Sex-lethal promotes nuclear retention
of msI2 mRNA via interactions
with the STAR protein HOW
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Female-specific repression of male-specific-lethal-2 (msl2) mRNA in Drosophila melanogaster provides a para-
digm for coordinated control of gene expression by RNA-binding complexes. Repression is orchestrated by Sex-
lethal (SXL), which binds to the 5’ and 3’ untranslated regions (UTRs) of the mRNA and inhibits splicing in the
nucleus and subsequent translation in the cytoplasm. Here we show that SXL ensures msI2 silencing by yet a third
mechanism that involves inhibition of nucleocytoplasmic transport of msI2 mRNA. To identify SXL cofactors in

msI2 regulation, we devised a two-step purification method termed GRAB (GST pull-down and RNA affinity
binding) and identified Held-Out-Wings (HOW) as a component of the msI2 5° UTR-associated complex. HOW
directly interacts with SXL and binds to two sequence elements in the msl2 5' UTR. Depletion of HOW reduces
the capacity of SXL to repress the expression of msI2 reporters without affecting SXL-mediated regulation of
splicing or translation. Instead, HOW is required for SXL to retain msI2 transcripts in the nucleus. Cooperation
with SXL confers a sex-specific role to HOW. OQur results uncover a novel function of SXL in nuclear mRNA

retention and identify HOW as a mediator of this function.
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Post-transcriptional control of gene expression is an
important layer of regulation used in many biological
situations to promote rapid and often reversible changes
in the protein content of a cell. All steps of mRNA
metabolism are subjected to regulation—from the selec-
tion of specific exons through alternative splicing to
alternative polyadenylation, mRNA editing, export, lo-
calization, translation, and stability. Tight and coordi-
nated regulation of these processes is mediated by the
assembly of specific RNA-binding factors (proteins and/
or noncoding RNAs [ncRNAs]) on the regulated tran-
scripts, forming messenger ribonucleoprotein particles
(mRNPs) whose composition changes during the life of
the mRNA (for review, see Glisovic et al. 2008; Gebauer
et al. 2012).

A paradigmatic example of coordinated regulation is
provided by the sex-specific expression of male-specific-
lethal-2 (mslI2) in Drosophila melanogaster. MSL2 is the
limiting subunit of the dosage compensation complex
(DCC), which functions in males to hypertranscribe the
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single X chromosome in order to equalize its output to
that of the two female X chromosomes. In females, msI2
expression needs to be repressed for viability (Kelley et al.
1995), and this is achieved by the binding of Sex-lethal
(SXL), a female-specific protein, to uridine stretches in
both the 5" and 3’ untranslated regions (UTRs) of the msI2
transcript (for review, see Graindorge et al. 2011). To
enforce efficient msi2 silencing, SXL targets multiple
steps in the gene expression cascade. First, SXL acts at
the splicing level by promoting retention of an intron in
the 5 UTR of msI2 pre-mRNA (Merendino et al. 1999;
Forch et al. 2001). The retained intron contains SXL-
binding sites that are required for subsequent steps of
repression. After msI2 mRNA export into the cytoplasm,
SXL coordinates its translational repression by targeting
early steps of translation initiation (Bashaw and Baker
1997; Kelley et al. 1997; Gebauer et al. 1998). SXL bound
to the 3’ UTR recruits Upstream of N-Ras (UNR] to
inhibit ribosome recruitment (Abaza et al. 2006; Duncan
et al. 2006, 2009). SXL bound to the 5’ UTR intron
interferes with ribosomal scanning by a mechanism
that involves ribosome recognition of an upstream AUG
(Beckmann et al. 2005; Medenbach et al. 2011). Both
mechanisms synergize to achieve full msI2 translational
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repression and are unlikely to involve simple steric
hindrance because other RNA-binding proteins recog-
nizing the same cis-regulatory elements cannot repress
msI2 expression (Grskovic et al. 2003; Medenbach et al.
2011).

To gain insight into the mechanisms underlying msI2
regulation, we focused on the 5 UTR, as this region is
required for the control of splicing and translation. Using
a two-step purification method termed GRAB (GST pull-
down and RNA affinity binding), we identified the protein
Held-Out-Wings (HOW) as a component of the msI2 5’
UTR mRNP. HOW interacts with SXL directly and binds to
defined sequence elements in the 5 UTR female-specific
intron. HOW participates in msI2 5' UTR-mediated regu-
lation, but its depletion surprisingly does not affect splicing
or translational control. Instead, HOW facilitates nuclear
mRNA retention by SXL. These data uncover a novel
function for SXL in nuclear mRNA retention and identify
HOW as a cofactor in this function.
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Results

Identification of candidate SXL cofactors
for 5' UTR-mediated regulation of msl2

The female msI2 transcript contains long 5’ and 3’ UTRs
(626 and 1047 nucleotides [nt], respectively). The 5’ UTR
includes a sex-specific facultative intron with stretches
of uridines located close to the splice sites that serve as
SXL-binding sites, while the 3’ UTR contains a cluster of
four SXL-binding sites near the 3’ end (Fig. 1A, sites A-F).
Previous mutational studies have reduced the sequences
required for translational repression to 70 nt in the 5’
UTR, including site B, and 46 nt in the 3’ UTR, including
sites E and F (Fig. 1A, regions B and EF; Gebauer et al.
2003). Similarly, a fragment of SXL consisting of the
RNA-binding domains and a 7-amino-acid extension is
fully functional in translational repression (fragment
dRBD4) (Grskovic et al. 2003). To identify SXL cofactors
involved in 5° UTR-mediated regulation, we aimed to

