Widespread generation of alternative UTRs contributes
to sex-specific RNA binding by UNR
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ABSTRACT

Upstream of N-ras (UNR) is a conserved RNA-binding protein that regulates mRNA translation and stability by binding to sites
generally located in untranslated regions (UTRs). In Drosophila, sex-specific binding of UNR to ms/2 mRNA and the noncoding
RNA roX is believed to play key roles in the control of X-chromosome dosage compensation in both sexes. To investigate
broader sex-specific functions of UNR, we have identified its RNA targets in adult male and female flies by high-throughput
RNA binding and transcriptome analysis. Here we show that UNR binds to a large set of protein-coding transcripts and to
a smaller set of noncoding RNAs in a sex-specific fashion. The analyses also reveal a strong correlation between sex-specific
binding of UNR and sex-specific differential expression of UTRs in target genes. Validation experiments indicate that UNR
indeed recognizes sex-specifically processed transcripts. These results suggest that UNR exploits the transcript diversity
generated by alternative processing and alternative promoter usage to bind and regulate target genes in a sex-specific manner.
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INTRODUCTION

Regulation of gene expression at the post-transcriptional
level contributes to generate the molecular and functional
diversity that underlies the complexity of living organisms.
In addition to alternative promoter usage during transcrip-
tion, multiple transcripts are produced from a single gene
through post-transcriptional mechanisms that include al-
ternative splicing, alternative polyadenylation, and editing.
Once processed, mature mRNA isoforms are regulated at
the levels of export, localization, stability, and translation.
These post-transcriptional mechanisms of control of RNA
metabolism are governed by RNA-binding proteins (RBPs).
Studies based on high-throughput technologies have re-
vealed not only an enormous diversity at the RNA level, but
also a coordinated regulation of RNA by RBPs (for review,
see Licatalosi and Darnell 2010). Examples of coordinated
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regulation by RBPs have led to the RNA operon hypothesis,
wherein mRNAs encoding functionally related proteins are
coregulated by RBPs in an analogous way in which DNA
operons allow coordinated expression in bacteria (Keene
2007; Morris et al. 2009). Because transcripts are usually
bound by several RBPs, each transcript can be part of more
than one RNA operon, leading to higher-order RNA net-
works in which RBPs constitute the regulatory nodes.

An example of coordinated regulation is provided by the
protein Upstream of N-ras (UNR), a conserved RBP in-
volved in the regulation of mRNA stability and translation
(Mihailovich et al. 2010). In Drosophila, UNR contributes
to opposite, sex-specific outcomes in X-chromosome dos-
age compensation via differential binding to RNA. X-chro-
mosome dosage compensation is the process that equalizes
the expression of X-linked genes between males (XY) and
females (XX), and in Drosophila is achieved by hyper-
transcription of the single male X chromosome by the
dosage compensation complex (DCC), a ribonucleoprotein
assembly of at least five proteins (MSL1, MSL2, MSL3,
MOF, and MLE) and two noncoding RNAs (roX1 and
roX2) (Gelbart and Kuroda 2009). In females, UNR binds
to msl2 mRNA and inhibits its translation, contributing to
repressing dosage compensation (Abaza et al. 2006; Duncan
et al. 2006; Patalano et al. 2009). Binding of UNR to msi2
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mRNA depends on the female-specific RBP Sex-lethal
(SXL), which, in addition to recruiting UNR to the 3" UTR
of msl2, promotes the retention of a facultative intron in
msl2 5" UTR (for review, see Graindorge et al. 2011). Thus,
UNR binds to a sex-specific alternatively processed msl2
transcript in complex with SXL. In males, UNR does not
bind to msi2 because SXL is absent. In contrast, UNR binds
to the roX RNAs in males, and this binding may contrib-
ute to promoting DCC recruitment to the X chromosome
(Patalano et al. 2009).

UNR contains five cold-shock domains (CSDs), 3-barrel
structures that serve to bind single-stranded nucleic acids
(Mihailovich et al. 2010). UNR binds to msI2 via a dedicated
CSD (Abaza and Gebauer 2008), raising the possibility that
each CSD binds RNA independently and suggesting a strong
RNA-binding potential for this protein. To gain insight
into this potential and to evaluate additional sex-specific
roles of UNR, we set to identify the UNR RNA targets in
male and female flies. UNR immunoprecipitation from
whole adult extracts followed by high-throughput identifi-
cation of the associated RNAs revealed that UNR binds to
a large set of transcripts in a sex-specific fashion. In 42% of
the cases, sex-specific binding correlated with sex-specific
expression of the target gene. Strikingly, the correlation
increased to 83% when differential, sex-specific expression
of the UTRs was taken into account. These results indicate
that the generation of sex-specific UTRs by alternative
splicing, polyadenylation, or alternative promoter usage
contributes to sex-specific RNA binding by UNR.

RESULTS

Identification of UNR targets

As a first approach to identifying UNR targets, we immu-
noprecipitated UNR from either male or female adult
cytoplasmic extracts and identified the associated mRNAs
by microarray analysis (RIP-Chip). Three independent RIP
experiments were performed, and two microarrays (direct
labeling and dye swap) were hybridized per RIP sample
(Fig. 1, left panel). Genes appearing in the upper third of
the intensity distribution and present in at least four of the
six microarrays were considered. Under these conditions,
1148 probe sets corresponding to 1108 unique genes were
identified as UNR targets, including our positive control
msl2 (Supplemental Table SI). This number of targets
corresponds to 8.1% of the 13,638 genes present in the
microarray.

