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Poly(ADP-ribosyl)ation of heterogeneous nuclear ribonucleoproteins (hnRNPs) regulates the posttranscriptional fate of RNA
during development. Drosophila hnRNP A1, Hrp38, is required for germ line stem cell maintenance and oocyte localization. The
mRNA targets regulated by Hrp38 are mostly unknown. We identified 428 Hrp38-associated gene transcripts in the fly ovary,
including mRNA of the translational repressor Nanos. We found that Hrp38 binds to the 3= untranslated region (UTR) of Nanos
mRNA, which contains a translation control element. We have demonstrated that translation of the luciferase reporter bearing
the Nanos 3=UTR is enhanced by dsRNA-mediated Hrp38 knockdown as well as by mutating potential Hrp38-binding sites. Our
data show that poly(ADP-ribosyl)ation inhibits Hrp38 binding to the Nanos 3=UTR, increasing the translation in vivo and in
vitro. hrp38 and Parg null mutants showed an increased ectopic Nanos translation early in the embryo. We conclude that Hrp38
represses Nanos translation, whereas its poly(ADP-ribosyl)ation relieves the repression effect, allowing restricted Nanos expres-
sion in the posterior germ plasm during oogenesis and early embryogenesis.

Defining the mechanisms that control oogenesis has impor-
tant implications for understanding normal developmen-

tal events, such as self-renewal and differentiations of stem cells,
determination of cell fate and polarity, and embryonic pattern
specification (1–3). Posttranscriptional mechanisms play pivotal
roles in controlling these events by regulating mRNA localization
and translation during oogenesis (4–6). For example, Drosophila
hnRNP A1 homolog Hrb98DE/Hrp38 controls E-cadherin trans-
lation by binding to the 5= untranslated region (UTR) of E-cad-
herin mRNA for germ line stem cell self-renewal (7). Also, the
female-specific RNA-binding protein Sex lethal represses Nanos
expression by binding to the 3= UTR of nanos (nos) during the
posttranscriptional process for differentiation of germ line stem
cells into cystoblasts (8). The cytoplasmic polyadenylation ele-
ment binding (CPEB) protein Orb and RNA-transporting protein
Bicaudal D (BicD) are specifically expressed in two preoocytes and
contribute to determining oocyte identity (9, 10). Several RNA-
binding proteins, such as Modulo, PABP, and Smooth, facilitate
localization of Bicoid mRNA in the anterior of the oocyte to define
the anterior pattern of an embryo (11). Hrp38 also facilitates the
enhanced translation of E-cadherin in the oocyte and its sur-
rounding polar cells for localization of the oocyte in the posterior
pole (7). An hnRNP A/B family protein, Hrp48, inhibits transla-
tion of the posterior determinant oskar mRNA during the transfer
from nurse cells to oocytes to establish the posterior pattern (12).
hnRNP M homolog Rumpelstiltskin and hnRNP F/H Glorund
(Glo) are also involved in localization and translational control of
nos mRNA in the posterior for defining the anterior-posterior
(A/P) axis of the oocyte (13, 14). In addition, hnRNP proteins
Hrp40/squid, Hrp48, and Glorund control localization of gurken
mRNA in the anterior-dorsal corner of oocyte to define the dor-
sal-ventral axis of an embryo (15–17). Together, these studies sug-
gest that hnRNP proteins play crucial roles in regulating tempo-
rospatial gene expression during oogenesis.