Figure 1. GRAB was used to identify compo-
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isolate the SXL:msI2 RNP associated with the 5" UTR.
We optimized a two-step methodology, termed GRAB,
designed to distinguish 5’ from 3’ UTR-associated com-
plexes. Biotinylated RNA corresponding to region B
(5" UTR) was incubated with Drosophila embryo extracts
in the presence of recombinant GST-dRBD4 in conditions
competent for translational repression (see the Materials
and Methods for details). Region EF was carried as a
specificity control, as this region is known to bind SXL
and the cofactor UNR (Abaza et al. 2006; Duncan et al.
2006). In addition, a fragment of RNA in which SXL-
binding site B had been mutated was used as a negative
control (Fig. 1A, Bm probe). After complex formation, the
SXL:msI2 RNPs were selected as depicted in Figure 1B.
First, GST pull-down was used to enrich for SXL-containing
complexes, the GST moiety was separated by TEV cleavage,
and the eluted complexes were subjected to a second round
of purification using streptavidin magnetic beads. Proteins
associated with the biotinylated RNAs were then eluted
with Laemmli buffer. The GRAB procedure was monitored
by Western blot against SXL and UNR (Fig. 1C). The results
showed that the procedure is specific, as SXL was efficiently
selected with the B and EF RNAs but not with the Bm RNA
(Fig. 1C, cf. lanes 9,13 and 5). Furthermore, UNR was found
associated with EF but not with B or Bm RNAs, indicating
that GRAB enables differential isolation of cofactors asso-
ciated with the 5’ or 3’ RNPs.

To identify factors associated with the 5 UTR:SXL
RNP, PAGE gels were silver-stained and examined for
proteins enriched in the B eluate versus the Bm eluate,
which were excised from the gel and identified by mass
spectrometry (Fig. 1D). Figure 1E lists the identified
proteins together with the corresponding number of
peptides. In addition to the bait protein dRBD4, Trailer-
hitch (Tral), Me31B, HOW, and Loquacious (Logs) were
specifically associated with the 5 UTR:SXL RNP. All of
these are RNA-binding proteins implicated in mRNA
metabolism, and some, such as Tral and the RNA heli-
case Me31B, have been found previously to work in
association (Wilhelm et al. 2005). We selected Tral and
HOW for further studies, as they were identified with the
highest number of peptides.

HOW cooperates with SXL to repress msl2. expression
via the 5" UTR

To test whether Tral and HOW were involved in msI2
regulation, we first recapitulated SXL-mediated msI2
repression in Drosophila SL2 cells. These cells lack
endogenous SXL and are thus dependent on the addition
of exogenous SXL for repression, enabling dose response
analysis. To assess UTR-dependent msI2 regulation, we
cotransfected SXL with msl2 reporters containing the
B-galactosidase coding sequence (CDS) flanked by the
msl2 UTRs in either their wild-type form or versions
lacking the SXL-binding sites (Fig. 2A, left panel). This
system recapitulates bona fide repression by SXL, as
repression is efficient and specific (Fig. 2A, cf. FC and
A5'+3'sx; Bashaw and Baker 1997; Duncan et al. 2006).
Moreover, the system allows uncoupling of 5’ from

SXL and HOW promote nuclear retention of msl2 mRNA

3’ UTR-mediated regulation by SXL (Fig. 2A, A3'sx
and A5'sx).

We then used the A3’sx construct to assess 5" UTR-
dependent repression by SXL in the presence or absence
of HOW and Tral. These genes were knocked down by
RNAI, using RNAi against GFP as a negative control (Fig.
2B). The results showed that knockdown of HOW, but not
Tral, impaired SXL-mediated repression. This effect was
not due to a change in reporter RNA stability, according
to the RNA normalization of the data (Fig. 2B) and
quantification of transfected RNAs in independent ex-
periments (Figs. 3, 4; Supplemental Fig. S1). Importantly,
derepression of the reporter was not due to changes in
SXL protein levels upon HOW depletion (Fig. 2B; data not
shown). To test whether the effect of HOW was specific to
the msI2 5 UTR and was independent of the CDS or the
3’ UTR, we used firefly luciferase reporter constructs
containing or lacking SXL-binding sites in either UTR.
Loss of SXL repression was observed only when SXL-
binding sites were present in the 5 UTR (Fig. 2C), in-
dicating that HOW cooperates with SXL to repress msI2
expression via the 5" UTR.

HOW belongs to the STAR (signal transduction and
activation of RNA) protein family, whose members are
involved in many aspects of RNA metabolism (Volk et al.
2008). Interestingly, the how gene encodes two protein
isoforms generated by alternative splicing: HOW(L) and
HOW](S). Both proteins contain a maxi-KH domain
flanked by two Quaking domains but diverge at their C
termini: HOW(L) carries an extension containing a nu-
clear retention signal (NRS) that is lacking in HOW(S)
(Supplemental Fig S2A). HOW(M), a third isoform lacking
the NRS, has been predicted from genomic data, although
it was not detected in biological samples. As HOW is
detected as a doublet in SL2 cells (Fig. 2B), we wished to
determine whether these two bands corresponded to
different HOW isoforms. We designed dsRNA fragments
to specifically target the three isoforms of HOW by RNAi
and observed that both bands disappeared by HOW(L)
targeting while remaining unaffected when HOW(S) or
HOW(M) were targeted (Supplemental Fig. S2B). We
conclude that only HOW(L) is expressed at detectable
levels in SL2 cells. In addition, assessment of HOW
subcellular localization indicated that HOW was pre-
dominantly nuclear (Supplemental Fig. S2C; data not
shown). These results suggest that nuclear HOW(L) is
involved in msI2 regulation.

