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Sex-lethal imparts a sex-specitic tunction
to UNR by recruiting it to the msl-2
mRNA 3’ UTR: translational repression
tor dosage compensation
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MSL-2 (male-specific lethal 2) is the limiting component of the Drosophila dosage compensation complex
(DCC) that specifically increases transcription from the male X chromosome. Ectopic expression of MSL-2
protein in females causes DCC assembly on both X chromosomes and lethality. Inhibition of MSL-2 synthesis
requires the female-specific protein sex-lethal (SXL), which binds to the msl-2 mRNA 5’ and 3’ untranslated
regions (UTRs) and blocks translation through distinct UTR-specific mechanisms. Here, we purify
translationally silenced msI-2 mRNPs and identify UNR (upstream of N-ras) as a protein recruited to the 3’
UTR by SXL. We demonstrate that SXL requires UNR as a corepressor for 3’-UTR-mediated regulation,
imparting a female-specific function to the ubiquitously expressed UNR protein. Our results reveal a novel
functional role for UNR as a translational repressor and indicate that UNR is a key component of a “fail-safe”
dosage compensation regulatory system that prevents toxic MSL-2 synthesis in female cells.
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As for many species, sex in Drosophila is determined by
differential chromosome composition. Females have two
X chromosomes, and males have only one X and a Y
chromosome, leading to sex-specific gene expression
that orchestrates sex-specific developmental programs
(Cline and Meyer 1996). However, this situation also
produces a twofold difference in the dose of all X-linked
genes in the two sexes. Studies of aneuploidy show that
differences in the dose of large blocks of genes are rarely
compatible with viability (Birchler et al. 2005). Accord-
ingly, many organisms have evolved essential “dosage
compensation” mechanisms to equalize expression of X-
linked genes in both sexes (Nusinow and Panning 2005).

In Drosophila, dosage compensation of most X-linked
loci occurs in males by increased transcription, and fac-
tors necessary for this process have a male-specific lethal
(msl) mutant phenotype (Baker et al. 1994). These factors
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form a dosage compensation complex (DCC) in males,
comprised of MSL-1, MSL-2, MSL-3, MLE, and MOF, and
the noncoding RNAs roX1 and roX2. The DCC binds
specifically to the male X chromosome and ultimately
produces the twofold increase in transcription needed
for dosage compensation (for review, see Gilfillan et al.
2004).

In female flies, MSL-2 is undetectable and MSL-1,
MSL-3, roX1, and roX2 are also expressed at lower levels
(Gilfillan et al. 2004). MSL-2 is the limiting component
for DCC assembly, since forced high-level expression of
MSL-2 in females stabilizes other DCC components,
causing DCC loading onto X chromosomes and lethality
(Kelley et al. 1995). Curiously, females express msl-2
mRNA, although levels are reduced to 20%-30% rela-
tive to males. Inhibition of msl-2 mRNA translation is
therefore critical to prevent inappropriate synthesis of
the toxic MSL-2 protein (Zhou et al. 1995; Bashaw and
Baker 1997; Kelley et al. 1997).

MSL-2 protein production in females is blocked by the
female-specific RNA-binding protein sex-lethal (SXL),
the “master regulator” of somatic sex determination and
dosage compensation (Cline 1978; Bell et al. 1988; for
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review, see Penalva and Sanchez 2003). SXL binds to
poly(U) stretches present in an intron in the msl-2 5'
untranslated region (UTR), which is thereby retained in
the mRNA. Subsequently, SXL proteins bound to sites in
both the 5’ and the 3’ UTR cooperate to inhibit transla-
tion initiation (Bashaw and Baker 1997; Kelley et al.
1997; Gebauer et al. 1998, 1999, 2003).

We recently found that 5'- and 3'-UTR-bound SXL
complexes operate independently, targeting different
steps of translation initiation (Beckmann et al. 2005).
Unlike the 5’-UTR-regulatory region, 3’-UTR sequences
adjacent to the SXL-binding sites (referred to here as “re-
gion 2456”) are required for 3'-UTR-mediated transla-
tional repression, although they seem not to affect SXL
binding (Gebauer et al. 2003). UV cross-linking and
translation competition experiments implicated a titrat-
able, high-molecular weight factor in 3’-UTR-mediated
translational repression (Grskovic et al. 2003).

Here we report the discovery of this elusive factor.
Using a novel method to purify translationally silenced
msl-2 mRNPs, we identify the Drosophila homolog of
mammalian UNR (upstream of N-ras) as the protein re-
cruited to the msI-2 mRNA 3’ UTR by SXL in a region
2456-dependent manner. We demonstrate that UNR acts
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UNR and SXL corepress MSL-2 translation

as an obligatory cofactor for 3’-UTR-mediated transla-
tional repression, and show that SXL recruits UNR to
the 3" UTR of msl-2 mRNA specifically in female cells,
thereby imparting a sex and mRNA-specific transla-
tional repression function to UNR.

