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Vasa (Vas) is a DEAD-box RNA-binding protein required in Drosophila at several steps of oogenesis and for
primordial germ cell (PGC) specification. Vas associates with eukaryotic initiation factor 5B (eIF5B), and this
interaction has been implicated in translational activation of gurken mRNA in the oocyte. Vas is expressed in all
ovarian germline cells, and aspects of the vas-null phenotype suggest a function in regulating the balance between
germline stem cells (GSCs) and their fate-restricted descendants. We used a biochemical approach to recover
Vas-associated mRNAs and obtained mei-P26, whose product represses microRNA activity and promotes GSC
differentiation. We found that vas and mei-P26 mutants interact, and that mei-P26 translation is substantially
reduced in vas mutant cells. In vitro, Vas protein bound specifically to a (U)-rich motif in the mei-P26 3’
untranslated region (UTR), and Vas-dependent regulation of GFP-mei-P26 transgenes in vivo was dependent on the
same (U)-rich 3' UTR domain. The ability of Vas to activate mei-P26 expression in vivo was abrogated by

a mutation that greatly reduces its interaction with eIF5B. Taken together, our data support the conclusion that
Vas promotes germ cell differentiation by directly activating mei-P26 translation in early-stage committed cells.
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Molecular asymmetries underlying embryonic axis pat-
terning and germ cell specification are established in
Drosophila largely by position-dependent translational
regulation of maternally expressed mRNAs (Kugler and
Lasko 2009). Translation of mRNAs encoding key pat-
terning molecules such as Oskar (Osk), Nanos (Nos),
Gurken (Grk), Hunchback, and Caudal is repressed by
RNA-binding proteins that bind to specific sequence
elements in their untranslated regions (UTRs). These
repressors, directly or indirectly, often block recruitment
of eukaryotic initiation factor 4E (eIF4E), the cap-binding
subunit of eIF4F (Filardo and Ephrussi 2003; Wilhelm
et al. 2003; Nakamura et al. 2004; Nelson et al. 2004,
Zappavigna et al. 2004), or recruit 4E homology protein
(4EHP), which binds unproductively to the 5’ cap struc-
ture (Cho et al. 2005, 2006). In some cases, repressors act
instead by sequestering target mRNAs into large silenc-
ing messenger ribonucleoproteins (mRNPs) (Nakamura
etal. 2001; Chekulaeva et al. 2006). Still others negatively
regulate their target mRNAs by recruiting the CCR4
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deadenylase complex (Semotok et al. 2005; Zaessinger
et al. 2006; Chicoine et al. 2007; Kadryova et al. 2007).
Targeting also requires mechanisms to alleviate repres-
sion and activate translation in the appropriate spatial
domain. Relatively less is known about these positive
regulatory processes. Osk contributes to derepressing nos
by preventing its association with Smaug, and thus with
CCR4 deadenylase (Zaessinger et al. 2006). Activation of
grk mRNA translation at the antero—dorsal cortex of the
developing oocyte is mediated by poly(A)-binding protein
55D (PABP55D) in association with Encore (Clouse et al.
2008).

Vasa (Vas) is a DEAD-box RNA-binding protein that lo-
calizes during oogenesis to the posterior pole plasm (Hay
et al. 1988; Lasko and Ashburner 1990). It is expressed in
all germline cells except mature sperm, and was initially
implicated in posterior embryonic patterning and germ
cell specification (Schiipbach and Wieschaus 1986). Later
work showed that vas-null females produce rare tumor-
ous egg chambers in which nurse cells and oocytes have
not differentiated, and also rare egg chambers with
supernumerary, misplaced, or no oocytes, suggesting that
Vas may also function in restricting cell fate during
germline stem cell (GSC) differentiation (Styhler et al.
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1998; Tomancak et al. 1998). A DNA damage checkpoint
that functions in the oocyte during meiotic prophase,
after the 16-cell cyst has formed, regulates Vas activity
(Ghabrial and Schiipbach 1999; Abdu et al. 2002; Findley
et al. 2003; Theurkauf et al. 2006; Chen et al. 2007; Pane
et al. 2007). Vas binds to eIF5B, an essential translation
initiation factor that functions in ribosomal subunit
joining (Carrera et al. 2000; Pestova et al. 2000). In vas-
null oocytes, grk translation is greatly reduced (Styhler
et al. 1998; Tomancak et al. 1998), an effect also observed
in oocytes that express only a form of Vas (VasA617) that
is specifically compromised for eIF5B binding (Johnstone
and Lasko 2004). These results have led to the hypothesis
that Vas positively regulates specific mRNAs such as grk
by recruiting eIF5B. However, the question as to how Vas
distinguishes among potential target RNAs has remained
unsolved, as structural analysis of a fragment of Vas in
complex with RNA argues against sequence-specific
binding (Sengoku et al. 2006). Vas also associates with
Piwi, Aubergine, and other components of the repeat-
associated siRNA (rasiRNA) pathway (Megosh et al.
2006; Vagin et al. 2006), and has been linked recently to
retrotransposon silencing (Shpiz et al. 2009), suggesting
possible additional functions for it in RNAi pathways.

In this study, we identify mei-P26 as a novel target
mRNA for Vas. We demonstrate that Vas associates with
mei-P26 mRNA in vivo, and that full-length Vas binds
specifically in vitro to a tract of 30 nucleotides (nt) of the
mei-P26 3' UTR that contains a (U)-rich motif. Vas
binding to this segment of mei-P26 mRNA is specifically
competed by unlabeled poly(U). Unlike full-length Vas,
a Vas fragment identical to that used in a previous struc-
tural study (Sengoku et al. 2006) did not show specific
binding, indicating that sequence specificity is conferred
by a region of Vas outside of the conserved DEAD-box
domains. In vivo expression of Mei-P26 is reduced in vas-
null or vas/A617 ovaries relative to wild type, but expres-
sion from GFP:mei-P26 transgenes that lack the Vas-
binding site is unaffected by vas activity. Taken together,
these results demonstrate that Vas is a sequence-specific
RNA-binding protein that positively regulates translation
of mei-P26 in early-stage committed germline cells, thus
promoting their further differentiation.