HOW mediates msl2 regulation by binding to specific
elements in the 5 UTR intron

Recent high-throughput studies have identified the bind-
ing sites of two HOW orthologs: Caenorhabditis elegans
Gld-1 and mammalian QKI (Hafner et al. 2010; Jungkamp
et al. 2011). The 5’ UTR of msI2 contains two such sites
in tandem, located in the female-specific facultative intron
upstream of SXL-binding site B (Fig. 3A). To test whether
these sites were indeed required for HOW binding, we
performed RNA pull-down experiments. The RNA probes
were biotinylated and mixed with Drosophila embryo
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extracts supplemented with recombinant SXL, and the
presence of endogenous HOW was tested by Western blot
(Fig. 3B). We tested RNAs containing mutations in the
putative HOW-binding sites (Fig. 3A, lines m1, m2, and
ml2) and the SXL-binding site (Fig. 3A, line Bm) and
compared them with a wild-type 5’ UTR (Fig. 3A, line B).
RNA corresponding to the 3’ EF region of msI2 was
carried as a control (Fig. 3B, EF lane) as well as its mutated
derivative lacking SXL-binding sites (Fig. 3B, EFm lane).
As expected, SXL binding to the 5" and 3’ UTR probes was
lost after mutation of the SXL-binding sites (Fig. 3B, cf.
lanes 2,3 and 7,8). Furthermore, as previously reported,
UNR bound to the 3’ UTR in a SXL-dependent manner
(Fig. 3B, lanes 7-8) and was not found to bind to the
5" UTR (Fig. 3B, lane 3; Abaza et al. 2006). Thus, the
patterns of SXL and UNR binding support the specificity
of the experimental system. HOW was detected specifi-
cally at the 5 UTR and did not bind to the 3’ UTR (Fig.
3B, lanes 3,7). Contrary to UNR, binding of HOW was
independent of SXL, as elimination of the SXL-binding
sites did not affect HOW binding (Fig. 3B, lanes 2,3).
Binding of HOW, however, required the presence of both
putative HOW-binding sites in the 5" UTR (Fig. 3B, lanes
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4-6). These results confirm the identity of the HOW-
binding sites. For consistency with published reports, we
call these elements HOW response elements (HREs).
We next wanted to test whether the HREs mediate
msl2 repression by HOW. To this aim, a reporter con-
struct with mutated HREs was cotransfected with SXL
in order to monitor 5 UTR-mediated repression. Trans-
fections were performed in either control cells (GFP
RNAI) or cells depleted of HOW (HOW RNAI) (Fig. 3C).
Consistent with previous results, depletion of HOW
reduced the capacity of SXL to repress the expression of
the msl2 reporter containing the HREs (Fig. 3C, first
through fourth bars). Although we initially expected that
mutation of the HOW-binding sites would be equivalent
to depletion of HOW, we did not observe any derepression
of the HREm reporter (Fig. 3C, fifth and sixth bars).
Significantly, however, mutation of the HREs restored
SXL-mediated repression in HOW-depleted cells (Fig. 3C,
seventh and eighth bars). This indicates that in the
absence of the HREs, HOW is no longer required for
SXL-mediated regulation, and therefore the effect of
HOW is mediated by its binding to the HREs. The results
further suggest that HOW competes with a factor that
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Figure 3. Identification of the HREs in the 5’
UTR of msl2. (A) Schematic diagram of the
RNAs used to map the HOW-binding sites. The
female-specific alternative intron is depicted in
gray. SXL-binding sites and putative HOW-bind-
ing sites are indicated in blue and green, re-
spectively. The most invariant nucleotides of
the HOW-binding site are underlined. Mutated
sequences are detailed in red. (B) HOW binds two
adjacent HREs in the msI2 5’ UTR. Biotinylated
probes were incubated with Drosophila embryo
extracts in the presence of recombinant His-
SXL(AGN) and pulled down with streptavidin
Dynabeads. SXL(AGN) is an extended version

of dRBD4 containing the full C-terminal do-

main. The association of SXL, HOW, and UNR

was detected by Western blot. A representative
example of three independent experiments is
shown. (C) HOW binding to the HREs mediates
msl2 silencing. Constructs to assess 5 UTR-
mediated repression (mLm3’'m) containing wild-
type or mutated HREs were transfected in
control (GFP) or HOW-depleted cells, together
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binds to the HREs to promote msI2 expression (see the
Discussion).

Recent evidence indicates that phosphorylation of
HOW facilitates its homodimerization and enhances its
RNA-binding ability (Nir et al. 2012). The fact that two
HREs are required for efficient binding of HOW to msI2
mRNA suggests that HOW could bind as a dimer. To
test whether dimer formation is important for HOW-
mediated control of msI2 and confirm that HOW binding
to RNA is required for regulation, we tested the ability of
wild-type HOW(L) or mutant derivatives unable to di-
merize (E106G) (Nir et al. 2012) or bind to RNA (R185C)
(Nabel-Rosen et al. 2005) to restore msI2 repression upon
overexpression in HOW-depleted cells. While all HOW
derivatives were expressed at similar levels (Fig. 3D, left

panel), only wild-type HOW(L) and the E106G mutant
were able to restore efficient repression (Fig. 3D, right
panel). These results support our previous conclusion
that RNA binding by HOW(L) is required for msI2
regulation and suggest that dimerization is dispensable
for HOW activity on msI2 silencing.

