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The inhibition of male-specific lethal 2 (msl-2) mRNA translation by the RNA-binding protein sex-lethal
(SXL) is an essential regulatory step for X-chromosome dosage compensation in Drosophila melanogaster. The
mammalian upstream of N-ras (UNR) protein has been implicated in the regulation of mRNA stability and
internal ribosome entry site (IRES)-dependent mRNA translation. Here we have identified the Drosophila
homolog of mammalian UNR as a cofactor required for SXL-mediated repression of msl-2 translation. UNR
interacts with SXL, a female-specific protein. Although UNR is present in both male and female flies, binding
of SXL to uridine-rich sequences in the 3’ untranslated region (UTR) of msl-2 mRNA recruits UNR to adjacent
regulatory sequences, thereby conferring a sex-specific function to UNR. These data identify a novel regulator

of dosage compensation in Drosophila that acts coordinately with SXL in translational control.
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Translational control of gene expression is an important
mode of regulation in numerous biological settings. For
example, during embryonic development translational
control plays a critical role in the establishment of the
embryo axes, the specification of cell fates, oocyte matu-
ration, sex determination, and dosage compensation (for
review, see Kuersten and Goodwin 2003; Wilhelm and
Smibert 2005). Dosage compensation is the process that
equalizes the expression of X-linked genes in those or-
ganisms in which males and females contain a different
number of X chromosomes. In Drosophila melanogaster,
dosage compensation is achieved by increasing the tran-
scriptional output of the single male X chromosome by
approximately twofold (for review, see Gilfillan et al.
2004; Hamada et al. 2005; Straub et al. 2005). This pro-
cess requires the activity of a ribonucleoprotein (RNP)
assembly known as the dosage compensation complex
(DCC) or male-specific lethal (MSL) complex. The DCC
fails to assemble in female flies primarily because of the
lack of one of its subunits, the protein MSL-2. Synthesis
of MSL-2 is prevented by the female-specific RNA-bind-
ing protein sex-lethal (dSXL) via a dual mechanism that
involves the splicing inhibition of a facultative 5 un-
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translated region (UTR) intron in msl-2 pre-mRNA and
the translational repression of the msl-2 transcript
(Bashaw and Baker 1997; Kelley et al. 1997; Gebauer et
al. 1998). Studies using a Drosophila cell-free translation
system have been instrumental in deciphering the mo-
lecular mechanism of msl-2 translational regulation.
Translational repression of msl-2 mRNA requires dSXL
binding to stretches of uridines present in the 5’ and 3’
UTRs of the transcript. dSXL achieves tight repression
by blocking two consecutive steps of translation initia-
tion: dSXL bound to the 3’ UTR inhibits the initial bind-
ing of the small ribosomal subunit to msl-2 mRNA,
while 5’-UTR-bound dSXL inhibits scanning of those
subunits that have escaped the first control (Beckmann
et al. 2005). Mutational analysis has shown that the se-
quences adjacent to the relevant SXL-binding sites in the
3" UTR are also required for efficient repression, and
could serve as binding sites for putative corepressors (Ge-
bauer et al. 2003; Grskovic et al. 2003).

Mammalian upstream of N-ras (UNR|] is a cytoplasmic
protein essential for development, as deletion of the
UNR promoter leads to embryonic lethality (Boussadia
et al. 1997). UNR contains five cold-shock domains
(CSD) (Jacquemin-Sablon et al. 1994), a five-stranded
B-barrel fold with conserved RNP1 and RNP2 motifs
that mediates binding to single-stranded nucleic acids
(Ermolenko and Makhatadze 2002). Proteins of the CSD
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family perform a variety of functions and are thought to
act as RNA chaperones, promoting a linear conformation
of the mRNA (Graumann and Mahariel 1998). In hu-
mans, UNR has been implicated in the destabilization of
c-fos mRNA (Chang et al. 2004) and the activation of
translation driven by the IRESs of several transcripts,
including c-myc (Evans et al. 2003), rhinovirus (Hunt et
al. 1999), poliovirus (Boussadia et al. 2003), PITSLRE pro-
tein kinase (Tinton et al. 2005), and the proapoptotic
factor Apaf-1 (Mitchell et al. 2003).

Here we show that Drosophila UNR (dUNR| is re-
quired for translational repression of msl-2 mRNA.
dUNR is recruited to the 3" UTR of msi-2 mRNA by
dSXL. Consistent with this, although dUNR is present in
both sexes, it associates with msl-2 mRNA only in fe-
male flies. dUNR-depleted extracts fail to support trans-
lational repression by dSXL, while restoring dUNR lev-
els reinstates translation inhibition. These data indicate
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that dUNR is a corepressor of msl-2 mRNA translation
and identify a novel regulator of dosage compensation in
Drosophila.

Results

Identification of Drosophila UNR as a
dSXL-associated protein

Binding of dSXL to uridine stretches in the 5’ and 3’
UTRs of msl-2 mRNA is necessary for translational re-
pression (Fig. 1A, sites A-F). The minimal sequences re-
quired for translation inhibition by dSXL consist of SXL-
binding site B in the 5" UTR and sites E and F in the 3’
UTR (Fig. 1A, BLEF mRNA). Nucleotides adjacent to
sites E and F are also required and interact with two
high-molecular-weight polypeptides that could be poten-
tial corepressors (Gebauer et al. 2003; Grskovic et al.