Results

Isolation of Vas-associated mRNAs

To explore more fully the associations that exist between
Vas and mRNA in vivo, we identified mRNAs that
copurify with Vas in extracts prepared from early Dro-
sophila embryos. We developed a method based on the in
vivo cross-linking and immunoprecipitation approach
(see the Supplemental Material for a detailed description;
Niranjanakumari et al. 2002; Ule et al. 2003). Embryos
(02 h) were collected, permeabilized, and in situ cross-
linked with formaldehyde. Extracts were prepared, and
mRNAs were purified by oligo(dT) chromatography from
cross-linked and control uncross-linked embryos. Ali-
quots of each eluted sample were resolved on agarose
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gels and used for immunoblot analysis with anti-Vas
antibody. Vas, bound to mRNA, was present in the
cross-linked sample and not in the control (Fig. 1A).
Vas-mRNA complexes purified by oligo(dT) chromatog-
raphy were further purified by tandem immunoprecipi-
tation with anti-Vas antibody (Liu et al. 2003). Purified
extracts were analyzed again for the presence of Vas by
immunoblotting (Fig. 1B). The cross-linking was then
reversed by heat treatment. mRNA was isolated and used
to synthesize double-strand cDNA (Fig. 1C). The synthe-
sized cDNA sequences represent the sequences of the
mRNA in the VassmRNA complex. The cDNAs were
cloned and sequenced.

From these purifications, we recovered cDNAs repre-
senting 221 different mRNAs (Supplemental Table 1). As
Vas is enriched in primordial germ cells (PGCs), we
investigated whether this population of mRNAs is
enriched for those that also accumulate in PGCs, as we
might predict that Vas target mRNAs would more fre-
quently show such a distribution than mRNAs from a
general sampling. By searching in situ hybridization data
that were generated by the Berkeley Drosophila Genome
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Figure 1. Purification of Vas-mRNA complexes. (A) Aliquots
(1/100) of eluates from oligo(dT) chromatography were resolved
on a 0.75% TAE agarose gel, blotted, and treated with anti-Vas
antibody. (Lanes 1-3) First, second, and third eluates from
uncross-linked controls. (Lanes 4-6) First, second, and third
eluates from cross-linked samples. (Lane 7) Cross-linked lysate
before oligo(dT) chromatography, a positive control. (B) Purifi-
cation of Vas-mRNA complexes by tandem Vas immunopre-
cipitation, analyzed by immunoblot as in A. (Lane 1) Cross-
linked sample before immunoprecipitation, a positive control.
(Lanes 2,3) Aliquots of material recovered from the first immu-
noprecipitation, using rabbit IgG (control, lane 2) and «-Vas (lane
3). (Lanes 4,5) Aliquots of material recovered from the second
immunoprecipitation using rabbit IgG (control, lane 4) and
a-Vas (lane 5). The arrows indicate the purified Vas-mRNA
complexes. (C) Synthesis of double-strand ¢cDNA. Lane 1 is
a positive control. Lanes 2-4 are the first-strand cDNA synthe-
sis, and represent buffer control (lane 2), uncross-linked control
(lane 3), and cross-linked sample (lane 4). Lanes 5-7 are the
second-strand ¢cDNA synthesis, and represent buffer control
(lane 5), uncross-linked control (lane 6), and cross-linked sample
(lane 7).
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Project (Tomancak et al. 2007) and by Lécuyer et al.
(2007), and by carrying out our own in situ hybridizations,
we obtained expression pattern data for 180 of the re-
covered mRNAs, and 24 (13.3%) are clearly enriched in
pole cells at the cellular blastoderm stage (Supplemental
Table 1). This compares to estimates of 5.0% (223 out of
4496) (Tomancak et al. 2007) or 5.9% (199 out of 3370)
(Lécuyer et al. 2007) from large-scale screens.

vas and mei-P26 interact genetically

Among the mRNAs we recovered was mei-P26, which
has been implicated in germ cell differentiation in both
sexes, and which also functions somatically in the
nervous system (Page et al. 2000; Glasscock et al. 2005;
Neumiiller et al. 2008). Mei-P26, a TRIM-NHL domain
protein, interacts with Argonaute-1 (AGO1), inhibiting
the microRNA (miRNA) pathway and promoting dif-
ferentiation of early-stage committed germline cells
(Neumtiller et al. 2008). To test for a common function,
we investigated whether vas and mei-P26 mutations
interact. The hypomorphic maternal effect lethal vas?
allele allows oogenesis to proceed to completion even
when in trans with the vas"#?%-null allele (Styhler et al.
1998). The hypomorphic allelic combination mei-P26/
mei-P26/*! primarily affects chromosome segregation at
meiosis (Page et al. 2000). Oogenesis proceeds to comple-
tion in these mei-P26 mutants, with only very rare cases
of tumorous egg chambers and occasional defects in nurse
cell number (Page et al. 2000). We confirmed these earlier
data for these two genotypes, and noted that virtually all
egg chambers produced by these two genotypes contain
oocytes and differentiated polyploid nurse cells (Fig. 2A-
D). However, combining vas and mei-P26 mutations
gives a strikingly more severe phenotype; vas®/vas™#16,
mei-P26"/mei-P26/! ovaries are comprised mostly of
tumorous egg chambers (Fig. 2E,F). We used mADb 1B1,
which is directed against an Adducin isoform (Zaccai and
Lipshitz 1996), to determine the developmental stage of
these tumorous cells by investigating their fusome struc-
ture. As cells with punctate spectrosomes as well as
cells with branched fusomes were observed, we conclude
that the vas!/vas"™1%°; mei-P26'/mei-P26"! egg cham-
bers contain mostly early-stage cystocytes, a phenotype
also characteristic of strong mei-P26 alleles (Fig. 2G,H;
Neumdiller et al. 2008). Thus reduction of vas activity
enhances the phenotypic consequences of a hypomorphic
mei-P26 allelic combination.