Results

Drosophila UNR specifically associates with the 3’
UTR of translationally silenced msl2-mRNPs
in a SXL-dependent manner

To identify proteins specifically associated with transla-
tionally silenced msl-2 mRNA, we modified the “Gluta-
thione RNA (GRNA) Affinity Chromatography” ap-
proach (Czaplinski et al. 2005). Box-B hairpin sequences
were inserted into the 3" UTR of msl-2-derived RNAs
expected to bind the native regulatory complex (Fig. 1A,
BSEF, 3'EF); and control RNAs that we hypothesized
should not [Fig. 1A, BmS(EF)m, mut2456; Grskovic et al.
2003]. All box-B-containing RNAs were confirmed to be
regulated identically to the analogous RNAs without
box-B (data not shown). Native mRNP complexes were
assembled on box-B-containing RNAs under translation

Figure 1. GRNA chromatography identifies
CG7015/Drosophila UNR as a candidate msl-2
mRNA translational corepressor. (A) RNAs used
for GRNA chromatography are depicted schemati-
cally and their expected associations are indi-
cated. (B) RNAs were incubated in Drosophila em-
bryo translation extracts to assemble silenced
RNPs (lanes 2,4) or control nonsilenced RNPs
(lanes 3,5) and were subsequently purified by
GRNA chromatography. Lane 1 contains the
negative control BSEF RNA without the box-B se-
quence. Eluates were separated by SDS-PAGE and
silver stained to identify bands unique to silenced
RNPs. Each silenced RNP and corresponding non-
silenced control lane was divided into ~20 subre-
gions, and peptides from each were identified by
mass spectrometry. (C) Sucrose density gradient
fractionation of RNPs was performed and frac-
tions containing repressed heavy mRNPs (Beck-
mann et al. 2005) (lane 2) or corresponding frac-
tions from control samples (lanes 1,3) were pooled
prior to GRNA chromatography. Arrowheads in-
dicate CG7015/UNR, \-GST, and SXL. (D) BSEF-
box-B (lanes 3,4) or BmS(EF)m-box-B (lanes 5,6)
RNAs were incubated in embryo extracts in the
presence or absence of added recombinant SXL as
indicated. GRNA eluates were normalized for
RNA isolation efficiency and analyzed by SDS-
PAGE and immunoblotting with anti-UNR anti-
bodies.
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conditions in Drosophila embryo extracts, purified by
GRNA chromatography, and separated by SDS-PAGE
(Fig. 1B). Proteins contained within BSEF or 3'EF RNPs
and absent from corresponding regions from negative
control lanes were identified by mass spectrometry and
are shown in Table 1. We also isolated the repressed
“heavy RNP” described for 3'-UTR-mediated inhibition
(Beckmann et al. 2005) by sucrose density gradient cen-
trifugation, followed by GRNA chromatography. This
procedure reduced the complexity of the purified RNP,
and identified ORF CG7015 as the only protein that is
highly enriched in wild-type BSEF-box-B mRNP eluates
(Fig. 1C, lane 2).

Sequence analysis of ORF CG7015 revealed significant
similarity to the previously characterized mammalian
protein UNR. This was surprising for a putative transla-
tional corepressor, because mammalian UNR, a cyto-
plasmically localized RNA-binding protein (Jacquemin-
Sablon et al. 1994), stimulates translation of both viral
and cellular internal ribosome entry site (IRES) contain-
ing mRNAs (Hunt et al. 1999; Boussadia et al. 2003;
Evans et al. 2003; Mitchell et al. 2003; Brown and Jack-
son 2004; Tinton et al. 2005). UNR is also a major regu-
lator of translationally coupled mRNA turnover medi-
ated by the c-fos mCRD RNA element (Grosset et al.
2000; Chang et al. 2004).

UNR has five cold-shock nucleic acid-binding do-
mains (Jacquemin-Sablon et al. 1994; Graumann and Ma-
rahiel 1998), each with the unique substitution of the
sequence FFH for the canonical FVH in part of the RNA-
binding surface (Doniger et al. 1992). CG7015 also has
five cold-shock domains (CSDs) with the signature FFH
motif (Fig. 2). Overall sequence identity between
CG7015 and human UNR is ~45%, and this is higher
within the CSDs (70%, 56%, 51%, 53%, and 66% iden-
tity for CSD-1-CSD-5, respectively). The Drosophila ge-
nome encodes no other protein with similarly high se-
quence identity to mammalian UNR, and we therefore
conclude that ORF CG7015 is Drosophila UNR and refer
to it as “UNR” hereafter.

To assess the SXL dependence of UNR association
with msl-2 mRNA, we analyzed GRNA chromatography
eluates by immunoblotting with antibodies raised

Table 1. Copurifying proteins identified by
mass spectrometry

Molecular FlyBase
weight (kDa) annotation Name/description
134.3 CG30149 Rigor mortis
116.6 CG7015 UNR (this study)

78.6 CG10279 Rm62

75.8 CG6203 dFMR1

75.1 CGY412 Rasputin

49.2 CG4916 Me31B

44.8 CG10922 La

37.0 CG5654 Y-box protein

Predicted molecular weight, FlyBase annotation, and the name
and/or description matching proteins specifically identified in
Figure 1B (lanes 2,4) are provided.
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against Drosophila UNR. Addition of recombinant SXL
to the embryo extracts strongly stimulates the associa-
tion of UNR specifically with the wild-type reporter (Fig.
1D, cf. lanes 3,4 and 5,6). A low level of UNR also asso-
ciates with the wild-type BSEF-Box-B RNA in the ab-
sence of added SXL, (Fig. 1D, lane 3), most likely due to
endogenous SXL in the extract. Taken together with the
mass spectrometry results, these data show that SXL re-
cruits UNR to the 3’ UTR of msl-2 mRNA, and that
recruitment requires region 2456.

An in vivo cell model for translational control
of msl-2 mRNA

The biochemical data strongly implicated UNR as the
elusive 3’-UTR corepressor recruited by SXL. For func-
tional analysis of UNR’s potential role as a 3'-UTR
corepressor, we sought a female cell line expressing
SXL, reasoning that this approach offered several ad-
vantages. First, it would enable use of an RNA inter-
ference (RNAi) strategy for evaluating the contribu-
tion of UNR to msI-2 mRNA translational control in the
presence of the correct female concentration of SXL
relative to other factors. Second, it would permit analy-
sis of the functional effects of depleting UNR on endog-
enous msl-2 mRNA and MSL-2 protein levels. Finally,
because UNR deficiency is embryonic lethal in the
mouse (Boussadia et al. 1997), Drosophila UNR may also
have an essential function in both sexes unrelated to
dosage compensation. Thus, analyzing function in cell
culture might circumvent pleiotropic and/or lethal ef-
fects that could confound analysis of phenotypes in
whole flies.

