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Fragile X syndrome, a common form of inherited mental retardation, is caused by loss of the fragile X mental
retardation protein (FMRP). As a selective RNA-binding protein, FMRP is localized predominately in cytoplasm,
where it regulates translational control. However, there is a small portion of FMRP present in the nucleus, and its
function there has been elusive. Here, we show that Drosophila dFMR1 in nucleus is required for replication
stress-induced H2Av phosphorylation in the DNA damage response (DDR). Replication stress could induce
the expression of dFmr1 and promote the nuclear accumulation of dFMR1. We show that, upon the stimulation
of replication stress, dFMR1 is associated with chromatin in a domain-specific manner, which is essential for its
ability to induce the phosphorylation of H2Av. These results together reveal an unexpected nuclear role of FMRP
in DDR and uncover a feed-forward mechanism by which dFmr1 and early DDR induced by replication stress
reciprocally regulate each other, thereby synergistically triggering activity of the DDR signaling cascade.

INTRODUCTION

Fragile X syndrome (FXS), one of the most common forms
of inherited mental retardation, is caused by loss of the fragile
X mental retardation protein (FMRP) (1–3). FMRP is widely
expressed in fetal and adult tissues, with the most abundant
expression in brain and testis (4). FMRP, along with its auto-
somal paralogs the fragile X-related proteins, FXR1P and
FXR2P, make up a small family of RNA-binding proteins
(RBPs; the fragile X-related gene family) (5–7). These proteins
share .60% amino acid identity and contain two types of RNA-
binding motif: two ribonucleoprotein K homology domains (KH
domains) and a cluster of arginine and glycine residues (the RGG
box) (8,9). The fragile X-related gene family is well conserved
throughout evolution; there are orthologs of FMR1, FXR1 and
FXR2 in mouse, chicken and Xenopus; Drosophila, however,
contains just a single fragile X-related gene, dFmr1 (10).

FMRP associates with polyribosomes in an RNA-dependent
manner through messenger ribonucleoprotein (mRNP) parti-
cles, and it can suppress translation both in vitro and in vivo
(11–14). Extensive studies have shown that FMRP can regulate
synaptic plasticity by regulating the synthesis of a set of
plasticity-related proteins posttranscriptionally (15). Although

FMRP is predominantly localized in the cytoplasm, both
functional nuclear localization signal (NLS) and nuclear export
signal (NES) are also found within FMRP (16,17). Whereas
NLS is located in the N-terminus of FMRP, the NES of FMRP
closely resembles the NES motifs described for HIV1 Rev and
protein kinase inhibitor and is sufficient to direct the nuclear
export of a microinjected protein conjugate. Very recently
FMRP was also identified as a chromatin-binding protein that
functions in the DNA damage response, suggesting that nuclear
FMRP could regulate genomic stability at the chromatin interface
and may impact gametogenesis and some developmental aspects
of fragile X syndrome (18).

Drosophila has proved to be an excellent model for the dissec-
tion of FMRP-regulated biological pathways (19). Consistent
with FMRP function in mammals, dFMR1 regulates the transla-
tion of its mRNA targets, including futsch (Drosophila ortholog
of MAP1B), chickadee and Rac1 (20–22). dFMR1-deficient
flies also display abnormalities in neural architecture, courtship
behavior, synaptogenesis and spermatogenesis (21,23–25). In
particular, both the neural architecture of the mushroom bodies
in fly brain and disturbances in male courtship behavior have
been considered significant phenotypic readouts that may paral-
lel defects in learning capacity and social behavior in humans
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with FXS. Besides neuronal functions, dFMR1 is also required
for maintenance of germline stem cells in ovary (26, 27).

DNA lesions are continuously generated in living cells as a
result of replication errors and oxidative metabolism (28).
They also arise as a consequence of exposure to environmental
agents (e.g. ultraviolet, ionizing radiation), radiation therapy
and chemotherapeutic drugs (29). It is therefore crucial for the
cell to detect DNA damage, signal its presence, and effect
DNA repair, cell cycle arrest, and ultimately cell fate decisions,
which together are called the DNA damage response (DDR)
(29). Intriguingly, recent large-scale genetic and molecular ana-
lyses have identified RBPs as major players in the prevention of
genome instability (29). The proposition is that upon DNA
damage, RBPs coordinately regulate various aspects of both
RNA and DNA metabolism.

