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ABSTRACT

Drosophila Belle (human orthologDDX3) is a conservedDEAD-box RNA helicase implicated in regulating gene expression.
However, themolecularmechanisms bywhich Belle/DDX3 regulates gene expression are poorly understood. Hereweper-
formed systematic mutational analysis to determine the contributions of conserved motifs within Belle to its in vivo func-
tion. We found that Belle RNA-binding and RNA-unwinding activities and intrinsically disordered regions (IDRs) are
required for Belle in vivo function. Expression of Belle ATPasemutants that cannot bind, hydrolyze, or release ATP resulted
in dominant toxic phenotypes. Mechanistically, we discovered that Belle up-regulates reporter protein level when teth-
ered to reporter mRNA, without corresponding changes at the mRNA level, indicating that Belle promotes translation
of mRNA that it binds. Belle ATPase activity and amino-terminal IDRwere required for this translational promotion activity.
We also found that ectopic ovary expression of dominant Belle ATPase mutants decreases levels of cyclin proteins, includ-
ing Cyclin B, without corresponding changes in their mRNA levels. Finally, we found that Belle binds endogenous cyclin B
mRNA. We propose that Belle promotes translation of specific target mRNAs, including cyclin B mRNA, in an ATPase ac-
tivity-dependent manner.
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INTRODUCTION

DEAD-box (DDX) proteins are the largest family of evolu-
tionarily conserved RNA helicases that play critical roles
in RNA biology. The DDX helicase core contains highly
conserved residues required for ATP-binding, hydrolysis,
and release—all of which are required for ATPase activity
—including the DEAD (Asp-Glu-Ala-Asp) motif (Linder
et al. 1989). The helicase core also includes RNA-binding
and RNA-unwinding motifs (Putnam and Jankowsky
2013). DDX helicases utilize ATP hydrolysis to undergo
conformational changes and remodel structures of RNAs
and/or RNA–protein complexes (Liu et al. 2008; Del
Campo and Lambowitz 2009; Nielsen et al. 2009). DDX
helicase cores are often flankedby amino- and carboxy-ter-
minal regions, which may have distinct functional roles for
unique DDX helicases (Kim and Myong 2016; Samatanga
et al. 2017).
DEAD-box helicases regulate gene expression—includ-

ing regulating mRNA transcription, splicing, export, trans-
lation, and decay (Rocak and Linder 2004; Linder and

Jankowsky 2011). Many DDX helicases are multifunctional
and are thus involved in multiple steps in gene expression
regulation. One example of a multifunctional DDX heli-
case is Drosophila Vasa (human ortholog DDX4), which is
involved in posttranscriptional gene regulation through
its roles in translational regulation and small silencing
RNA biogenesis (Carrera et al. 2000; Liu et al. 2009; Xiol
et al. 2014).
Drosophila Belle (human ortholog DDX3) is a multifunc-

tional DDX helicase and the closest Drosophila Vasa
paralog. Belle is required for viability and development
(Johnstone et al. 2005). Belle is also required for both
male and female fertility and is most highly expressed in
gonadal tissues (Johnstone et al. 2005; Kotov et al.
2016). Like Vasa, Belle/DDX3 has been proposed to regu-
late multiple aspects of gene expression. Interestingly,
Belle/DDX3 was proposed to function as both a transla-
tional repressor (Shih et al. 2008; Yarunin et al. 2011; Ihry
et al. 2012; Götze et al. 2017) and activator (Lai et al.
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2010, 2016; Guenther et al. 2018). Previous studies also
suggested that Belle/DDX3may function in small silencing
RNA pathways (Zhou et al. 2008; Pek and Kai 2011; Kasim
et al. 2013). DDX3 is implicated in cancer, where it has
been suggested to have both oncogenic and tumor sup-
pressor functions (Botlagunta et al. 2008; Chen et al.
2015, 2018; Heerma van Voss et al. 2015; Oh et al. 2016).

Deletion of Ded1p, the yeast ortholog of Belle/DDX3,
causes lethality (Mamiya and Worman 1999). Viability can
be rescued by expression of either Drosophila Belle or hu-
man DDX3, underscoring the conserved functionality
across diverse species (Mamiya and Worman 1999; John-
stone et al. 2005).

Despite the essential biological role and conserved
functionality of Belle/DDX3, the molecular functions and
mechanisms of Belle/DDX3 are not well understood.
Importantly, many previous Belle/DDX3 studies were con-
ducted in tissue cell culture and thus in vivo functions and
mechanisms remain poorly understood.

Here we sought to determine the contributions of con-
served Belle motifs to Belle functions in vivo by designing
and characterizing Belle mutants in flies. Belle ATPase ac-
tivity, RNA-binding, RNA-unwinding, and intrinsically
disordered regions (IDRs) were required for fly viability.
Interestingly, we found that Belle ATPase mutants, which
cannot bind, hydrolyze, or release ATP, cause dominant
toxic phenotypes in both somatic and germline cells, de-
creasing cyclin protein (i.e., Cyclin B) levels and fertility.
When tethered to reporter mRNA, Belle increased report-
er protein level using its ATPase activity without a change
in the reporter mRNA level. Belle directly bound endoge-
nous cyclin BmRNA, a key cell cycle factor required for mi-
tosis and meiosis. Thus, we defined the conserved motifs
and regions required for Belle in vivo functions and
showed that Belle binds a subset of target mRNAs to pro-
mote their translation using its ATPase activity.

RESULTS

Overview of experimental design

To understand the biological and molecular functions of
Belle, we designed and studied a series of Belle mutants
modeled on previous studies on Belle orthologues in yeast
(Ded1p) (Iost et al. 1999), Caenorhabditis elegans (LAF-1)
(Kim and Myong 2016) and human (DDX3) (Shih et al.
2008; Valentin-Vega et al. 2016) and Drosophila Vasa
(Sengoku et al. 2006; Xiol et al. 2014). We designed seven
point mutations which disrupt residues required for bind-
ing or catalytic activity: (i) BelleL51A, which cannot bind
eIF4E, (ii) BelleV321M, which cannot bind RNA,
(iii) BelleK345N, which cannot bind ATP, (iv) BelleE460A,
which can bind but cannot hydrolyze ATP, (v) BelleE460Q,
which can bind and hydrolyze ATP into ADP and Pi but
cannot release ADP and Pi, (vi) BelleQ595A, and (vii)

BelleD624A, both of which can bind RNAbut cannot unwind
bound RNA (“uncoupler”). We also designed three amino-
and carboxy-terminal truncation mutants which lack intrin-
sically disordered regions (IDRs): (viii) BelleΔN, which lacks
the amino-terminal IDR, (ix) BelleΔC, which lacks the car-
boxy-terminal IDR, and (x) BelleΔNC, which lacks both ami-
no- and carboxy-terminal IDRs (Fig. 1B).