As the founding member of hnRNP proteins, Drosophila
Hrb98DE/Hrp38 regulates splicing and translation of several
genes during development (7, 18–20). In addition, posttransla-
tional modification of Hrp38 by poly(ADP-ribosyl)ation results

in the regulation of Hrp38-dependent pathways, such as splicing
and translation (7, 19, 20). Recent studies have also suggested that
mutations of hrp38, or its homolog hrp36, or their abnormal ex-
pression, cause several neurodegenerative diseases, such as fragile
X syndrome (21, 22), polyglutamine (poly-Q) disorders (23, 24),
and amyotrophic lateral sclerosis (ALS) (25, 26). Therefore, fully
understanding Hrp38 functions will enable researchers to elu-
cidate the etiology of these diseases at the molecular level. Con-
sistent with its pathological roles, Hrp38 is very important for
developmental processes in Drosophila, because a majority of
hrp38�/� mutants (about 75%) could not survive to the adult
stage (7). Female hrp38�/� mutant escapers have shown defects
during oogenesis, including oocyte mislocalizaion from reduced
E-cadherin expression (7). Biochemical evidence suggested that
Hrp38 binds to the 5= UTR of E-cadherin mRNA to enhance E-
cadherin translation, most likely via the internal ribosome entry
site (IRES), a mechanism allowing mid-mRNA sequence transla-
tion initiation (7). However, several lines of evidence indicated
that E-cadherin is not the only target of Hrp38 during oogenesis.
Although the fertility rate of hrp38 female mutants is about 8% of
that observed in wild-type flies, only 11% of hrp38�/� mutant eggs
show oocyte mislocalization phenotypes (7). This result indicates
that more than 80% of hrp38�/� eggs had other defects related to
oocyte development for unknown reasons. Therefore, in order to
further reveal other genes regulated by Hrp38 during oogenesis,
we used RNA immunoprecipitation (IP) coupled with RNA se-
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quencing to identify Hrp38-bound mRNAs at the transcriptome
level. This resulted in the identification of 428 Hrp38 targets in the
fly ovary, including nos mRNA. Using biochemical and genetic
tools, we demonstrated that Hrp38 binding to the 3= UTR of nos
mRNA inhibits nos translation to allow restricted Nos expression
in the posterior germ plasm. We also showed that poly(ADP-ri-
bose) disrupts the interaction between Hrp38 and nos 3= UTR,
relieving Hrp38-mediated nos translation repression.

MATERIALS AND METHODS
Drosophila genetics. Flies were cultured on standard cornmeal-molasses-
agar medium at 22°C, unless otherwise indicated. The following stocks
were from the Bloomington Stock Center: P{PTT-GC}Hrb98DEZCL0588

(Hrp38:GFP trap line, number 6822); a hrp38 region deficiency line
(w1118; Df(3R)Exel6209, P{XP-U}Exel6209/TM6B, Tb1) (number 7687);
w[*] ovo[D1] v[24] P{w[�mW.hs]�FRT(w[hs])}101/C [1]DX, y[1]
f[1]/Y; P{ry[�t7.2]�hsFLP}38 (number 1813). A hrp38 P-element inser-
tion, w*, P[XP]d05172/TM6B, Tb1, was obtained from the Exelixis Collec-
tion at the Harvard Medical School. To generate Parg mutant eggs
through the FLP (a yeast recombinase)-DFS (dominant female sterile)
method (27), the female FRT-bearing Parg�/� heterozygotes [Parg27.1,
P{FRT(whs)101}/FM7a, wa] (7) were crossed with the DFS males (w[*]
ovo[D1] v[24] P{w[�mW.hs]�FRT(w[hs])}101/C [1]DX, y[1] f[1]/Y;
P{ry[�t7.2]�hsFLP}). Their progeny were treated by heat shock at 37°C
for 2 h at the wandering third-instar larva stage for 2 days to induce FLP
expression. The enclosed females (Parg27.1, P{FRT(whs)101/w[*] ovo[D1]
v[24] P{w[�mW.hs]�FRT(w[hs])}101; P{ry[�t7.2]�hsFLP}/�) were
further crossed to the wild-type y, w male to lay eggs for nos mRNA and
protein immunostaining.