Vas activates mei-P26 translation

We prepared an anti-Mei-P26 antiserum to investigate
whether vas activity affected endogenous Mei-P26 accu-
mulation. Immunoblotting experiments showed that the
Mei-P26 protein level is clearly reduced in extracts pre-
pared from homozygous vas™1%® ovaries as compared
with wild type (Fig. 3A). Using Quantity ONE software
(Bio-Rad), we quantitated the intensity of the Mei-P26
signal from vas®™% ovaries in comparison with that of
wild-type ovaries, and determined it to be 49.4% = 6.1%
(n=6). Mei-P26 signal was essentially absent in mei-P26/*/
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Figure 2. mei-P26 and vas mutations genetically interact.
Nuclei were visualized by DAPI staining (blue), germline cells
were labeled with a-Vas, and fusomes were labeled with mAb
1B1. (A,B) vas'[vas"™1%° egg chambers are similar to wild-type,
composed of 15 nurse cells (nc¢) and an oocyte (0o), surrounded
by a layer of follicle cells. (C,D) mei-P26 /mei-P26/? ovaries,
a relatively mild allelic combination, are mostly wild-type in
appearance. Occasional egg chambers (<5%) still differentiate
nurse cells and oocytes, but have fewer or more than 15 nurse
cells, or are incorrectly patterned (data not shown). (E,F) vas?/
vasPH1%, mei-P26! /mei-P26/*! ovaries have a much more severe
phenotype, with most (>50%) egg chambers appearing tumorous
and failing to differentiate nurse cells and oocytes. The germline
cells of these ovaries show either punctate spectrosomes (aster-
isks) or branched fusomes (solid triangles), indicating they are
cystocyte-derived. (G,H) ovaries from mei-P26/*!/mei-P26™,
a strong allelic combination, resemble vas!/vas"1%°; mei-P26/
mei-P26/! ovaries.

mei-P26™! ovarian extracts, confirming the specificity
of the antiserum. We also examined the Vas level in the
mei-P26/ |mei-P26™5! ovarian extract by immunoblot



& n & A
o/ & e
é}g:‘"Qq'é g@u\e"’ e\'qrqnvéo Q\‘é
A T & & B ¢ q"é &

1 2 3 kD 1 2 3

Mei-P26 —> c - -

b 115

a-tubulin_, S - e «—o-tubulin

units)

mei-P26 MRNA (arbitrary

009 120 L18
genotype

Figure 3. Mei-P26 protein level is reduced in vas mutant
ovaries. (A) Immunoblot of ovarian extracts from mei-P26/*/
mei-P26™51 vasP1%% and wild-type (OreR) females using anti-
Mei-P26, which was preadsorbed with fixed mei-P26"!/mei-
P26™ ovaries. The same blot was probed with anti-a-tubulin
as a loading control. (Lane 1) mei-P26/*!/mei-P26™" ovarian
extract serves as a negative control. (Lane 2] Homozygous
vas"H1% ovarian extract. (Lane 3) Wild-type ovarian extract.
The Mei-P26 level is reduced in lane 2 as compared with lane 3
(arrow). (B) Immunoblot using anti-Vas on extracts prepared
from mei-P26"? /mei-P26™! ovaries (lane 1), homozygous
vas1%% ovaries (lane 2], and wild-type ovaries (lane 3). The
Vas level (arrow) is unaffected by mei-P26 mutations. Molecular
weight markers are indicated in kilodaltons. (C) Real-time PCR
data comparing mei-P26 RNA levels in mei-P26"! jmei-P26™?
(mei-P26), vas’#1%% (vas), and wild-type (wt) ovaries, showing
that mei-P26 RNA levels are unaffected by vas mutation. The
data presented are averaged from four independent experiments
(12 reactions) for each genotype, and the error bars indicate
standard deviations.

and found no difference from the wild-type ovarian ex-
tract (Fig. 3B). Thus, vas is required for normal accumu-
lation of Mei-P26, but mei-P26 is not required for Vas
expression. Using real-time PCR methods, we further
investigated whether the levels of mei-P26 mRNA differ
from wild type in vas"™1% ovaries, but found no differ-
ence (Fig. 3C). Thus, we conclude that Vas activates mei-
P26 expression at the level of translation, rather than by
influencing the stability of its mRNA.

Mei-P26 is expressed at low levels in stem cells, but its
level increases through transit-amplifying divisions such
that it accumulates at high levels in early 16-cell germ
cell cysts (Fig. 4A,B; Neumiiller et al. 2008). We used mei-
P2%1 | mei-P26™5! ovaries as negative controls and to
ensure the specificity of the immunostaining reaction
(Fig. 4C,D). Consistent with the immunoblotting data,
Mei-P26 accumulation was greatly reduced in homozy-

gous vas’1% ovaries (Fig. 4E,F). This result was highly
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reproducible from sample to sample. We further investi-
gated whether Mei-P26 accumulation is reduced in a site-
directed vas mutant (vas*®?’) (Johnstone and Lasko 2004),
which is abrogated for interaction with eIF5B. We re-
producibly found that accumulation of Mei-P26 protein
was greatly reduced in vas’#1%; P{vas?®!’} (Fig. 4G,H),
but that expression of a vas* transgene fully rescued wild-
type levels of Mei-P26 expression in vas’#1%° ovaries (Fig.
41,]). Taken together with our previous data, we conclude
that Vas positively regulates mei-P26 translation via its
interaction with eIF5B.