To study the effects of these mutations on Belle func-
tions in vivo, we expressed each of these Belle mutants
in different fly tissues using several genetic strategies
(Fig. 1C–F). To express transgenic Belle proteins at the
same spatiotemporal pattern and comparable expres-
sion level as endogenous Belle, Belle transgenes were
expressed under a belle promoter (Fig. 1D). To express
transgenic Belle proteins specifically in eyes, UAST-Belle
transgenes were expressed using eye-specific Gal4 drivers
(Fig. 1E). To express transgenic Belle proteins specifically
in ovaries, UASP-Belle transgenes were expressed using
ovary-specific Gal4 drivers (Fig. 1F).

ATP-hydrolysis, RNA-binding, RNA-unwinding,
and IDRs of Belle are required for fly viability

We cloned wild-type and mutant Belle transgenes with a
carboxy-terminal 3xFlag tag under a belle promoter (here-
after belle::Belle). We attempted to make belle::Belle
transgenic flies of wild-type and mutant Belle in endoge-
nous belle+/+ background (Fig. 1G). We successfully gen-
erated belle::Belle strains for wild-type Belle and several
Belle mutants. We could not obtain belle::BelleK345N and
belle::BelleE460Q strains, demonstrating that these two
transgenes cause dominant lethality.

Belle is essential for fly viability; the belle null
(belleL4740/belle47110=bellenull) fly is not viable (John-
stone et al. 2005). To determine which Belle motifs/re-
gions are required for viability, we tested which belle::
Belle transgenes can rescue fly viability in the bellenull

background. As expected, belle::BelleWT rescued viability
in the bellenull background (Fig. 1G). Among our mutant
belle::Belle transgenes, only belle::BelleL51A, but not
belle::BelleV321M, belle::BelleE460A, belle::BelleQ595A,
belle::BelleD624A, belle::BelleΔN, belle::BelleΔC, or belle::
BelleΔNC, rescued viability in the bellenull background.
Thus, while Belle eIF4E-binding activity is dispensable
for fly viability, Belle ATP-hydrolysis, RNA-binding, and
RNA-unwinding activities and its amino-terminal and car-
boxy-terminal IDRs are required for fly viability.

Of the Belle strains that we established in the belle+/+

background, belle::BelleE460A was the most difficult to
maintain as a stock because the flies were weaker. In
fact, belle::BelleE460A, but not the other viable belle::
Belle transgenes, caused fly lethality in belle hypomorph
background (belleneo30/belle47110=bellehyp1 [Fig. 1G;
Johnstone et al. 2005; Poulton et al. 2011]). These obser-
vations show that the belle::BelleE460A transgene causes
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dominant toxicity. Thus, all three ATPase mutant belle::
Belle transgenes (belle::BelleK345N, belle::BelleE460A, and
belle::BelleE460Q) exhibited dominant lethality or toxicity,
revealing that Belle ATPase mutants cause dominant toxic
effects.

We confirmed that belle::Belle transgenic proteins were
expressed at a level similar to endogenous Belle as expect-
ed (Supplemental Fig. S1). We also confirmed that
bellehyp1 expressed less endogenous Belle than control
as expected.

A

B

C

D

E

F

G

FIGURE 1. Belle constructs and transgenic expression strategy and results showing that transgenic Belle ATPase mutants under belle promoter
causes dominant toxicity. (A) Domain structure of Drosophila Belle. Belle has a DDX core with a DEAD motif and a HELICc domain, flanked by
amino- and carboxy-terminal IDRs. (B) Description of Belle mutants used in this study. (C–F ) Transgenic expression strategy used in this study.
(C ) Control flies have endogenous Belle. (D) Expression of transgenic Belle under endogenous Belle promoter (belle-Belle). (E) Eye-specific
transgenic Belle expression achieved by using UAST-Belle and eye-specific Gal4 drivers (ey-Gal4>Belle and longGMR-Gal4>Belle).
(F ) Ovary-specific transgenic Belle expression achieved by using UASP-Belle and ovary-specific Gal4 drivers (MTD-Gal4>Belle, tj-Gal4>
Belle, and MAT67-Gal4>Belle). (G) Viability of belle::Belle transgenic flies in the genetic backgrounds of belle+/+, bellenull, and bellehyp1.
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Belle RNA-binding, RNA-unwinding, and IDRs
are important for somatic development

The Drosophila eye is commonly used for functional anal-
ysis of genes involved in somatic development. The nor-
mal Drosophila eye develops as a smooth lattice of cells
(Ready et al. 1976). Loss of functions of genes required
for somatic eye development result in aberrant eye pheno-
types, such as rough texture, misdistribution of bristles, or
decreased eye size (Iyer et al. 2016).

First, we examined the effects of eye-specific belle
knockout on eye development using the Gal4-UAS-
FLP-FRT system combined with GMR-hid (Fig. 2;
Supplemental Fig. S2). We found that eyes lacking endog-
enous belle have rough textures (Fig. 2A,C-c1;
Supplemental Fig. S2B) in contrast to the smooth textures
of control flies (Fig. 2A,B-b1; Supplemental Fig. S2A;
Jenny and Basler 2016). The eye phenotype in the absence
of endogenous Belle in eyes was rescued by the belle::
BelleWT transgene (Fig. 2A,B-b2; Supplemental Fig.
S2D), which expresses transgenic Belle in a physiological
expression pattern. belle::BelleL51A, but not the other mu-
tant belle::Belle, rescued eye phenotype in the absence of
endogenous Belle in eyes (Fig. 2; Supplemental Fig. S2D).
The ATPase hydrolysis mutant belle::BelleE460A exhibited
lethality in this genetic background, showing again its
dominant toxicity (Fig. 2A). These results revealed that
while Belle eIF4E-binding activity is dispensable, Belle
RNA-binding and RNA-unwinding activities and Belle ami-
no-terminal and carboxy-terminal IDRs are important for
normal somatic eye development.