Figure 1. Purification of Drosophila UNR. (A)
Schematic representation of the msl-2 mRNA
and the RNA constructs used in this study. msI-2
mRNA contains SXL-binding sites (A-F, filled
ovals) in its 5" UTR (626 nucleotides [nt]) and 3’
UTR (1047 nt). BLEF mRNA harbors the minimal
msl-2 sequences required for translational repres-
sion, consisting of 69 nt in the 5’ UTR containing
site B, and 46 nt in the 3' UTR containing sites E
and F, fused to the Firefly luciferase ORF (Ge-
bauer et al. 2003). Probes used for UV-cross-link
and gel mobility-shift assays are also depicted
(see Materials and Methods for their detailed se-
quences). (B) Scheme of the Drosophila SXL pro-
tein (dSXL) and its derivatives. dRBD4 is a dele-
tion derivative fully functional in translational
repression; mRBD is the equivalent fragment of
the SXL homolog from Musca domestica, which
shows no translational repression ability (Grsko-
vic et al. 2003). Amino acid numbers are indi-
cated, as well as the percentage of identity be-
tween the Drosophila and Musca SXL fragments.
(C, Ileft panel) Retention of putative corepressors
in SXL columns. Embryo extract was loaded on
glutathione-Sepharose columns containing either
GST-dRBD4, GST-mRBD, or GST alone, in the
presence or absence of the EF RNA fragment. Re-
tention of the polypeptides A and B was tested by
analyzing their presence in the column flow-
through using UV-cross-link to radiolabeled EF
RNA and coimmunoprecipitation with dRBD4,
as previously described (Grskovic et al. 2003). (i)
Input. (C, right panel) Enrichment of the putative
corepressors by ammonium sulfate precipitation.
|  Drosophila embryo extracts were subjected to

45 % identity

45— -

3s-| 8

precipitation by saturation with (NH,),SO,. The
polypeptides A and B (arrowheads) were detected
by the cross-link-IP assay described above. (D)
Enrichment of an ~130-kDa protein in the dRBD4
column eluate. Proteins present in the eluates

from dRBD4 and mRBD columns were separated in a 10% acrylamide gel and silver stained (see Results for further experimental
details). The putative ~130-kDa corepressor is indicated with an arrow. (E) Schematic diagram of Drosophila and human UNR proteins
(dUNR and hUNR, respectively). dUNR contains five CSDs and two glutamine-rich regions (Q). The amino acid numbers and the

identity between the two UNR proteins are shown.
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2003), which we hereafter refer to as A and B. A fragment
of dSXL containing the RNA-binding domains followed
by seven amino acids exerts full translational repression
activity and coimmunoprecipitates with polypeptides A
and B (Fig. 1B, dRBD4; Grskovic et al. 2003). However,
the equivalent fragment of the SXL homolog from Musca
domestica (mRBD), despite sharing 90% identity, is un-
able to interact with these polypeptides and cannot re-
press translation (Grskovic et al. 2003). We therefore rea-
soned that the putative corepressors should be retained
in a dRBD4 affinity chromatography column, but should
flow through an mRBD column.

Because dSXL does not repress translation of msI-2
mRNA when tethered via a heterologous RNA-binding
domain to a noncognate sequence in the 3’ UTR (Grsko-
vic et al. 2003), we considered the possibility that stable
dSXL/corepressor complex formation required the pres-
ence of the msI-2 EF RNA fragment (containing the bind-
ing sites for dSXL and polypeptides A and B). Overnight
(0-12 h) embryo extract was loaded on glutathione-
Sepharose columns containing GST-dRBD4, GST-
mRBD, or GST, in the presence or absence of the EF
RNA (Fig. 1C, left panel). Retention of polypeptides A
and B in the column was evaluated by determining their
presence in the column flowthrough using UV cross-
linking to radiolabeled EF RNA and coimmunoprecipi-
tation with dRBD4, as previously described (Grskovic et
al. 2003). The results show that polypeptides A and B
(Fig. 1C, labeled by arrowheads) are not retained in the
dRBD4 column lacking EF RNA, as evidenced by their
presence in the column flowthrough (Fig. 1C, lane 2).
However, addition of EF RNA results in retention of the
polypeptides (Fig. 1C, lane 3). mRBD or GST columns
containing EF RNA do not retain the polypeptides (Fig.
1C, lanes 4,5), indicating that retention in the dRBD4
column is specific of the presence of the residues that
mediate repression. The results also suggest that the for-
mation of a repressive complex containing dSXL and pu-
tative corepressors requires dSXL-binding to the EF sites.

For preparative-scale purification, polypeptides A and
B were enriched by ammonium sulfate precipitation of
the embryo extract, prior to column chromatography
(Fig. 1C, right panel). A 25% ammonium sulfate cut
showed approximately fourfold enrichment, and was
loaded onto GST-dRBD4 and GST-mRBD columns satu-
rated with EF RNA (see Materials and Methods for de-
tails). After extensive washing, the bound proteins were
eluted by digestion with TEV protease, which cleaves
after the GST moiety, and were separated by SDS-PAGE
and silver stained. An ~130-kDa protein present in the
GST-dRBD4 eluate was absent from the mRBD eluate
(Fig. 1D, arrowhead). This protein was sequenced by
MALDI-TOF mass spectrometry. The sequence of 12
peptides of eight to 16 amino acids was obtained, all of
which matched to the Drosophila gene CG7015 of un-
known function located on chromosome 3L. A homol-
ogy search showed that the ~130-kDa protein is the
likely Drosophila homolog of mammalian UNR, show-
ing an overall identity of 45% with its human counter-
part (Fig. 1E). Drosophila UNR (dUNR) is a protein of
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1039 amino acids containing five CSDs and two gluta-
mine-rich regions. Although the predicted molecular
weight of dUNR is 116 kDa, the highly basic N terminus
is likely to account for its apparent slower mobility in
SDS-PAGE (data not shown).