SXL confers a sex-specific role for HOW in msl2
regulation

Depletion of HOW does not increase the expression of
msl2 reporters in the absence of SXL (Fig. 2C), suggesting
that HOW has no role in msI2 expression on its own,
but rather that SXL conveys a sex-specific role for HOW
in msi2 regulation. No differences could be observed in
HOW expression in male and female flies or cells, in-
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dicating that sex specificity is not driven by HOW
expression (Supplemental Fig. S3). Because the HREs are
located in the female-specific intron, whose retention
depends on SXL (Gebauer et al. 1998, Merendino et al.
1999), HOW function requires SXL-mediated intron
retention. The requirement of SXL could be simply ex-
plained by the retention of this intron. Alternatively,
SXL and HOW could further cooperate to regulate msi2
via specific protein—protein interactions. To address this
question, we evaluated the repression of a reporter con-
taining mutated splice sites so that intron retention was
uncoupled from the presence of SXL (Fig. 4A, ssm [splice
site mutant| construct). The results showed that the
effect of HOW was still SXL-dependent in the ssm RNA,
indicating that intron retention is not sufficient and that
SXL and HOW act together to repress msI2 expression.

To test interactions between HOW and SXL, we per-
formed coimmunoprecipitation experiments and found
that endogenous SXL is associated with endogenous
HOW in an RNA-independent fashion (Fig. 4B). Further-
more, GST pull-down analysis indicated that SXL and
HOW interact directly (Fig. 4C). The RNA-binding do-
mains of SXL, contained in the construct dRBD4, are not
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sufficient to mediate this interaction. As dRBD4 is fully
functional in translational repression, these data suggest
that HOW affects processes other than translation.

HOW cooperates with SXL to promote nuclear mRNA
retention

We next analyzed the molecular mechanism by which
HOW and SXL cooperate to repress msl2 expression.
Although HOW has been shown to regulate mRNA
stability (Volk et al. 2008), our results ruled out an effect
of HOW on mRNA steady-state levels (Fig. 2B; Supple-
mental Fig. S1). As mentioned above, indirect evidence
suggested that HOW was not involved in translational
repression. To test this directly, we depleted HOW from
translation-competent embryo extracts and assessed the
ability of SXL to repress the translation of msI2 reporters
in these extracts (Gebauer and Hentze 2007). We used
untreated and mock-depleted extracts as controls. The
results showed no differences in SXL-mediated trans-
lational repression upon depletion of HOW from the
extracts, arguing that HOW is not directly involved in
msl2 translational repression in vitro (Fig. 5A).
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HOW has been shown to modulate alternative splic-
ing together with the splicing factor Crooked-Neck (Crn)
(Rodrigues et al. 2012), raising the possibility that it
may affect msiI2 splicing in association with SXL. To test
whether HOW cooperates with SXL to promote retention
of the msI2 5" UTR intron, we measured intron retention
in cells depleted of HOW, carrying GFP depletion as a
negative control. We employed quantitative PCR (qPCR)
using the strategy depicted in the left panel of Figure 5B.
The spliced variant of the mRNA was detected using
a primer that spanned the exon-exon junction (Fig. 5B,
Fs), while the nonspliced isoform was amplified with a
primer that spanned the intron—exon boundary (Fig. 5B, Fr).
Oligonucleotides mapping entirely to the constitutive

exon were used for normalization (Fig. 5B, Fn). As ex-
pected, the presence of SXL increased intron retention
(Fig. 5B, GFP). Retention did not decrease upon HOW
depletion, indicating that HOW is dispensable for SXL-
mediated intron retention (Fig. 5B, HOW).

Finally, we tested whether HOW promoted nuclear
mRNA retention, sequestering msI2 transcripts from
cytoplasmic translation. We examined the nucleo-cyto-
plasmic distribution of reporter mRNAs by qPCR upon
SXL transfection and evaluated changes in this distribu-
tion upon HOW depletion. Correct nucleo-cytoplasmic
separation was monitored by visualizing the distribu-
tion of the U3 snoRNA and 18S rRNA, which are located
in the nucleus and cytoplasm, respectively (Fig. 5C, top
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panel). Strikingly, SXL promoted nuclear mRNA reten-
tion, an activity not previously reported for SXL (Fig. 5C,
bottom panel, GFP). Importantly, depletion of HOW
abrogated this retention (Fig. 5C, bottom panel, HOW).
To confirm this novel activity of SXL, the subcellular
localization of msI2 reporter transcripts was directly
visualized by in situ hybridization (Supplemental Fig. S4).
In the absence of SXL, reporter transcripts were observed
in both the nucleus and the cytoplasm (Supplemental Fig.
S4A-F). However, addition of SXL resulted in an almost
strictly nuclear localization of msI2 transcripts (Supple-
mental Fig. S4G-L). To evaluate the role of SXL in nuclear
mRNA retention in a more physiological setting, we tested
the distribution of endogenous msl2 mRNA in female
Kc cells, which express endogenous SXL. We found that
nuclear localization of msI2 mRNA decreased upon de-
pletion of either SXL, HOW, or both (Fig. 5D). Altogether,
these data indicate that HOW cooperates with SXL to
promote nuclear retention of msI2 mRNA.