Vas protein binds directly to a (U)-rich motif
in the mei-P26 3" UTR

To investigate whether Vas can bind directly to mei-P26
mRNA, we carried out electrophoretic mobility shift
assays (EMSAs) with purified GST-Vas that was expressed
in Escherichia coli and various radiolabeled RNAs de-
rived from the mei-P26 5’ UTR or 3’ UTR. We found that
GST-Vas bound to the mei-P26 3’ UTR sense transcript,
but not to the mei-P26 5" UTR or to a mei-P26 3' UTR
antisense transcript (Fig. 5A, lanes 1-9). We further found
that recovery of RNA species with retarded electropho-
retic mobility depended on a particular segment of the
mei-P26 3' UTR that contains a (U)-rich motif (nucleo-
tides 551-580, which has the following sequence: 5'-AGG
UCGAGCUCCUAUUUUUUUUUUCCCCGU-3') (Fig.
5A, lanes 10-15). We also observed that gel retardation
was sensitive to the inclusion of unlabeled poly(U) (Fig.
5A, lanes 17-19).

To further examine the Vas-mei-P26 interaction, we
used a UV cross-linking assay that confirmed a specific
interaction between GST-Vas and the 551-580 segment of
the 3’ UTR. This interaction is sensitive to competition
with unlabeled poly(U), but not to poly(A), illustrating the
importance of the (U)-rich motif for Vas binding (Fig. 5B).
We used this assay to compare the relative affinity of
GST-Vas for the 551-580 segment versus that for neigh-
boring 30-nt segments of the mei-P26 3' UTR and ob-
served a 30- to 60-fold preference for the segment con-
taining the (U)-rich motif (Fig. 5C).

A fragment of Vas consisting of amino acids 200-623
(which we term Vasa core protein, or VCP) was cocrystal-
lized with an oligomer of poly(U) and a nonhydrolyzable
ATP analog for high-resolution structural analysis (Sengoku
et al. 2006). In this way, VCP-RNA binding was shown to
involve a series of hydrophilic interactions between the
protein and the phosphate and 2’-hydroxy groups of the
sugar-phosphate backbone, and not the nucleotide bases.
This argues against the possibility of sequence-specific
binding, which we nonetheless observed for full-length
GST-Vas. To test whether GST-VCP behaves differently
from GST-Vas in our assays, we expressed GST-VCP and
tested its relative affinities for four 30-nt oligonucleo-
tides, including the 551-580 segment. We found that,
unlike GST-Vas, GST-VCP binds weakly and essentially
equally to all four probes (Fig. 5D). The affinity of GST-
VCP binding to the RNA probes was comparable with
that of full-length GST-Vas to probes that did not contain
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the critical (U)-rich motif. This result strongly suggests
that, while the core fragment of Vas is capable of a basal
level of RNA binding, another domain located outside of
amino acids 200-623 can contribute to RNA binding in
a sequence-specific manner.

(U)-rich motifs are frequent in Drosophila 3’ UTRs

To gain some insight into the potential number of Vas
target mRNAs, we investigated the frequency of polyuri-
dine tracts in the 3’ UTRs of Drosophila melanogaster
mRNAs. We obtained the sequences of 17,887 predicted
3’ UTRs, totaling 8,326,756 nt from FlyBase (Wilson et al.
2008), and searched for instances of seven or more
consecutive U residues. Such U-motifs are quite frequent
in 3’ UTRs: (U); or greater appeared 4030 times, or once
every 2066 nt; (U)g or greater appeared 2419 times, or
once every 3422 nt; (U)o or greater appeared 1622 times,
or once every 5134 nt; and (U);( or greater appeared 998
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times, or once every 8343 nt. As the average 3' UTR
length is 465 nt, this analysis implies that a maximum of
465 out of 2066, or 22.5%, would contain a (U); or greater
motif, although the actual number is somewhat smaller,
as we identified many individual mRNAs, most with long
3" UTRs, that contained two or more such repeats.
Shorter U-motifs are frequent enough to be found in most
3' UTRs. As it is unlikely that Vas actually interacts with
such a large set of mRNAs, it is probable that additional
sequence or structural elements contribute to the defini-
tion of a Vas-binding site. As Vas is present mostly in
mRNP complexes in vivo, other proteins associated with
it may confer additional specificity. Also, some mRNAs
that contain a Vas-binding element in their 3’ UTR may
never be coordinately expressed with Vas. Polyuridine
repeats were not overrepresented among the 3’ UTRs of
the mRNAs we coimmunoprecipitated with Vas. How-
ever, of the 31 mRNAs we recovered in our immunopre-
cipitations that contained 3’ UTR polyuridine repeats
seven or more residues in length, seven (mei-P26, gcl, cib,
pxt, Bsg25D, Vap-33-1, and TH1) are enriched in blasto-
derm pole cells. This 22.6% frequency of pole cell-
enriched mRNAs is far higher than is found by random
sampling or from large-scale gene expression surveys,
suggesting that filtering our coimmunoprecipitation re-
sults for the presence of U-motifs may predict direct
targets of Vas in addition to mei-P26.