dUNR interacts with msl-2 mRNA

The size of dUNR suggested that it could correspond to
polypeptide A. The species that we refer to as polypep-
tide B has been shown to be a complex of dSXL and an
unidentified protein, which is not resolved by the RNase
T1 treatment of the immunoprecipitation (IP) assay
(Grskovic et al. 2003). To test whether dUNR corre-
sponded to polypeptides A or B, we raised antibodies
against the C terminus of dUNR (amino acids 396-1039)
and used them to deplete Drosophila embryo extracts.
Mock depletion with preimmune serum was carried out
in parallel as a control. Western blot analysis showed
that the extent of depletion exceeded 95% (Fig. 2, left
panel). Depletion was specific because the translation
initiation factor eIF4A, used as an internal control, was
not depleted when a-dUNR antibodies were used, and
there was no depletion of dUNR in mock-depleted ex-
tracts.

Cross-link-IP assays in depleted extracts showed that
polypeptides A and B were absent from the dUNR-de-
pleted extract, while they remained in the mock-de-
pleted extract (Fig. 2, right panel). Significantly, both
polypeptides were recovered upon addition of recombi-
nant full-length dUNR to the depleted extract. These
data show that polypeptide A is dUNR, while polypep-
tide B likely corresponds to a complex between dUNR
and dSXL.
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Figure 2. dUNR interacts with msl-2 mRNA. Antibodies
against dUNR were generated and used to deplete Drosophila
embryo extracts. (Left panel) The extent of dUNR depletion was
assessed by Western blot using eIF4A as a specificity control.
(Right panel) The presence of the polypeptides A and B in the
depleted extracts was tested by cross-link-IP, as indicated in the
legend of Figure 1. The assay was performed in the absence or
presence of 100 ng of purified recombinant dUNR. The arrow-
head indicates the position of dUNR, while the asterisk indi-
cates a complex between dUNR and dRBD4.
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Figure 3. Developmental distribution of dUNR. (A, left panel)
Semiquantitative RT-PCR analysis of dtUNR mRNA during de-
velopment. Amplification of actin mRNA within the same re-
actions was performed as a control. Amplified fragments were
visualized by Southern blot. (A, right panel) Northern blot of
female RNA using the dUNR full-length ORF as a probe. Mo-
lecular weight markers are indicated on the Ieft. (B) Western
blot of dUNR during Drosophila development. The amount of
elF4A was monitored as a loading control.

dUNR is a cytoplasmic protein present throughout
development

Dosage compensation is believed to operate in most—if
not all—tissues and throughout development (Belote
1983). Therefore, if dUNR is required for the regulation
of dosage compensation, its expression should be ubiq-
uitous. To determine the distribution of dUNR during
development, we performed semiquantitative RT-PCR
analysis on total RNA samples obtained from embryos
and larvae at different developmental stages, as well as
adult flies. Coamplification of actin was carried as an
internal control. Figure 3A shows that dUNR mRNA is
present at all developmental stages, although it is strik-
ingly more abundant in adult females. These results are
consistent with those of Arbeitman et al. (2002) ob-

UNR represses msl-2 mRNA translation

tained using microarrays (http://genome.med.yale.edu/
Lifecycle/query_gen.php?input1=CG7015).

Northern blot of female fly RNA revealed the exist-
ence of three mRNAs that hybridize with the dUNR
probe, probably resulting from differential pre-mRNA
processing (Fig. 3A, right panel). Although dUNR mRNA
is more abundant in females, Western blot analysis
showed that comparable levels of dUNR protein are ob-
served in both sexes, suggesting the existence of a sex-
specific mechanism that equalizes dUNR expression
(Fig. 3B, cf. dUNR levels and those of the loading control,
elF4A; see also Fig. 6C, below).

To determine the localization of dUNR within the
cell, immunostaining of Drosophila embryos at the blas-
toderm stage was performed (Fig. 4). While staining with
the preimmune serum failed to show any signal, staining
with «-dUNR antibodies showed strong cytoplasmic
staining (Fig. 4A,B, respectively). At higher resolution, a
concentration of dUNR around the nucleus was ob-
served, both in somites and in pole cells (Fig. 4C,D).

dUNR interacts with dSXL

We next tested whether dUNR interacted with dSXL. We
first used coimmunoprecipitation of 2°S-labeled dSXL
and dUNR translated in rabbit reticulocyte lysates with
either a-dUNR or a-dSXL antibodies. These two antibod-
ies did not show cross-reactivity, indicating that IP was
specific (Fig. 5, left panel, lanes 1,2). However, when the
two proteins were mixed, a-dSXL antibodies immuno-
precipitated dUNR and, conversely, a-dUNR antibodies
immunoprecipitated dSXL (Fig. 5, lane 3). Interestingly,
coimmunoprecipitation of the two proteins persisted in
the presence of RNase A (Fig. 5, lane 4), implying that
the interaction between dUNR and dSXL may occur in
the absence of RNA. To further substantiate this finding,
we performed a GST pull-down assay using purified re-
combinant dUNR and either GST-dRBD4 or GST as a
control, in the presence of RNase A. Consistent with the
coimmunoprecipitation data, the GST pull-down assay
showed specific retention of dUNR in the GST-dRBD4
column, indicating that dUNR interacts with dSXL di-
rectly (Fig. 5, right panel). We conclude that dUNR and
dSXL interact with each other. While this interaction