Here, we show that Drosophila dFMR1 is required for chem-
ical mutagen-induced H2Av phosphorylation in Drosophila
germline, which is one of the earliest responses to either double-
strand break (DSB) formation or replication stress. We find that
dFMR1 specifically participates in the replication stress-induced
DDR. Replication stress could induce the expression of dFmr1
and promote the nuclear accumulation of dFMR1. We show
that dFMR1 is associated with chromatin in a domain-specific
manner. dFMR1 association with chromatin requires both the
agenet and KH1 domains, which are essential for dFMR1’s
ability to induce the phosphorylation of H2Av. These results to-
gether reveal an unexpected nuclear role of FMRP in DDR and
uncover a feed-forward mechanism by which dFmr1 and early
DDR induced by replication stress reciprocally regulate each
other, thereby synergistically triggering activity of the DDR
signaling cascade.

RESULTS

dFMR1 is required for chemical mutagen-induced H2Av
phosphorylation in Drosophila germline

To determine whether dFMR1 has a role in the regulation
of DDR, we employed the Drosophila early germline as an
in vivo DDR model and performed immunostaining assays to
examine one of the earliest responses to DSB formation, the
expression pattern of the phosphorylated form of the Drosophila
histone H2AX variant (g-H2Av), which induces g-H2Av to
accumulate at DNA break sites (30,31). Immunostaining
analyses on wild-type ovary indicated a mild signal of g-H2Av
foci that are restricted to of the germaria, where meiotic DSBs
were formed. We found no significant difference in pattern
between wild-type and dfmr1 mutant germaria, although the
intensity of the g-H2Av foci was found to be relatively lower
in a portion of dfmr1 mutant germaria, suggesting that dFMR1
does not play a significant role in the meiotic DSB-induced
phosphorylation of H2Av (Fig. 1A and B).

Although we know that both ataxia telangiectasia-mutated
(ATM) and ataxia telangiectasia-related (ATR) kinases phos-
phorylate H2AV (g-H2Av), ATM and ATR in Drosophila
have distinct roles in the regulation of the DDR (32,33). ATM
plays specific roles in the repair of DSBs, whereas ATR is pri-
marily required for checkpoint activity in DDR (32). To further
test whether dFmr1 has role(s) in replication stress-induced
DDR, we pretreated wild-type and dfmr1 mutant ovaries with

hydroxyurea (HU), a chemical DNA damage inducer for replica-
tion stress, and then performed immunostaining assays using the
specific anti-g-H2Av antibody. As shown in Figure 1, in wild-
type ovaries, the signal of g-H2Av foci significantly increases
in germaria and persists in intensity as cysts mature in early
egg chambers in ovaries compared with the wild-type control
without HU pretreatment. In contrast, the g-H2Av foci signal
was apparently reduced or undetectable in dfmr1 mutant
ovaries pretreated with HU. This points to a potential role for
dFMR1 in regulating the DDR induced by the chemical DDR
inducer.

dFMR1 specifically participates in replication
stress-induced DDR

To further investigate the general role of dFMR1 in DDR, we
sought to employ the RNAi strategy to knockdown dFmr1 in
Drosophila S2 cells and performed cell-based assays using
g-H2Av as a reporter. To this end, we designed two dFmr1
dsRNAs that target to the ORF and 3′ UTR regions, respectively,
of the dFmr1 gene. As shown in a western blot assay, these
dsRNAs efficiently knocked down dFmr1 expression in S2 cul-
tured cells (Fig. 2A). We then examined the g-H2Av protein
abundance in wild-type S2 cells and dFmr1-knockdown S2
cells that were treated with or without X-ray radiation, which
generates DSB, or HU, which chemically produces replication
stress. As shown in Figure 2, there was no significant difference
in the level of g-H2Av expression between wild-type and
dFmr1-knockdown S2 cells when treated with X-ray radiation
(Fig. 2B–D). In contrast, we found that the level of g-H2Av
was dramatically reduced in dFmr1-knockdown S2 cells com-
pared with control when treated with HU (Fig. 2A, C and D).
These results suggest that dFMR1 may be involved in replication
stress-induced DDR. Similar results were obtained when UV ra-
diation, another replication stress inducer, was used to treat S2
cells (Fig. 2A, C and D). To further confirm the specific role of
dFmr1 in replication stress-induced DDR, we performed
rescue experiments. As shown in Figure 2E, exogenous expres-
sion of dFmr1 could restore the reduction of the g-H2Av protein
caused by a dFmr1 dsRNA targeting to the 3′ UTR of dFmr1
gene, when the cells were stimulated with replication stressors.