The microarray analysis showed differences in target
binding in males and females, but very few targets passed
the thresholds to be considered significantly differentially
bound (Benjamini-Hochberg FDR cutoff of 10%). This
could be due to the limited dynamic range of the micro-
array, combined with Chip-to-Chip experimental variation.
It has been shown that larger differences in gene expression
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FIGURE 1. Schematic representation of the experimental design to
identify UNR targets. Targets were identified by RIP-Chip (microarray,
left panel) or RIP-seq (Solexa, right panel). For RIP-Chip, UNR was
immunoprecipitated (IP) from cytoplasmic extracts of adult male and
female flies, and the RNA in the pellet amplified and labeled for
hybridization to microarrays. Three independent IPs were performed,
and six microarrays including the dye-swap controls (ds) were hybrid-
ized. For RIP-seq, UNR was immunoprecipitated from total extracts of
adult males and females in duplicate experiments (IP1 and IP2),
carrying a mock IP with rabbit IgG as control (ctrl). The number of
targets identified using each technique is indicated, and a Venn diagram
is shown to visualize the overlap. The position of msl2 is indicated.

can be observed by deep sequencing as compared with
microarrays (Hoen et al. 2008). Thus, to have a more
quantitative estimate of the binding of UNR to its targets,
we performed RIP-seq experiments. Sequencing allows the
unbiased identification of targets, including non-annotated
transcripts and noncoding RNAs. Because UNR binds to
the nuclear noncoding RNAs roX1I and roX2 (Patalano et al.
2009), in order to identify coding and noncoding poly(A)*
transcripts bound by UNR independently of their sub-
cellular distribution, we used total male and female adult
extracts for RIP-seq. A RIP experiment including a dupli-
cate with anti-UNR antibodies and one IgG control was
performed per sex, and the RNA isolated from the pellet
was sequenced (Fig. 1, right panel). All tags mapping un-
ambiguously on exons of annotated FlyBase transcripts
were considered (Table 1). The IgG control was used to
correct for serendipitous binding and for nonspecific bind-
ing of abundant transcripts (see Halbeisen et al. 2008 and
references therein).
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TABLE 1. RIP sequencing reads

F1 F2 F-IGG M1 M2 M-1IGG
Mapped reads 4,150,337 4,558,159 2,933,090 4,038,976 4,388,097 2,095,293
Mapped on exons 919,235 716,642 1,031,537 495,094 440,468 703,933
Mapped on exons of 9270 7193 5085 6252 6864 4960

noncoding genes

To identify significant enrichment in the IP with respect
to the IgG control, a 2 X 2 x” test similar to that previously
introduced for analysis of SAGE data was used (Michiels
et al. 1999). This method takes into account both the
relative enrichment of each gene in the IP versus the IgG,
and the relative abundance of the gene in each sample
(number of sequenced tags assigned to each gene vs. the
overall number of tags of the experiment). Targets passing
a strict Bonferroni-corrected P-value threshold of 5 X 10°
as well as a fold ratio IP/IgG threshold of 2 in either sex
were considered positive (for details, see Materials and
Methods). The calculated P-value, assigned to each gene,
was used as a direct measure of binding in further analysis.
A total of 1746 protein-coding gene targets of UNR were
identified in this manner, including our positive control
msl2, which showed an IP/IgG ratio of 2.0187 (Supple-
mental Table SII). This number of targets corresponds to
12.8% of the 13,653 genes annotated in the current FlyBase
genome annotation used in our analysis.

A comparison of the targets identified by RIP-Chip and
RIP-seq indicated an overlap of ~15% (Fig. 1). Several
factors could contribute to this limited overlap, including
experimental variation between independent biological RIP
replicates, the intrinsic differences associated with each
technique, and the use of a different starting material for
RIP-Chip and RIP-seq (cytoplasmic vs. total extracts, re-
spectively). The Pearson correlation between different RIPs in
RIP-seq was of 0.94 (females) and 0.96 (males); in RIP-Chip,
the correlation ranged from 0.67-0.83 in cross-comparisons
of different RIPs, while it increased to 0.90-0.97 for replicates
within the same RIP (data not shown). These data indicate
that the variation between independent biological replicates is
relatively small and thus should contribute little to the
limited overlap between the RIP-Chip and RIP-seq data.
Other factors such as the use of total versus cytoplasmic RNA
have the potential to contribute more decisively, because
large variations have been recently reported when these two
types of starting material are compared in gene expression
studies using microarrays (Trask et al. 2009) (see Discussion).

The modest overlap also suggests that the number of
UNR targets is underestimated. Indeed, it is not unexpected
that a large set of transcripts associates with a ubiquitous
RNA-binding protein in whole organisms.