Figure 4. Immunostaining of dUNR. Blastoderm-stage Drosophila embryos were incubated with preimmune serum (A) or a-dUNR
serum (B-D) (green). DNA was stained using TOPRO3 (blue). Identical exposures were done for all pictures. The arrowhead indicates
the stronger fluorescence intensity around the nucleus in somites (C) and pole cells (D).
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Figure 5. dUNR interacts with dSXL. (Left panel) Coimmuno-
precipitation of in vitro-translated dUNR and dSXL proteins
with either a-dSXL or a-dUNR antibodies, in the absence or
presence of RNase A. (Right panel) Pull-down of purified recom-
binant dUNR with glutathione-agarose beads containing either
GST or GST-dRBD4. The assay was performed in the presence
of RNase A. The position of dUNR is indicated. The asterisk
denotes a bacterial contaminant present in the GST preparation
that cross-reacts with the a-dUNR antibody.

can occur in the absence of RNA, stable complex forma-
tion in the competitive conditions of the Drosophila ex-
tract probably requires msl-2 mRNA, thus explaining
the results of Figure 1C.

dUNR binding to msl-2 mRNA requires dSXL

We next tested the interaction of endogenous dUNR
with the relevant sequences of msl-2 mRNA by using
UV-cross-link to radiolabeled EF RNA and IP with
a-dUNR antibodies. In the absence of dRBD4, dUNR
cross-linked poorly to a wild-type substrate, as only a
weak signal was detected in the total (T) and pellet (P)
fractions of the IP (Fig. 6A, lanes 1,3). Addition of dRBD4
dramatically improved dUNR cross-linking to the RNA,
as the cross-linked polypeptide was precipitated with
a-dUNR antibodies (Fig. 6A, lanes 4-6). The signal re-
mained in the supernatant when the preimmune serum
was used, indicating that the IP was specific (Fig. 6A,
lanes 7-9). Endogenous dUNR is, indeed, likely to bind
to the sequences adjacent to the dSXL-binding sites in
the 3" UTR of msl-2, because dUNR cross-linking was
lost when these sequences were mutated (Fig. 6A, lanes
10-12; see Fig. 1A and Materials and Methods for a de-
scription of the probes). These data suggest that dUNR
associates with msl-2 mRNA in a dSXL-dependent man-
ner.

To confirm this observation, the binding of purified
recombinant dRBD4 and dUNR to EF RNA was analyzed
by gel mobility-shift assays. As previously reported,
dRBD4 bound to EF RNA with an apparent Kd of ~10 nM
(Fig. 6B, lanes 1-5; Gebauer et al. 1998; Grskovic et al.
2003). Similar concentrations of dUNR failed to bind to
the RNA (Fig. 6B, lanes 6-9). However, in the presence of
10 nM dRBD4, a supershift was observed upon titration
of dUNR (Fig. 6B, lanes 10-13). Consistent with the su-
pershift being due to dUNR binding to the RNA, it was
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not observed with a probe containing mutated dUNR-
binding sites (Fig. 6B, lanes 14-18, mut2456). Impor-
tantly, a probe with mutated dSXL-binding sites (EFmut)
failed to support both dSXL and dUNR binding, implying
that dSXL binding to msI-2 mRNA is a prerequisite for
dUNR binding (Fig. 6B, lanes 19-23).

A) Probe: EF mut2456

lane 1 2 3 4 5 6 7 8 9

10 11 12
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Figure 6. Binding of dUNR to msI-2 mRNA requires dSXL. (A)
Cross-link of endogenous dUNR to 3?P-labeled EF RNA, and IP
with a-dUNR antibodies. The total set of cross-linked proteins
(T), as well as the supernatant (S) and pellet (P) fractions of the
IP are shown. In some tubes, dRBD4 was added to the reaction
before cross-linking. Precipitation with preimmune serum, and
cross-linking with radiolabeled mut2456 RNA (lacking dUNR-
binding sites) were carried as negative controls. The positions of
dRBD4 and dUNR are indicated. (B) Gel mobility-shift assays of
radiolabeled wild-type EF RNA or derivatives lacking either
dSXL-binding sites (EFmut) or dUNR-binding sites (mut2456),
in the absence or presence of increasing amounts of recombi-
nant dUNR and dRBD4 proteins. The positions of the different
complexes are indicated. (C) dUNR interacts with msl-2 mRNA
in female, but not male, flies. (Upper panel) Western blot of
dUNR in total extracts from adult male and female flies (lanes
1,2), and after IP with a-dUNR serum (lanes 3,4) or beads alone
(lane 5). The amount of elF-4A was measured as a loading con-
trol. (Lower panel) Semiquantitative RT-PCR analysis of msI-2
mRNA from total (1 pg) male and female RNA (lanes 1,2) and
equivalent volumes of RNA extracted from the IP shown in the
upper panel (lanes 3-5). Amplified fragments were visualized by
Southern blot.