We used two modeling programs—CentroidFold (Sato
et al. 2009) and the SRNA program of Sfold (Ding et al.
2004)—to predict secondary structures for a 500-nt and
a 200-nt region, respectively, surrounding the U-motif
that is recognized by Vas. Both programs predicted that
the U residues were mostly in a double-stranded base-
paired region that was interrupted by several unpaired
residues (Supplemental Fig. 1). We used CentroidFold to
examine whether the U-motifs in the six other Vas-
associated localized mRNAs that possessed them would

Figure 4. Vas activity affects Mei-P26 protein accumulation.
(A,B) In wild-type ovaries, Mei-P26 protein is present in stem
cells, and its expression reaches a peak in 16-cell cysts. It is
essentially absent in subsequent stages of oogenesis. In A, an egg
chamber, which in normal development includes 15 polyploid
nurse cells (nc) and an oocyte (00), is labeled. In B, the different
developmental stages of the germarium are labeled. Region 1 (1)
contains the stem cells and the mitotic region in which the
cystocytes divide to form two-, four-, eight-, and 16-cell cysts;
region 2a (2a) contains early 16-cell cysts, which mature in
region 2b (2b), becoming associated with a monolayer of pre-
cursor follicle cells. Region 2b is also the region in which nurse
cells and oocytes differentiate (Spradling et al. 1997). Mei-P26 is
expressed in region 1, peaking in early 16-cell cysts. (C,D) Little
Mei-P26 signal is apparent in mei-P26/* /mei-P26™ ovaries.
These egg chambers are tumorous (tum), failing to differentiate
nurse cells and oocytes. (E,F) Accumulation of Mei-P26 protein
throughout its expression domain is substantially reduced in
homozygous vas’#1% ovaries. (G,H) Accumulation of Mei-P26
protein is similarly reduced in vas®%%, P{vas*®!’} ovaries. (L])
Mei-P26 protein expression in vas™%® ovaries is rescued to
wild-type levels by expression of a wild-type vas* transgene.
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Figure 5. RNA-binding assays reveal a (U)-rich motif that is recognized specifically by full-length GST-Vas. (A) Gel retardation assays
to investigate the RNA-binding properties of Vas in respect to mei-P26 mRNA. GST (1.5 ug) or GST-Vas (+, 2 pg; or ++, 4 ug) was
incubated with 30 ng of “P-labeled RNA probes as follows: (Lanes 1-3) Full-length mei-P26 5" UTR RNA; (lanes 4-6) Full-length mei-
P26 3’ UTR RNA (antisense strand). (Lanes 7-9,16-19) Full-length mei-P26 3’ UTR RNA (sense strand). (Lanes 10-12) mei-P26 3' UTR
RNA deleted for the (U)-rich element (nucleotides 565-574). (Lanes 13-15) mei-P26 3' UTR RNA deleted for a larger segment
containing the (U)-rich element (nucleotides 551-580). Unlabeled poly(U) was added to the samples loaded in lanes 18 and 19 (0.1 pg
and 1.0 ng, respectively). RNAs were separated on a 0.7% agarose gel. Species with retarded electrophoretic mobility (GS) were
observed only when GST-Vas and full-length mei-P26 3' UTR were present, and poly(U) competitor RNA was absent. In those
reactions, the molar ratio of GST:Vas to mei-P26 3’ UTR RNA was 325:1. (B) Cross-linking assays to test the ability of Vas to bind
nucleotides 551-580 of the mei-P26 3' UTR in the presence of various competitor RNAs. Lanes 1 and 2 are negative controls (no added
protein and GST added, respectively). (Lanes 3-14) GST-Vas (4 ug) and “P-labeled mei-P26 3’ UTR nucleotides 551-580 (20 ng) were UV-
cross-linked in the presence of competitors as follows: (Lanes 3-6) mei-P26 3' UTR nucleotides 551-580. (Lanes 7-10) Poly(U). (Lanes
11-14)Poly(A). Competitor RNAs were added at 0 pg (labeled 0), 0.01 pg (+), 0.1 pg (++), and 1 pg (+++). The position at which samples
were loaded onto the gel is labeled “top” and the position at which the major cross-linked species migrates is labeled “XL.” (C) Cross-
linking assays to compare the relative affinity of full-length GST-Vas to nucleotides 551-580 of the mei-P26 3’ UTR to its affinity to
neighboring 30-nt fragments of the mei-P26 3" UTR. GST (1.5 ug) or GST-Vas (+, 2 ug; or ++, 4 pg) was incubated with the following
“P-labeled (30-ng) RNA probes as follows: (Lanes 1-3) mei-P26 3' UTR nucleotides 521-550. (Lanes 4-6) mei-P26 3' UTR nucleotides
551-580. (Lanes 7-9) mei-P26 3’ UTR nucleotides 581-610. (Lanes 10-12) mei-P26 3' UTR nucleotides 611-640. The position at which
samples were loaded onto the gel is labeled “top” and the position at which the major cross-linked species migrates is labeled “XL.” The
intensities of the major cross-linked species were measured with ImageQuant software, and are presented as a percentage of that
measured in lane 6. In this experiment, when 4 ug of GST-Vas were present, the molar ratio of protein to RNA was 12:1. (D) Cross-
linking assays as in C but using 4 pg of GST-VCP instead of the full-length GST-Vas, and using 20 ng of the RNA probes. Unlike GST-
Vas, GST-VCP does not preferentially bind the 551-580 segment. In this experiment, when 4 ug of GST-VCP were present, the molar
ratio of protein to RNA was 25:1. All of the transcripts used in this figure derive from a mei-P26 cDNA that contains 10 consecutive
U residues in its 3’ UTR (nucleotides 565-574), but that differs from the corresponding region of the consensus genome sequence,
which has only nine consecutive T residues (Celniker et al. 2002).

also be predicted to be base-paired. In the gcl 3’ UTR,
there is a (U); motif that is predicted to be entirely base-
paired. The U-motifs of cib and vap-33-1 are similar to

In vivo expression of transgenic GFP-Mei-P26 depends
on vas activity and the mei-P26 3’ UTR-binding site

that of mei-P26 in that they are partially base-paired. The
latter of these RNAs also contains a (U)g motif that is
partially base-paired. In contrast, the U-motifs of Bsg25D
and TH1 are in unstructured regions, and only the first
residue of a (U); motif in pxt is predicted to be in a base
pair.