RNA immunoprecipitation and sequencing. Fifty pairs of ovaries from
3-day-old wild-type y, w or hrp38 mutant Hrp38d05712/Df(3R)Exel6209 flies
(7) were dissected in Grace medium. After ovaries were washed with 1�
phosphate-buffered saline (PBS) briefly, they were homogenized with 200
�l of polysome lysis buffer (28) and centrifuged at 14,000 rpm for 10 min
at 4°C. One-tenth of the precleared lysates was saved at �20°C as the
input. The remaining lysates, brought to a 500-�l volume with polysome
lysis buffer, were incubated with 20 �l of rabbit anti-Hrp38 polyclonal
antibody (a gift from J. A. Steritz) (18) overnight at 4°C and precipitated
with 30 �l of protein A-agarose beads (Invitrogen) for 2 h at 4°C. After
agarose beads were washed three times with 500 �l of polysome lysis
buffer, RNA-protein complexes were eluted with 200 �l of elution buffer
(1% SDS, 50 mM NaCI, 50 mM Tris-HCl [pH 7.0], 5 mM EDTA, and 100
U/ml of RNase inhibitor [Promega]) at 50°C for 30 min. RNAs from
elution and input were further extracted with TRIzol (Invitrogen) and
cleaned with an RNeasy minikit (Qiagen). All four RNA samples (1/10
wild-type input, immunoprecipitated RNAs from the wild type, 1/10
hrp38 mutant input, and immunoprecipitated RNAs from the hrp38 mu-
tant) were processed with the rRNA depletion protocol. RNA sequencing
and analysis of all samples were performed by the Otogenetics Corpora-
tion using Illumina HiSeq2000 (paired end; 2 � 100), with 8 million reads
after converting all RNA to cDNA by random primers. Expression enrich-
ment of a specific gene was calculated as reads per kilobase transcript per
million reads (RPKM) after being normalized with the input. Individual
targets were further validated through RNA immunoprecipitation and
regular reverse transcription-PCR (RT-PCR) from wild-type (y, w) fly
ovaries with anti-Hrp38 antibody (1:25) (10) or a normal rabbit IgG (1:
25) as described above. Gene ontology analysis was performed with Gene
Ontology Tools developed by the Bioinformatics Group at the Lewis-
Sigler Institute of Princeton University (29).

Firefly luciferase reporter construct and assay. The firefly luciferase
reporter vector (pGL3) (Promega) was digested with the restriction en-
zymes BamHI and XbaI (NewEngland Biolabs) to remove the simian
virus 40 (SV40) 3= UTR of the firefly luciferase gene in the vector. Then,
the nos 3= UTR amplified from a nos cDNA with the primers harboring
BamHI and XbaI sites was cloned into the derived pGFL3 vector to make

the pGL3:Nos 3= UTR reporter construct. The pGL3:Nos 3= UTR vector
was used as the template to mutagenize two Hrp38-binding sites from
GGG to TTT based on the method supplied with the QuikChange Light-
ning site-directed mutagenesis kit (Agilent Technologies).

For the luciferase assay, the reporter constructs were transfected to
Drosophila S2 cells (S2-DRSC) (DGRC), which were cultured in S2 me-
dium (Sigma) supplemented with 10% fetal bovine serum (Invitrogen)
and 1% penicillin-streptomycin (Invitrogen) at 22°C. Before transfection,
1 ml of cells (0.5 � 106/ml) per well was seeded into a 12-well plate
overnight. Two micrograms of the reporter was premixed with 5 ng of the
Renilla luciferase reporter (pRL-SV40) (Promega) as the transfection con-
trol in 100 �l of Opti-MEM I reduced serum medium (Thermo Fisher
Scientific). Two microliters of X-tremeGENE HP DNA transfection re-
agent (Roche) was added to the mixture and incubated for 30 min at room
temperature. After incubation of the transfection mixture with the cells
for 72 h, assay of firefly and Renilla luciferase activities was performed
using a 96-well plate in triplicate with the dual-luciferase reporter assay
system (Promega). The luciferase signals were read by an EnSpire multi-
mode plate reader (PerkinElmer). Firefly luciferase activity was normal-
ized with Renilla activity based on transfection experiments carried out in
triplicate. The Student t test was used for statistical analysis to determine
significant difference between the different reporters.