Replication stress promotes dFmr1 expression
at both mRNA and protein levels

Because we noted that overexpression of dFmr1 does not signifi-
cantly affectg-H2Av levels upon UV or HU treatment (Fig. 3A),
we reasoned that the levels or activity of endogenous dFmr1 are
near saturation status in the regulation of g-H2Av. To test this
idea, we next examined the dynamics of endogenous dFmr1 ex-
pression upon replication stress treatments in S2 cells by per-
forming both quantitative RT-PCR (qRT-PCR) and western
blot analyses. As shown in qRT-PCR assay, the dFmr1 mRNA
level in S2 cells increased and reached a peak at the 3-h time
point after UV treatment (Fig. 3B). Similarly, western blot
analysis revealed that the levels of dFmr1 protein were progres-
sively elevated upon stimulation by UV, reaching a peak at a time
point similar to post-HU-treatment (Fig. 3C). Results were con-
sistent with cells treated with HU since the levels of dFmr1
protein also increased in response to HU treatment (Fig. 3D).
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These results indicate that dFmr1 expression itself is positively
regulated by replication stressors. Thus, our findings reveal a
feed-forward mechanism involving dFmr1 to control the replica-
tion stress-mediated DDR.

Replication stress promotes dFMR1 nuclear accumulation

The feed-forward mechanism further emphasizes the important
role of dFmr1 in replication stress-induced DDR. To understand
how dFmr1 and replication stress-induced DDR signaling recip-
rocally regulate each other, we next sought to investigate the

dynamics of the subcellular localization of dFMR1 in DDR
induced by HU or UV radiation treatment. FMRP in both Dros-
ophila and mammals is known to be localized predominately in
the cytoplasmic region as an RBP to regulate translational
control; however, a very small portion (�4%) of FMRP is
reported to be present in the nucleus, where its function has
remained largely unknown. We therefore carried out biochem-
ical assays to separate nucleus and cytosol from S2 cell
lysates, and then performed western blot analyses. As shown
in Figure 4A, both nuclear and cytosolic fractions could be
clearly separated, as indicated by the presence of GAPDH,
a marker for cytosol, and Otefin, a marker for nucleus, respecti-
vely. We noted that a small portion of dFMR1 was apparent in the
nuclear fraction (Fig. 4A), suggesting that, like its counterpart
FMRP in mammals, dFMR1 is also present in the nucleus. We
then treated S2 cells with HU or UV radiation and found that
the abundance of dFMR1 in nucleus increased significantly
upon HU or UV treatment (Fig. 4A), suggesting that replication
stress could cause dFMR1 to accumulate in the nucleus.

To further confirm these observations, we next performed
immunostaining assays. As shown in Figure 4B, dFMR1 could
not be detected in the nucleus of S2 cells, even when treated
with leptomycin B (LMB), an inhibitor of nuclear protein
export (16). In contrast, we found that in the presence of LMB,
dFMR1 forms dot-structure aggregates that could be detected
easily in the nucleus of the HU-treated S2 cells. Together, our
results demonstrate that replication stress could promote the
nuclear accumulation of dFMR1.

dFMR1 associates with chromatin in a domain-specific
manner upon the stimulation of replication stress

Mounting evidence suggests that proteins involved in DDR are
often recruited and associate with chromatin upon the stimula-
tion of DNA damage stress (32). To determine whether dFMR1
could be loaded onto chromosome and associate with chromatin
in response to replication stress, we employed the Drosophila
larval salivary gland system and performed immunostaining
assays using anti-H3K4 and anti-dFMR1 antibodies to analyze
the potential localization of dFMR1 on polytene chromosomes.
As shown in Figure 4C, in the absence of replication stress, there
was no detectable dFMR1 colocalized with H3K4 staining on the
polytene chromosomes isolated from the third-star larva. Inter-
estingly, dFMR1 could be reproducibly detected to associate
with H3K4 staining on polytene chromosomes when the
UV radiation-stimulated third-star larvae were further treated
with 2 mM HU on the medium for 2 h (Fig. 4D). These findings
suggest that replication stress could promote dFMR1 loading
onto chromosomes. To confirm this, we performed chromatin
fractionation assays to determine whether dFMR1 associates
directly with chromatin. We noted that dFMR1 was significantly
enriched in the chromatin fraction upon treatment with HU or
UV radiation (shown in Fig. 5D), indicating replication stress
promotes dFMR1 association with chromatin.