To compare the efficiency of RIP-Chip and RIP-seq in
the identification of UNR targets, RT-qPCR validation was

performed on a list of 24 genes of interest to our laboratory,
whose products have roles in X-chromosome dosage
compensation or translational control. The list includes
20 targets that were positive by RIP-Chip, RIP-seq, or both
and displayed diverse ranking values, and four genes that
were negative by both techniques. Two independent IPs
were performed on mixed samples containing the same
amounts of male and female extracts, carrying parallel IPs
with rabbit IgG as controls. As for RIP-seq, we considered
positive in RT-qPCR those targets that fit the threshold IP/
IgG = 2. Given this threshold, 12 of the 20 targets were
clearly positive by quantitative PCR, some with enrich-
ments above 10-fold (e.g., msi2), while one of the negatives
(msl3) turned positive by qPCR (Fig. 2). A comparison of
RIP-Chip, RIP-seq, and RT-qPCR indicates a comparable
validation rate for both high-throughput techniques.

Functional Gene Ontology analysis using DAVID (Huang
et al. 2009) revealed that UNR targets were enriched in
categories such as cytoskeleton organization, cell cycle, trans-
lation and ribosome component, and mitochondria, both
if RIP-Chip or RIP-seq data were considered together or
separately. A list of GO terms for the combined list is shown
in Table 2.

Interestingly, RNA-seq yielded a list of seven noncoding
RNAs that were significantly bound by UNR (Table 3).
Two of the noncoding RNAs are related, because Ugh8
(UsnRNA host gene 8) is the precursor of Me18S-U1356¢,
an snoRNA involved in methylation of 185 rRNA (Huang
et al. 2005). The function of the remaining noncoding UNR
targets is unknown. We expected to find r0XI and roX2 in
the list of noncoding UNR targets. Both roX RNAs showed
an increased number of tags in the male IP compared with
the IgG control but did not pass the P-value threshold used
in our analysis (data not shown). These data suggest that
the use of strict significance thresholds leads to loss of true
positives and support an underestimation in the number of
UNR targets.

In sum, the data suggest that UNR binds to a large set of
protein-coding transcripts and a reduced group of anno-
tated noncoding RNAs in adult flies.

Extensive sex-specific RNA-binding by UNR

We next evaluated the sex specificity of UNR binding to its
targets using the RIP-seq data. The sex-specific association
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FIGURE 2. Validation of UNR targets by RT-qPCR. Two independent
IP experiments were performed (light and dark gray bars), carrying
parallel IPs with rabbit IgG as negative controls. Targets were considered
positive if present in the UNR IP at least twofold over the control (green
line). The data were background-normalized for the presence of the 285
rRNA and represented relative to the IgG control (red line). (Red)
Genes that were negative by both RIP-Chip and RIP-seq. A comparison
with the RIP-Chip and RIP-seq data is shown at the left.

of UNR to its targets (male, female, or both) is indicated in
Supplemental Tables SII and III for the coding and non-
coding transcripts, respectively. The data indicate that
nearly 75% of the protein-coding targets bind to UNR in
a sex-specific fashion (Fig. 3A). Because the P-value can be
used as a direct measure of binding, we defined the —log,
of the P-value as the binding score. We next plotted the
binding scores obtained for the UNR targets in both sexes
and colored the genes passing the IP/IgG threshold in
females (red), males (blue), or both (yellow) (Fig. 3B). In
this way, the sex-binding bias of UNR to its targets can be
easily visualized. The results show a wide dispersion of
binding scores. Most genes considered targets of UNR in
either males or females cluster close to the corresponding
graph axes, as expected, while those binding to UNR in
both sexes are broadly dispersed (Fig. 3B, cf. blue and red
with yellow). We validated the sex-binding bias for seven
targets by RT-qPCR in independent RIP experiments and
found that the binding bias was largely confirmed (Fig. 3C).
These data indicate that UNR binds to targets in a sex-
specific manner.

GO analysis of the targets bound by UNR exclusively in
one sex using the tools GOrilla and REVIGO (Eden et al.
2009; Supek et al. 2011) revealed different functional groups
significantly enriched in either males or females (Fig. 4). In
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males, processes such as reproduction, transport, and
localization were highlighted, whereas in females, regula-
tion of RNA metabolism, cell cycle, and macromolecule
biogenesis were enriched. Regulation of cellular metabo-
lism was common to both sexes. These results suggest that
RNA binding by UNR may lead to sex-specific functional
outcomes for processes other than dosage compensation.

Sex-specific RNA binding by UNR is not explained
by the relative overall expression of target genes

The simplest explanation for the sex-specific binding bias
displayed by UNR is that binding just reflects the relative
overall expression of targets in males and females. To
evaluate this possibility, we sequenced the whole tran-
scriptome of adult male and female flies. A comparison of
transcript levels in both sexes showed that most genes
were expressed within a threefold range, yet a higher
extent of sex-biased expression was detected in males (Fig.
5A). To test for possible correlations between the expres-
sion of gene targets and their presence in the UNR
immunoprecipitates, we compared the abundance of tar-
gets in the IP and the total RNA in each sex, computed as
the log, of the normalized read count (Fig. 5B). The
results showed a Pearson correlation coefficient of 0.1 for
males and 0.35 for females, indicating that, for most
targets, abundance in the IP is not a direct consequence of
total RNA abundance.