Drosophila Kc cells (Echalier 1971) consist primarily
of diploid XX cells (Dolfini 1971) and splice endogenous
doublesex mRNA in the female mode (Burtis and Baker
1989). Importantly, they also express SXL, whereas
MSL-2 is barely detectable in these cells (Fig. 3A, lane 4;
S. Mendjan, M. Taipale, J. Kind, H. Holz, P. Gebhardt, M.
Schelder, M. Vermeulen, A. Buscaino, K. Duncan, J.
Meuller, et al., in prep.). Depletion of SXL by RNAi in-
duces endogenous MSL-2 protein expression to levels
comparable to male SL-2 cells (Fig. 3A, lanes 1,8). Endog-
enous msl-2 mRNA levels also increase about fourfold in
SXL-depleted Kc cells (Supplementary Fig. S1A). How-
ever, as for female flies (Zhou et al. 1995; Bashaw and
Baker 1997; Kelley et al. 1997), this difference is much
smaller than the effect on MSL-2 protein levels (Fig. 3A),
reflecting a strong translational component in the regu-
lation of MSL-2 expression by SXL in Kc cells. We also
detected low levels of MSL-1, roX1, and roX2 in Kc cells,
and these levels increase strongly after SXL depletion
(Supplementary Fig. SIB-E). Thus, regulation of all ana-
lyzed DCC components by SXL in Kc cells is strikingly
similar to that previously reported for female flies (Hil-
fiker et al. 1994; Palmer et al. 1994; Bashaw and Baker
1995; Kelley et al. 1995; Zhou et al. 1995; Meller et al.
1997; Franke and Baker 1999).

To determine the relative contribution of the 5’ and 3’
UTRs to translational inhibition of MSL-2 protein syn-
thesis by endogenous SXL, we treated Kc cells with
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Figure 2. ORF CG7015 is Drosophila UNR. ORF CG7015 was aligned with UNR orthologs from a variety of species using ClustalW
(EBI). Darker color indicates a higher degree of conservation of a specific residue. The five CSDs are underlined in green (CSD-1-
CSD-5). Red boxes highlight the FFH sequence in the RNP-2 consensus that is a signature of UNR CSDs.

double-stranded RNAs (dsRNAs) targeting SXL or GFP
as a negative control. Subsequently, these cells were
transfected with msl-2 reporter constructs containing
the B-galactosidase ORF flanked by either wild-type

msl-2 5" and 3' UTRs (wild type), or mutant SXL-binding
sites in the 5" UTR (5'mut), 3’ UTR (3'mut), or both
(5" + 3'mut) (Fig. 3B). In Kc cells treated with GFP
dsRNA, activities of the 5'mut, 3'mut, and 5’ + 3'mut
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Figure 3. Endogenous SXL in Kc cells re-

presses msl-2 mRNA translation via 5'- and A B
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that combine to give low-level constitutive
expression are indicated. Solid black lines
represent sequences derived from the msl-2
5" and 3’ UTRs, as indicated. SXL-binding c
sites A-F are shown as green ovals. Region
2456 is shown in red. (C) Relative B-gal ac-
tivity of Kc cells treated with the indicated
dsRNAs and transfected with the indicated
reporter constructs. All values were normal-
ized to Renilla luciferase (Rluc) activity
from a cotransfected plasmid to correct for ‘A
any variations in transfection efficiency. s

Relative Activity
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transfected samples were analyzed by qPCR. D 20
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three independent RNAi experiments used RNAL: GFP SXL
for reporter activity analysis in C. Reporter:

reporters were, respectively, approximately two-, five-,
and ninefold higher than wild-type reporter activity, re-
flecting the contribution of both UTRs to repression in
these cells (Fig. 3C). This pattern is identical in transfec-
tions of untreated Kc cells, indicating that it is not in-
fluenced unspecifically by the RNAi treatment (data not
shown). Depletion of SXL brings the wild-type, 5'mut
and 3'mut reporter activity levels to essentially the same
level as the 5’ + 3'mut construct, while displaying only a
minor effect on mRNA levels relative to the GFP control
RNAI cells (Fig. 3C,D). We conclude that endogenous
SXL in Kc cells represses translation of msl-2 mRNA
through 5’- and 3’-UTR-binding sites, and that the effect of
SXL depletion on endogenous msl-2 mRNA levels (Supple-
mentary Fig. S1A) is separable from its role in translational
control through the msl-2 5’ and 3’ UTRs. Kc cells thus
recapitulate the key aspects of regulation of MSL-2 expres-
sion by SXL in female flies, making them a useful model
for analysis of MSL-2 translational control in vivo.

UNR and SXL corepress msl-2 reporter mRNAs via
the msl-2 mRNA 3" UTR

To determine whether UNR functions as a corepressor of
msl-2 mRNA translation, we depleted UNR by RNAi in
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GFP SXL  GFP SXL GFP SXL
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Kc cells and analyzed the effect on msI-2-B-gal reporter
activities and mRNA levels. UNR depletion increased
the relative activity of the wild-type and 5'mut reporters,
whereas neither the 3'mut nor 5’ + 3'mut reporter was
significantly affected (Fig. 4B). Importantly, depletion of
>90% of UNR had no effect on SXL levels (Fig. 4A, cf.
lanes 4,7,9), showing that derepression of the wild-type
and 5'mut reporters does not result from an indirect ef-
fect on SXL expression. Thus, UNR depletion in female
cells significantly and specifically increases the relative
activity of msl-2 reporters containing 3'-UTR-binding
sites for SXL.