To better understand the molecular basis of the dFMR1-
chromatin association, we generated a series of mutant forms
of dFMR1, including dFMR1DAgenet and dFMR1DKH1, based
on the different domains of dFMR1 (Fig. 5A). Using an immu-
nostaining assay, we found that full-length dFMR1 could be
easily detected in the nucleus of the HU-treated cells, whereas

Figure 1. dFmr1 is required for H2Av phosphorylation generated by replication
stress but not double-strand breaks in germline. Three- to 4-day-old w1118 (A) or
dfmr1 (B) ovaries treated with or without 4 mM HU for 3 h were stained with
anti-dFMR1 (red), anti-g-H2Av (green) and Hoechst (blue).
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the deletion of the first KH domain (KH1), dFMR1DKH1, signifi-
cantly reduced its presence in nucleus (Fig. 5B). Furthermore,
we could detect no dFMR1DAgenet signal in the nucleus in the
treated cells (Fig. 5C). These findings indicate that the agenet
domain is essential for dFMR1 nuclear localization, whereas

KH domains are required for efficient dFMR1 nuclear
localization.

To further confirm these observations, we performed a chroma-
tin fractionation experiment and found that the lack of the agenet
domain could completely abolish the association of dFMR1 with

Figure 2. dFmr1 is required for H2Av phosphorylation generated by chemical mutagen or UV irradiation but not double-strand breaks in S2 cells. (A and B) S2 cells
were treated with indicated dsRNAs for 72 h and then with 2 mM HU for 12 h, or irradiated with a dose of 50 J/m2 UV (A) or 6 Gy X-ray (B). Western blots were
performed to detect the expressions of dFMR1, a-tubulin and g-H2Av. S2 cells treated without (C) or with (D) dFmr1 dsRNA were incubated with 2 mM HU for
12 h or irradiated with a dose of 50 J/m2 UV or 6 Gy X-ray. Immunostaining was performed to show the expressions of g-H2Av (green) and dFMR1 (red). (E) S2
cells were incubated with dsRNA targeting dFmr1 3′ UTR for 72 h, followed by transfection with indicated vector, and then irradiated with UV. Western blots
were performed to show the level of dFmr1, a-tubulin and g-H2Av.
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chromatin, and the removal of two KH domains dramatically
reduced its association with chromatin (Fig. 5D). Taken together,
our results suggestdFMR1 associates with chromatin ina domain-
specific manner in response to replication stress.

Both the agenet and KH domains are important for
dFMR1-mediated regulation of H2Av phosphorylation
in DDR

The action of dFMR1 in regulating DDR could either be direct,
via its nuclear localization and binding to chromatin, or indirect,
via its localization in cytoplasm. To determine this, we perfor-
med rescue experiments using wild-type dFMR1, dFMR1DAgenet

and dFMR1DKH1. We expressed these dFMR1 variants in dFmr1
knockdown S2 cells that were treated by HU or UV radiation. As
shown in Figure 6, while wild-type dFMR1 could significantly
restore the induction of H2Av phosphorylation in the dfmr1
knockdown S2 cells treated with HU or UV radiation, the
mutant forms of dFMR1DAgenet and dFMR1DKH could not, sug-
gesting that both the agenet and KH domains, which are required
for dFMR1 binding to chromatin, are important for dFMR1 activ-
ity in promoting the phosphorylation of H2Av.

DISCUSSION

FXS, the most common cause of inherited mental retardation,
results from the loss of functional FMRP (5). Since the FMR1
gene was first cloned in 1991, most studies have focused on
understanding the role of FMRP as an RBP in posttranscriptional
regulation. FMRP plays important role(s) in synaptic plasticity
via the regulation of mRNA transport and translation, particularly
local protein synthesis in the dendrites (15). Although a small

portion of FMRP is known to be present in nucleus, its nuclear
function has remained elusive. Here, we show that Drosophila
dFMR1 in nucleus is required for replication stress-induced
H2Av phosphorylation in the DDR. Replication stress could
induce the expression of dFmr1 and promote the nuclear accu-
mulation of dFMR1. We show that, upon the stimulation of
replication stress, dFMR1 is associated with chromatin in a
domain-specific manner, which is essential for its ability to
induce the phosphorylation of H2Av. These results together
reveal an unexpected nuclear role of FMRP in DDR.