To determine the significance of the interaction between
Vas and the 3’ UTR-binding site to mei-P26 expression in
the ovary, we produced transgenic lines expressing GFP-
tagged versions of Mei-P26, with either a full-length 3’
UTR or deletions of nucleotides 551-580 (A30) or 565-
574 (A10). We introduced these transgenes into either

GENES & DEVELOPMENT 2747



Liu et al.

A GFP-mei-P26'%  GFP-mei-P26"°  GFP-mei-P26*
vas wt vas wt vas wt

hﬂ"""!‘]""?’
' haﬁw -......QJ
— -

a-tubulin —» --—_——nm-.----l-“"I
1.2 3 45 6 7 8 9 1011 12 13

GFP-Mei-P26—»

¥
GFP-Vas —» ‘

Vas —»

1.6

B i A30 A10 full-length
|l '
s ‘ Lo
T | B
8 o6 { \ \
0.2 |
" | | . |
+ vas + vas + vas
p-value 0.19 0.42 0.04

Figure 6. The Vas-binding site in the mei-P26 3' UTR affects
GFP-Mei-P26 expression in vivo. (A) Immunoblot of ovarian
extracts from various genotypes. a-GFP was used to detect GFP-
Mei-P26 expressed from transgenes as indicated. (vas) Transgene
is expressed in a vas"H#1% genetic background; (wt) transgene is
expressed is a wild-type genetic background. a-Vas was used to
confirm the genotypes, and anti-a-tubulin was used as a loading
control. Quantitative data from four independent experiments
are presented in the Results. (Lane 1) P|GFP-vas| serves as
positive control for a-GFP. (Lanes 2,3) vas"#1%, P|GFP-mei-
P264%%]. (Lanes 4,5) +; P[GFP-mei-P26*3%]. The level of GFP-
Mei-P26 is equivalent in wild-type and vas mutant back-
grounds. (Lanes 6,7) vas™™1%%;, P{GFP-mei-P26*17). (Lanes 8,9) +;
P[GFP-mei-P26*1°). The level of GFP-Mei-P26 is equivalent in
wild-type and vas mutant backgrounds. (Lanes 10,11) vas’™1%%;
P|GFP-mei-P26]. (Lanes 12,13) +; P|[GFP-mei-P26). The level of
GFP-Mei-P26 is reduced in the vas mutant background as
compared with wild-type, indicating that the Vas-binding site
is essential for Vas-mediated activation of expression. (B) Real-
time PCR data comparing mei-P26 RNA levels from the same
transgenic constructs in wild-type and in vas"#1% genetic
backgrounds. mRINA levels from all three constructs are slightly
reduced in vas"#1% extracts, to 86.6% for full-length, 96.5% for
GFP-mei-P26*1° and 92.8% for GFP-mei-P26*%°. The P-values
for these differences are given for each construct.

a wild-type or vas"™1% genetic background, and moni-

tored the effects of vas activity on their expression. As we
described for endogenous Mei-P26, expression of GFP-
Mei-P26 from the control construct with an intact 3’
UTR is much greater in wild-type ovaries than in com-
parably staged vas’1%° ovaries (Fig. 6A). Quantitation of
four such experiments indicated that, when normalized
for endogenous a-tubulin expression, the level of GFP-
Mei-P26 from a construct with an intact 3’ UTR in
vast1% ovaries was 51.8% = 8.8% of that in similarly
staged wild-type ovaries. This differential expression de-
pends on the presence of the (U)-rich motif in the mei-P26
3’ UTR, however, as GFP-Mei-P26 expression is essen-
tially equal in wild-type and vas™#1%® ovaries when that
element is removed (Fig. 6). Mei-P26 expression from
the A30 construct was expressed in vas’1% ovaries at
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96.9% = 5.2% of wild-type levels (n = 4), while Mei-P26
expression from the A10 construct was expressed in
vastH1% ovaries at 98.8% * 8.9% of wild-type levels
(n = 4). These differences between GFP-Mei-P26 expres-
sion from the various constructs in vas’% ovaries
are highly significant (full-length vs. A10, P < 0.0001;
full-length vs. A30, P < 0.0003; unpaired t-test). We
did not observe a comparable effect of vas activity on
GFP-mei-P26 mRNA levels (Fig. 6B). In vas extracts,
a modest reduction in full-length GFP-mei-P26 mRNA
to 86.6% * 15.8% (P = 0.04) was observed, as well as
smaller, not statistically significant, reductions in vas
extracts for mRNAs of both deletion constructs. We
conclude that the (U)-rich motif is essential for Vas-
mediated regulation of mei-P26 in vivo, and that this
regulation occurs primarily at the level of translation.