In the eye assay above, we also tested whether belle is
required for small interfering RNA (siRNA)-mediated si-
lencing using the white inverted repeat (wIR) RNA-silenc-
ing reporter (Lee and Carthew 2003). wIR produces an
inverted repeat hairpin RNAs corresponding to white
exon 3. In a wIR background, flies with functional siRNA-
mediated silencing activity have white eyes since Dicer-2
processes the wIR hairpin into siRNAs and Argonaute2
binds those siRNAs and cleaves white mRNAs (Fig. 2B-
b1; Supplemental Fig. S2A). In contrast, flies lacking
siRNA-mediated silencing activity, such as the dicer-2null

mutant, have red eyes due to failure to silence white ex-
pression in a wIR background (Supplemental Fig. S2C).
We found that in a wIR background, eyes that lack endog-
enous belle are white, showing that belle is not required
for siRNA-mediated silencing (Fig. 2C-c1; Supplemental
Fig. S2B).

Belle ATPase mutants cause dominant toxicity
in somatic cells

Since we were unable to establish viable belle::BelleK345N

and belle::BelleE460Q strains (Fig. 1G) and belle::BelleE460A

showed lethality in the genetic background of the eye phe-

notype assay (Fig. 2A), we could not test the effects of
these Belle ATPase mutants on eye development using
the belle::Belle strategy. Therefore, we created UAST-
3xFlag-Belle transgenic flies and expressed Belle trans-
genes using an eye-specific ey-Gal4 driver (ey-Gal4>
Belle), which we thought may avoid the lethality issue
seen with belle::Belle. Consistent with the results using
belle::Belle transgenes, eye-specific expression of
BelleWT and BelleL51A, but not BelleV321M, BelleQ595A,
BelleD624A, BelleΔN, BelleΔC, or BelleΔNC, rescued normal
smooth eye phenotype in the absence of endogenous
Belle in eyes (Fig. 2; Supplemental Fig. S3). Interestingly,
eyes expressing transgenic BelleK345N and BelleE460A in
the absence of endogenous Belle exhibited a more severe
phenotype than eyes without endogenous or transgenic
Belle; eyes in these mutants were not only rough but
also degenerated (Fig. 2A,D-d1,d2; Supplemental Fig.
S3). Eye-specific BelleE460Q expression in the genetic
background lacking endogenous Belle resulted in fly le-
thality (Fig. 2A). These results suggest that these Belle
ATPase mutants have toxic effects in eyes. All viable flies
examined here had white eyes (Supplemental Fig. S3),
showing again that belle is not required for small RNA-me-
diated silencing.

To test whether Belle ATPase mutants exhibit toxic ef-
fects in a dominant manner, we expressed Belle trans-
genes in eyes using the UAST-Gal4 system with an eye-
specific longGMR-Gal4 driver (longGMR-Gal4 >Belle)
in the presence of endogenous wild-type Belle. Interest-
ingly, eye-specific expression of BelleK345N, BelleE460A,
and BelleE460Q in the presence of endogenous wild-type
Belle caused rough and degenerated eyes (Fig. 2A,D-
d3–d5) while eyes expressing BelleWT or the other mutant
Belle were smooth and normal (Fig. 2; Supplemental Fig.
S4). These results showed that Belle ATPase-binding, hy-
drolysis, and release mutants have dominant toxic effects
in eyes. All these flies had white eyes (Supplemental Fig.
S4), showing that ATPase mutant BelleK345N, BelleE460A,
and BelleE460Q do not show a dominant negative effect
on siRNA-mediated silencing.

Belle RNA-binding, RNA-unwinding, and IDRs
are required for male and female fertility

Both male and female bellehyp1 flies have reduced fertility.
Using belle::Belle, we tested which Belle features are re-
quired to rescue bellehyp1 fertility.

bellehyp1 is completely male-sterile and male fertility
was rescued by belle::BelleWT, showing the essential
role of belle in male fertility (Supplemental Fig. S5A).
Only belle::BelleL51A, but not belle::BelleV321M, belle::
BelleQ595A, belle::BelleD624A, belle::BelleΔN, belle::
BelleΔC, or belle::BelleΔNC, rescued bellehyp1male fertility.
These results revealed that while Belle eIF4E-binding ac-
tivity is dispensable, Belle RNA-binding and RNA-
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FIGURE 2. RNA-binding, RNA-unwinding, and IDRs of Belle are important for normal eye development and ectopic expression of Belle ATPase
mutants has dominant toxic effects in eyes. (A) Summary of eye phenotypes of control and Belle transgenic flies. belle::Belle transgenic expression
in the absence of endogenous Belle in eyes was achieved using flies wIR; ey-Gal4, UAS-FLP/belle-Belle; FRT82B, belle47110/FRT82B, GMR-hid
(left column). Eye-specific transgenic Belle expression in the absence of endogenous Belle in eyes was achieved using flies wIR; ey-Gal4, UAS-FLP/
UAST-3xFlag-Belle; FRT82B, belle47110/FRT82B, GMR-hid (middle column). Eye-specific transgenic Belle expression in the presence of endog-
enous Belle in eyes was achieved using flies wIR; UAST-3xFlag-Belle/CyO; longGMR-Gal4/TM3, Sb (right column). Control flies, which express
endogenous Belle but no transgenic Belle, have normal “Smooth” eyes (representative image shown in panel B-b1). Flies that lack endogenous
belle specifically in eyes and do not express any transgenic Belle (wIR; ey-Gal4, UAS-FLP/+; FRT82B, belle47110/FRT82B, GMR-hid) have “Rough”
eyes (representative image shown in panel C-c1). (B–D) Representative images of (B) smooth, (C ) rough, and (D) rough and degenerated eyes.
Each panel shows the eye image of flies with a corresponding annotation in the table shown in (A).
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unwinding activities and Belle amino-terminal and car-
boxy-terminal IDRs are crucial for male fertility.