dsRNA-mediated RNAi of hrp36, hrp38, and Parg genes. Knock-
down of the expression of hrp36, hrp38, and Parg by RNA interference
(RNAi) was done based on double-stranded RNA (dsRNA) treatment of
Drosophila S2 cells (30). Briefly, we synthesized around 500-bp-long
dsRNA fragments against the hrp36, hrp38, Parg, GFP, and firefly lucifer-
ase genes using the RNA MEGAscript kit (Ambion). After 2 days of
dsRNA treatment, the firefly reporters were transfected into the cells, as
described above, to examine the effect of hnRNP gene knockdown via
RNAi on luciferase activity. RNAi efficiency was monitored by Western
blotting after measurement of luciferase activity. Basically, cell lysate ex-
tracted by luciferase cell lysis buffer (LCLB; Promega) was subjected to
SDS-PAGE and transferred to a cellulose membrane (Bio-Rad). The pri-
mary antibodies used were rabbit anti-Hrp38 (1:10,000) (18) and mouse
anti-Hrp36 (P11; 1:500; a gift from H. Saumweber) (31). For the detection
of the pADPr level, the cell lysates extracted from the control and Parg
dsRNA-treated cells were immunoprecipitated with rabbit anti-pADPr
antibody (Enzo) and probed with mouse anti-pADPr antibody (10H)
(Calbiochem) as described before (19). Mouse antitubulin (E7; 1:1,000;
DSHB) was used as the loading control.

RNA-protein coimmunoprecipitation in Drosophila S2 cells. Four
milliliters of Drosophila S2 cells (2 � 106/ml) was seeded into a 10-cm
culture plate for overnight culture or treated with Parg dsRNA. Four mi-
crograms of pUAST-Hrp38:RFP plasmid (7), pMT (metallothionein pro-
moter)-Gal4 (DGRC), and pGL3:Nos 3= UTR reporter or pGL3:Nos3 =
UTR mutants (M1, M2, and M1M2) was cotransfected into S2 cells with
X-tremeGENE HP DNA transfection reagent (Roche). After 5 h of cul-
ture, CuSO4 (700 �M) was added to the cells for induction of Hrp38:red
fluorescent protein (RFP) expression. After 3 days in culture, the cells were
treated with lysis buffer (28) and immunoprecipitated with rabbit anti-RFP
antibody (MBL International) (1:25) or IgG control (Abcam) (1:25) as de-
scribed previously (28). The total RNA from the IP elution and 10% input
were further extracted with TRIzol (Invitrogen) and purified with an RNeasy
minikit (Qiagen) after DNase treatment. The real-time RT-PCR assay was
done with Power Sybr green PCR master mix and an ABI 7900 HT instru-
ment (Applied Biosystems). The primers for detecting the firefly luciferase
3= UTR transcript were as follows: 5=-TTGTGTTTGTGGACGAAGT
ACC-3= (forward from the firefly luciferase encoding region) and 5=-AG
AGCCTCTGCTCCAGAGCT-3= (reverse from the nos 3= UTR). RNA IP
was repeated twice for the statistical analysis.

UV cross-linking analysis of RNA-protein interaction. The interac-
tion of nos mRNA with Hrp38 was confirmed with UV cross-linking anal-
ysis based on a previously published protocol (7, 32). Briefly, PCR frag-
ments of the 5= UTR, coding region, and 3= UTR of nos mRNA were
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amplified from a nos cDNA clone (LD32741) (DGRC). pGL3:Nos 3=UTR
mutation constructs (M1, M2, and M1M2) was used as the PCR template
to amply the Nos 3=UTR with the mutated Hrp38-binding sites. A digoxi-
genin (DIG) RNA labeling kit (Roche) was used to make biotin-labeled
nos mRNA probes with the PCR products as the template. Protein lysates
were extracted from the ovaries of an Hrp38:GFP trap line (ZCL588)
using polysome lysis buffer (28) or S2 cells transfected with pUAST-
Hrp38:RFP (7) and pMT (metallothionein promoter)-Gal4 (DGRC) as
described above. After incubation of biotin-labeled RNA probes with
ovary lysates, UV cross-linking was done as described previously (7). The
IP complex was separated by 4 to 12% SDS-PAGE and transferred to the
nitrocellulose membrane. An anti-green fluorescent protein (anti-GFP)
monoclonal antibody (JL-8) (Clontech) or a rabbit anti-RFP antibody
(MBL International) at a 1:25 dilution was used for immunoprecipitation
of RNA-protein complexes, along with a mouse or rabbit normal Ig con-
trol (Upstate). A chemiluminescence detection kit (Pierce) was applied to
measure biotin probes linked to Hrp38:GFP protein after IP. One-tenth of
the input was subjected to Western blotting and probed with anti-GFP
antibody (JL-8; 1:1,000) or rabbit anti-RFP antibody (1:1,000; MBL) In-
ternational). The band intensity was measured with NIH ImageJ.

