










(hrp38d05172/Df) can lay eggs, we also immunostained these
hrp38�/� eggs with anti-Nanos antibody (Fig. 4A, middle). We
found that hrp38 mutant eggs showed a pattern of Nanos misex-
pression, with accumulation throughout the whole embryo (Fig.
4A, middle). Quantification of Nanos fluorescence intensity (n �
5) suggested that the Nanos protein level of the Hrp38�/� em-
bryos increased around 2.5-fold compared to that of the wild-type
embryos (Fig. 4B and C). However, we did not observe the obvi-
ous defects of nos mRNA localization in the hrp38 mutant em-
bryos (Fig. 4A, left side, and E). Therefore, it appears that Hrp38
mutant embryos have the same Nos mRNA localization pattern as

that of wild type, in which pronounced nos mRNA can be detected
in the posterior pole by RNA in situ hybridization (Fig. 4A, left
side). These observations suggest that hrp38 loss of function
mainly affects Nanos protein translation but not nos mRNA local-
ization. Taken together, we conclude that Hrp38 is a trans-acting
factor that represses nos translation by binding to the nos 3= UTR
during oogenesis and embryogenesis.

Our previous studies have shown Hrp38 poly(ADP-ribosyl)
ation can disrupt the interaction between Hrp38 and its target
mRNAs, regulating Hrp38-dependent processes such as splicing
and translation (7). Therefore, we propose that Hrp38 poly(ADP-

FIG 3 Either mutation of Hrp38-binding sites in the nos 3=UTR or dsRNA-mediated RNAi of hnRNP genes enhances translation of the luciferase reporter. (A)
Diagrams showing the different firefly luciferase reporters: the reporter with the SV40 3=UTR (1), the reporter with the Nos 3=UTR (WT) (2), the reporter with
the Nos 3=UTR bearing the mutation of the first Hrp38-binding site (GGG to TTT) (Mut-1) (3), the reporter with the Nos 3=UTR bearing the mutation of the
second Hrp38-binding site (GGG to TTT) (Mut-2) (4), and the reporter with the Nos 3=UTR bearing the mutations of both Hrp38-binding sites (GGG to TTT)
(double Mut) (5). (B) Graph showing relative firefly luciferase activity of the reporter with different Nos 3=UTR constructs compared with the wild-type Nos 3=
UTR reporter. Firefly luciferase activity of these reporters was normalized with the Renilla luciferase reporter (pRL-SV40) for transfection efficiency. *, P � 0.05;
**, P � 0.01. (C) Graph showing relative firefly luciferase mRNA abundance compared with the that of the Nos 3= UTR (WT) reporter. The mRNA level was
measured by quantitative RT-PCR with normalization of the Renilla luciferase reporter. N.S., not significant. (D) Western blotting showing the equal expression
levels of Hrp38:RFP protein in the transfections of different firefly luciferase reporters in S2 cells. The cell lysates was immunoblotted with the anti-RFP antibody
and reprobed with mouse antitubulin antibody for the loading control. (E) Graph showing the mRNA abundance of different firefly luciferase reporters
associated with Hrp38:RFP. Quantitative RT-PCR was done to measure mRNA levels after the normalization with the input. RNA IP was performed with rabbit
anti-RFP antibody or rabbit IgG as a control after the transfection of UAST�Hrp38:RFP, MT-Gal4, and individual firefly luciferase reporter constructs into S2
cells. **, P � 0.01. (F) UV cross-linking analysis showing that Hrp38 does not bind to the nos 3=UTR bearing the mutations of the Hrp38-binding sites (M1, M2,
and M1M2). An ovarian lysate from the Hrp38:GFP line was used for UV cross-linking analysis with anti-GFP antibody. (G) Western blotting showing the
knockdown expression of individual genes upon dsRNA treatment of Drosophila S2 cells. (Top) Immunoblotting of the lysates of hrp38 dsRNA-treated S2 cells
with rabbit anti-Hrp38 antibody. (Bottom) Immunoblotting of the lysates of hrp36 dsRNA-treated S2 cells with mouse anti-Hrp36 antibody. All blots were
stripped and reprobed with mouse antitubulin antibody for loading control. (H) Graph showing relative firefly luciferase activity of the reporter with the Nos 3=
UTR after RNAi knockdown compared to activity without dsRNA treatment. After 2 days of dsRNA treatment, as indicated, S2 cells were transfected with firefly
luciferase reporter having the Nos 3= UTR, along with the Renilla luciferase reporter. GFP dsRNA treatment was used to show RNAi specificity for enhancing
translation, and the firefly luciferase dsRNA was used as the positive control. *, P � 0.05; **, P � 0.01. N.S., not significant.
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ribosyl)ated by PARP1 will cause Hrp38 dissociating from the nos
3=UTR, thus relieving the translation repression of Hrp38. To test
his hypothesis, we examined if Parg loss of function can enhance
nos translation during oogenesis and embryogenesis. Hrp38 is
highly poly(ADP-ribosyl)ated in the Parg mutant due to the fail-
ure of degrading poly(ADP-ribose) (pADPr) (20). Because Parg
null mutation caused the completely lethality at the late pupa stage
(44), we used the FLP-DFS (dominant female sterile) method (27)
to generate the Parg mutant embryos. It appears that the Parg�/�

eggs had the normal nos mRNA localization (Fig. 4A, bottom).
However, we observed that similar to the Nos misexpression pat-
tern of the hrp38 mutant, Parg mutant eggs showed the Nos pro-
tein misexpression but not at the mRNA level in the early embryo
(0 to 2 h) (Fig. 4A, bottom, and F). Quantification of Nanos flu-
orescence intensity (n � 5) suggested that the Nanos protein level
of the Parg�/� embryos increased around 4.5-fold compared to
that of the wild-type embryos (Fig. 4B and D). These results sug-
gest that an increased pADPr level in the Parg mutant enhances
Nos translation during embryogenesis.

hnRNP poly(ADP-ribosyl)ation relieves nos 3= UTR-medi-
ated translation inhibition. To confirm our hypothesis that poly-
(ADP-ribose) inhibits Hrp38 binding to the nos 3= UTR and en-
hances Nos translation, we used dsRNA-mediated RNAi to knock
down the expression of the Parg gene in S2 cells. As expected, Parg
RNAi significantly increased the cellular pADPr level, 4.2-fold,
compared to that of the control due to the failure of pADPr deg-
radation in S2 cells (Fig. 5A). Accordingly, a co-IP experiment
showed that Parg RNAi-treated cells has larger amounts of Hrp38
protein associated with pADPr (around a 2-fold increase) than do
cells without dsRNA treatment (Fig. 5B). This result is consistent
with our previous finding that Parg loss of function resulted in an
increased level of Hrp38 bound to pADPr as shown in the Parg
null fly mutant (20). We further examined if Parg RNAi can in-
hibit Hrp38 binding to the nos 3=UTR because pADPr can inhibit
Hrp38 binding to target mRNAs such as the 5=UTR of E-cadherin
mRNA (7). Using RNA IP coupled with quantitative RT-PCR and
RNA-protein UV cross-linking analysis, we found that Parg RNAi
significantly inhibited Hrp38 binding to the nos 3= UTR, around

FIG 4 nos mRNA and protein expression patterns of the wild type, hrp38, and Parg mutants. (A) Nos expression pattern of the 0- to 2-h embryos of wild-type
(y, w), hrp38�/� (Hrp38do5172/Df), and Parg�/� mutants. (Left) Nos protein immunostaining; (right) Nos mRNA in situ hybridization. (B) Nos protein
fluorescence level in the wild type, hrp38, and Parg mutant embryo (0 to 2 h). The mean fluorescence values of five embryos from the WT, hrp38, and Parg mutant
were measured using NIH ImageJ software. **, P � 0.01. (C and D) Nos protein fluorescence intensity along the anterior and posterior (AP) axis. (E and F) Nos
mRNA fluorescence intensity along the AP axis. Nos protein and RNA expression levels of a typical wild-type, hrp38�/�, or Parg�/� embryo (0 to 2 h) were
plotted along the AP axis with NIH ImageJ software.
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5-fold (Fig. 5C and D). Indeed, Parg RNAi also significantly en-
hanced the translation efficiency of the luciferase reporter with the
nos 3= UTR (Fig. 5E), although Parg RNAi did not change the
mRNA level of the reporter (data not shown). We further used a
PARP1 inhibitor (olaparib) to inhibit PARP1 activity 2.3-fold in
the wild-type S2 cells and 2.8-fold in the Parg dsRNA-treated cells
(see Fig. S1B in the supplemental material). After transfection of
these cells with the luciferase reporter with the nos 3= UTR, the
results showed that inhibition of PARP1 activity in the wild-type
cells and Parg-dsRNA-treated cells significantly inhibits the trans-
lation of the luciferase reporter (Fig. 5D). These data indicated
that pADPr can relieve nos 3=UTR-mediated translational repres-

sion by the inhibition of Hrp38 binding to the nos 3=UTR. Indeed,
we also observed that pADPr specifically accumulated in the pos-
terior pole of the wild-type embryo (see Fig. S1C), where Nos
protein is actively translated.