Discussion

In this study, we demonstrated that Vas regulates mei-
P26 expression in vivo, and that a (U)-rich element in the
mei-P26 3’ UTR interacts with Vas in vitro and is
required for Vas-mediated regulation in vivo. DEAD-box
helicases such as Vas were not believed previously to be
sequence-specific nucleic acid-binding proteins (Sengoku
et al. 2006). We showed, however, that Vas demonstrates
specific binding, but that this requires domains that are
distinct from the motifs shared by all DEAD-box proteins.
Vas contains nine RGG repeats located between amino
acids 17 and 165, within the region we implicated in
binding specificity that lies outside of the canonical
DEAD-box segment. While the region N-terminal to the
common DEAD-box motifs is highly variable in the se-
quences of Vas orthologs from different species, the pres-
ence of RGG repeats within that region is conserved; for
example, zebrafish Vas contains nine such motifs, and
human Vas (DDX4) contains four. Two RGG repeats are
present in mammalian fragile X mental retardation pro-
tein (FMRP), and have been shown to specifically recog-
nize a G quartet structure in semaphorin 3F RNA,
indicating that this motif can discriminate among target
RNAs (Menon and Mihailescu 2007). RGG repeats are
often present in proteins that contain other RN A-binding
domains; for example, Vas contains a DEAD-box signa-
ture, while FMRP contains two hnRNPK homology (KH)
domains; thus it has been proposed that they serve an
auxiliary role in RNA binding (McBride and Silver 2001).
We suggest that the RGG repeats of Vas play such a role
by conferring specificity to its association with RNA.
RGG motifs are also targets for arginine methyltrans-
ferases, and arginine methylation has been linked to
modulating the RNA-binding activity of heterogeneous
nuclear RNP (hnRNP) Al (Kim et al. 1997). It is tempting
to speculate that the RNA-binding activity of Vas might
be similarly modulated, perhaps through the activity of
the arginine methyltransferase Capsuléen, which like Vas
is essential for germ cell specification (Gonsalvez et al.
2006; Anne et al. 2007).

A model has been proposed for Vas-mediated trans-
lational activation whereby Vas recruits eIF5B to target



mRNAs (Carrera et al. 2000; Johnstone and Lasko 2004).
This study suggests that Vas can itself discriminate
among potential mRNA targets, although we cannot
exclude that Vas may be recruited to other target mRNAs
through indirect associations involving partner RNA-
binding proteins. Precedents for regulation of translation
at the step of subunit joining exist in several systems. For
example, in early erythroid precursor cells, the mRNA
encoding 15-lipoxygenase (r15-LOX) is translationally
silenced at this step of translation initiation, dependent
on a cytidine-rich 3" UTR element termed DICE (differ-
entiation control element] and on two RNA-binding
proteins: hnRNP K and hnRNP E1 (Ostareck et al. 2001;
Reimann et al. 2002; Messias et al. 2006). Phosphoryla-
tion of a specific tyrosine residue of hnRNP K by c-Src
reduces its affinity for DICE, thus activating translation.
Another example is provided by the ASHI mRNA in
Saccharomyces cerevisiae, which is translationally re-
pressed before localizing to the bud cortex by Puf6p, which
binds the RNA and blocks subunit joining through an
interaction with eIF5B (Deng et al. 2008). As for r15-LOX,
repression is alleviated by phosphorylation of the RNA-
binding protein. Vas differs from these other translational
regulators in that it positively regulates its targets; like
hnRNP K and Puf6p, however, post-translational modifi-
cation of Vas has also been linked to a reduction of its
activity (Ghabrial and Schiipbach 1999; Pane et al. 2007).

Several phenotypes manifested in vas-null ovaries
point toward a function for Vas in restricting cell fate
during cystocyte divisions, and these could result from
reduced mei-P26 expression. The relationship between
Mei-P26 and Vas may be more complex, however, as both
are linked to small RNA metabolism. Mei-P26 binds to
AGOI, an RNase that is a core component of the RNA-
induced silencing complex (RISC) that is involved in
miRNA-mediated translational repression and RNA deg-
radation pathways (Neumiiller et al. 2008). Both Mei-P26
and AGO1 have been implicated in regulating GSC fate;
Mei-P26 restricts growth and proliferation and promotes
differentiation, while AGO1 does the reverse (Yang et al.
2007; Neumiiller et al. 2008). Piwi, a key component of
rasiRNA and piwi-interacting RNA (piRNA) pathways,
has been implicated in stem cell self-renewal (Cox et al.
2000). Vas is associated with Piwi, Aubergine, and other
components of the rasiRNA pathway (Megosh et al. 2006;
Vagin et al. 2006), and has itself been linked to retro-
transposon silencing (Shpiz et al. 2009). Therefore, Vas
appears to be involved in both the AGO1 pathway,
through its regulation of Mei-P26, and the rasiRNA
pathway (Vagin et al. 2006), potentially making it a key
regulator of processes mediated by small RNAs in GSCs
and early-stage committed cells.

Materials and methods

Purification of Vas-binding mRNAs

We modified previous in vivo cross-linking and immuno-
precipitation methods (Liu et al. 2003; Ule et al. 2003)
with additional mRNA purification steps and a second

Vas activates mei-P26 translation

Vas immunoprecipitation. Our methods are described in
detail in the Supplemental Material.

Western analysis

Extracts were prepared from 3- to 5-d-old ovaries, and
proteins were resolved on 7.5% SDS-PAGE gels and
transferred onto nitrocellulose membranes that were
blocked overnight at 4°C in PBS, 0.05% Tween 20, and
2% skim milk (PBSTM). Membranes were incubated for
1 h at room temperature with primary antibodies diluted
in PBSTM, washed with PBSTM, then incubated for 1 h at
room temperature with HRP-conjugated secondary anti-
bodies (GE Healthcare) diluted 1:5000 in PBSTM. Mem-
branes were washed with PBSTM, and proteins were
detected on X-ray films using Western Lightning Plus-
ECL (PerkinElmer). Rabbit anti-Mei-P26 was used at
1:1000, and the antibody was purified by preabsorption
with fixed ovaries of mei-P26/*! /mei-P26™! before using.
Rabbit anti-Vas was used at 1:5000. Mouse anti-a-tubulin
(Sigma) was used at 1:10,000. Films were scanned and
quantitation of results was carried out using Quantity
ONE software (Bio-Rad).