We also analyzed the combined effect of simultaneous
depletion of both SXL and UNR on reporter activity in a
cell-based epistasis test. Codepletion was as efficient as
the respective individual depletions (Fig. 4A) and SXL is
clearly epistatic to UNR in this assay; there is no addi-
tional increase in relative reporter activity when UNR is
codepleted (Fig. 4C). These data indicate that SXL func-
tion is necessary to see an effect of UNR depletion on the
wild-type and 5'mut msIl-2--gal reporters, strongly sug-
gesting that these effects are SXL-dependent.

To confirm that the observed effects are translational,
we analyzed the steady-state levels of reporter mRNAs
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Figure 4. UNR acts as a 3’-UTR corepressor in conjunction
with SXL. (A) Whole-cell extracts were prepared from mock-
treated SL-2 cells (lanes 1-3), mock-treated Kc cells (lanes 4-6),
or Kc cells treated with dsRNAs targeting EGFP (lane 7), SXL
(lane 8), UNR (lane 9) alone, or in combination with SXL
dsRNAs (lanes 10-12, respectively). Relative levels of UNR,
SXL, and control a-tubulin were determined by immunoblot-
ting. (B,C) Kc cells were treated with the indicated dsRNAs and
subsequently transfected with wild-type (WT), 5" mut, 3’ mut,
or 5" + 3’ mut reporters, as indicated. Relative B-gal activities
were normalized to Rluc as in Figure 3C. For each reporter, the
level of expression in GFP-treated cells is set to 1.0, and the fold
increase in expression in the UNR and/or SXL RNAi-treated
cells is shown. Average values and standard deviations in at
least four (B) or two (C) independent RNAi experiments are
shown. (D) Relative mRNA levels in the transfected samples
were analyzed by qPCR as in Figure 3. For each reporter, the
mRNA level in UNR-treated samples is shown relative to the
amount in the corresponding GFP-treated samples, which is set
to 1.0. Average values and standard deviations in at least three
independent RNAIi experiments are shown.

by qPCR. UNR depletion did not affect the steady-state
level of any of these mRNAs (Fig. 4D). We conclude that
UNR is required for 3'-UTR-mediated translational in-
hibition of the msI2 mRNA.

UNR and SXL corepress MSL-2 translation

UNR is expressed in both female K¢ and male SL-2
cells at similar levels (Fig. 4A). Thus, the contribution of
UNR to translational inhibition of reporter mRNAs con-
taining the wild-type msl-2 3’ UTR could be specific to
female cells or might occur in both male and female
cells. To determine whether UNR'’s effects on MSL-2
expression are sex specific, and to more rigorously exam-
ine their SXL dependence, we depleted UNR by RNAi
from phenotypically male SL-2 cells (Ryner and Baker
1991; Buscaino et al. 2003), which do not express endog-
enous SXL (Figs. 3A, 4A), and examined the effect on
relative msi-2 reporter activities in the presence or ab-
sence of exogenously introduced SXL.

In the absence of SXL, the wild-type and 5’ + 3’ mut
msl-2-B-gal reporters display equal relative activities in
SL-2 cells, and no specific effect of UNR depletion as
compared with the GFP dsRNA-treated negative control
is observed (Fig. 5A,C). This shows that UNR by itself
fails to repress translation. Consistent with previous re-
ports (Bashaw and Baker 1997), forced expression of SXL
selectively reduces the activity of the wild-type reporter
by ~10-fold (Fig. 5B). As expected, this effect is abrogated
by depletion of the exogenous SXL. Importantly, the ac-
tivity of the wild-type reporter, but not the 5’ + 3'mut
reporter, in SXL-expressing SL-2 cells is specifically in-
creased by threefold relative to the GFP control when
UNR is depleted prior to transfection (Fig. 5B,C). Note
that the relative increase in wild-type reporter activity in
UNR-depleted cells is not due to increased mRNA levels
(Fig. 5D).

Together with the results from Kc cells, these data
demonstrate that both UNR and SXL are required as
translational corepressors via the 3’ UTR of msl-2
mRNA, and that neither of the two proteins can exert
this function on its own. Thus, UNR, a protein that is
present in approximately equal amounts in both male
and female cultured embryonic cells (Fig. 4A) and flies
(Abaza et al. 2006), acquires a sex-specific function in
msl-2 mRNA translational inhibition when SXL is pre-
sent.

UNR is a bona fide corepressor of endogenous msl-2
mRNA translation

To directly test whether UNR represses translation of
endogenous msl-2 mRNA in Kc cells, we assessed MSL-2
protein and mRNA levels in Kc cells depleted of UNR by
RNAI. Specific UNR depletion (Fig. 6A) clearly dere-
presses MSL-2 protein expression in comparison to un-
treated or GFP dsRNA-treated controls, for which MSL-2
was barely detectable (Fig. 6B). No additional increase in
MSL-2 protein expression above that already observed
with SXL depletion is observed when UNR and SXL are
codepleted, implying that this effect is SXL dependent
(data not shown). Importantly, endogenous msl-2 mRNA
levels are unaffected in UNR-depleted cells (Fig. 6C).
These data validate UNR as a bona fide translational
corepressor necessary for tight inhibition of endogenous
msl-2 mRNA translation by SXL in female cells.
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Figure 5. SXL recruits UNR for a sex-specific
function. (A) Relative levels of msI-2-B-gal re-
porter activity in SL-2 cells treated with the