Co-IP. Coimmunoprecipitation (co-IP) was used to detect the inter-
action between pADPr and Hrp38 in Drosophila S2 cells by a previously
published method (19). Briefly, 1 ml of cells (0.5 � 106/ml) per well was
treated with Parg dsRNA (15 �g per well) for 5 days. For the treatment of
the cells with a PARP1 inhibitor (olaparib), 5 �mol of olaparib was added
into the wild-type cells or, after 1 h of incubation, into Parg dsRNA-
treated cells. The cell lysate extracted with radioimmunoprecipitation as-
say (RIPA) buffer was incubated with rabbit anti-pADPr antibody (Enzo;

1:50) or normal rabbit IgG (Abcam; 1:50) overnight. After incubation
with 30 �l of protein A-agarose (Invitrogen) for 2 h at 4°C, the IP complex
was subjected to Western blotting with rabbit anti-Hrp38 antibody (1:
10,000).

nos RNA in situ hybridization and immunostaining of Drosophila
embryos. Embryos at 0 to 2 h from wild-type fly y, w, hrp38 mutant
(Hrp38d05717/Df), and Parg�/� germ line clones generated through the
FLP-DFS method were collected for nos RNA fluorescence in situ hybrid-
ization (FISH) using a published protocol (33). DIG-labeled nos antisense
probe was produced with a DIG RNA labeling kit (SP6/T7; Roche). After
hybridization, the signals were detected with biotin-conjugated mouse
monoclonal anti-DIG (Jackson ImmunoResearch Laboratories Inc.) and
streptavidin-horseradish peroxidase (HRP) conjugate (Thermo Fisher
Scientific) coupled with Cy3-tyramide conjugates (PerkinElmer). For im-
munostaining, the 0- to 2-h embryos were fixed as described previously
(34) and stained with anti-rabbit Nanos antibody (1:500; a gift from Akira
Nakamura), anti-rabbit pADPr antibody (Enzo; 1:25), or normal rabbit
IgG (Abcam; 1:25). The fluorescence intensity of protein and RNA in the
individual embryo was measured with NIH ImageJ software.

RESULTS
Identification of Hrp38-associated mRNAs by RIP-Seq. To
identify Hrp38-associated mRNAs during oogenesis, we per-
formed native RNA immunoprecipitation (35) using a rabbit
anti-Hrp38 antibody (18) to pull down RNA-protein complexes
from younger wild-type and hrp38 mutant ovaries [Fig. 1A]. The
Hrp38-bound mRNAs (around 0.1 �g), along with 1/10 of inputs