Previous research demonstrated the presence of FMRP in the
nucleus, and the suggestion is that nuclear FMRP could be
involved in the initial assembly of the mRNP complex, despite
the lack of experimental data supporting this notion (16,17).
Indeed, whether the presence of FMRP in the nucleus plays
any physiological role at all has not been clear. Our results
here demonstrate that dFMR1 does have a functional role(s) in
the nucleus and is involved in the replication stress-induced
DDR by stimulating H2Av phosphorylation. More intriguing
still, dFMR1 carries out this function through its association
with chromatin. Our deletion analyses suggest that the nuclear
function of dFMR1 requires its N-terminal agenet domain,
which is distinct from the well-established role of FMRP in trans-
lational control. The agenet domain is a previously identified

Figure 3. Replication stress promotes the expression of dFmr1. (A) S2 cells were
transfected with the DNA vector to overexpress dFmr1, and then treated with HU
or UV. Western blots were performed to show the level of dFmr1, a-tubulin and
g-H2Av. (B) The mRNA levels of dFmr1 in S2 cells at 5 min, 1, 2 and 3 h after
UV irradiation were determined by qRT-PCR. (C) Western blots were performed
to detect the protein levels of dFMR1 in S2 cells at 5 min, 1 h, 2 h and 3 h after UV
irradiation. (D) Western blots were performed to detect the protein levels of
dFmr1 in w1118 ovaries after 4-h treatment with or without HU. Figure 4. Replicationstress promotes the nuclear accumulation of dFMR1 and its

association with chromatin. (A) S2 cells were treated with HU or irradiated with
UV, and then nucleus and cytosols were fractionated. Western blot was per-
formed to show the levels of dFmr1 (left panel). GAPDH and Otefin were used
as markers of cytosolic and nuclear fraction, respectively. Right panel shows
the quantitative intensity of bands boxed in the left panel. (B) S2 cells without
treatment, or treated with HU alone, or with LMB alone, or with both HU and
LMB were stained by anti-dFMR1 (red), anti-g-H2Av (green) antibodies and
Hoechst (blue). Polytene chromosomes from third-instar larvae without treat-
ment (C) or irradiated with 50 J/m2 UV, and then treated with 4 mM HU
(D) were stained for dFMR1 (red) and H3K4me1 (green) and Hoechst (blue).
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double-tudor domain that belongs to the Royal family of
chromatin-binding proteins (34,35). The agenet domain is also
important for the dFMR1-mediated regulation of H2Av phos-
phorylation in DDR. Our results are consistent with the recent
observations on the role of mammalian FMRP in DDR (18). It
would be important for future research to determine whether spe-
cific motif(s) or chromatin signature(s) are associated with the
genomic regions bound by dFMR1.

Our in vivo and in vitro studies point to a potential role for
FMRP in DDR. It is well known that DNA lesions are continu-
ously generated in living cells as a result of replication errors
and oxidative metabolism (28). The accumulation of DNA
insults is associated with multiple diseases, from neurodegenera-
tive disorders to cancers. It is therefore crucial for the cell to
detect DNA damage, signal its presence, and effect DNA repair,
cell cycle arrest and ultimately cell fate decisions, which are

together called the DDR. Previous work identified a novel
protein that interacts with FMRP, nuclear FMRP-interacting
protein (NUFIP), which was found to be colocalized with
nuclear isoforms of FMRP in a dot-like pattern (36). Further-
more, NUFIP was found to interact with BRCA1, a major
DDR protein, to activate transcription by RNA polymerase II
(37). It would be interesting to take this further and examine
whether NUFIP is involved in the FMRP-mediated modulation
of DDR.