indicated dsRNAs and transfected with either A B
wild type (WT, light bars) or 5’ + 3’ mut (dark -SXL +SXL
bars) reporters in the absence of SXL. Rluc- 160 e -
normalized activities of both reporters are £ 1401 109 e 109 £ 100 ik
compared with the 5" + 3’ mut reporter, which g :ﬁ: )
. 2
is set to 100% for each dsRNA treatment. (B) 2w 2 e "
Relative reporter activities in cells cotrans- £ fg g ®
fected with pHSP70-SXL. (C) UNR and a-tu- g 20 £ 29 9 10
bulin levels in duplicate samples from wild- M:I‘ 2 o ao .t I:RN:!- 2 = ok Gl
type (WT) reporter-transfected, UNR dsRNA- ) )
treated (lanes 1-4), or EGFP dsRNA-treated
(lanes 5-8) cells were analyzed by immunoblot- c D
ting. (D) RNase Protection Assay analysis of
relative mRNA levels in untreated cells (lanes RNA: UNR — Controls RNAI
1-9) or UNR dsRNA-treated cells (lanes 10-13), — Aclacz Mo = UNR
. i Cells: -SXL +SXL -SXL +3 XL transfect
transfected with an actin5C promoter-LacZ- 1% %
positive control (lanes 1,2), no plasmid (lanes e i e o (ool e ..
3-5), wild-type (WT) reporter (lanes 6,8,10,12), Tubulin - esss————————mm————s 2 . S BEE RN
or 5’ + 3’ mut reporter (lanes 7,9,11,13). 1 2 3 4 5 8 7 8 12 345 678 9 10111213
Discussion demonstrate that UNR is necessary for translational

Genetic approaches in Drosophila have proved powerful
for identifying molecular components of developmental
regulatory networks and for dissecting their functional
interactions in vivo. Genetic analysis of sex-specific le-
thal mutations yielded the MSL proteins that are essen-
tial for dosage compensation in males (Belote and Luc-
chesi 1980; Uchida et al. 1981; Hilfiker et al. 1997), and
SXL, the female-specific “master regulator” essential for
female sexual development and negative regulation of
the dosage-compensation machinery (Cline 1978; Bell et
al. 1988). Here we identify a novel component of the
dosage-compensation regulatory machinery that has
eluded genetic methods. Using an mRNP purification
approach and functional analysis, we demonstrate that
the Drosophila UNR protein is recruited to msl-2
mRNA 3" UTR by SXL for translational inhibition of
msl-2 mRNA specifically in female cells. Our data indi-
cate that SXL imparts a female-specific translational re-
pressor function to UNR, and imply that this novel func-
tion of UNR is critical for negative regulation of the
dosage compensation machinery to prevent toxic effects
in female cells.

UNR is a specific corepressor of msl-2 mRNA
translation in female cells

Previous results implied that region 2456 of the msI-2
mRNA was important for translational regulation via
the 3" UTR (Grskovic et al. 2003). Since this region
flanks the SXL-binding sites, it was hypothesized to
bind a putative corepressor that acts in conjunction
with SXL. We used GRNA chromatography in combina-
tion with sucrose-density gradient centrifugation to
purify this factor, identifying Drosophila UNR (Fig. 1).
Functional analyses of msl-2 reporter genes and endog-
enous msl-2 expression in female and male cell lines
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repression of msl-2 mRNA by SXL via the 3’ UTR,
but does not affect msl-2 mRNA translation in the
absence of SXL. Taken together, our results show that
UNR is a cofactor for translational repression of MSL-2
protein synthesis, specifically in female cells. Our
conclusions are strongly supported by the results of
Abaza et al. (2006), who independently isolated UNR
using a different approach and could demonstrate that
direct interaction of UNR with SXL helps recruit UNR
to the msi-2 3’ UTR and is critical for translational in-
hibition of msI-2 reporter mRNAs by SXL in vitro. To
our knowledge, this is the first time that a translational
corepressor has been identified by a combined strategy
of gradient and specific mRNP purification, and we an-
ticipate that this method will prove useful as a general
strategy.

Our analysis of msl-2-3-gal reporters further supports
the recently proposed dual-mechanism model for msi-2
mRNA translational inhibition (Beckmann et al. 2005),
which predicts that 3'-UTR corepressors should be re-
quired exclusively for 3’-UTR-mediated inhibition. In-
deed, UNR depletion only affects msI-2 reporters with
wild-type 3’ UTRs significantly, and the strongest effect
is on the 5'mut reporter, where all regulation must occur
through the 3’ UTR. In this case, the quantitative effect
of UNR depletion approaches the effect of SXL depletion
(Fig. 4B). Since RNAi produces a “knockdown” effect
that likely reflects a partial-loss-of-function rather than
true null phenotype, differences in RNAI efficiency and/
or differences in relative concentrations of UNR and SXL
necessary for inhibition may explain why the 5'mut re-
porter is still slightly repressed after UNR knockdown.
In any case, the in vivo analysis presented here directly
supports the concept of independent regulatory contri-
butions of 5'- and 3’-UTR SXL complexes, and implies
that UNR is a critical component for 3'-UTR-mediated
inhibition.
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Figure 6. UNR is required for translational repression of en-
dogenous msl-2 mRNA in Kc cells. (A) Levels of UNR, SXL, and
a-tubulin protein in whole-cell lysates were measured by im-
munoblotting. Mock RNAi SL-2 cells (lanes 71-3), mock RNAi
Kc cells (lanes 4-6), or Kc cells treated with dsRNAs targeting
EGFP (lane 7), SXL (lane 8), or UNR (lane 9). (B) Extracts from A
were analyzed for MSL-2, SXL, and a-tubulin protein levels by
immunoblotting. (Lanes 1-3) Untreated SL-2 cells. (Lanes 4-6)
SXL dsRNA-treated Kc cells. (Lane 7) Untreated Kc cells. (Lane
8) Kc cells treated with dsRNAs targeting GFP. (Lane 9) Kc cells
treated with dsRNAs targeting UNR. Blots shown are represen-
tative of multiple blots analyzing samples from three indepen-
dent RNAi experiments. (C) Levels of endogenous msl-2 mRNA
in samples from Kc cells treated with the indicated dsRNAs
were analyzed by qPCR. Average values and standard deviations
in four independent RNAi experiments are shown.