TABLE 2. Functional classification of UNR protein-coding targets
(combined RIP-Chip and RIP-seq lists)

Group Count Benjamini P-value
Cytoskeleton organization 163 5.30 X 10~
Mitotic spindle organization 78 4.00 x 107°
Ribonucleoprotein 57 5.30 X 1078
Generation of precursor 76 6.60 X 107°
metabolites and energy
Cell cycle 170 1.10 X 1072
Ribosomal subunit 64 5.00 X 107°
Translational initiation 28 8.80 X 107°
Membrane organization 97 1.20 x 10°*
Vesicle-mediated transport 114 1.20 X 107*
Mitochondrial part 127 2.60 X 107
Protein localization 112 2.80 X 107*
Post-transcriptional regulation 46 6.10 X 10°*
of gene expression
Endocytosis 77 1.80 X 1072
Phosphorylation 113 5.10 X 1072
Chaperone 24 6.30 X 1072
Phagocytosis 60 7.40 X 1073
Vesicle membrane 15 1.30 X 1072
Cellular amino acid 15 2.00 X 1072
biosynthetic process
Protein folding 38 2.50 X 1072
Protein catabolic process 58 2.90 X 102
Proteasome 18 3.80 X 1072
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TABLE 3. Noncoding RNAs bound by UNR

b

ID Gene name Sex

CR33941 pncr013:4 BOTH
CR42454 Uhg8® BOTH
CR34646 snoRNA:Me18S-U1356¢? BOTH
CR32657 CR32657 MALE
CR32661 CR32661 MALE
CR14638 TwdlU MALE
CR33318 CR33318 MALE

“Related RNAs; Ugh8 is the precursor of snoRNA:Me18S-U1356c.
Binding of UNR is explained by the tags overlapping with the latter,
because binding to the precursor becomes insignificant when these
tags are not considered.

PSex is assigned considering both an IP/IgG threshold =2 and
a P-value threshold of 5 x 107°.

We next compared the relative expression levels of the
UNR targets in both sexes with the UNR binding scores
defined from the enrichment P-values as indicated before. In
case of multiple transcripts annotated for the same gene, to
facilitate a correlation we chose the annotated transcript
whose expression ratio was closest to the UNR binding score
ratio. Of the 1746 UNR targets, 1661 were reliably annotated
(ie., contained at least one transcript with fully annotated
UTRs in the FlyBase 5.12 version available at the UCSC
Genome Browser, mapped on the BDGP R5/dm3 assembly
of the genome) and were used in the analysis. Of these 1661
transcripts, 15.7% (95 targets in males and 166 targets in
females) showed the highest enrichment in the corresponding
UNR immunoprecipitates (P-value = 0). We classified these
targets according to their expression levels in males and
females and found that a sizeable proportion were also highly
expressed in the corresponding sex, suggesting that many of
these targets represent sex-specific transcripts bound by UNR
(Fig. 6). A comparison between the UNR binding score ratios
and the relative sex-specific expression ratios of the remain-
ing 84.3% transcripts (1400 targets) revealed a poor corre-
lation (Pearson correlation 0.28) (Fig. 7, left panel). Our
positive control msl2 (red dot) followed this behavior, be-
cause it is bound by UNR in females despite being expressed
somewhat better in males (Abaza et al. 2006).

Differential binding of UNR to a target was considered
to be explained by expression if the UNR binding score and
expression log, ratios differed by <1.5. Using this threshold,
the UNR binding bias could be explained by sex-specific
expression of the target in 42% of the 1661 cases (Table 4).
These data indicate that the relative abundance of targets in
both sexes is not the sole explanation for the UNR binding
bias.

Generation of alternative UTRs contributes
to sex-specific binding of UNR to its targets

UNR has been shown to regulate post-transcriptional gene
expression by binding to the 5" or 3’ UTRs of its targets

(Mihailovich et al. 2010). Thus, a possibility to explain the
UNR binding bias is that the UTRs of UNR target tran-
scripts are different in males and females. To determine
whether UNR binding agrees with sex-specific UTR usage,
we computed the number of sequence tags falling on each
individual UTR for all annotated transcript isoforms of the
1400 UNR targets indicated above. We next selected, for
each target, the UTR whose relative male-to-female enrich-
ment was closer to the UNR binding ratio and plotted its
relative expression against the UNR binding score (Fig. 7,
middle panel). The results show a modest improvement of
the correlation between UNR binding and expression of
individual UTR isoforms (Pearson correlation 0.41). msl2
moves to the correlation quarter in this graph (red dot), as
expected from the fact that the msl2 transcript recognized
by UNR contains a facultative intron in the 5" UTR that is
retained specifically in females (Graindorge et al. 2011).