HOW represses msl2 expression in Drosophila larvae

To investigate the influence of HOW in msI2 expression
in the context of the whole animal, we followed two
complementary approaches. First, we evaluated the ex-
pression of MSL2 in the salivary glands of female third
instar larvae upon depletion of HOW. To deplete HOW,
we crossed flies transformed with a transgene express-
ing a dsRNA against HOW (UAS-IR-HOW| with flies ex-
pressing the salivary gland-specific Sgs3-Gal4 driver. The

results show that while no MSL2 staining is observed in
parental females, a modest but reproducible MSL2. stain-
ing appears concentrated in the nucleus of salivary gland
cells upon depletion of HOW (Fig. 6A, left and middle
panels). Surprisingly, MSL2 staining is not concentrated
in the X-chromosome territory, as observed for wild-type
males (Fig. 6A, cf. middle and right panels). These results
show that depletion of HOW derepresses msi2 expression
in females. Second, we expressed SXL in the salivary
glands of third instar larvae males and tested the effect of
HOW depletion on the SXL-induced phenotype. Ectopic
expression of SXL caused a robust phenotype consisting
of a twisted and more fragile X chromosome with a dis-
torted banding pattern (Fig. 6B, middle panel). The levels
of MSL2 were difficult to assess given the altered struc-
ture of the X chromosome. However, we could detect
a variable decrease of MSL2 staining on independent
crosses (S. Patalano and F. Gebauer, unpubl.). Inappropri-
ate DCC function has been previously shown to affect
the structure of the X chromosome (Corona et al. 2002).
Importantly, depletion of HOW almost completely sup-
pressed this strong phenotype (Fig. 6B, right panel). These
data indicate that, as observed in cell culture, HOW
cooperates with SXL also in the context of the whole
animal.

Discussion
SXL is the master sex determination switch in Drosoph-
ila and functions by modulating the splicing and trans-

Figure 6. HOW cooperates with SXL to repress
msl2 expression in Drosophila larvae. (A) Depletion

of HOW derepresses msl2 expression in females.
Costaining of salivary glands from female SgS3-
GAL4 or SgS3-GAL4>UAS-IR-HOW third instar lar-
vae with aMSL2 antibodies (green) and DAPI (red).
Control male SgS3-GAL4 salivary glands are shown.
(B) Polytene chromosomes from males expressing
a SXL-GFP fusion protein in the third instar larva
salivary glands containing (Sgs3-Gal4>UAS-SXL::GFP)
or lacking (Sgs3-Gal4>UAS-SXL::GFP;UAS-IRIHOW])
HOW were costained with aMSL2 (green) and DAPI
(red). Control polytene chromosomes of SgS3-GAL4
male third instar larvae are shown on the Ieft.

9 Sgs3-Gal4 QSQS3—GaI4>UAS—IR—HOW Cf'Sgs3—GaI4
\
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lation of downstream targets (for review, see Salz and
Erickson 2010). SXL-mediated regulation of the alterna-
tive splicing of its own transcript and transformer pre-
mRNA initiates a cascade of events that leads to female-
specific differentiation. Translational repression of notch
and nanos mRNAs by SXL contributes to sexual dimor-
phism and female germ cell identity, respectively (Penn
and Schedl 2007; Suissa et al. 2010; Chau et al. 2012). In
addition, regulation of splicing and translation of msI2
mRNA leads to repression of X-chromosome dosage
compensation in females. Here we show that SXL also
functions by promoting nuclear mRNA retention. This
process reinforces silencing of msl2 and requires the
activity of the RNA-binding protein HOW.

HOW is a member of the STAR family of proteins,
which includes well-studied homologs such as C. elegans
GLD-1 and mammalian QKI (for review, see Volk et al.
2008). Members of this family contain an extended
(macro-)JKH RNA-binding domain and have roles in many
aspects of RNA metabolism, including pre-mRNA splic-
ing and mRNA subcellular distribution, stability, and
translation. STAR proteins bind to similar AU-rich con-
sensus hexamers (Israeli et al. 2007; Hafner et al. 2010;
Jungkamp et al. 2011). Although a single hexameric con-
sensus is sufficient for RNA recognition, tight binding
requires two hexamers that can be recognized by STAR
homodimers (Beuck et al. 2010; Carmel et al. 2010; Nir
et al. 2012). Recent crystal structures of QKI and GLD-1
bound to RNA suggest that a distance of 10 nt between
the two hexamers must be met for a STAR homodimer to
recognize a single RNA molecule (Teplova et al. 2013). In
the 5" UTR of msI2, two hexamers separated by 1 nt are
required for HOW binding (Fig. 3). This configuration of
sites is unlikely to support dimer binding. Accordingly,
a HOW mutant unable to dimerize can restore msi2
repression in HOW-depleted cells, while a mutant with
impaired RNA-binding ability cannot, suggesting that
RNA binding—but not HOW dimerization—is important
for msI2 regulation (Fig. 3D).

Importantly, the effect of HOW on msI2 expression is
sex-specific, as it is observed only in the context of SXL-
mediated regulation (Figs. 2C, 4A). Thus, SXL confers
a female-specific function to HOW. A SXL-dependent
role on msI2 repression has been also observed for UNR
(Abaza et al. 2006; Duncan et al. 2006). In the case of
UNR, sex specificity was conferred through cooperative
binding with SXL to the 3’ UTR of msI2. However, in the
case of HOW, the mechanism is different because HOW
binds efficiently to the 5" UTR of msI2 in the absence of
SXL (Fig. 3B). Our data suggest that SXL uses a two-step
mechanism to convey a female-specific function to HOW.
First, by promoting the retention of the 5 UTR faculta-
tive intron, SXL provides the female transcripts with two
HREs that are absent in male msI2 mRNAs. Second, SXL
and HOW cooperate at an additional step, as intron
retention per se does not suffice to explain the role of
HOW in msI2 repression (Fig. 4A). Consistent with this,
HOW and SXL interact directly (Fig. 4B,C), and HOW is
required for SXL-mediated nuclear retention of msi2
mRNA (Fig. 5). Our data show that functional interaction

SXL and HOW promote nuclear retention of msl2 mRNA

between HOW and SXL also occurs in the context of the
whole organism (Fig. 6).