A prediction from these results is that the interaction
between dUNR and msl-2 mRNA should only be de-
tected in female flies, which contain dSXL. To test this
prediction, dUNR was immunoprecipitated from either
adult male or female extracts, and msl-2 mRNA was
amplified by RT-PCR from the RNAs present in the im-
munoprecipitate. Figure 6C (lanes 1,2) shows that, while
the amount of dUNR in extracts from both sexes was
comparable, msl-2 mRNA was more abundant in male
flies, as previously reported (Zhou et al. 1995; Kelley et
al. 1997). Despite its relative abundance, only back-
ground levels of msl-2 mRNA were detected in dUNR
immunoprecipitates obtained from male flies (Fig. 6C,
cf. lanes 3 and 5). In contrast, msl-2 mRNA was readily
detected in dUNR immunoprecipitates obtained from fe-
male flies (Fig. 6C, lane 4). Taken together, these results
show that dUNR binds to msl-2 mRNA in female, but
not male, flies and that dUNR binding to msI-2 mRNA
requires dSXL interaction with the adjacent uridine-rich
sequences.

dUNR is required for translational repression
of msl-2 mRNA

To evaluate the relevance of the dSXL:dUNR interaction
for msl-2 mRNA translational regulation, we established
dUNR-depleted extracts that were competent for trans-
lation. We then tested the ability of dSXL to inhibit the
translation of a reporter mRNA containing the minimal
regulatory sequences of msl-2 mRNA (BLEF mRNA) (see
Fig. 1A) in the depleted extracts. While addition of dSXL
to untreated extracts inhibited BLEF mRNA translation
by ~10-fold, immunodepletion of dUNR largely impaired
translational repression by dSXL (Fig. 7, left panel, cf.
black and gray bars). Furthermore, the response to dSXL
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Figure 7. Drosophila UNR is required for translational repres-
sion of msl-2 mRNA. (Left panel) BLEF mRNA was incubated in
typical translation reactions containing increasing amounts of
dRBD4 and either untreated (black bars), dUNR-depleted (gray
bars), or mock-depleted (white bars) extracts. Firefly luciferase
values were corrected for cotranslated Renilla expression and
plotted against the molar ratio dRBD4/RNA. The activity ob-
tained in the absence of recombinant protein was taken as
100%. (Right panel) Translation inhibition by dSXL is restored
upon addition of recombinant dUNR. Translation reactions
were assembled with dUNR-depleted extracts in the absence or
presence of increasing amounts of recombinant dUNR. Un-
treated extracts were used as a reference (black bars). Where
indicated, 20-fold molar excess of dRBD4 over reporter BLEF
RNA was used.
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was unmodified in mock-depleted extracts (white bars).
Significantly, addition of recombinant dUNR to the de-
pleted extracts partially restored dSXL-mediated transla-
tional repression (Fig. 7, right panel). We conclude that
dUNR is required for dSXL-mediated translational re-
pression of msl-2 mRNA.

Discussion

Inhibition of msl-2 expression is essential for develop-
ment of female flies, as forced expression of MSL-2
causes the assembly of the DCC on both X chromosomes
and lethality (Kelley and Kuroda 1995). Here we show
that the Drosophila homolog of mammalian UNR is
necessary to inhibit msI-2 expression. dUNR is recruited
to the 3’ UTR of msI-2 mRNA by dSXL, a female-specific
protein, and plays an essential role in repressing its
translation. Our data are fully consistent with those of
Duncan et al. (2006), showing that dUNR associates to
the 3’ UTR of msl-2 mRNA in female cells and is nec-
essary to repress msl-2 translation in vivo. Together, our
data identify dUNR as a regulator of dosage compensation.

In vitro selection experiments (SELEX) indicate that
hUNR binds to purine-rich regions in the mRNA, with
the consensus sequences (A/G);AAGUA/G or (A/
G)3AACG and an apparent dissociation constant (Kd) of
~10 nM (Triqueneaux et al. 1999). Although dUNR also
recognizes purine-rich sequences in the 3’ UTR of msI-2
mRNA that fall within these consensus, it does so with
a very poor affinity (Fig. 6B), a situation reminiscent to
that of the bacterial cold-shock proteins (Ermolenko and
Makhatadze 2002). Binding of dUNR to msl-2 mRNA
requires the binding of dSXL (Fig. 6). The observation
that msl-2 RNA fragments containing mutated dSXL-
binding sites, but wild-type dUNR-binding sites, do not
bind to either of the two proteins suggests that dSXL
does not simply induce a conformational change in
dUNR that allows it to bind RNA (Fig. 6B, EFmut).
Rather, dSXL recruits dUNR to bind in close proximity
in the 3’ UTR of msl-2 mRNA. Stable recruitment of
dUNR requires the interaction of dUNR with both dSXL
and msl-2 mRNA, as supported by the following evi-
dence. First, dUNR is not retained in the dRBD4 column
unless this column is saturated with msl-2 mRNA (Fig.
1C). Second, dUNR is not retained in the mRBD column
despite the presence of msI-2 mRNA (Fig. 1C). Third, no
complex formation is observed in a gel mobility-shift
assay when the dUNR-binding sites are mutated (Fig. 6B,
mut2456). Fourth, msl-2 mRNA and dUNR do not inter-
act in male flies, which lack dSXL (Fig. 6C). Neverthe-
less, dUNR and dSXL can interact directly in vitro (Fig.
5). Addition of EF RNA does not improve this interac-
tion, and addition of embryo extract actually competes it
(data not shown). These results suggest that, although
the interaction of dSXL and dUNR can occur directly,
the interaction with msl-2 mRNA stabilizes the com-
plex in the competitive conditions of the extract.