DISCUSSION

We have used RNA IP coupled with RNA sequencing to identify
hundreds of genes (428) whose mRNAs are associated with the
RNA-binding protein Hrp38 in the fly ovary. Results showed that
nos mRNA, one of the target mRNAs of Hrp38 identified in this
study, is regulated by Hrp38 for translational control during ovary
development. Biochemical and genetic evidence demonstrated
that Hrp38 specifically binds to the nos 3= UTR to inhibit nos
mRNA translation. Strict Nanos accumulation in the posterior
pole is critical for the establishment of the A/P body axis and
formation of germ cells during oogenesis and the early embryo-
genesis (36). Because most of nos maternal mRNA (96%) is not
localized to the posterior pole, translational repression of nonlo-
calized maternal nos mRNA is the main mechanism for determin-
ing Nos expression pattern in later oogenesis and the early embryo
(45). A 90-nucleotide (nt) translational control element (TCE)
localized in the nos 3= UTR, which forms a secondary structure
with three stem-loops, has been identified as essential and suffi-
cient for translational repression (39). In addition, Glo, a human
hnRNP F/H homolog, has been shown to bind an AU-rich motif
in the double-stranded region of TCE stem-loop III to inhibit nos
translation (14). However, because the Glo mutant showed only a
very low percentage of Nos mislocalization (14), it was speculated
that other factors must bind to the TCE or another region of the
nos 3= UTR for translational control (14). Here, we showed that
Hrp38, a homolog of human hnRNP A1, is another trans-acting
factor that represses nos translation by binding to the 3= UTR of
nos mRNA. Mutagenesis analysis showed that two GGG binding
sites in the nos 3=UTR are essential for Hrp38-mediated inhibition
of nos translation. Interestingly, the first GGG motif is located in
the 5= overhang of the TCE, and the second is located in the 3= end
(the double-stranded region of TCE stem-loop I) (Fig. 6A). Hrp38
binding will bring these two otherwise distant GGG motifs into
closer proximity, contributing to the formation of a stem-loop
structure in the TCE for binding by other repressors, including
Smg (40, 41) and Glo (14) (Fig. 6A). Therefore, we propose that
Hrp38 binding to these two GGG motifs may facilitate forming or
stabilizing the stem-loop structure of TCE by self-interaction of
hnRNP proteins (Fig. 6A). This model is similar to the looping-
out model by which hnRNP proteins bind to different intron
splicing elements that interact with each other for intron defini-
tion (42).

Although several RNA-binding proteins, such as Smg (46),
Ago1(47), Glo (14), Hrp38, and Hrp36 (this study), have been
identified to be associated with the nos 3= UTR for repression of
unlocalized nos mRNA, the underlying mechanism is not well
understood yet. It is generally believed that nos translation inhibi-
tion occurs in the initiation step of translation at the early embryo
stage, although postinitiation repression likely has a contribution,
too (48, 49). It has been shown that the interaction between
Smaug and the Cup protein (an eIF4E binding protein) can in-
hibit Cup from binding to eIF4G, which is required for recruiting
40S ribosomes to mRNA for cap-dependent translation (48). In-
deed, a proteomic analysis of the cap-binding proteins has re-
vealed that Hrp38/Hrb98DE, Hrp36/Hrb87F, and Cup are the