FIG 1 Identification of Hrp38-binding mRNAs at the transcriptome level. (A) Scheme of RNA immunoprecipitation coupled with sequencing (RIP-seq) for
identifying Hrp38-associated mRNAs in the Drosophila ovary. (B) Gene ontology analysis of Hrp38-associated mRNAs based on developmental processes. P �
1%. (C) Gene ontology analysis of Hrp38-associated mRNAs based on metabolic processes. P � 1%.
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(total RNAs) (3.0 �g) from the wild type and mutant, were ex-
tracted and identified by deep RNA sequencing after rRNA deple-
tion (Otogenetics Corp.) (Fig. 1A). Using the input data, we com-
pared the gene expression levels between wild-type and hrp38
mutant ovaries and found that only about 57 genes, including
hrp38 itself, showed a significant difference at the transcriptional
level. This result suggests that Hrp38 mainly regulates gene ex-
pression at the posttranscriptional level. After the normalization
of RNA IP data with the input, we identified 428 mRNAs associ-
ated with Hrp38 in the wild-type ovary, which have around 2-fold
enrichment compared to the Hrp38 mutant ovary. Consistent
with our previous study showing that Hrp38 binds to the 5= UTR
of E-cadherin mRNA, our data also confirmed interaction be-
tween Hrp38 and E-cadherin mRNA. As expected, 15% of the
identified genes with known functions (61/413) are involved in
oogenesis based on gene ontology analysis, whereas oogenesis
genes usually account for only 8.0% of total genes (1,286 of 16,085
genes) (P � 2 � 10�6, hypergeometric test) (Fig. 1B). Among
them, five targets (Nos, Pumilio, Pleota, How, and Shut-down)
were shown to be required for maintaining germ line stem cell
self-renewal ability (Table 1). Nos and Pumilio are also are also
involved in the establishment of the anterior and posterior polar-
ity during oogenesis (36). We have used RIP-RT-PCR to validate
that Hrp38 is indeed associated with six targets (E-cadherin, Nos,
Pumilio, Pleota, How, and Shut-down) in the wild-type fly ovary
(see Fig. S1A in the supplemental material).

Ten percent of the Hrp38-associated transcripts are functional
during embryo development, suggesting the maternal effect of
Hrp38 protein during embryogenesis (Fig. 1B). Interestingly,
Hrp38 is associated with the transcripts of many RNA metabolism
genes, which account for 23% of the target genes (95/213), includ-
ing Hrp38 itself, Hrp48/Hrb27C, and Pabp2 [poly(A)-binding
protein 2] (Fig. 1C). In contrast, RNA metabolism genes comprise
only 9.3% of total genes in the fly genome (1489/16,085) (P �
1.9 � 10�42, hypergeometric test). This result suggests that Hrp38
specifically regulates the expression of metabolism gene RNA, at
least in the ovary, in turn suggesting that coordinated expression
of these genes is critical for controlling expression of ovary genes
at the posttranscriptional level.

Hrp38 specifically binds to the 3= UTR of nos mRNA. Our
data for RNA IP coupled with sequencing (RIP-seq) revealed that
Hrp38 is associated with nos mRNA in the fly ovary. To validate
the specific interaction between Hrp38 and nos mRNA, we used
RNA-protein UV cross-linking analysis to determine if Hrp38
would bind to nos mRNA in the fly ovary (Fig. 2A). We made
biotin-labeled nos probes from three distinct regions (5= UTR,
coding region, and 3=UTR) of nos mRNA by in vitro transcription
(Fig. 2B). Individual biotin-labeled nos mRNA probes were cross-

linked to the total protein lysate of the fly ovary from an Hrp38-
GFP trap line (ZCL588) (20). Anti-GFP antibody was used for
immunoprecipitation analysis. Interestingly, while UV cross-link-
ing showed that Hrp38 specifically binds to the 3= UTR of nos
mRNA, it was not associated with either the 5=UTR of nos mRNA
or the coding region (Fig. 2C and D). This result not only validated
our RIP-seq data but also suggested a potential biological function
in relation to the binding of Hrp38 to the 3= UTR of nos mRNA.