As mentioned above, dUNR protein and msl-2 mRNA
do not interact in male flies despite their relative abun-
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dance (Fig. 6C). In addition, supplementing cytoplasmic
embryo extracts with dSXL—a primarily nuclear protein
(Bopp et al. 1991)—promotes dUNR association with
msl-2 mRNA (Fig. 6A), and translational repression by
dUNR is only observed in dSXL-containing cells (Dun-
can et al. 2006). These data suggest that the interaction
of dUNR with msl-2 mRNA is mediated by dSXL in
vivo, and imply that dSXL is the critical determinant for
the formation of a repressive complex on the 3’ UTR of
msl-2 mRNA (Fig. 8). In this scenario, dSXL conveys a
sex-specific function to dUNR. The stepwise assembly
of a translation inhibitory complex on msl-2 mRNA is
reminiscent of Drosophila hunchback. The 3' UTR of
maternal hunchback mRNA is bound by Pumilio (Pum),
and this event triggers the sequential recruitment of
Nanos (Nos) and Brain tumor (Brat), which ultimately
results in the translational repression of hunchback
mRNA (Sonoda and Wharton 1999, 2001). Sequential
binding of dSXL and dUNR to msI-2 mRNA could result
from their respective subcellular locations: While dSXL
is nuclear and associates with msl-2 pre-mRNA, dUNR
is primarily—if not exclusively—cytoplasmic (Fig. 4). In-
terestingly, d{UNR accumulates at the nuclear periphery,
which perhaps reflects or ensures the rapid formation
of repressive complexes as msl-2 and probably other
mRNAs are exported to the cytoplasm. Additionally, ac-
cumulation around the nucleus could reflect the asso-
ciation of dUNR with the endoplasmic reticulum, as re-
ported for mammalian UNR (Jacquemin-Sablon et al.
1994).

Dosage compensation is believed to function from the
blastoderm stage (Rastelli et al. 1995; Franke et al. 1996).
As expected for a protein involved in the regulation of
dosage compensation, dUNR is present throughout de-
velopment (Fig. 3). Curiously, although dUNR mRNA is
dramatically more abundant in female flies, this differ-
ence is compensated at the protein level, suggesting the
existence of sex-specific mechanisms to modulate
dUNR expression (Figs. 3, 6C). Indeed, the amount of
dUNR might need to be tightly controlled. Overexpres-
sion of mammalian UNR leads to cell death (Cornelis et
al. 2005), and our preliminary data suggest that substan-
tial overexpression of dUNR results in lethality of both

Figure 8. Model for the role of Drosophila UNR in the
regulation of msl-2 mRNA translation. The female-spe-
cific protein SXL binds to poly(U) stretches in the 5’ and
3" UTRs of msl-2 mRNA. SXL bound to the 3" UTR
recruits UNR to adjacent purine-rich sequences. The
SXL/UNR complex inhibits the association of the 43S
ribosomal complex with the 5 end of the mRNA,
thereby repressing translation. SXL bound to the 5’
UTR inhibits the scanning of ribosomal complexes that
may have escaped the UNR block (Beckmann et al.
2005). In male flies, which lack SXL, UNR does not
bind to the 3" UTR of msl-2 mRNA and translation
proceeds.
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male and female flies (S. Patalano and F. Gebauer, un-
publ.). Three forms of dUNR mRNA can be detected in
Drosophila (Fig. 3A). Several mRNAs have also been de-
tected in mammals (Ferrer et al. 1999), consistent with
the observation of three alternative polyadenylation
sites of the hUNR gene (Jeffers et al. 1990) and alter-
native splicing of the hUNR pre-mRNA (Boussadia et
al. 1993). These data suggest that the different dUNR
mRNAs arise by alternative processing, although the sig-
nificance of this observation remains to be explored.
The role of UNR in Drosophila contrasts with the
known functions of UNR in mammals. hUNR is part of
a complex assembled on the coding region of c-fos
mRNA that is involved in the deadenylation-dependent
destabilization of this transcript (Grosset et al. 2000).
The interaction of hUNR with PABP within this com-
plex is believed to bridge the complex to the poly(A) tail,
although the mechanism by which the complex influ-
ences deadenylation is unknown (Chang et al. 2004). In
Drosophila, the steady-state levels of msl-2 mRNA are,
indeed, lower in females (Fig. 6C; Zhou et al. 1995; Kel-
ley et al. 1997). However, we could not observe any effect
of dUNR and dSXL on msl-2 mRNA stability in our
translation assays (Gebauer et al. 1998; data not shown).
hUNR also binds to the IRES elements in the 5’ UTRs of
several transcripts and activates their translation. In the
best understood example, that of Apaf-1 mRNA, hUNR
induces a conformational change in the IRES that makes
it accessible for binding of PTB, a positive regulator of
Apaf-1 translation (Mitchell et al. 2003). Contrary to
hUNR, dUNR binds to the 3" UTR of msI-2 mRNA and
represses its translation (Figs. 6, 7; see also Duncan et al.
2006). Nonetheless, the underlying effects of dUNR
binding may be similar if {UNR acts as an RNA or RNP
chaperone to facilitate an RNA conformation, or the as-
sembly of repressive factors, that inhibit translation.
Translation of msl-2 occurs via a cap-dependent
mechanism (Gebauer et al. 2003). Cap-dependent trans-
lation initiation involves the recruitment of 43S ribo-
somal complexes (molecular assemblies of the 40S ribo-
somal subunit with a set of translation initiation factors
and the initiator tRNA] to the cap structure at the 5’ end
of the mRNA. Translation inhibition mediated by the 3’
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UTR of msI-2 results from a block of 43S ribosomal re-
cruitment (Beckmann et al. 2005). However, transla-
tional repression of msl-2 mRNA by dSXL can occur in
the absence of a cap structure and a poly(A) tail (Gebauer
et al. 1999, 2003). Understanding how 43S recruitment is
affected by dSXL without the involvement of the cap is,
indeed, intriguing. A possibility is that, as with mamma-
lian UNR, dUNR interacts with PABP (Chang et al.
2004). PABP could, in turn, exert a poly(A)- and cap-in-
dependent effect on translation (Kahvejian et al. 2005).
Certainly, the mapping of dUNR domains relevant for
translational control and the identification of dedicated
factors that interact with dUNR are likely to provide
insights into this mechanism of translation regulation
that is key to control dosage compensation in Dro-
sophila.