Surprisingly, only 50% of the UNR target genes (703
targets) had more than one annotated transcript in FlyBase.
Recent work has revealed that the fraction of genes with
alternatively spliced transcripts is underestimated by a fac-
tor of 3 on the annotated portion of the Drosophila genome
(Graveley et al. 2010; The modENCODE Consortium 2010).
The modENCODE Consortium has detected 14,862 genes
and 36,274 transcripts, while the current FlyBase annota-
tion (5.12) available on the UCSC Genome Browser, used
in our analysis, includes 13,653 genes and 20,955 tran-
scripts. Thus, incomplete gene annotation may have con-
tributed to the observed modest correlation between UNR
binding and UTR expression. To overcome this difficulty
and to assess whether the differential binding could also be
due to extended 5" or 3' UTRs or internal alternatively
processed regions, we adopted the following strategy: For
each annotated transcript, we computed the normalized
base-by-base coverage obtained by RNA-seq in both males
and females. In this way, for each annotated exon of target
genes, we obtained a base-by-base plot of male versus
female usage. This strategy is similar to that used for ChIP-
seq, in which a base-pair by base-pair coverage enrichment
is computed by comparing two samples (Park 2009). We
then selected the regions of target transcripts that had been
sequenced at least three times in either sex (i.e., 3X cov-
erage) and contained a position whose coverage ratio was
closest to the UNR binding ratio. A plot of the coverage
ratio for UTR regions against the UNR binding ratio shows
a dramatically improved correlation (Pearson coefficient
0.68) (Fig. 7, right panel). msl2 moves further into the
correlation line in this graph, consistent with the fact that
the alternatively processed intron represents a relatively
small region of the 5" UTR. These results suggest that al-
ternative UTR processing contributes to the sex-specific
binding pattern displayed by UNR.

Differential binding of UNR to a transcript was consid-
ered to be explained by a sex-specific UTR region if the
UNR binding score and the UTR region expression log,
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spectively), suggesting that the UNR
binding site is equally likely to be present
at either UTR. This fits well with the
known roles of UNR in translation and
stability, because UNR has been shown to
function as an IRES trans-acting factor by
binding to the 5" UTR, and as a repressor
of translation by binding to the 3" UTR
(for review, see Mihailovich et al. 2010).
We used Weeder (Pavesi et al. 2004) to
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FIGURE 3. UNR binds to targets in a sex-specific fashion. (A) Venn diagram of the sex-
specific distribution of UNR targets identified by RIP-seq. (M) Males; (F) females; (B) both.
The position of msl2 is indicated. (B) Representation of the binding scores [—log(P-value)] of
UNR targets in males and females. Coloring indicates the genes passing the IP/IgG threshold in
females (red), males (blue), or both (yellow). (C) RT-qPCR validation of a set of UNR targets.
For each target, three to five independent IPs were performed, the qPCR values were
background-normalized for the presence of the 285 rRNA, and the most representative values
were taken to obtain this graph (green bars). A comparison with the binding score ratios

obtained by RIP-seq (gray bars) is shown.

ratios differed by <1.5. Altogether, while differential UNR
binding was explained in 42% of the cases by sex-specific
expression of the target, the correlation increased to 83%
when sex-specific UTR usage was taken into account.
Moreover, when a variation with respect to the overall
expression ratio was observed within an internal coding
exon, it usually was matched by a similar variation in the
coverage ratio within one of the UTRs of the transcript,
suggesting that UTR and coding exon processing are tightly
linked (Table 4). Within the group of genes that were
explained by UTR usage, about the same proportion was
explained by the 5" or the 3" UTR (42% vs. 58%, re-
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M gPCR
RIP-Seq

man UNR-binding site identified by
SELEX (Triqueneaux et al. 1999), and
UUUg/uUUUU, a sequence that resem-
bles a SXL-binding site (Singh et al.
2000). A similar search using the 3’
UTRs was difficult because the high-
est-scoring motifs were variations of the
polyadenylation signal.

To confirm that UNR binds to spe-
cific transcript isoforms in males and
females, we performed new RIP exper-
iments and assessed the presence of spe-
cific UTRs by RT-PCR on a subset of
UNR targets (Fig. 8). To test if UNR
binding to a target was linked to the
presence of a sex-specific processing
event, we designed oligonucleotides that
either distinguished mRNAs containing
the sex-specific region or detected a
common region present in male and
female transcripts (Fig. 8, see schematic
representation on the right). In all cases,
the oligos showed no background in
reactions lacking reverse transcriptase
(Fig. 8, lanes 7-12). Smaug (smg) binds
preferentially to UNR in females, and
our in silico analysis indicated that this binding can be
explained by sex-specific expression of the transcript (Fig.
8, see Solexa data on the left). Accordingly, the UNR
association of smg mirrors its relative abundance in males
and females (Fig. 8, first panel, cf. lanes 1,2 with 5,6).
Contrary to smg, the strong female binding bias of eIF3p66
cannot be explained by its relative abundance in both sexes
but correlates with the presence of an alternative 5'-tran-
scription start site in the UNR-bound transcript (Fig. 8,
second panel). Another transcript, Jil-1, binds to UNR
preferentially in males despite being more abundant in
females. Indeed, RT-qPCR using non-sex-specific primers
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indicated that Jil-1 is about three times more abundant in
females (data not shown). Similar to eIF3p66, Jil-1 binding
correlates with the presence of a male-specific transcription
start site in the UNR-bound transcript (Fig. 8, third panel).
Finally, squid (sqd) was shown to be sex-specifically reg-
ulated by alternative splicing: Its second exon was retained
preferentially in males, resulting in the production of a
truncated protein (Hartmann et al. 2011). We could detect
a small difference in the presence of this exon by qPCR
when the input samples from males and females were
compared, although this difference was not visible by RT-
PCR (Fig. 8, fourth panel, F2R2, lanes 1,2; data not shown).
However, UNR clearly bound to this transcript preferen-
tially in males (Fig. 8, fourth panel, lanes 5,6), suggesting
that alternative splicing contributes to the sex-specific
binding bias of sqd. Alternatively, analogous to the re-
cruitment of UNR to msl2 mRNA by SXL, a male-specific
factor could promote UNR binding to sqd. UNR could also
be preferentially associated with sequences exclusive of an-
other male-specific processing event on the F2R2 transcript.
Altogether, these data indicate that alternative splicing and
alternative promoter usage contribute to sex-specific RNA
binding by UNR.