Next, we examined female fertility. bellehyp1 female pro-
duced comparable numbers of eggs compared with con-
trols (Supplemental Fig. S5B). However, a significantly
lower ratio of the eggs laid by bellehyp1 could hatch
(Supplemental Fig. S5C). The bellehyp1 egg hatching rate
was rescued by belle::BelleWT. These results show that
belle is important for female fertility (Johnstone et al.
2005). belle::BelleL51A, but not belle::BelleV321M, belle::
BelleQ595A, belle::BelleD624A, belle::BelleΔN, belle::
BelleΔC, or belle::BelleΔNC, fully rescued bellehyp1 egg
hatching rate. belle::BelleQ595A, belle::BelleD624A only par-
tially rescued bellehyp1 egg hatching rate. These results
revealed that while Belle eIF4E-binding activity is dispen-
sable, Belle RNA-binding activitiy and Belle amino-termi-
nal and carboxy-terminal IDRs are required for female
fertility. Belle RNA-unwinding activity contributes to fe-
male fertility.

Belle ATPase mutants have
dominant toxic effects on
female fertility

We sought to determine if Belle
ATPase mutants are also dominant
toxic in the female germline since
Belle is most highly expressed in ova-
ries (Johnstone et al. 2005). We creat-
ed UASP-3xFlag-Belle transgenic
flies and used the germline-specific
MTD-GAL4 driver to express BelleWT,
BelleK345N, BelleE460A, and BelleE460Q

in ovary germlines in the endoge-
nous belle+/+ genetic background
(MTD-Gal4 >BelleWT, MTD-Gal4>
BelleK345N, MTD-Gal4 >BelleE460A,
MTD-Gal4 >BelleE460Q). Expressing
transgenic Belle ATPasemutants in fe-
male germlines resulted in signifi-
cantly decreased fecundity (number
of eggs laid) and fertility (number of
eggs hatched) compared with con-
trols, while expressing transgenic
wild-type Belle affected neither fecun-
dity nor fertility (Fig. 3A,B). We also
found that germline expression of
transgenic Belle ATPase mutants re-
sulted in decreases in ovary mass
(Fig. 3C). Transgenic Belle wild-type
and ATPase mutants all exhibited
cytoplasmic localization in oocytes
(Supplemental Fig. S6), revealing that
the ATPase mutations do not affect
Belle localization.
We also tested the effect of ex-

pressing transgenic Belle ATPase mutants in ovarian
somatic cells (follicle cells) using the tj-GAL4 driver (tj-
Gal4 >Belle). Expressing Belle ATPase mutants in ovarian
somatic cells resulted in complete sterility with no eggs
laid by any of the three ATPase mutants, while expressing
transgenic wild-type Belle affected neither fecundity nor
fertility (Supplemental Fig. S7).

We conclude that Belle ATPasemutants cause dominant
negative effects in both germline and somatic cells in
ovaries.

Belle ATPase mutants do not affect small
RNA profiles in ovaries

We sought to uncover molecular mechanisms by which
germline expression of transgenic Belle ATPase mutants
causes the dominant negative effects on female fertility.
First, to examine whether expression of dominant Belle
ATPase mutants changes small silencing RNA profiles,

A

B

C

FIGURE3. Ectopic expression of Belle ATPase mutants has dominant toxic effects on female
fertility. Female fertility assays using flies expressing Belle transgene in germlines (MTD-Gal4
>Belle). (A) The numbers of eggs laid by test females crossed with OregonR wild-type males
and (B) the hatching rates from the eggs. Mean±SD (n=3 biological replicates). P-value
<0.05 (two-sided Student’s t-test) are indicated by (∗). (C ) Representative images of dissected
ovaries.
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we performed high-throughput sequencing of ovary small
RNAs. miRNA, endo-siRNA (esi-1.1, esi-1.2, and esi-2.1),
and piRNA levels were largely unchanged in ovaries ex-
pressing wild-type or ATPase mutant of Belle (MTD-Gal4
>Belle) compared with control ovaries (MTD-Gal4 >
w1118) (Supplemental Fig. S8). Thus, Belle ATPase mutants
do not largely change small RNA profiles in ovaries.

Dominant Belle ATPase mutants reduce ovary cyclin
protein levels

Cyclin proteins Cyclin A, Cyclin B, and Cyclin B3 are crucial
regulators of meiosis in oocytes. In ovaries expressing
Belle ATPase mutants in the belle+/+ background (MTD-
GAL4>Belle), we found that Cyclin A and Cyclin B protein
levels were decreased relative to control ovaries (Fig. 4A,
B). Cyclin A protein level was lower in BelleK345M and
BelleE460Q mutants. Cyclin B protein level was lower in all
three ATPase mutants (BelleK345M, BelleE460A, and
BelleE460Q). Cyclin B3 protein level was decreased in the
BelleE460Q mutant. In contrast, expressing transgenic
wild-type Belle did not affect cyclin protein levels. CDK1
and Vasa protein levels were not changed by transgenic
wild-type or ATPase mutant Belle, showing that cyclin pro-
tein level decrease is specific. Anti-Belle western blot
showed that levels of transgenic Belle proteins were com-
parable to those of endogenous wild-type Belle. We mea-
sured levels of corresponding mRNAs. cyclin A, cyclin B,
cyclin B3, cdk1, and vasa mRNA levels were unchanged
in BelleK345M and BelleE460A ATPase mutants compared
to controls (Fig. 4C). BelleE460Q mutants had decreased
levels of cyclin A, cyclin B, cyclin B3, and cdk1 mRNA lev-
els, perhaps because BelleE460Q mutants exhibited the
most severe ovary morphology change as compared to
control (Fig. 3C). The decrease in Cyclin A and Cyclin B
protein levels in BelleK345M and BelleE460A ATPasemutants
without a corresponding change in cyclin A and cyclin B
mRNA levels suggests that these protein level decreases
were due to posttranscriptional dysregulation.