There has been some evidence linking FMRP to cancer. It has
been reported that FMRPis overexpressed inhepatocellularcarcin-
oma cells (38,39). Moreover, patients with FXS have a decreased
risk of cancer, and one FXS patient showed an unusual decrease
inbrain tumor invasiveness (40,41). More recent work has revealed
that FMRP levels correlate with prognostic indicators of agg-
ressive breast cancer, probability of lung metastases and

Figure 5. Both the agenet and KH domains are important for dFMR1 to associate with chromatin. (A) Schematic drawings of dFmr1 and its deletion mutants. (B and C) S2
cells expressing Flag-dFmr1 DKH1 (B) or Flag-dFmr1 DAgenet (C) without treatment (left) or treated with both HU and LMB (right) were stained with anti-Flag (green),
anti-dFMR1 (red) antibodies and Hoechst (blue). (D) S2 cells expressing the indicated proteins were irradiated with or without UV, and the chromosome fractions
were separated. Western blots with anti-FLAG, anti-GAPDH, anti-H2B and anti-a-tubulin antibodies were performed to show the levels of indicated proteins.
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triple-negative breast cancer (42). FMRP overexpression in
murine breast primary tumors is also found to enhance lung me-
tastasis, while its reduction has the opposite effect on cell spread-
ing and invasion (42). It is therefore likely that FMRP-mediated
modulation of the activity of the DDR signaling cascade could
contribute to the role of FMRP in tumorigenesis.

Since the major phenotype associated with the loss of FMRP is
intellectual disability, further investigation of whether the role
FMRP plays in DDR could contribute to the molecular patho-
genesis of fragile X syndrome is critical. Our earlier work
demonstrated that FMRP regulates the proliferation and differ-
entiation of adult neural stem cells (adult neurogenesis) (43).
The loss of FMRP leads to increased proliferation and decreased
neuronal differentiation, but increased glial differentiation.
Altered adult neurogenesis is a major contributor to the impaired
learning and memory caused by the loss of FMRP (44). Mean-
while, components of the DDR are known to safeguard replica-
tive fidelity and control neuronal differentiation in neural
progenitor cells (45). It would be interesting to test the possibility
that an altered DDR response contributes to the increased prolif-
eration of adult neural stem cells caused by the loss of FMRP.

In summary, here we demonstrate an unexpected nuclear role
of FMRP in DDR and uncover a feed-forward mechanism by
which dFmr1 and early DDR induced by replication stress recip-
rocally regulate each other, thereby synergistically triggering the
activity of the DDR signaling cascade. Determining whether this
nuclear function of FMRP could affect neurodevelopment and
whether the loss of FMRP has any DDR consequences in patients
with fragile X syndrome will be critical areas for future research.

MATERIALS AND METHODS

Drosophila stocks

All fly stocks were maintained under standard culture condi-
tions. The w1118 was used as the wild-type strain. dfmr1delta50

and dfmr1delta113 were described previously (21,25).

Immunohistochemistry and microscopy

Immunohistochemistry and microscopy of ovaries were pre-
pared for reaction with antibodies as described previously
(27). For S2 cell immunofluorescence, cells were transferred
onto a poly-L-lysine-treated coverslip 12 h after transfection.
Twenty-four hours later, the cells were fixed with 4% formalde-
hyde in PBS containing 0.1% Tween 20 for 20 min, and then
blocked with PBS containing 1.5% BSA and 0.3% Tween-20
for 1 h at room temperature. Cells were then incubated with
primary antibody and secondary antibody sequentially.

For immunostaining of polytene chromosomes, salivary
glands from third-instar larvae were dissected in PBS and incu-
bated in fixing solution (45% glacial acetic acid, 1.85% formal-
dehyde) for 10 min on a coverslip. We then took up the coverslip
with a poly-L-lysine-treated slide and tapped the coverslip to
break the cells and spread the chromosomes. After freezing in
liquid nitrogen, the slides were washed with PBS twice
(10 min each time), and then with PBS containing 1% Triton
X-100 for 10 min. After incubating in blocking solution (PBS
containing 5% non-fat dry milk) for 1 h at room temperature,
the slides were then incubated with primary antibody and sec-
ondary antibody sequentially.

The following antibodies were used in this study: rabbit anti-
FLAG (1:2000, Sigma), rabbit anti-g-H2Av (1:2000, Cell Sig-
naling Technology), mouse anti-dFMR1 (1:2000, Sigma) and
rabbit anti-H3K4me1 (1:1000, Abcam). Secondary antibodies
used were goat anti-mouse Alexa 555, goat anti-rabbit Alexa
488 (Molecular Probes), all at 1:2000. All samples were exam-
ined by Zeiss Microscope, and images were captured using the
Zeiss LSM 710 META laser scanning confocal system.