DISCUSSION

Multiple transcripts can be generated from a single gene by
differential promoter usage during transcription or by
a variety of post-transcriptional mechanisms. Here we
show that the conserved RNA-binding protein UNR takes
advantage of this diversity to select transcripts in a sex-
specific fashion.

Microarray and deep-sequencing analysis suggest that
UNR binds to a sizeable set of target transcripts (Fig. 1).
This is perhaps not surprising, given that UNR contains
five cold-shock domains, each of which could bind to RNA
independently (Abaza and Gebauer 2008). The number of
targets identified for other RBPs in Drosophila and other
organisms ranges from a few tenths to several thousand
(Halbeisen et al. 2008). This number is specially high for
proteins with multiple RNA-binding domains even con-
sidering a single cell type (Hafner et al. 2010). In compar-
ison, the number of targets identified here for UNR in
whole adult flies seems nonsaturating. Indeed, the small
overlap between the microarray and deep-sequencing data
suggests that the number of UNR targets is underestimated.
The fact that GO analysis showed significant enrichment
for similar categories when targets from RIP-Chip and RIP-
seq were analyzed also supports this conclusion. Other
factors can also contribute to the limited overlap between
the two sets of data, including the differences inherent to
each technique and the use of a different starting material
for microarray and deep sequencing (cytoplasmic vs. total
extracts, respectively). Large differences have been reported
in a recent microarray analysis comparing whole-cell versus
cytoplasmic RNA (Trask et al. 2009). These investigators
found that up to 31% of the differentially expressed genes
detected using cytoplasmic RNA can be missed by using
total RNA and that the contribution of the nuclear RNA to
total RNA variation is far from negligible.

In addition, an incomplete overlap between identified
genes was detected when the exact same samples were
compared by deep-sequencing and different microarray
platforms (Hoen et al. 2008). The overlap could be as small
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FIGURE 5. Assessment of the correlation between the expression of UNR targets and their
presence in the UNR immunoprecipitates. (A) Relative expression of genes in male and female
adult flies. The transcriptome was sequenced by RNA-seq. The graph represents the
normalized tag count for each gene (log,) in either males or females. (B) Poor correlation
between expression and RIP. The normalized tag count (log,) obtained for each UNR target in
the UNR immunoprecipitates and the total RNA from each sex were compared. (Upper right

corner of each plot) Pearson correlation coefficient.

as 15% when differential gene expression was interrogated.
Furthermore, techniques with similar principles such as
PAR-CLIP and CLIP showed only 58% coincidence in the
targets identified for IGF2BP1 (Hafner et al. 2010). These
data suggest that different technologies and experimental
setups can reveal specific subsets of targets for a given RBP.

Examination of the UNR binding bias indicates that
UNR binds to RNA in a sex-specific fashion (Fig. 3).
Precedence for sex-specific binding existed from the known
UNR targets msl2 and roX (Abaza et al. 2006; Duncan et al.
2006; Patalano et al. 2009). In the case of msi2, UNR is
recruited to the 3" UTR of the transcript by the sex-specific
protein SXL (Abaza et al. 2006). Although recruitment by
sex-specific binding partners could contribute to the UNR
binding profile, this is unlikely to be the sole explanation
for the extensive sex-specific binding bias displayed by this
protein. Rather, other features such as sex-specific expres-
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sion and alternative processing of tar-
gets can explain most of the UNR bind-
ing profile (Fig. 7; Table 4).

A large degree of sex-specific diversity
exists at the molecular level (Ellegren
and Parsch 2007). In adults of Drosoph-
ila, a large proportion of the genes show
sex-biased expression (Fig. 5; Parisi et al.
2004; Ayroles et al. 2009; Graveley et al.
2010). Parisi et al. (2004) attributed sex-
biased expression to the gonads, where
male gonads contribute more sex-spe-
cific genes than female gonads. Compar-
16 ison with those data indicates that only
19% of the UNR target genes are ex-
pected to show gonad-biased expression,
suggesting that the ovary and testis have
little influence on the overall UNR bind-
ing pattern (data not shown).

UNR binding strongly correlates with
the presence of sex-specific UTR seg-
ments (Figs. 7, 8). From the data pre-
sented in Figure 7 and from the visual
examination of a few random cases,
often these segments reflect putative
non-annotated processing events. Recent
RNA-seq data from the Graveley labora-
tory and the modENCODE Consortium
indicate that the number of transcripts
on the annotated portion of the Drosoph-
ila genome is heavily underestimated
(Graveley et al. 2010; The modENCODE
Consortium 2010). Work from these
investigators has nearly tripled the frac-
tion of genes with alternatively spliced
transcripts and increased the number of
edited genes by one order of magnitude.
In addition, Hartmann et al. (2011) de-
tected sex-specific changes in 26% of splice junctions that
were annotated as constitutive. These data indicate that the
sex-specific transcriptome is more complex than previously
anticipated. We hypothesize that UNR takes advantage of this
complexity to enforce sex-specific gene expression. Further-
more, UNR could contribute to the generation of sex-specific
complexity by influencing alternative processing or mRNA
stability.