Belle tethering to a reporter mRNA increases
reporter protein level in an ATPase-dependent
manner

To examine effects of Belle binding to mRNA, we tethered
transgenic wild-type andmutant Belle proteins to a report-
er GFP mRNA in oocytes using a λN peptide-BoxB hairpin
RNA system (Fig. 5A; Sienski et al. 2015). λN-HA-Belle
binds BoxB hairpins in the 3′-UTR of the reporter GFP
mRNA through the λN peptide. We tested λN-HA tagged
wild-type, ATPase mutant, and IDR-truncated Belle. We
also tested tethering of λN-HA only as a negative control.
As additional negative controls, we tested expression of
transgenic Belle proteins without a λN tag. We expressed

the transgenic Belle proteins in oocytes using the UASP/
MAT67-Gal4 driver system in the GFP reporter back-
ground (MAT67-Gal4 >Belle).
GFP protein level was significantly increased when wild-

type Belle was tethered to the GFP reporter mRNA com-
pared with controls (λN-HA only and BelleWT without a
λN tag) as observed by confocal microscopy imaging of
oocytes (Fig. 5B) and western blotting of ovary lysates
(Fig. 5C,D). In contrast, GFP protein level was not in-
creased when the Belle ATPase mutants were tethered,
showing that Belle ATPase activity is required for the re-
porter GFP protein increase.
We measured GFP reporter mRNA level by qRT-PCR.

Tethering of wild-type or ATPase mutant Belle did not
change the GFP reporter mRNA level compared to con-
trols (Fig. 5E), revealing that wild-type Belle increased
GFP protein level without a corresponding change in
GFP mRNA level. We also found that tethering of wild-
type Belle did not change the poly(A) tail length of GFP
mRNA, showing that increased GFP protein level was not
due to a change in poly(A) tail length of GFP mRNA
(Supplemental Fig. S9). These results suggest that teth-
ered Belle increases reporter protein levels by promoting
translation.

Belle tethering to a reporter mRNA increases
reporter protein level in an amino-terminal
IDR-dependent manner

Additionally, we tested the tethering of three IDR-truncat-
ed Belle mutants. BelleΔC tethering showed up-regulation
of GFP protein level, comparable to the level observed in
BelleWT tethering, whereas neither BelleΔN nor BelleΔNC

tethering increaseed GFP protein levels (Fig. 6A–C). GFP
reporter mRNA level was unchanged by tethering of these
truncated Belle mutants (Fig. 6D). These results show that
the Belle amino-terminal IDR is required for posttranscrip-
tional promotion of reporter protein level.

Belle binds endogenous cyclin B mRNA

Finally, to identify endogenous Belle target mRNAs, we
performed RNA-coimmunoprecipitaion (RIP) followed by
qRT-PCR using ovary lysates expressing transgenic wild-
type or ATPase mutant Belle in the presence of endoge-
nous wild-type Belle (MTD-Gal4 >Belle). We focused on
genes that had decreased protein levels in Belle ATPase
mutant ovaries (Fig. 4). Transgenic wild-type Belle did
not significantly bind cyclin A, cyclin B, cyclin B3, or cdk1
mRNAs, while it showed a trend to bind cyclin B mRNA
(Fig. 7). In contrast, transgenic Belle ATPase mutants
bound cyclin BmRNA, but did not significantly bind cyclin
A, cyclin B3, or cdk1 mRNAs.
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DISCUSSION

DEAD-box helicases play important roles in animal devel-
opment by regulating gene expression, particularly in
germline development (Hozumi et al. 2012; Zhang et al.

2018). Previous studies have shown that DDX helicases
are involved in developmental gene expression (Hay
et al. 1988; Gonzalez-Reyes et al. 1997; Kotov et al.
2014; Bush et al. 2015).

A

C

B

FIGURE 4. Ectopic expression of Belle ATPase mutants decreases Cyclin B protein level in ovaries. (A) Representative images of western blot
using ovary lysates of MTD-Gal4>w1118 and MTD-Gal4 >Belle flies. (B) Quantification of band intensities of western blot. Mean±SD (n=3 or
4 biological replicates). P-value <0.05 (two-sided Student’s t-test) are indicated by (∗). (C ) Relative levels of cyclin A/B/B3, cdk1 and
vasa mRNAs in MTD-Gal4>Belle ovaries compared with controls (MTD-Gal4>w1118) determined by high-throughput sequencing. Mean±SD
(n=3 biological replicates).
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Here we determined the Belle motifs required for fly vi-
ability and somatic and germline development. Through
Belle mutant transgene expression in varying genetic con-
texts, we determined that Belle ATPase, RNA-binding,
RNA-unwinding, and IDRs are required for fly viability,
somaticdevelopment, and fertility (Figs.1,2;Supplemental
Figs. S2–S5). Furthermore, we discovered that Belle
mutants impaired in enzymatic ATPase activity (binding,
hydrolysis, or release) have dominant negative somatic
developmental and fertility outcomes, including degener-

ated eyes, decreased number of eggs
laid and hatched, and smaller ovary
size, compared to controls (Figs. 2,
3; Supplemental Figs. S3, S4). To fur-
ther dissect the molecular mechanism
resulting in fertility defects in ovaries
expressing dominant Belle ATPase
mutants in the presence of endoge-
nous wild-type Belle, we observed
decreased levels of cyclin proteins re-
quired for meiosis cell cycle regula-
tion in Belle ATPase mutant ovary
lysate (Fig. 4). Tethering assay showed
that Belle increases a protein level
produced from a bound mRNA in its
ATPase activity- and amino-terminal
IDR-dependent manner (Figs. 5, 6).

Previous studies showed that belle
hypomorph testes have decreased
mRNA and protein levels of Cyclin A
and Cyclin B, implicating Belles’ role
in transcriptional and/or posttranscrip-
tional regulation of cyclin A and cyclin
B mRNA levels in testes (Kotov et al.
2016). In contrast, we determined
that Cyclin A and Cyclin B protein lev-
els were decreased without change in
cyclin A and cyclin B mRNA levels in
ovaries expressing Belle ATPase mu-
tants in the presence of endogenous
wild-type Belle (MTD-Gal4>Belle)
compared with control ovaries, sug-
gesting that Belle functions as a post-
transcriptional regulator rather than a
transcriptional regulator (Figs. 5, 6).
Our Belle–RNA tethering assay results
affirmed that Belle functions as a post-
transcriptional regulator to increase
protein levels without changing corre-
spondingmRNA levels in ovaries in its
ATPase activity- and amino-terminal
IDR-dependent manner.