The how gene produces two alternatively spliced var-
iants: HOW(L) is primarily found in the nucleus, while
HOW(S) localizes to both the cytoplasmic and nuclear
compartments (Nabel-Rosen et al. 1999, 2002). These two
isoforms have opposite effects in the regulation of some
biological traits, and thus their balance must be tightly
regulated. For example, HOW isoforms have contrary
effects on tendon cell differentiation due to antagonistic
modulation of the key transcription factor Stripe: While
HOW(L) destabilizes stripe mRNA, HOW(S) promotes
stabilization of this transcript (Nabel-Rosen et al. 2002).
HOW(L) is the isoform responsible for regulation of msI2,
as it is the only isoform expressed in SL2 cells (Supple-
mental Fig. S2), and its depletion from these cells leads
to derepression of msI2 reporters (Figs. 2-4). mRNA
destabilization is a major function of HOW(L). In addition
to stripe, HOW(L) has been shown to destabilize string/
cdc25, miple, dpp, and diapl mRNAs (Nabel-Rosen et al.
2005; Israeli et al. 2007; Toledano-Katchalski et al. 2007;
Reuveny et al. 2009). However, the effect of HOW on
msI2 mRNA cannot be attributed to destabilization be-
cause RNA levels were not altered upon HOW depletion
(Supplemental Fig. S1), and differences in the expres-
sion of msl2 reporters remained after correction for RNA
abundance (Figs. 2-4).

In addition to mRNA stability, HOW has been shown
to facilitate neurexin IV exon inclusion during glia cell
maturation by interactions with the splicing factor Crn
(Edenfeld et al. 2006; Rodrigues et al. 2012). Because
HOW interacts with SXL (Fig. 4B) and the HREs overlap
with the location of a putative branch point in the msi2 5’
UTR intron, we tested whether HOW works together
with SXL to promote the retention of this intron. Careful
quantification of the msI2 splicing isoforms, however, did
not reveal any effect of HOW in SXL-mediated intron
retention (Fig. 5B). Furthermore, mutation of the splice
sites did not eliminate the effect of HOW on msI2
silencing (Fig. 4A). We also tested whether HOW co-
operates with SXL to repress the translation of msI2 re-
porters in a cell-free system that faithfully recapitu-
lates msl2. translational regulation (Gebauer et al. 1999).
HOW(L) binds upstream of a regulatory AUG that has been
shown to contribute to inhibition of ribosomal scanning
by SXL and could, in principle, participate in this mech-
anism (Medenbach et al. 2011). Nevertheless, depletion of
HOW did not affect the ability of SXL to repress translation
regardless of whether the msl2 reporters contained or
lacked this AUG (Fig. 5A; data not shown). This implies
that HOW adds a new layer to msI2 silencing in addition to
the previously described splicing and translation mecha-
nisms. The overlapping effects of splicing, transport, and
translation inhibition ensures msI2 repression, which is
essential for the survival of females.

We found that HOW depletion decreased nuclear msi2
mRNA retention by SXL an average of 2.2-fold in six
different experiments (Fig. 5C; data not shown). The
levels of msl2 mRNA regulation by HOW observed
throughout this study are similar to that reported for
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other HOW targets (e.g., Nabel-Rosen et al. 1999, 2002;
Reuveny et al. 2009). Furthermore, depletion of SXL and
HOW reduces the nuclear accumulation of endogenous
msl2 in K¢ cells (Fig. 5D). How do both proteins cooperate
to retain msI2 mRNA in the nucleus? Mutation of the
HREs did not affect SXL-mediated regulation but restored
efficient repression by SXL in HOW-depleted extracts
(Fig. 3C). These results are consistent with the hypothesis
that HOW, together with SXL, prevents the binding of
a positive regulator (e.g., a factor required for efficient
export) that recognizes overlapping sequences on the
mRNA. Nuclear retention could be important to seques-
ter the mRNA from the translation machinery. Alterna-
tively, HOW-mediated retention could allow for the
proper maturation of the silenced mRNP and the acqui-
sition of the factor combination required for optimal
repression. HOW(L) also promotes nuclear retention of
stripe mRNA, although in this case, the repressive
mechanism is combined with mRNA degradation (Nabel-
Rosen et al. 1999, 2002). A more similar mechanism has
been described in mammals, where the nuclear HOW
ortholog QKI-5 promotes nuclear retention of MBP mRNA
without altering the levels of the transcript (Larocque et al.
2002). Thus, nuclear mRNA retention may be a conserved
function of STAR proteins. Interestingly, tandems of GLD-
1-binding sites have been identified in the 5 UTR of
C. elegans transcripts (Jungkamp et al. 2011), raising the
possibility that regulation by STAR proteins binding to the
5" UTR is more general and that mRNAs other than msI2
are regulated by a similar mechanism.

Materials and methods

Fly stocks

Flies transgenic for the UAS-IRIHOW] (transformant ID 100775)
and SgS3-Gal4 constructs were ordered from the Vienna Dro-
sophila RNAi Center and Bloomington Stock Center, respec-
tively. Flies containing the SXL-GFP transgene were obtained by
classical P-element transformation.