UTRs provide a wealthy source of regulatory diversity. In
germ cells of Caenorhabditis elegans, promoters are active
by default while post-transcriptional regulation via 3' UTRs
confers cell-type specific expression, primarily by providing
recognition sites for inhibitory RBPs (Merritt et al. 2008).
Alternative UTR generation by transcriptional and post-
transcriptional mechanisms may contribute to sex-specific
regulation by UNR and other RBPs. For example, it has
been shown that sex-specific qualitative and quantitative
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FIGURE 6. Expression of targets with the strongest UNR binding bias in either sex. UNR
targets showing a P-value = 0 in either sex were classified according to their relative sex-specific

expression.

differences in the expression of RBPs contribute to shape
the sex-specific transcriptome (Hartmann et al. 2011). One
such protein is hrp40/squid, which is one of the UNR
targets identified in our study. A comparison between a list
of 260 RBPs in Drosophila and the list of UNR targets
reported here indicates that 19% of the RBPs are encoded
by UNR targets (Supplemental Table SIII). These results
suggest that UNR contributes to sex-specific gene expres-
sion in part by regulating the expression of other RBPs,
and highlight the existence of extensive cross-regulation
between RBP networks.

MATERIALS AND METHODS

Extract preparation

Adult male and female flies of mixed ages were manually
separated, snap-frozen, and ground in liquid nitrogen. Cytoplas-
mic extract preparations were obtained as previously described
(Wilhelm et al. 2000). Total extract preparations were obtained by

UNR target

aprotinin) and homogenizing the suspen-
sion with a DIAX 900 homogenizer (Hei-
dolph). One additional volume of HB was
added, and the mix was incubated for 10
min on ice and further homogenized for 1
min. The homogenate was centrifuged for 20
min at 13 Krpm in the microfuge, and the
supernatant was recovered. Salts were added
to 150 mM KCl and 5 mM Mg(Cl),, and the
extract was used for immunoprecipitation.

RNA-immunoprecipitation (RIP)

Immunoprecipitation of UNR was performed from saturating
amounts of either cytoplasmic or total Drosophila adult extracts
using purified IgG from serum generated against a C-termi-
nal fragment of UNR (Abaza et al. 2006). Immunoprecipitation
from cytoplasmic extracts was performed as previously described
(Abaza et al. 2006). Immunoprecipitation from total extracts was
performed using protein A-magnetic beads (Invitrogen). After
extensive washing with IxXNET (50 mM TRIS-HCI at pH 7.5, 150
mM NaCl, 1 mM EDTA, 0.1% NP-40), beads were resuspended in
elution buffer (50 mM Tris-HCl at pH 7.4, 5 mM EDTA, 10 mM
DTT, 1% SDS) and treated with 40 g of proteinase K. RNA was
then extracted from the supernatant using TRIzol, precipitated,
and treated with DNase (TURBO-DNA free kit; Ambion). A
similar protocol was used to obtain RNA for RT-qPCR validation
studies, except that the RNA was obtained by direct extraction
from the magnetic beads using TRIzol. The amount of RNA was
assessed by NanoDrop measurement. The quality of the RNA used
in RIP-Chip and RIP-seq experiments was assessed in the
Bioanalyzer. The efficiency of immunoprecipitation and the
integrity of UNR were monitored by Western blot.

UNR binding score (log2 M/F)

Transcript expression (logz M/F)

UTR expression (logz M/F)

UTR region expression (logz M/F)

FIGURE 7. UNR binding correlates with sex-specific UTR processing. (Left panel) Representation of the relative UNR binding scores for 1400
UNR gene targets against the expression ratio (normalized tag count) of the transcript closest to the UNR binding ratio. (Middle panel) The
relative UNR binding scores were plotted against the expression ratio of the annotated alternative UTR isoform closest to the UNR binding ratio.
(Right panel) The UTRs of UNR targets were scanned in a base-by-base manner (see main text for explanation), and the value of the male-to-
female coverage ratio closest to the UNR binding ratio was plotted. The position of msl2 (red dot) is highlighted in all graphs. (Upper right corner

of each plot) Pearson correlation coefficient.
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TABLE 4. Sex binding bias explanation for 16617 UNR targets

Explained by Expression 42%
UTR only 25%
UTR + internal exon 16%
Internal exon only 2%
Not explained 14%