Immunohistochemistry

Ovaries were dissected from 3- to 5-d-old females in PBS
and fixed in 100 pL of PBS, 1% NP-40, 600 uL of heptane,
and 100 L of 10% formaldehyde for 20 min. Samples
were rinsed three times, washed three times for 10 min
with PBST (PBS + 0.3% Triton X-100), and blocked in
PBSTA (PBST + 1% BSA) for 1 h at room temperature.
Samples were incubated with primary antibodies over-
night at 4°C in PBST, and the antibody was purified by
preadsorption with fixed ovaries of mei-P26/*!/mei-
P26™1 before using. Samples were rinsed three times,
washed three times for 20 min with PBST, then blocked
in 1 mL of PBSTA containing 80 pL of normal goat serum
(NGS) for 1 h at room temperature. Samples were in-
cubated in the dark with fluorescent secondary antibody
(preadsorbed goat anti-rabbit Alexa Fluor555, Molecular
Probes), final dilution 1:1000 in PBST, and 4% NGS for
90 min at room temperature, then washed four times for
5 min and twice for 15 min in PBST in the dark. Samples
were counterstained with DAPI, mounted in anti-fade
reagent in glycerol/PBS from the SlowFade Antifade Kit
(Molecular Probes), and examined under confocal micros-
copy (Zeiss LSM510). Rabbit anti-Mei-P26 was used at
a dilution of 1:1000, rabbit anti-Vas was used at a dilution
of 1:2000, and mAb 1B1 was used at a dilution of 1:10.

EMSAs

GST-Vas and GST were expressed in E. coli and puri-
fied by glutathione-Sepharose chromatography. mei-P26-
derived transcripts were prepared with MAXIscript
(Ambion). Proteins were incubated for 20 min at room
temperature with 30 ng of [a-3?P]JUTP-labeled mei-P26 3’
UTR transcript (sense RNA or antisense RNA)in 15 pL of
incubation buffer (40 mM Tris-HCI buffer at pH 7.5,
50 mM KCl, 5 mM MgCl,, 10% glycerol, 0.1% Tween
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20, 1 mM AMPPNP). After incubation, samples were
separated on a 0.7% agarose gel. The gel was dried onto
chromatography paper and analyzed on a Storm 840
Phosphorlmager (Molecular Dynamics).

UV cross-linking assays

GST-Vas or GST was incubated for 20 min at room
temperature with synthetic 5’-32P-labeled 30-nt RNAs
in 15 pL of 20 mM Tris-HCI buffer (pH 8.0) containing
5 mM MgCl,, 1 mM dithiothreitol, and 1 mM AMP-PNP.
For competitive UV cross-linking assays, unlabeled com-
petitors were added. The reaction mixtures were then
irradiated with a 254-nm UV lamp, 8 W (MRL-58 Multi-
ple-Ray Lamp, UVP) for 25 min at 4°C. The distance
between samples and the lamp was 2 cm. After irradia-
tion, samples were subjected to SDS-PAGE on a 10%
polyacrylamide gel, which was then dried and analyzed
on a Phosphorlmager as described above. RNA probes
were denatured/renatured by incubating for 5 min at
95°C with gradual cooling down to room temperature
before using.

Real-time PCR analysis

Total RNA was isolated from five pairs of similarly staged
1- to 3-d-old ovaries of relevant phenotypes using the
RNeasy mini-kit (Qiagen). Possible trace contaminant
DNA was removed by DNase I digestion. RNA concen-
trations were then adjusted to 200 pg/mL. Reverse tran-
scription was performed using the DyNAmo ¢cDNA syn-
thesis kit (Finnzymes) in a 10-pL reaction volume with
random primers and 500 ng of RNA for 45 min at 37°C.
Negative controls (NRTs) omitted reverse transcriptase.
Quantitative PCR was performed using a DyNAmo Flash
SYBR Green kit (Finnzymes) using a C1000 Thermal
Cycler (Bio-Rad) according to the manufacturer’s proto-
col. Two reference genes (B-Tub and rp49) were used for
each sample. The following primers were used: mei-P26:
forward, 5'-CGTTCTCAGCGACGATGCC-3', reverse,
5'-GCAGGAACCAGAGCTGGAG-3’, amplicon size 112
nt; GFP: forward, 5'-GAACCGCATCGAGCTGAAGG-3/,
reverse, 5'-CGCGGATCTTGAAGTTCACC-3’, amplicon
size 146 nt. Experiments were run in triplicate with an
NRT control. PCR reactions were run in a 10-uL volume
for 30 cycles. Data from each experiment were analyzed
by CFX Manager software (Bio-Rad). Data from multi-
ple experiments were pooled and analyzed using Excel
(Microsoft).

mei-P26 transgenic flies

Deletions in the mei-P26 3’ UTR were generated from
cDNA clone GH10646 using the Gene Tailor Site-
Directed Mutagenesis System (Invitrogen), and cloned
into P[w*P, ,s-egfp] (Nakamura et al. 2001). Detailed clon-
ing procedures are available upon request. Constructs
were verified by DNA sequencing (Genome Quebec
Innovation Center). P-element-mediated germline trans-
formation was carried out using standard techniques
(Spradling and Rubin 1982). To compare relative protein
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levels, ovarian extracts from 1- to 3-d-old transgenic flies
were resolved on 10% SDS-PAGE gels and transferred
onto nitrocellulose. Immunoblots were performed using
anti-GFP antibody (1:500; Roche), anti-Vas (1:5000), and
anti-a-tubulin (1:10,000).
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