Stainings

Salivary glands from third instar larvae raised at 29°C were
dissected in cold PBS. Salivary glands were fixed in PBS with 4%
paraformaldehyde for 20 min at 4°C; washed three times with
PBS for 10 min; blocked in 1Xx PBS, 0.05% Tween 20, 0.2%
bovine serum albumin for 30 min; and stained with rabbit anti-
MSL2 antibody overnight (1:500 dilution). After three washes of
10 min in 0.05% PBST, salivary glands were incubated with
secondary anti-rabbit FITC antibodies (Jackson) for 2 h at room
temperature in the dark, washed three times for 10 min in
PBST, and transferred to PBS. For polytene chromosome stain-
ings, salivary glands were fixed for 3 min in 50% acetic acid and
3.7% formaldehyde, squashed on glass slides, and stained as
described (Zink and Paro 1995). Primary anti-MSL2 and sec-
ondary FITC-conjugated anti-rabbit antibodies were used at
1:500 dilution. For both salivary gland and polytene chromo-
some stainings, slides were mounted in ProLong Gold anti-fade
reagent with DAPI, and imaging was carried out using a Leica
DMI 4000 B microscope with a Roper Scientific Coolsnap HQ
camera.
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Plasmids

DNA templates used to generate the B, Bm, m1, m2, m12, and EF
biotinylated probes were produced by ligation of double-stranded
oligonucleotides containing the relevant sequences into the Sacl
and Xbal sites of pGEM-3Z. The B-gal reporters used in Figure 2
were previously described (Bashaw and Baker 1997). The msi2
firefly luciferase plasmids used in transfection experiments were
obtained by inserting the corresponding msl2 and luciferase
sequences into the EcoRI and BamHI sites of pAc5.1B-Nhel (a
generous gift from Britta Hartmann). Inserts were obtained by
PCR amplification of the construct mLm (containing the firefly
luciferase ORF flanked by the full-length 5’ and 3’ UTRs of msi2)
or mutant mLm derivatives lacking the SXL-binding sites
(Gebauer et al. 1999). The HRE and splice site mutations were
introduced into pAc-mLm3’'m by PCR-directed mutagenesis. In
the HRE mutant, the HREs were substituted by the sequence
CGCGGCGC. To obtain pAc-Renilla, the CDS of Renilla lucif-
erase was amplified by PCR and cloned into the Nhel and HindIII
sites of pAc5.1B-Nhel. PCR reactions were performed with
Phusion proofreading DNA polymerase (Finnzymes). The pAc-
HOW(L) construct was obtained from the insertion of the PCR-
amplified HOW(L) ORF into the EcoRI and BstBI sites of pAc5.1B-
Nhel. The E106G and R185C HOW(L) mutants were generated
by PCR-directed mutagenesis. All constructs were verified by se-
quencing. Primer sequences used for PCR are summarized in the
Supplemental Material.

Recombinant proteins

SXL and its derivative, dRBD4 (containing amino acids 122-301
of SXL), were expressed in Escherichia coli as N-terminal GST-
tagged fusions and purified as previously described (Grskovic
et al. 2003). His-SXL(AGN) (amino acids 122-354 of SXL) and
His-HOW(L) were prepared at the Center for Genomic Regula-
tion (CRG) Protein Facility according to standard procedures. All
proteins were dialyzed against buffer D (20 mM HEPES at pH 8.0,
20% glycerol, 1 mM DTT, 0.01% NP-40, 0.2 mM EDTA).

RNA synthesis

Biotinylated RNAs were synthesized using the MEGAshort
script kit (Ambion), adding bio-14-CTP (Invitrogen) at an equi-
molar ratio with CTP in the reaction mix. This ratio was found
not to interfere with SXL-mediated translational repression and
therefore allowed silencing complex formation. dsRNA for de-
pletion experiments was synthesized using the Megascript kit
(Ambion) and was purified on G25 columns (GE Healthcare).
Primer sequences used to generate the DNA templates for
dsRNA synthesis are detailed in the Supplemental Material.
mRNAs used in in vitro translation reactions were synthe-
sized as previously described (Gebauer et al. 1999). All mRNAs
contained a "™GpppG cap and a poly(A) tail of 73 residues.

Antibodies and immunoprecipitation

aSXL and «UNR rabbit polyclonal antibodies were previously
described (Abaza et al. 2006). aTral was a generous gift from
J.E. Wilhelm’s and E. Izaurralde’s laboratories. Affinity-purified
aHOW antibody was kindly provided by M. Blanchette; rabbit
polyclonal «tHOW antibodies were also raised in our laboratory
against the full-length protein. aTubulin (Sigma, T6199) and
aHistone H1 (Millipore, 045457) were provided commercially.
For immunoprecipitation, «HOW antibodies were covalently
cross-linked to protein A-Dynabeads (Invitrogen). Four milli-
grams of Drosophila embryo extract was incubated with 120 pL



of beads in a final volume of 600 pL containing 0.1 M sodium
phosphate buffer (pH 8.0). Following three washes with cold PBS,
samples were treated with RNase cocktail (Ambion) when
indicated, and proteins were recovered with Laemmli buffer
and resolved by SDS-PAGE.

GRAB

Sixty picomoles of biotinylated RNA was mixed with equimolar
amounts of recombinant GST-dRBD4 in a 1-mL reaction con-
taining 10 mg of Drosophila embryo extract, 100 U of RNAsin
(Promega), 25 ng of tRNA, 1xx Complete protease inhibitor
cocktail (Roche), and 1X translation condition buffer [1X TCB:
17 mM creatine phosphate, 80 ng/uL creatine kinase, 25 mM
Hepes at pH 8.0, 0.6 mM Mg(OAc),, 80 mM KOAc]. After 30 min
of incubation at room temperature, the mix was supplemented
with 100 pL of glutathione beads (GE Healthcare) previously
equilibrated in TCB and incubated for 1 h at 4°C. Glutathione
beads were then washed twice with 8 vol of cold PBS, and the
complexes were eluted by incubation with 40 U of AcTEV
protease (Invitrogen) in 200 wL of AcTEV buffer supplemented
with 1 mM DTT for 1 h at 4°C. The eluate was then mixed with
60 pL of streptavidin Dynabead slurry (Invitrogen), which was
preblocked for 10 min with 100 ng/pL tRNA in TCB. After 1 h of
incubation at 4°C, the beads were washed twice with 800 pL of
cold PBS, and the complexes were recovered with Laemmli
buffer, separated by SDS-PAGE, and analyzed by immunoblot-
ting or silver staining.