How does UNR recruited by SXL to the 3’ UTR inter-
fere with translation initiation at the mRNA 5’ end?
Presumably the SXL/UNR corepressor complex interacts
with factors that affect small ribosomal subunit recruit-
ment. This interaction might require direct participation
of SXL, or SXL might serve only to recruit UNR to the 3’
UTR. Similarly, UNR might directly contact factors af-
fecting small subunit recruitment, or may do so through
additional bridging factors as part of a larger “corepressor
assembly”. Our biochemical approach identified factors

UNR and SXL corepress MSL-2 translation

in addition to UNR that specifically copurify with the
repressed mRNP (Fig. 1B,C; Table 1). Interestingly, UNR
is the only one of the copurified proteins that displays
significant corepressor activity when assayed by RNAi
in Kc cells (data not shown).

Since msl-2 mRNA repression functions in the ab-
sence of a 5 m’GpppN cap structure (Gebauer et al.
1999), translational regulatory proteins like Cup
(Wilhelm et al. 2003; Nelson et al. 2004) or d4EHP (Cho
et al. 2005) are unlikely to be the molecular targets of
repression by the 3'-UTR complex. A candidate target is
Drosophila PABP, since mammalian PABP interacts
with UNR (Chang et al. 2004), and promotes small ribo-
somal subunit binding to the mRNA (Kahvejian et al.
2005). Although msI-2 translational inhibition does not
require a poly(A) tail (Gebauer et al. 1999), PABP appears
to have a critical function in initiation that is indepen-
dent of the poly(A) tail (Kahvejian et al. 2005), raising the
possibility that UNR might nevertheless interfere with
PABP-mediated recruitment of the small ribosomal sub-
unit to msl-2 mRNA. Future studies will aim to deter-
mine the mechanism by which SXL and UNR bound at
the 3’ end of msl-2 mRNA block translation initiation at
the 5’ end.

Implications of SXL imparting sex-specific function
to UNR

Consistent with a general role as a regulator of dosage
compensation, UNR mRNA expression is ubiquitous
throughout Drosophila development (Arbeitman et al.
2002). Interestingly, UNR protein is expressed at similar
levels in both male and female cells in culture (Fig. 4A)
and in flies (Abaza et al. 2006), but only interacts with
msl-2 mRNA to modulate its translation when SXL is
present. Thus, SXL imparts a sex-specific, mRNA-spe-
cific translational repressor function to UNR (Fig. 7).
Sex-specific modulation of UNR function by SXL is pre-
sumably crucial for dosage compensation, which would
be compromised if the abundant UNR protein in males
were able to inhibit ms/-2 mRNA translation.
Sex-specific function at the cellular and organismal
level can also be viewed as context-specific function at
the molecular level, with SXL acting as a context-spe-
cific modulator of UNR function. The hypothesis that
UNR function is modulated by molecular context is sup-
ported by the previously determined functions of mam-
malian UNR, which involve different protein-interac-
tion partners, in the context of different RNA sequence
elements (Hunt et al. 1999; Boussadia et al. 2003; Chen
and Shyu 2003; Mitchell et al. 2003; Chang et al. 2004).
Indeed, the previously reported role for mammalian
UNR as a translational activator of cellular and viral
IRESes made it a rather unexpected candidate for a trans-
lational corepressor. Our data identify the first function
for UNR in Drosophila, and demonstrate the surprising
finding that UNR can also be a critical component of
translational repression complexes, underscoring the im-
portance of both protein and RNA context in modulation
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Figure 7. SXL imparts a novel sex- and
mRNA-specific translational repressor
function to UNR. A model for UNR’s sex-
specific role in translational regulation of
MSL-2 synthesis for dosage compensation
is shown. In female cells, SXL first recruits
UNR to the 3’ UTR of msl-2 mRNA. Sub-
sequently, 3'-UTR-bound UNR, possibly
in concert with SXL and/or other factors,
acts as a translational corepressor, inhibit-
ing recruitment of the small ribosomal
subunit-containing 43S preinitiation com-
plex to the mRNA 5’ end. 43S complexes
that escape this primary translational
block are challenged by the UNR-indepen-

Female Cells

3' UTR regulatory region

§ UTR regulalory region

Male Cells

3' UTR regulatory region

§ UTR regulatory region

dent scanning block mediated by 5'-UTR-bound SXL (Beckmann et al. 2005). The dual inhibitory mechanisms combine to prevent
toxic expression of MSL-2 in females. In male cells, where MSL-2 translation is essential for dosage compensation, UNR and msI-2
mRNA are both present at high levels. The absence of SXL prevents stable interaction of UNR with the msl-2 mRNA, allowing active

msl-2 mRNA translation.

of UNR function in post-transcriptional control of gene
expression.

Another notable difference between UNR-mediated
translational repression and the UNR functions de-
scribed previously is that in the former case UNR is the
recruited protein, whereas in the latter cases, high-affin-
ity interaction of UNR with an RNA element underlies
subsequent recruitment of additional proteins by UNR.
This distinction has two important implications for
UNR function. First, UNR’s potential regulatory targets
are not confined to mRNAs with high-affinity binding
sites for UNR. Second, context-specific modulators such
as SXL can be expected to be key determinants of how
UNR affects regulation of a particular mRNA. Detailed
mechanistic and structural analysis will be essential to
answer the intriguing question of how UNR can func-
tion as a translational activator in one molecular con-
text, and a repressor in another.