Cell culture, transfection and RNAi knockdown

S2 cells were cultured in Schneider’s Drosophila medium
(Sigma) at 278C. Transfection was performed using the calcium
phosphate transfection method as described previously (26). All
dsRNAs were synthesized according to the standard protocol.
For RNAi knockdown, S2 cells were first incubated in serum-
free medium containing dsRNAs for 30 min, and then FBS
was added to a 10% final concentration and incubated for a
further 72 h.

UV, X-ray irradiation and HU treatment

S2 cells were irradiated with a dose of 50 J/m2 UV or 6 Gy X-ray
and harvested after 2 h (UV) or 1 h (X-ray) to perform immuno-
histochemistry or western blot. S2 cells were treated with HU at a
2 mM final concentration and incubated for 12 h and then har-
vested. Ovaries were dissected in PBS and incubated in S2 cell
culture medium with 4 mM HU for 3 h.

Western blot

Western blots were performed as described previously (26). The
following antibodies were used: mouse anti-dFMR1 antibody
(Sigma, 1:2000), rabbit anti-g-H2Av antibody (Cell Signaling
Technology,1:1000), rabbitanti-Otefin(46),mouseanti-a-tubulin
antibody (Sungene Biotech, 1:5000), rabbit anti-GAPDH (Sun-
gene Biotech, 1:2000) and rabbit anti-H2B antibody (Santa

Figure 6. Both the agenet and KH domains are important for dFMR1 to promote
phosphorylation of H2Av. S2 cells were incubated with dsRNA targeting dFmr1
3′ UTR for 72 h, followed by transfection with indicated vectors and then irra-
diated with UV. Western blots were performed to show the level of dFMR1,
a-tubulin and g-H2Av.
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Cruz, 1:500). The quantitation of band intensity in Figure 2C was
measured using ImageJ software.

Quantitative RT-PCR

S2 cells were irradiated without or with a dose of 50 J/m2 UV and
harvested after 5 min, 1 h, 2 h and 3 h to extract total RNA with
Trizol (Invitrogen). cDNAs were synthesized according to the
standard protocol. Real-time PCR was performed via standard
methods using SYBR, and each sample was repeated in tripli-
cate. The relative enrichment was calculated by normalizing
the quantity of Rp49. Primers used in this study are shown below.

Nucleus and chromosome fraction

Harvested S2 cells were washed twice with 1× PBS and then
resuspended with three volumes of hypotonic buffer [1.5 mM

MgCl2, 10 mM KCl, 10 mM HEPES (pH 7.5), protease inhibitor
cocktail (Roche)] and incubated for 20 min on ice. The resus-
pended cells were then transferred to the 1-ml daunce and homo-
genized with tight stroke 100 times. The homogenates were then
centrifuged at 1000 g at 48C. The supernatants were collected as
the cytosolic fractions, and the pellets were washed twice with
hypotonic buffer and collected as nuclear fractions. Nuclei
were collected as described above, and then lysed in the buffer
[0.2 mM EGTA, 3 mM EDTA and protease inhibitor cocktail
(Roche)] for 20 min. Chromatins were collected by centrifuga-
tion at 1800 g at 48C for 10 min.

Primer sequences

Primers for qPCR
dFmr1 rt1—forward: TGAACAGGATCAGAACATACCA
dFmr1 rt1—reverse: TTCTACTTCCTTCAGGTGCG
dFmr1 rt2—forward: GTGTTTCGAATCAAGATCGCT
dFmr1 rt2—reverse: TGTTCTACTTCCTTCAGGTGC
rp49—forward: AAGATGACCATCCGCCCAGCATAC
rp49—reverse: ACGCACTCTGTTGTCGATACCCTTG

Primers for synthesis of dsRNA
ds dFmr1—forward: GAGAAGATGGAGATTGATCAGC
ds dFmr1—reverse: GATAGTCCCTGCCATTCTGC

Primers for synthesis of dfmr1 3′ UTR
dFmr1 3′ UTR-s: GGATCCTAATACGACTCACTATAGGgcc
gagtggccaaagcgg
dFmr1 3′ UTR-as: GGATCCTAATACGACTCACTATAGGgt
tattgaagcttttttagtttca
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