The nos 3=UTR bears critical Hrp38-binding sites for trans-
lational inhibition. During the late stage of oogenesis, nos mRNA
is strictly translated in the posterior pole of the oocyte to establish
the A/P body axis and form germ cell plasma (36, 37). The nos 3=
UTR bears a cis-acting translational control element (TCE) to in-
hibit translation of unlocalized nos mRNA in the cytoplasm of the
oocyte (38, 39). A Drosophila hnRNP F/H homolog termed Glor-
und (Glo) is associated with the nos 3=UTR TCE as the nos trans-
lational repressor (14). Interestingly, a proteomics study showed
that Hrp38 interacts with Glo and another hnRNP A1 homolog
(Hrp36) in Drosophila embryo (40). Therefore, we hypothesized
that the binding of Hrp38 to the 3=UTR of nos mRNA most likely
inhibits nos mRNA translation. To verify this hypothesis, we used
the luciferase assay to determine if Hrp38 represses nos 3= UTR-
mediated mRNA translation in Drosophila S2 cells. hnRNP A1/
Hrp38 prefers the GGG motif as its binding site (7, 41, 42). The nos
3= UTR contains two GGG motifs (5=-GAGGG-3=, position 3 of
the 3=UTR, and 5=-CUGGG-3=, position 89 of the 3=UTR) in the
TCE of the nos 3= UTR, as previously identified (39), and we
hypothesized that these are the potential binding sites of
Hrp38. Interestingly, these two motifs are localized in the two
ends of the TCE.

First, we replaced the 3= UTR (SV40 3= UTR) of the firefly
luciferase reporter (PL3) with the nos 3= UTR (Fig. 3A). To test if
the two GGG motifs are important for regulating nos translation,
we also made three firefly luciferase reporters bearing nos 3=UTR
mutations (GGG to UUU), which have either singly or doubly
mutated putative Hrp38-binding sites (Fig. 3A). The individual
firefly luciferase reporter was transfected into Drosophila S2 cells,
along with the Renilla luciferase reporter pRL-SV40 for normal-
ization of transfection efficiency. Accordingly, we measured the
luciferase mRNA levels of all reporters using quantitative RT-
PCR, and we found no significant difference between control re-
porter and the reporter with the normal or mutated 3= UTR (Fig.
3B and C). This result suggests that replacing the SV40 3=UTR of
the control reporter with either a normal or mutated nos 3= UTR
had no significant effect on the transcription efficiency of the SV40
promoter. However, the luciferase reporter with the normal
(wild-type) nos 3=UTR showed around a 4-fold decrease of lucif-
erase activity compared to that of the control reporter with the
SV40 3=UTR, suggesting that the nos 3=UTR does, indeed, inhibit
translation (Fig. 3B). Furthermore, the reporter construct with
mutations (GGG to UUU) of either the G-rich motif in the nos 3=
UTR (5=-GAGGG-3= and 5=-CUGGG-3=) had increased luciferase
activity compared to that of the reporter with the normal nos 3=
UTR (Fig. 3B), indicating that these two Hrp38-binding sites are
critical for nos 3= UTR-mediated translational control. However,
double mutations of the G-rich motifs in the nos 3= UTR did not
further abolish translational inhibition compared with the single
mutation (Fig. 3B), implying that either of the Hrp38-binding
sites is essential for the nos 3=UTR to perform translational repres-
sion.

TABLE 1 Example of mRNAs associated with Hrp38 in the fly ovarya

Gene
name

GenBank
accession no. Protein function

E-cadherin NM_057374 Cell adhesion molecule
Nanos NM_001275794 Translational repressor
Pelota NM_057634 Translational release factor
Pumilio X62589 Translational repressor
How NM_001275893 RNA-binding protein
Shut-down NM_137993 piRNA biogenesis
a These six genes have been shown to be required for germ line stem cell maintenance.
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To further confirm that Hrp38 indeed binds to two GGG
motifs in the nos 3= UTR, we performed RNA IP coupled with
quantitative RT-PCR in Drosophila S2 cells (Fig. 3F and G). We
transfected pUAST-Hrp38:RFP plasmid (7) and pMT (metal-
lothionein promoter)-Gal4 (43) along with pGL3:Nos 3= UTR
reporter or pGL3:Nos 3= UTR mutations (M1, M2, and M1M2)
into S2 cells. Addition of CuSO4 into the culture medium was used
to induce Hrp38:RFP expression. Western blotting showed that
equal amounts of Hrp38:RFP were expressed in all the transfec-
tions except in the negative control (Fig. 3D). RNA-protein co-IP
was done with an anti-RFP antibody to pull down Hrp38:RFP-
associated firefly luciferase:Nos 3= UTR transcripts. Quantitative
RT-PCR showed that Hrp38:RFP was associated with the normal
nos 3= UTR but not with either of the nos 3= UTR mutations with
the Hrp38-binding motif (Fig. 3E). In addition, RNA-protein UV
cross-linking analysis confirmed that Hrp38 does not bind to the
nos 3=UTR with the mutated Hrp38-binding motif (M1, M2, and
M1M2) (Fig. 3F). These results further support the conclusion
that either of the GGG motifs in the translational control element
(TCE) region of the nos 3= UTR is required for Hrp38 binding.