We observed direct binding of
three Belle ATPase mutants to cyclin
B mRNA, further supporting the idea

that Belle functions as a posttranscriptional regulator
(Fig. 7). In contrast, BelleWT was not observed to bind cy-
clin B mRNA significantly, while it showed a trend to do
so. We propose that this is because Belle ATPase mutants
remain bound to targetmRNAs while wild-type Belle binds
and dissociates from target mRNAs after promoting their
translation.
Belle cytoplasmic localization in oocytes was not affect-

ed by ATPasemutations (Supplemental Fig. S6). This result
excludes the possibility that Belle ATPase mutants have

A

B

C

D

E

FIGURE 5. Belle posttranscriptionally promotes protein translation in an ATPase activity-de-
pendent manner. (A) GFP-5x BoxB reporter structure, harboring a ubiquitous tubulin promot-
er, the GFP-coding sequence, and a 3′-UTR containing five BoxB hairpins. λN-HA-fused
control peptide and Belle under a UASP promoter were expressed in germline cells using
MAT67-Gal4 driver. (B) Confocal images of GFP signal in stage 14 oocytes. (C )
Representative images of western blots using ovary lysates. (D) Quantification of western blots
band intensities. GFP protein levels normalized with α-tubulin are shown. (E) Relative abun-
dance of GFP-5xBoxB mRNA normalized by gapdh mRNA determined by qRT-PCR.
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dysregulated subcellular localization resulting in reduced
translational promotion activity and further supports our
conclusion that Belle ATPase activity is directly required
for translational promotion.

We propose a model for wild-type Belle function and
how Belle ATPase mutant expression results in dominant
toxicity (Fig. 8). Wild-type Belle binds a subset of target
mRNAs including cyclin B mRNAs. Using its ATPase
activity and amino-terminal IDR, Belle promotes transla-
tion of bound mRNAs, without affecting levels or poly(A)
tail length of the bound mRNAs. Belle ATPase mutants oc-
cupy target mRNAs and cannot promote their translation
due to the lack of ATPase activity. Instead, target mRNA-
bound Belle ATPase mutants block access of endogenous

wild-type Belle, thus preventing translational promotion of
the target mRNAs by endogenous wild-type Belle. This
model explains Belle ATPase mutants’ dominant toxic
effects in vivo, binding to target mRNAs (cyclin B mRNA),
dominant decrease of target protein levels (Cyclin B),
and lack of posttranscriptional gene expression promotion
activity in the reporter mRNA tethering assay. Consistent
with the idea that Belle ATPase mutants remain bound to
target mRNAs, Vasa ATPase mutant that cannot release
ADP/Pi (corresponding to BelleE460Q mutant) remains
bound to piRNA precursor RNAs (Xiol et al. 2014).
Furthermore, consistent with our model proposing that
Belle ATPasemutants block access of wild-type Belle to cy-
clin B mRNAs decreasing Cyclin B protein translation,

A

B

C

D

FIGURE6. TheBelle amino-terminal IDR is required for posttranscrip-
tional promotion of protein translation. (A) Confocal images of GFP
signal in stage 14 oocytes. (B) Representative images of western blots
using ovary lysates. (C ) Quantification of western blots band intensi-
ties. GFP protein levels normalized with α-tubulin are shown. (D)
Relative abundance of GFP-5xBoxB mRNA normalized by gapdh
mRNA determined by qRT-PCR.

A

B

C

D

FIGURE 7. Belle binds endogenous cyclin B mRNA in ovaries. (A–D)
Fold enrichment of mRNAs [(A): cyclin A, (B): cyclin B, (C ): cyclin B3,
(D): cdk1] relative to a control rp49 mRNA that were coimmunopreci-
pitated with transgenic Belle expressed specifically in germlines in
ovaries (MTD-Gal4>Belle) normalized by w1118 negative control
(MTD-Gal4>w1118), determined by RNA-immunoprecipitation fol-
lowed by qRT-PCR. Mean±SD (n=3 biological replicates). P-value
<0.05 (two-sided Student’s t-test) is indicated by (∗).
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previous studies showed that belle hypomorph ovaries,
which have decreased levels of wild-type Belle protein,
have decreased Cyclin B protein levels compared with
control ovaries (Kotov et al. 2016).
Interestingly, the amino-terminal IDR of C. elegans LAF-

1 (Belle ortholog), was shown to be necessary and suffi-
cient for phase separation of LAF-1 in liquid droplets
(Elbaum-Garfinkle et al. 2015). Our results show that the
Belle amino-terminal IDR is required for translational pro-
motion (Fig. 8). Therefore, phase separation and transla-
tional promotion may be linked by amino-terminal IDR of
LAF-1/Belle/DDX3. We suggest that Belle posttranscrip-
tionally regulates gene expression by promoting transla-
tion of direct targets. While expressing Belle ATPase
mutants decreased Cyclin A protein levels (Fig. 4), Belle
did not bind cyclin AmRNAs (Fig. 7). One potential expla-
nation for these results could include that our RNA-binding
assay was not sensitive enough to detect weaker or tran-
sient interaction. Another explanation is that a decrease
in Cyclin A protein is caused in an indirect mechanism rath-
er than Belle directly binds cyclin AmRNA and promote its
translation. For example, a decrease in Cyclin B protein
level, which is more likely to be a direct consequence of
Belle ATPase mutant expression considering their binding
to cyclin B mRNA (Fig. 7), may be causing the observed
decrease in Cyclin A protein level.
While we found that Belle promotes translation of target

mRNAswithout affecting their poly(A) tail length in ovaries,
previous studies in early embryos showed that Belle forms

a large protein–RNA complex that in-
cludes Smaug, Cup, Me31B, Trailer
hitch, eIF4E, and PABPC, and is in-
volved in poly(A) tail shortening and
thus translational repression of a tar-
get mRNA (nanos mRNA) (Götze
et al. 2017). It remains unknown
whether Belle ATPase activities and
amino-terminal IDR are required for
this translational repression activity
as we showed in this study that they
are required for translational promo-
tion of target mRNAs in ovaries. The
consequences of Belle binding on tar-
get mRNAs (translational promotion
vs. repression) may depend on pro-
tein partners that Belle binds, which
may differ among different tissues.

