krimp/CyO; nosgal4VPI16 into w; krimp/CyO,
UASp-venus-krimp.

Antibody Generation. KRIMP antibody was raised against a portion
of KRIMP fused to glutathione S-transferase (GST). Krimp antigen
sequence, corresponding to amino acids 163-306, was amplified
with an EST clone, RE66405, by using the primers krimpAg-FW
and krimpAg-RV (SI Table 1) cloned into pENTR/D-TOPO (In-
vitrogen) and recombined into pDEST,s GST and pDEST;; His
(Invitrogen), respectively, in accordance with the manufacturer’s
instruction manual. KRIMP GST fusion protein was purified by
using Glutathione Sepharose High Performance (Amersham Bio-
sciences, Piscataway, NJ) and then sent to Zymed Laboratories
(South San Francisco, CA) for antibody generation in rabbits.
Anti-KRIMP rabbit polyclonal antibodies were affinity-purified by
using KRIMP His fusion protein (purified by using Ni Sepharose
High Performance from Amersham Biosciences) conjugated to
a HiTrap NHS-activated HP affinity column (Amersham
Biosciences).

Immunostaining. Ovaries were dissected, stained, and mounted as
described (44), with a change of the fixation time to 5 min for
better preservation of the nuage structure. The following anti-
bodies were used: anti-KRIMP rabbit polyclonal (1:10,000),
anti-VAS rat polyclonal (1:200), anti-OSK rat polyclonal (1:100)
(gifts from Paul Lasko, McGill University, Montréal, QC,
Canada), anti-AUB rat polyclonal (1:100) (a gift from Hong
Han, McGill University, Montréal, QC, Canada), anti-C(3)G
(1:500) guinea pig polyclonal (23), anti-GRK mouse monoclonal
1D12 (1:10) (45), anti-MAEL rabbit polyclonal (1:200) (4), and
anti-GFP rabbit polyclonal (1:1,000) (Torrey Pines Biolabs,
Houston, TX). Alexa Fluor 488-, 555-, or 633-conjugated goat
anti-mouse, anti-rat, anti-rabbit, or anti-guinea pig IgG second-
ary antibodies (1:400) (Molecular Probes/Invitrogen, Carlsbad,
CA) were used. Images were acquired by using either a Leica
(Wetzlar, Germany) TCS-NT or Carl Zeiss (Oberkochen, Ger-
many) LSM 510 confocal microscope.

Northern Blotting. Total RNA was extracted from dissected ovaries
by using TRIzol Reagent (Invitrogen). Total RNA was used
directly for PAGE northern rasiRNAs and semiquantitative and
real-time RT-PCR. For northern analysis of krimp transcripts,
Poly(A) RNA was purified from yw and krimp™9583 total RNA by
using the Oligotex mRNA mini kit (Qiagen, Valencia, CA).

For northern analysis of krimp and rp49 transcripts, DIG DNA
probes were synthesized by PCR with 10X DIG DNA labeling mix
(Roche Applied Science, Indianapolis, IN) by using the EST clone,
RE66405, and cloned rp49 as templates, respectively. The primer
sets krimp-FW and krimp-RV and 77 and 73 (SI Table 1) were used
for making krimp and rp49 probes, respectively. Two-hundred
nanograms of yw and krimp™%8 Poly(A) RNA were loaded and
separated on a formaldehyde/Mops 1% agarose gel, transferred
onto a Hybond-N+ nylon membrane (Amersham Biosciences), and
then cross-linked. Hybridization was carried out in DIG Easy Hyb
buffer (Roche Applied Science) containing DIG DNA probes, in
accordance with the manufacturer’s instruction manual. The signals
were visualized on Kodak (Rochester, NY) BioMax MS film.

For PAGE northern analysis of the rasiRNAs, RNA probes were
synthesized from the linearized templates by in vitro transcription
using either 77 or SP6 RNA polymerases (Roche Applied Science)
in the presence of [y-2P]JUTP (3,000 Ci/mmol, 10 mCi/ml; 1 Ci =
37 GBq). Templates were pGEM-T-harboring PCR product am-
plified with primer sets corresponding to roo, I-element, and HeT-A
(SI Table 1). Total RNA (10 or 20 pg) from the ovaries was
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SINPAS

separated on a 15% polyacrylamide/8 M urea denaturing gel,
transferred onto a Hybond-N+ nylon membrane (Amersham Bio-
sciences), and cross-linked. Hybridization was performed at 62°C in
Church buffer [0.25 M sodium phosphate, pH 7.2/1 mM EDTA, pH
8.0/7% (wt/vol) SDS/1% (wt/vol) BSA] containing radio-labeled
sense roo, I-element, or HeT-A RNA probes. The membranes
were analyzed by using a Typhoon 9200 scanner (Amersham
Biosciences).

Two-Step RT-PCR. Total RNA (1 pg) extracted from ovaries was
treated with DNasel (Roche Applied Science). Reverse transcrip-
tion was carried out by using Oligo(dT),5s and SuperScript III RT
(Invitrogen). A mock reaction without reverse transcriptase was
also prepared for each RNA sample. The newly synthesized
cDNAs, after treatment with RNaseH (Stratagene, La Jolla, CA),
were first normalized and checked for genomic DNA contamina-
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