Hrp38, along with Hrp36, is a trans-acting factor to inhibit
nos 3=UTR-mediated translation. To further validate that Hrp38
is a trans-acting factor controlling 3= UTR-mediated translation,
we knocked down the expression of hrp38 and hrp36 (a ho-
molog of Hrp38) in Drosophila S2 cells by double-stranded RNA
(dsRNA)-mediated gene interference (31). Western blotting indi-
cated that RNAi is very efficient in knocking down the expression

of these genes (Fig. 3G). After 3 days of dsRNA treatment, the
luciferase reporter with the normal nos 3= UTR was transfected
into S2 cells to monitor the translational efficiency of luciferase
mRNA. Quantitative RT-PCR showed that dsRNA-mediated
RNAi had no effect on the mRNA level of the reporter construct
(data not shown). However, knockdown of either hrp38 or its
homolog hrp36 in S2 cells significantly increased luciferase activity
compared to that in the cells without dsRNA treatment (Fig. 3H).
In contrast, the luciferase activity of GFP dsRNA-treated cells did
not show significant difference from that of untreated cells, and
treatment of the cells with firefly luciferase dsRNA almost abol-
ished luciferase activity of the reporter (Fig. 3H), suggesting the
specific effect of dsRNA treatment. Together, these results
strongly suggest that Hrp38 is a trans-acting factor that inhibits
nos 3= UTR-mediated translation. In addition, it appears that
Hrp36 is another translational repressor for controlling nos trans-
lation.

hrp38 and the Parg mutant showed Nanos protein misex-
pression pattern in the fly embryo. To confirm that Hrp38 con-
trols nos translation during Drosophila oogenesis and embryogen-
esis, we examined nos expression in the wild type (hrp38) and Parg
mutant at both mRNA and protein levels in the early embryo stage
(0 to 2 h), in which translation occurs from maternal mRNAs and
zygotic expression has still not begun yet. Immunostaining the
wild-type embryos with anti-Nanos antibody showed that Nanos
protein was exclusively translated in the posterior pole (Fig. 4A,
top). Because the female adult escapers of Hrp38 hemizygotes

FIG 2 Hrp38 binding to the 3=UTR of nos mRNA, as shown by UV cross-linking analysis. (A) Scheme of UV cross-linking analysis using biotin-labeled probes.
(B) The structural annotation of nos mRNA. Biotin-labeled probes from three different regions (5= UTR, coding region, and 3= UTR) were produced for UV
cross-linking analysis. (C) Hrp38 binding to the nos 3=UTR in the ovary, as revealed by UV cross-linking analysis. (Top) Ovarian lysate from the Hrp38:GFP line
was cross-linked to the biotin-labeled Nos RNA probes as indicated. IP was done with mouse anti-GFP antibody or normal mouse IgG as the IP control. (Bottom)
The amount of input for IP was shown by Western blotting with anti-GFP antibody. (D) Relative band intensity indicated by the ratio of the immunoprecipitated
signal (biotin-Hrp38:GFP) to the input (Hrp38:GFP).

Ji and Tulin

2480 mcb.asm.org October 2016 Volume 36 Number 19Molecular and Cellular Biology

http://mcb.asm.org


(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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