While we focused on Belle’s regu-
lation of cyclin protein expression
levels, we suspect that Belle may in
fact bind several other endogenous
target mRNAs to promote their
translation similarly to other DDX
helicases. For example, the Belle
paralog Vasa promotes translation

of several embryonic mRNAs, such as mei-P26 and
gurken (Styhler et al. 1998; Tomancak et al. 1998; Liu
et al. 2009). Determining proteome-wide changes in
gene expression in belle mutants is required to identify
the full repertoire of genes whose protein expression is
regulated by Belle. RNA-immunoprecipitation followed
by high-throughput sequencing can further dissect which
mRNAs Belle directly binds, versus indirect regulation.
Furthermore, identifying Belle protein binding partners
and how the interaction is regulated by Belle ATPase ac-
tivity and IDRs will be important to better understand
the molecular mechanism by which Belle regulates
gene expression posttranscriptionally. Our studies sug-
gest that Belle ATPase mutants allow capturing interme-
diate or transient Belle–RNA interactions and thus will be
useful for the future studies of Belle.

MATERIALS AND METHODS

Fly strains

The belle transgenic expression constructs under endogenous
belle promoter (P[belle-Belle-3xFlag], belle::Belle) were pro-
duced by inserting the coding sequences of wild-type and mu-
tant Belle with a carboxy-terminal 3xFlag tag flanked by
∼1.8 kb upstream region and ∼0.8 kb downstream region of
belle gene in a pattB plasmid vector 40. UAST- and UASP-based
belle transgenic constructs (P[UAST-3xFlag-Belle], P[UASP-
3xFlag-Belle], P[UASP-3xHA-Belle], P[UASP-LambdaN-HA-

A

B

FIGURE 8. Model of Belle mechanism. (A). Wild-type Belle binds a specific subset of mRNAs.
Using its ATPase activity, Belle promotes translation of bound mRNAs. (B) Belle ATPase mu-
tants remain bound to a specific subset of mRNAs and therefore blocking access of endoge-
nous wild-type Belle. Without its ATPase activity, Belle cannot promote translation of bound
mRNAs.
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Belle], and P[UASP-3xHA-HRV3Csite-3xFlag-Belle]) were gener-
ated by inserting the coding sequences of wild-type and mutant
Belle with an amino-terminal 3x-Flag, 3xHA, λN-HA, or 3xHA-
HRV3Csite-3xFlag tag into a pUASTattB or pUASPattB plasmid
vector (Bischof et al. 2007; Takeo et al. 2012; Kandasamy and
Fukunaga 2016; Kandasamy et al. 2017; Zhu et al. 2018a,b).
The pUASTattB-transgenes were integrated at the position
51C1 on the second chromosome of the BDRC fly strain 24482
using the PhiC31 system40. The mini-white gene (w+mC) derived
from the integrated plasmids and the RFP gene originally pres-
ent in the fly strain to mark the landing site were removed using
Cre-Lox. The pUASPattB-transgenes were integrated at the
attP40 site on the position 25C6 on the second chromosome
of fly using the PhiC31 system.

Eye phenotype assay

Eye-specific belle null phenotype was analyzed using fly strain
wIR; ey-Gal4, UAS-FLP/+; FRT82B, belle47110/FRT82B, GMR-
hid. Phenotypes of eye-specific belle null in the presence of geno-
mic rescue belle transgenes were analyzed using fly strains wIR;
ey-Gal4, UAS-FLP/gBelle; FRT82B, belle47110/FRT82B, GMR-
hid. Phenotypes of eye-specific belle null in the presence of
eye-specific expression of transgenic Belle were analyzed using
fly strains wIR; ey-Gal4, UAS-FLP/UAST-3xFlag-Belle; FRT82B,
belle47110/FRT82B, GMR-hid. Phenotypes of eye-specific expres-
sion of transgenic Belle in the presence of endogenous wild-type
belle were analyzed using fly strains wIR; UAST-3xFlag-Belle/
CyO; longGMR-Gal4/TM3,Sb. Eye images were taken using
Leica M125 Stereomicroscope.

Fertility assay

For the male fertility assay, one test male was mated with five vir-
gin wild-type (OregonR) females in a vial (Fukunaga et al. 2012;
Zhu et al. 2018b). After 3 d, the five OregonR females were trans-
ferred to a new vial (vial 1). Every 2 d, the five OregonR females
were transferred to a new vial until a total of four vials were ob-
tained. The five OregonR females were removed from the last
vial (vial 4) after 2 d. The total number of progenies in these
four vials was counted. For the female fertility assay, five test virgin
females were mated with three wild-type (OregonR) males in a
cage with a 6-cm grape juice agar plate with wet yeast paste
(Genesee) (Fukunaga et al. 2012; Zhu et al. 2018b). The grape
juice agar plate was exchanged with a fresh one every day. The
number of eggs laid on the third grape juice agar plate (set up
on Day 3 and recovered on Day 4) was counted. Then, this grape
juice agar plate was kept for one more day at 25°C and the num-
ber of hatched eggs was counted.

Western blot

Lysates of hand-dissected ovaries were prepared by homogeniz-
ing in RIPA buffer (50 mM Tris-HCl [pH 7.4], 150 mMNaCl, 1% [v/
v] IGEPAL CA-630, 0.1% [w/v] sodium dodecyl sulfate [SDS], 0.5%
[w/v] sodium deoxycholate, 1 mM ethylenediaminetetraacetic
acid [EDTA], 5 mM dithiothreitol, and 0.5 mM phenylmethylsul-
fonyl fluoride [PMSF]) (Kandasamy and Fukunaga 2016;
Kandasamy et al. 2017; Zhu et al. 2018b). The homogenates

were clarified by centrifugation at 21000g at 4°C for 10 min,
and the protein concentration was determined using the BCA
protein assay kit (Pierce). Twenty micrograms of total protein
was loaded per lane for western blot. The sources and dilutions
of the primary antibodies were as below. Rabbit anti-Tubulin
(1/1000, Sigma, T3526), mouse anti-α-tubulin (1/1500, Sigma,
T9026), mouse anti-GFP (1/1000, Pierce, MA515256), mouse
anti-HA (1/1000, Sigma, H3663), rat anti-Vasa (1/2000,
Developmental Studies Hybridoma Bank, AB_760351), mouse
anti-Cyclin A (1/1,000, Developmental Studies Hybridoma
Bank, AB_528188), goat anti-Cyclin A (1/1,000, Santa Cruz
Biotechnology, sc-15869, dN-15), mouse anti-Cyclin B (1/1000,
Santa Cruz Biotechnology, sc-166152, B-6), rabbit anti-Cyclin
B3 (1/2000 [Jacobs et al. 1998]), mouse anti-CDK1 (1/5000,
Sigma, P7962), rabbit anti-Belle (1/2000 [Pek and Kai 2011]).
IRDye 800CW goat anti-mouse IgG, IRDye 800CW goat anti-rat
IgG, IRDye 800CW goat anti-rabbit IgG, IRDye 680RD goat
anti-mouse IgG, and IRDye 680RD goat anti-rabbit IgG (Licor)
were used as secondary antibodies. The membranes were
scanned on an Odyssey imaging system (Licor).