Role of UNR-mediated repression of MSL-2 synthesis
in female flies

UNR depletion in Kc cells causes a significant increase
in MSL-2 protein to ~20% of that in male SL-2 cells or
SXL-depleted Kc cells (Fig. 6A,B). Clearly, SXL-depen-
dent, UNR-independent inhibition mediated by the
msl-2 5" UTR contributes to repression of MSL-2 protein
synthesis (Fig. 4; Beckmann et al. 2005). We also observe
that SXL promotes reduced endogenous msl-2 mRNA
levels, but UNR does not (Fig. 6; Supplementary Fig. S1).
Our results warrant interpretation in the context of pre-
vious studies of transgenic flies; females expressing
msl-2 transgenes lacking the 3’-UTR regulatory se-
quences produce detectable MSL-2 protein, but at a sig-
nificantly lower level than males or females expressing
transgenes with both 5’- and 3’-UTR SXL-binding sites
deleted. The lower level of MSL-2 protein made in 3'-
UTR mutant females is nevertheless sufficient to pro-
mote DCC loading onto female X chromosomes (Bashaw
and Baker 1995, 1997; Kelley et al. 1997). Therefore, at
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the organismal level, UNR, acting through the msl-2
mRNA 3’ UTR, can be expected to make a significant
contribution to robust repression of MSL-2 protein syn-
thesis and prevention of deleterious activation of the X-
chromosome dosage-compensation machinery in fe-
males.

Materials and methods

Plasmids

BSEF, 3’EF and derivatives have been described previously (Ge-
bauer et al. 2003; Grskovic et al. 2003). Three box-b sequences,
amplified from pGL-B5-Box-B (Gehring et al. 2003) by PCR,
were introduced between NotI and HindIII sites in the 3" UTR
of these RNAs. pHSP70-SXL and the msI-2-3-gal reporters have
been described (Bashaw and Baker 1997). Renilla Luciferase
(RLuc) was introduced between HindIIl and Xhol in pCaSpeR-hs
(S. Cohen, EMBL, Heidelberg, Germany). pAC5.1-lacZ (Fig. 5D)
is commercially available (Invitrogen). Plasmids used as tem-
plates for RNase Protection Assay probes were either PCRII-
TOPO-rp49 (E. Izaurralde, EMBL, Heidelberg, Germany) or
pBSII-KS with a lacZ fragment (Hpal-Clal) inserted into the
MCS (EcoRV-Clal). Plasmids for dsRNA templates were ob-
tained from the EMBL Genomics Core Facility BDGP clone
collection, except pHSP70-SXL (see above) and EGFP (E. Izaur-
ralde, EMBL). All constructs were verified by sequencing. Oligo
sequences used to make box-B constructs are in the Supplemen-
tal Material.

In vitro transcription, translation, recombinant protein,
and antibodies

RNAs for in vitro translation were synthesized as described
(Gebauer et al. 1999). All mRNAs contained a 5'm’GpppG cap
and a poly(A) tail of 73 nucleotides. Drosophila embryo extracts
were prepared and cell-free translation reactions carried out as
previously described (Gebauer et al. 1999). SXL protein and its
derivatives were expressed in Escherichia coli as a GST fusion
and purified as described previously (Grskovic et al. 2003). Poly-
clonal anti-SXL antibodies against amino acids 122-301 were
raised in rabbits. \-GST protein was kindly provided by Ulrike
Bauer, Kevin Czaplinski, and Iain Mattaj (EMBL, Heidelberg,
Germany).
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GRNA chromatography, sucrose gradients, and mass
spectrometry

For purification of native translationally silenced RNPs from
Drosophila embryo extracts, we adapted the previously de-
scribed method (Czaplinski et al. 2005). RNAs (10 ng) were
mixed on ice with 80 uL Drosophila embryo extract, either 60
ng of the dRBD4 SXL derivative (Grskovic et al. 2003) or the
equivalent volume of Buffer D and translation reaction compo-
nents (Gebauer et al. 1999) in a final volume of 200 pL. Reac-
tions were incubated for 10 min at 25°C, removed to ice and
subsequently processed at 4°C. One-hundred-fifty microliters of
glutathione-Sepharose (Amerhsam) prebound to the A-GST pro-
tein and 200 pL of Binding Buffer (BB) were added, and samples
were incubated for 1 h with end-over-end rotation, then washed
three times with 1 mL of ice-cold BB. RN A-associated proteins
were eluted by adding 40 uL BB and 1 pL Bovine Pancreas RNase
A (100 pg/mL stock, Protease-free, Calbiochem) to the beads,
and incubating at 30°C for 30 min with shaking. Eluates were
resuspended in protein sample buffer, fractionated on 6%-15%
sucrose gradient polyacrylamide gels and silver stained using
conditions compatible with mass spectrometry (Shevchenko et
al. 1996). A detailed protocol including composition of buffers is
included as Supplemental Material.

For gradient purifications prior to GRNA chromatography, 25
ug of RNAs were incubated in 1 mL of in vitro translation
reactions in the absence or presence of a 60x molar excess of
dRBD4. Reactions were incubated for 15 min at 25°C and sub-
sequently loaded on a 35-mL continuous 5%-25% sucrose den-
sity gradient. After centrifugation at 16,100 rpm for 17.5 h, frac-
tions were collected from the bottom. Fractions 9-17 of each
gradient were pooled, mixed with an equal volume of BB, and
used for GRNA chromatography as described above.

Mass spectrometric analysis of trypsin-digested peptides from
relevant gel regions was performed on a quadrupole time of
flight mass spectrometer (Q-TOF I, Waters) interfaced with a
capillary HPLC (UltiMate, Dionex). Peptide assignments and
data analysis were performed with Mascot (Perkins et al. 1999).