Materials and methods

Sequences

The RNA probes used in this study contained the following
relevant sequences: EF, UUUUUUUGAGCAUGAAUUUUUU
UGAGCACGUGAACCUAGGAUUAAG,; EFmut, CUCUCUC
UAGCAUGAACUCUCUCUAGCACGUGAACCUAGGAUUA
AG; and mut2456, UUUUUUUGCUCUCUCAUUUUUUUG
CuUCuUcCUCUCUCUCUCUCUCUCU.

Purification of dUNR

Ten milliliters of Drosophila 0-12-h embryo extract (155 mg of
total protein) were precipitated by saturation with ammonium
sulfate according to the protocol described by Englard and Sefert
(1990). Precipitates were resuspended in 0.56 mL of buffer DE
(10 mM HEPES at pH 7.5, 5 mM DTT) supplemented with pro-
tease inhibitor cocktail (Boehringer), and tested for the presence
of the putative corepressors by UV-cross-link to radiolabeled EF
RNA and coimmunoprecipitation with dRBD4 using a-dSXL
antiserum.

GST-dRBD4 and GST-mRBD columns were prepared as fol-
lows: Four-hundred micrograms of the respective recombinant
proteins were incubated with 100 pg of EF RNA on ice for 20
min. Four-hundred microliters of a (1:1) slurry of glutathione-
Sepharose beads previously equilibrated in buffer T [30 mM
HEPES at pH 8.0, 0.6 mM Mg(OAc),, 80 mM KOAc] were added,
and the suspension was incubated for 20 min at 4°C. The sus-
pension was loaded on a column and washed with 5 volumes of
buffer T supplemented with 3 mg/mL heparin (buffer TH). Two-
hundred-ten microliters of the 25% ammonium sulfate cut (1
mg of protein) were adjusted to buffer T and loaded four times
over either the GST-dRBD4 or the GST-mRBD columns. After
washing three times with 5 column volumes of buffer TH, 30 ug
of TEV protease were added in a buffer containing 30 mM
HEPES (pH 8.0}, 1 mM EDTA, and 2 mM DTT, and the columns
were incubated for 1 h at 30°C. The columns were spun to
obtain the eluates, and the proteins were separated in an 8%
acrylamide gel and visualized by silver staining.

DNA constructs and antibody generation

The N-terminal fragment of dUNR (nucleotides 1-1190) was
amplified from embryo RNA using oligonucleotides designed
to introduce a Flag tag at the N terminus, and cloned into

UNR represses msl-2 mRNA translation

pGEM-T (Promega). The C-terminal fragment of dUNR (nucleo-
tides 1148-3120) was obtained from the Berkeley Drosophila
Genome Project (clone LD3025) and was also subcloned into
pGEM-T. Flag-tagged full-length dUNR c¢DNA (FL) was ob-
tained by subcloning the inserts of these plasmids into the Ndel
and Xhol sites of the Escherichia coli expression vector pET-15b
(Novagen).

The C-terminal fragment of dUNR (amino acids 396-1039)
was also subcloned into the vector pET-15b, expressed as a His-
tagged fusion and used to generate polyclonal antibodies in rab-
bits. The a-dUNR serum was characterized by Western blot and
immunoprecipitation of recombinant dUNR and Drosophila
embryo extracts.

Protein expression and purification

dSXL derivatives were expressed in E. coli as N-terminal GST-
tagged fusions and purified as described previously (Grskovic et
al. 2003). His-tagged, full-length dUNR was purified following
the pET system user’s manual (Novagen). Proteins were dia-
lyzed against buffer D (20 mM HEPES at pH 8.0, 20% glycerol,
1 mM DTT, 0.01% NP-40, 0.2 mM EDTA).

In vitro transcription and translation

mRNAs were synthesized as described previously (Gebauer et
al. 1999). All mRNAs contained a 5" "GpppG cap and a poly(A)
tail of 73 residues.

In vitro translation reactions in Drosophila embryo extracts
were performed in a final volume of 10 pL as described (Gebauer
et al. 1999). BLEF and Renilla luciferase mRNAs were added at
a final concentration of 20 ng/uL and 10 ng/pL, respectively.
The translation efficiency was determined by measuring the
luciferase activity using the Dual Luciferase Assay System (Pro-
mega), and Firefly luciferase values were corrected for Renilla
expression.