Microarray

RNA obtained from RIP of cytoplasmic extracts was used to
generate probes for microarray hybridization using the pico
version of the ExpressArt mRNA Amplification Kit (Artus)
following the manufacturer’s instructions. Identical amounts of
male and female probes were hybridized against each other in
custom-made microarrays printed at the Transcriptome Platform
of Barcelona University (Beltran et al. 2007). These microarrays
contain the Drosophila Genome Oligo Set version 1.1 (Operon
Biotechnologies, Inc.), a collection of 14,593 70-mer oligos
representing 13,577 Drosophila genes, in addition to negative
and spike-in controls (for a complete description, see Beltran et al.
2007). Microarrays were hybridized at the CRG Genomics Facility
following the Corning protocol for UltraGaps slides and scanned
using the Agilent scanner, and the images were processed with
GenePix image analysis software v6.0. All GenePix Results (GPR)
data files were analyzed with R and the Bioconductor modules
for the analysis of high-throughput data (Gentleman et al. 2004;
Smyth 2004). Spots not fulfilling the quality thresholds were
eliminated from the analysis, and the data

were background-corrected with the normexp

method (Ritchie et al. 2007) and normal-

tags uniquely mapped to the Drosophila genome are indicated
in Table 1. All tags falling in the same strand within exons of
Drosophila transcripts were considered. To compare fold ratios
between different experiments, the number of tags per gene
computed for each sample was normalized for the total number
of tags produced in each experiment. Furthermore, a P-value was
assigned to each tag count based on a 2 X 2 x> test similar to that
previously used for SAGE experiments (Michiels et al. 1999). This
method considers simultaneously the enrichment in the IP versus
the IgG control and the overall number of tags in both samples. The
two IP replicates per sex were considered separately for the P-value
calculation. A strict Bonferroni-corrected P-value threshold of 5 X
10° was established in order to have an FDR of 0.05. A target was
considered positive if the P-value associated with the tag count was
lower than this threshold and if the fold ratio IP/IgG = 2.

Sequencing of the Drosophila transcriptome was performed
from total RNA of adult male and female flies following the NlaIII
and RNA-seq protocols. A comparison of both protocols for genes
producing at least 20 tags in each sex shows a Pearson correlation
of 0.9, indicating that they are comparable (Supplemental Fig. S1).
Because the RNA-seq protocol produces more tags, we used the
results of RNA-seq throughout this work. Moreover, RNA-seq
permits us to quantify not only the overall level of expression of
genes, but also of alternative transcript isoforms, thus giving
a more accurate view of the transcriptional landscape.

RT-qPCR

Similar amounts of male and female extracts (confirmed by
Western blot against tubulin and UNR) were either mixed or

+RT -RT
ized using QLIN (Futschik and Crom}?ton Solexa data: i 1gG oUnr i IgG aUnr
2005). T.he l%st of UNR targets was obtz.nned Expr | Binding MEMEMFEMEMEME
by considering only genes detected in at F1 R1
least four arrays and falling in the upper smg 494 | 646 ||[FIR1=S == - —_—
third of intensity distribution. UNR sex- f1 R
specific targets were estimated by comput- FIR] = = - &
ing differential expression analysis using eif3p66| -1.05 | -2.83 —_—
the Bioconductor limma R package (Smyth F2R1Y—- - F2
2004) with an FDR corrected P-value of F1 R1
<0.1. . FIR1 = —
Jil-1 -0.88 | 1.93
gy T—
F2R1e= - B
Solexa F2R2
g F2R2 - =
Sequencing of UNR targets by Solexa was sq 287 1 0.9 —— T
performed at the CRG Genomics Facility FaR4 — F4R4
using the Illumina NlalII protocol. Analysis
of the raw data indicated a similar number 18S - FIR1 -
of total reads per sample after eliminating
Lane: 12 3456i789 101112

the linker sequences (10 X 10° to 15 X 10°
reads), indicating a comparable sample size.
Tags were then mapped against the Drosoph-
ila genome (BDGP release 5) available at the
UCSC Genome Browser using the seqmap
tool (Jiang and Wong 2008), allowing at most
two mismatches per tag and considering only
tags mapping unambiguously on the genome
for further analysis. Details on the number of
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FIGURE 8. UNR binds to specific transcript isoforms in males and females. UNR was
immunoprecipitated from male (M) or female (F) adult extracts, and the presence of specific
RNA isoforms in the pellet was evaluated by RT-PCR. Immunoprecipitations with rabbit IgG,
and parallel amplifications without reverse transcriptase (—RT), were carried as negative controls.
The amplification of the 18S rRNA is shown as an indication of background. (Left panel) Relative
expression and binding data obtained by Solexa deep sequencing [log,(M/F)]. A schematic
representation of the RNA targets and the oligos used for amplification is shown on the right.
Segments in red and blue indicate alternative annotated regions that we find over-represented in
females or males, respectively, as deduced from our Solexa data.



Drosophila UNR binds RNA in a sex-specific manner

used separately for the immunoprecipitation experiments of
Figures 2 and 3C, respectively. Parallel experiments with rabbit
IgG were performed as negative controls. The same volumes of
immunoprecipitated material were reverse-transcribed with Su-
perScript I (Invitrogen) using a mixture of oligo(T) and random
hexamers. Quantitative PCR was performed in a LightCycler 480
(Roche) using LightCycler 480 SYBR Green I Master Mix. Values
were corrected for the 28S rRNA, which was amplified as
a background control. For each target, the anti-UNR value was
expressed relative to the IgG control and normalized to 28S rRNA
enrichment.

DATA DEPOSITION

The microarray data set has been submitted to GEO under
ID number GSE30963. All Solexa sequencing data have
been deposited in GEO under accession number GSE33178.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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