Cell culture, RNAI, transfections, and reporter activity assays

Cells were maintained at 25°C at densities between 1 x 10 and
6 x 10° cells/mL in Schneider’s Medium (GIBCO) supplemented
with L-glutamine (GIBCO, 1.2 mM), penicillin/streptomycin
(GIBCO, 1% v/v), and 10% FBS (Invitrogen). RNAi was per-
formed in culture flasks in a modified version of published pro-
tocols (Worby et al. 2001; Buscaino et al. 2003). Briefly, cells
were pelleted at low speed at room temperature, resuspended at
1.5 x 10° cells/mL in Schneider’s medium without FBS, and
added directly to dsRNAs at a final concentration of 15ug RNA/
mL. After 30-60 min at 25°C, a 2x volume of supplemented
Schneider’s Medium was added. RNAi incubations prior to
transfection or harvesting for analysis were from 6 to 11 d, as
this was necessary for strong UNR depletion. dSSRNAs for RNAi
were generated using the Megascript kit (Ambion) and purified
from template and nucleotides with MegaClear (Ambion). Oli-
gos used to amplify dsRNAs for RNAi appear in the Supplemen-
tal Material.

Transfections with Effectene (QIAGEN) were as recom-
mended for Schneider cells with harvesting after 3 d. Reporter
DNA concentrations were verified to be in the assay linear
range by testing dilutions of the 5’ + 3'mut reporter. For SL-2
transfections with pHSP70-SXL, the plasmid or empty vector
control were used at a 4:1 ratio relative to the msl-2 reporters.
B-gal and Rluc activities were measured with Galacto-Star
(Tropix) or Renilla substrate (Promega), respectively, using a
96-well plate luminometer (Perkin-Elmer).

UNR and SXL corepress MSL-2 translation

Protein extracts and immunoblotting

Cells were pelleted and resuspended in ice-cold lysis buffer (100
mM NaCl, 0.1% Triton X-100), then SDS protein sample buffer
(Ausubel et al. 1999) was added, and cells were incubated twice
for 5 min at 95°C, with vortexing between. Samples were spun
2 min at 14,000 rpm in a microfuge. Total protein concentra-
tions of supernatants were determined with the Bio-Rad Protein
Assay reagent. Five micrograms or 10 pg of extract were used for
SDS-PAGE and transfer to nitrocellulose with the Bio-Rad Mini
Protean system according to the manufacturer’s instructions.
Blocking and antibody incubations were in TBS-T + 5% milk,
except for UNR and MSL-2 antibodies, which were used in
TBS-T without milk. Primary antibodies and dilutions were as
follows: mouse anti-a-Tub, 1:24,000 (Sigma); rabbit anti-SXL
DHJ4 1:2500, (Hentze lab stock); rat anti-MSL-2, 1:500 (from P.
Becker, Adolf Butenandt-Institute, Molecular Biology Unit,
Ludwig-Maximilians University, Munich, Germany); rabbit
anti-MSL-2 affinity purified, 1:300 (from M. Kuroda, Howard
Hughes Medical Institute, Harvard-Partners Center for Genet-
ics and Genomics, Brigham and Women'’s Hospital, and Depart-
ment of Genetics, Harvard Medical School, Boston, MA); rat
anti-MSL-1, 1:2000 (from A. Akhtar, Gene Expression Unit,
EMBL, Heidelberg, Germany); rabbit anti-UNR, 1:500 (Abaza et
al. 2006). HRP-conjugated secondary antibodies (Amersham) for
the appropriate species were used at 1:10,000 (SXL/Tub) or 1:
2500 (MSL-2). Secondary detection of UNR was with Protein A
Peroxidase Conjugate (PAP), 1:1000 (Sigma). Signal was visual-
ized by Super Signal West Pico or Femto (for MSL-2) reagent
(Pierce) and exposure to film.

RNA preparation, DNase treatment, reverse-transcription

Total RNA was prepared from cell pellets with Trizol (Invitro-
gen) according to the manufacturer’s protocol. RNA for reverse
transcription was first treated with RNase-free DNase RQ1
(Promega), and/or RNase-free DNase I (Roche). DNase-treated
RNA (1-4 ng) was reverse transcribed using random hexamer
primers and SuperScript II (Invitrogen) according to the manu-
facturer’s protocol. Samples were diluted 10-20x in water and 5
uL of these samples were used for qPCR. A control reaction
omitting SuperScript II was performed for each sample and in-
cluded in all qPCR analyses to confirm RNA dependence of the
amplified cDNA products.

RNase protection assays

Probes for RPAs were synthesized from gel-purified linearized
plasmids (BsmBI for lacZ, Notl for rp49) using T3 and T7 RNA
polymerase, respectively, and the Maxiscript kit (Ambion) with
[??P]JUTP (Amersham). For rp49, unlabeled UTP was also in-
cluded to reduce the specific activity of this probe by ~20 times.
Free nucleotides were removed with Chromaspin-100 columns
(BD Bioscience) and probes were verified to be >90% full length
by checking aliquots on a 6% TBE gel; 10 pg of total RNA was
analyzed with both probes simultaneously using the Hybspeed
RPA kit (Ambion), following the manufacturer’s protocol.
Samples were separated on 6% TBE gels, and dried gels were
exposed to Phosphorlmager screens (Molecular Dynamics) for
imaging and quantification.

gPCR

qPCR was performed using the standard curve method and
SYBR Green Chemistry on Applied Biosystems 7000 or 7500
SDS instruments. For a given RNAi experiment, all GFP control
samples were assayed in parallel with corresponding SXL and
UNR samples. Each sample was normalized to the appropriate
internal standard (RIuc for lacZ, rp49 for msl-2, or GAPDH for
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roX RNAs and RNApol), and the average of the independent
GFP RNAi samples within an RNAi experiment was set to 1.0.
Values for SXL and UNR were calculated relative to this nor-
malization, enabling comparison of relative changes across mul-
tiple RNAi experiments. Primer sequences appear in the
Supplemental Material.
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