RNAI, transfections, and reporter activity assays

SL2 Drosophila cells were grown at 25°C in Schneider’s medium
supplemented with L-glutamine (Gibco), 1% (v/v) penicillin/
streptomycin (Gibco), and 10% FBS (Invitrogen). For RNAi
treatment, 1.0 X 10° cells were incubated with 15 pg of dSRNA
in 1 mL of Schneider medium without serum and incubated for
30-60 min at 25°C. One volume of Schneider’s medium con-
taining 20% FBS was then added. For the add-back experiment of
Figure 3D, dsRNA against the 3' UTR of HOW(L) was used. After
3-5d, cells were split to a density of 1.5 X 10° cells per milliliter.
The following day, cells were cotransfected with msI2 reporter
plasmids (100 ng of msI2-B-gal or 300 ng of the firefly luciferase
reporters), Renilla luciferase control (20 ng), increasing amounts
of pAc-SXL (or pAc empty vector), and, when appropriate, pAc-
HOWI(L) constructs (500 ng) using Effectene (Qiagen). Cells were
harvested 2-3 d after transfection. B-Galactosidase and luciferase
activities were measured with Galacto-Star (Tropix) or Dual
Luciferase kit (Promega), respectively. -Gal and firefly activities
were corrected for cotransfected Renilla and, when indicated, for
the levels of reporter RNA.

RNA extraction and quantification

Total, nuclear, and cytoplasmic RNA were extracted with Trizol
(Invitrogen). To obtain total RNA, cell pellets were directly
resuspended in Trizol and processed according to the manufac-
turer’s instructions. To obtain nuclear and cytoplasmic RNA,
cell pellets were washed with cold PBS and resuspended in
hypotonic buffer (150 mM NaCl, 10 mM Tris at pH 7.5, 0.1%
SDS, 1% DOC, 5 mM EDTA, 1% Triton X-100, protease in-
hibitors). After 5 min on ice, cells were broken with plastic
pestles and centrifuged at 13,000 rpm for 5 min at 4°C. The
supernatant was recovered as the cytoplasmic fraction. The
pellet (nuclear fraction) was washed with PBS before adding
Trizol.

SXL and HOW promote nuclear retention of msl2 mRNA

For quantification, RNA was treated with Turbo DNase
(Ambion) and reverse-transcribed using random primers and
SuperScript II (Invitrogen). cDNAs were diluted threefold to
10-fold in water and used for qPCR amplification (primers are
detailed in the Supplemental Material). Firefly luciferase RNA
levels were normalized for cotransfected Renilla Iuciferase RNA
levels.

To assess endogenous RNA levels in Kc cells, nuclear and
cytoplasmic msI2 levels were normalized for U3 snoRNA and
actin79B mRNA levels, respectively.

Fluorescence in situ hybridization

SL2 cells were fixed with 3.7% formaldehyde in PBS for 10 min,
washed with PBS, and permeabilized with 70% ethanol for 2 h at
4°C. Cells were then washed with wash buffer (1X SSC, 10%
formamide) and hybridized to antisense oligonucleotide probes
(Stellaris probes, Biosearch Technologies, Inc.) in hybridization
buffer (100 mg/mL dextran sulphate, 10% formamide, 2X SSC)
overnight at 37°C. Following incubation for 30 min at 37°C in
wash buffer and DAPI staining for 30 min, cells were washed
with 2 SSC and mounted in GLOX buffer.

Biotin and GST pull-down

Biotin pull-down assays were performed in 500 wL of 1xX TCB
(see above) containing 100 pmol of biotinylated RNA, 100 pmol
of His-SXL(AGN), 5 mg of Drosophila embryo extract, 50 U of
RNAsin (Promega), 12.5 ug of tRNA, and 1X Complete protease
inhibitor cocktail (Roche). After 30 min of incubation at room
temperature, 100 pL of streptavidin Dynabead slurry (Invitrogen;
preblocked for 10 min with 200 ng/pL tRNA in TCB) was added,
and the mix was further incubated for 30 min. Beads were
washed five times with 8 vol of PBS, and proteins were eluted
by RNase treatment (2 pL of RNase cocktail [Ambion] in 30 nL
of a buffer containing 10 mM Tris-HCl at pH 7.2, 1 mM MgCl2,
40 mM NaCl).

GST pull-down assays were performed in 40 pL of buffer D
(see above) containing 40 pmol of either GST, GST-dRBD4, or
GST-SXL and 40 pmol of His-HOW(L). After 30 min of incu-
bation at room temperature, 10 ug of RNase A was added, and
the incubation was extended for 30 min. The sample was diluted
with 1 vol of capture buffer (CB; 20 mM HEPES at pH 8.0, 600
mM NaCl, 100 mM KOAc, 0.02% NP40, 0.2 mM EDTA) and
bound to 20 pL of glutathione sepharose beads for 2 h at 4°C.
Beads were then washed four times with 1 mL of CB, and bound
proteins were recovered with Laemmli buffer and separated by
SDS-PAGE.

Immunodepletions and in vitro translation assays

HOW was immunodepleted from embryo extracts using «cHOW
antibodies covalently coupled to magnetic protein A-Dynabeads
(Biotech). One round of incubation for 30 min at room temper-
ature was sufficient for efficient depletion. In vitro translation
assays were performed as previously described (Gebauer et al.
1999).
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