FIG 5 Parg RNAi enhances translation of the luciferase reporter through the
inhibition of Hrp38 binding to the nos 3= UTR. (A) Increased pADPr level in
the Parg dsRNA-treated S2 cells compared to the control. Equal amounts of
lysates from the control (no treatment) and Parg dsRNA-treated cells were
immunoprecipitated with rabbit anti-pADPr antibody and immunoblotted
with mouse anti-pADPr antibody (10H). One percent of the input was immu-
noblotted using antitubulin antibody for the input control. (B) Increased
amounts of Hrp38 protein associated with pADPr level in the Parg dsRNA-
treated S2 cells compared to the control. Equal amounts of lysates from the
control and Parg dsRNA-treated S2 cells were immunoprecipitated with rabbit
anti-pADPr antibody or rabbit IgG (control). The immunoprecipitates and
1% of the input were immunoblotted with rabbit anti-Hrp38 antibody. (C)
Graph showing the mRNA abundance of the firefly luciferase-Nos 3= UTR
(WT) reporter associated with Hrp38:RFP after Parg dsRNA treatment. After 3
days of Parg dsRNA treatment, UAST�Hrp38:RFP, MT-Gal4, and the firefly
luciferase Nos 3=UTR reporter were transfected into S2 cells for another 3-day
incubation. Quantitative RT-PCR was done to measure the mRNA level, with
normalization of the input after performing RNA IP with rabbit anti-RFP
antibody or rabbit IgG as a control. **, P � 0.01. (D) UV cross-linking analysis
showing the decreased amounts of Hrp38:RFP protein binding to the Nos 3=
UTR in the Parg dsRNA-treated S2 cells. The protein lysate from the control or
Parg dsRNA-treated cells with the expression of Hrp38:RFP was cross-linked
to biotin-labeled Nos 3=UTR (WT) RNA probe and immunoprecipitated with
anti-RFP antibody. (E) Graph showing the luciferase activity of the firefly
luciferase Nos 3= UTR (WT) reporter after Parg dsRNA treatment and/or
PARP1 inhibitor (olaparib [Olap.]) treatment. S2 cells were transfected with
the firefly luciferase Nos 3=UTR (WT) and the Renilla luciferase reporter after
3 days of dsRNA treatment. **, P � 0.01.
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components of the cap-binding complex in the fly ovary (50).
Therefore, we suspect that Hrp38 and/or Hrp36 also can interact
with Cup to block the translation initiation. Another tempting
scenario is that Hrp38 binding to the stem-loop structures of the

TCE functions as a decoy for recruiting the translational initiation
complex to the nos 3= UTR, thereby skipping the 5= UTR and the
encoding region for translational repression. It is well established
that the stem-loop structure in the 5= UTR of some cellular genes
can serve as internal ribosome entry sites (IRESs) to directly re-
cruit the 40S ribosomes for cap-independent initiation (51). Our
previous study showed that Hrp38 binds to the 5= UTR of E-
cadherin for promoting E-cadherin translation likely in an IRES-
dependent manner, suggesting that Hrp38 is an IRES-transacting
factor. In light of the highly structural similarity between the Nos
TCE and IRES, it is possible that Hrp38 serves as a decoy factor for
nos translational repression.

An important question for nos translation control is how local-
ized nos mRNA in the posterior pole is actively translated. Com-
pared to our understanding the regulation of Nos translational
repression, very little is known about the nos translational activa-
tion mechanism. It appears that all nos repressors, including
Hrp38 and Glo, are fully expressed in the posterior, so there must
exist a mechanism to alleviate the repression function of these
proteins. It has been proposed that Osk may inhibit Smaug bind-
ing to the nos 3= UTR to prevent the rapid deadenlyation of nos
mRNA in the posterior (52). However, it is not clear how the
translational machinery in the posterior pole is able to bypass the
repression posed by the TCE structure, which is sufficient to in-
hibit nos translation (39). Recent studies have shown that poly-
(ADP-ribosyl)ation of the RNA-binding proteins can modulate
the RNA-binding ability for controlling the posttranscriptional
events (53–56). Indeed, our present data showed that poly(ADP-
ribose) can disrupt the interaction between Hrp38 and the nos 3=
UTR, enhancing nos translation (Fig. 4 and 5). Therefore, our data
suggest that Hrp38 poly(ADP-ribosyl)ated by PARP1 causes
Hrp38 dissociation from the TCE of the nos 3= UTR in the poste-
rior, thus relieving the translation repression effect of Hrp38 on
nos mRNA (Fig. 6B).

A previous study identified 1,219 bound genes of Hrp38 in
Drosophila S2 cells using RNA IP coupled with microarray, with
emphasis on identifying an alternative splicing pattern (57). The
difference between the present analysis and the previous study
may indicate that Hrp38, as a regulator of posttranscriptional
events of different sets of genes during development, acts in a
development-specific manner, in particular since S2 cells were
originally isolated from the late stage (20 to 24 h old) of fly em-
bryos (58). Indeed, the mRNAs we identified appear to be biased
toward ovary development. We also found that 11% of Hrp38-
associated mRNA is involved in neurological processes and mor-
phogenesis, including memory (2.8%), dendrite morphogenesis
(4.6%) and synaptic growth at neuromuscular junction (3.7%).
Recent studies have also suggested that either Hrp38 loss of func-
tion or human hnRNP A1 mutation is involved in the pathogen-
esis of many neurodegenerative diseases (59). Therefore, it will be
interesting to further investigate the etiology of these diseases in
the context of hnRNP A1 mutations.
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