UV-cross-link and IP

UV-cross-link and IP were performed essentially as described
(Grskovic et al. 2003). Briefly, 3*P-labeled EF RNA or its mu-
tated derivatives were incubated in a typical translation reac-
tion containing 50 ng of dRBD4. After 30 min of incubation at
25°C, reactions were cross-linked at 254 nm and 600 m]J on ice,
and digested with RNase T1 or A. Proteins were immunopre-
cipitated with «-dSXL or a-dUNR antibodies, or with dUNR
preimmune serum bound to protein A-Sepharose beads. Unless
otherwise indicated, proteins were separated by 8% SDS-PAGE
and visualized using a PhosphorImager.

For interaction assays, full-length dSXL and dUNR were ex-
pressed as ®°S-labeled proteins using the TnT expression system
(Promega) following the instructions of the manufacturer.
Samples were mixed, treated with 10 pg of RNase A for 30 min
at 25°C and immunoprecipitated as indicated above.

The IP and selection of RNA shown in Figure 6C were per-
formed as follows. Male or female protein extract (1.5 mg) were
incubated with 50 pL of protein A beads either alone or coupled
with a-dUNR antibodies for 1 h at 4°C. The beads were exten-
sively washed, and the RNA was extracted from the immuno-
precipitates using the Trizol reagent (Invitrogen) and precipi-
tated. Samples were resuspended in H,O, and the DNA con-
taminant was removed using Nucleospin RNA II columns
(Macherey-Nagel). Equivalent sample volumes were used for
RT-PCR using oligonucleotides that amplified positions 813—
969 of the msl-2 3" UTR. Amplified fragments were separated
on a 2% agarose gel, transferred to a Hybond-N* membrane
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(Amersham), and visualized by Southern blot using a labeled
oligonucleotide as a probe.

GST pull-down

GST pull-down assays were carried out in a volume of 20 pL
containing 1 nug of GST or GST-dRBD4 and 2 pg of dUNR in
buffer D (20 mM HEPES at pH 8.0, 20% glycerol, 1 mM DTT,
0.01% NP-40, 0.2 mM EDTA). After incubation at 25°C for 30
min, 10 pg of RNase A were added and the incubation was
extended for 30 min. Ten microliters of a (1:1) slurry of gluta-
thione-agarose beads (Sigma) and 30 uL of capture buffer (600
mM NaCl, 20 mM HEPES at pH 8.0, 100 mM KOAc, 0.2 mM
EDTA, 0.02% NP-40) were added, and the mixture was incu-
bated for 2 h at 4°C on a rotating wheel. The beads were washed
four times with 1 mL of capture buffer, and the retained proteins
were fractionated on an 8% SDS-polyacrylamide gel.

Northern blot analysis and RT-PCR

Total RNA was extracted from wild-type Drosophila staged ani-
mals using the Trizol reagent. Poly(A)*-enriched RNA was ob-
tained using oligo(dT)-cellulose beads. For Northern blots, 8 ug
of poly(A)*-enriched RNA were resolved in a 1% agarose dena-
turing gel, transferred, and hybridized as described (Church and
Gilbert 1984) using a random-primed probe against the full-
length d-UNR ORF. RT-PCR was performed from 1.5 ng of total
RNA using AMV retro-transcriptase and the PCR Master Mix
(Promega) with oligonucleotides complementary to positions
2420 and 3120 of the d{UNR ORF. Actin mRNA was coamplified
as an internal control. Amplified fragments were separated on a
2% agarose gel and visualized by Southern blot using labeled
oligonucleotides as probes.

Western blot

Protein preparations were obtained from wild-type Drosophila
staged animals, and 80 pg were separated by 8% SDS-PAGE and
transferred to a PVDF membrane. a-dUNR and a-eIF4A (a kind
gift of G. Herndndez, Institute for Biochemistry and Molecular
Biology, University of Bern, Bern, Switzerland) sera were used at
1:500 and 1:2500 dilutions, respectively, and proteins were vi-
sualized by chemiluminescence (ECL; Amersham).

Gel mobility-shift assays

32P-labeled EF RNA or its mutated derivatives were incubated
with increasing amounts of recombinant dRBD4 and/or dUNR,
and processed as described previously (Valcarcel et al. 1993).

Immunodepletions

To obtain the depleted extracts used in Figure 2, protein A-
Sepharose beads were blocked with BSA and covalently coupled
«-dUNR antiserum. Beads were incubated with Drosophila em-
bryo extracts at a (1:2) volume ratio of beads to extract for 1 h at
4°C. The supernatant was recovered and the procedure was re-
peated with fresh beads for a total of six times. The resulting
depleted extracts were competent for cross-link-IP assays, al-
though translationally inactive.

To obtain translationally active depleted extracts, magnetic
protein A-Dynabeads (Biotech) were used. Three-hundred mi-
croliters of magnetic beads were blocked with 1.7 mg of Dro-
sophila embryo extract for 1 h at room temperature. Beads were
washed with a buffer containing 10 mM HEPES (pH 8.0) and 8%
glycerol and coupled to 120 pg of purified a-dUNR IgGs. Two
rounds of depletion using a (1:1) ratio of beads to extract were
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performed by incubation for 1 h at 4°C. The efficiency of deple-
tion was monitored by Western blot.

Immunostaining

Immunostaining was performed following fixation with form-
aldehyde as described (Rotwell and Sullivan 2000). «-dUNR se-
rum was used at a 1:100 dilution. As a secondary, anti-rabbit
IgG coupled to Alexa 488 (Molecular Probes) was used at a di-
lution of 1:500. DNA was stained with TOPRO3 (Molecular
Probes), and embryos were visualized using a Leica SP2 confocal
microscope.
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