Immunostaining

Stereomicroscope images of dissected ovaries and oocytes were
taken using a Leica M125 stereomicroscope (Zhu et al. 2018b).

Ovaries from 2- to 5-d-old yeast-fed and mated females were
hand-dissected in Robb’s buffer (55 mM NaOAc, 8 mM KOAc,
100 mM sucrose, 10 mM glucose, 1.2 mM MgCl2, 1 mM CaCl2,
100 mMHEPES-KOH [pH 7.4]) at room temperature. Stage 14 oo-
cytes and earlier stage oocytes were separated by forceps and
were separately placed in fixative containing 4% formaldehyde
in PBS (137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 8.1 mM
Na2HPO4, pH 7.4). Fixation was done at room temperature on a
rocker for 30 min. For GFP signal detection in stage 14 oocytes,
fixed oocytes were rinsed three times with PBS. For HA-Belle sig-
nal detection in earlier stage oocytes, fixed oocytes were rinsed
three times with PBS containing 0.05% (v/v) TritonX-100. The
rinsed oocytes were incubated in blocking buffer (2% [v/v] donkey
serum, 3% [w/v] BSA, 0.02% [w/v]NaN3, 0.05% [v/v] TritonX-100 in
PBS) for 1 h at room temperature. Then oocytes were incubated in
blocking buffer containing mouse anti-HA (1/100, Sigma, H3663)
and rat anti-Vasa (1/100, Developmental Studies Hybridoma
Bank, AB_760351) at 4°C overnight. Oocytes were rinsed three
times with PBS containing 0.05% (v/v) TritonX-100. Oocytes
were incubated in blocking buffer containing AlexxaFluor-conju-
gated anti-mouse (1/100, ThermoFisher, A21202) and anti-rat
(1/100, ThermoFisher, A21209) secondary IgG antibodies at at
4°C overnight. Oocytes were rinsed three times with PBS contain-
ing 0.05% (v/v) TritonX-100. All oocytes were mounted in mount-
ing reagent containing DAPI (ProLong Diamond Antifade
Mountant with DAPI, ThermoFisher). Confocal images were col-
lected on a Zeiss LSM700 confocal microscope at the Johns
Hopkins University School of Medicine Microscope Facility.

RNA-coimmunoprecipitation

RNA-coimmunoprecipitation was performed as previously de-
scribed (Zhu et al. 2018b). Hand-dissected ovaries of w1118 and
MTD-Gal4> 3xHA-HRV3Csite-3xFlag-Belle flies were homoge-
nized in lysis buffer containing RNase inhibitor (50 U/µL,
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Thermo Fisher Scientific). After centrifugation, cleared superna-
tant was incubated with 10% volume of Pierce anti-HA magnetic
beads (Thermo Fisher Scientific) at 4°C for 2 h. After washing five
times with the lysis buffer, 3xFlag-Belle protein–RNA complex
was released by HRV3C protease cleavage in cleavage solution
(25 mM Tris-HCl [pH 7.4], 150 mM NaCl, 5% [v/v] glycerol,
2 mM EDTA, 200 nM HRV3C protease) at 4°C overnight. RNA
was purified from the supernatant using TRIzol LS (Sigma).

qRT-PCR

RNA from ovaries was prepared using miRVana (Thermo Fisher
Scientific). RNAs extracted from ovaries and RNAs coimmunopre-
cipitated with proteins were treated with Turbo DNase (Thermo
Fisher Scientific), and thenwere reverse-transcribed into cDNAus-
ing a random hexamer primer and AMV Reverse Transcriptase
(NEB). qPCR was performed using SsoAdvanced Universal SYBR
Green Supermix on CFX96 (Biorad). The primers used were as fol-
lows. cyclin A, 5′-AAGAGTCAAGGAGCTTCCGC-3′ and 5′-TGTT
TCTTCTCGCTCTCCCG-3′. cyclin B, 5′-CCACTGTAGAACCCAC
TAAAGTTAC-3′ and 5′-GGTCAGCGACTTCTTCGACA-3′. cyclin
B3, 5′-ACCCTGGCTCGATACATCCT-3′ and 5′-TACGCAGTGC
CATGAACAGT-3′. cdk1, 5′-CGTGGTGTATAAGGGTCGCA-3′

and 5′-ACGAAATTTCTCTGATCGCGG-3′. GFP, 5′-GAGCTGA
AGGGCATCGACTT-3′ and 5′-TTCTGCTTGTCGGCCATGAT-3′.
gapdh, 5′-TGATGAAATTAAGGCCAAGGTTCAGGA-3′ and 5′-
TCGTTGTCGTACCAAGAGATCAGCTTC-3′. rp49, 5′-CTGCC
CACCGGATTCAAG-3′ and 5′-CGATCTCGCCGCAGTAAAC-3′.

ePAT

ePAT assay was performed as previously described (Janicke et al.
2012; Zhu et al. 2018b) using the forward primer GTCTCGATT
CTACGCGTACCGG with 6-fluorescein amidite and the reverse
primer GAGCTCCGCGGCCGCG. The fragment analysis data
was analyzed using Peak Scanner 2 (Thermo Fisher Scientific).

Small RNA and mRNA sequencing

small RNA and poly(A)+ mRNA libraries were prepared and
sequenced on Hiseq4000 (Illumina) as previously described
(Fukunaga et al. 2012; Liao et al. 2018; Vakrou et al. 2018; Zhu
et al. 2018b).

DATA DEPOSITION

The SRA accession number for the small RNA and mRNA libraries
reported in this paper is PRJNA494685.
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