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Alternative splicing of precursor mRNA (pre-mRNA) is a strategy employed by most eukaryotes to increase
transcript and proteomic diversity. Many metazoan splicing factors are members of multigene families, with each
member having different functions. How these highly related proteins evolve unique properties has been unclear.
Here we characterize the evolution and function of a new Drosophila splicing factor, termed LS2 (Large Subunit 2),
that arose from a gene duplication event of dU2AF50, the large subunit of the highly conserved heterodimeric
general splicing factor U2AF (U2-associated factor). The quickly evolving LS2 gene has diverged from the splicing-
promoting, ubiquitously expressed dU2AF50 such that it binds a markedly different RNA sequence, acts as
a splicing repressor, and is preferentially expressed in testes. Target transcripts of LS2 are also enriched for
performing testes-related functions. We therefore propose a path for the evolution of a new splicing factor in
Drosophila that regulates specific pre-mRNAs and contributes to transcript diversity in a tissue-specific manner.
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Alternative splicing is the complex process by which
many different eukaryotic mRNAs are generated from
nuclear precursor mRNAs (pre-mRNAs). The splicing of
one transcript in several different ways allows the gener-
ation of vast proteomic diversity from a comparatively
smaller number of genes (Nilsen and Graveley 2010).
These alternatively spliced transcripts are often re-
stricted to particular tissues and encode proteins that
are critical to proper tissue function (Wang and Burge
2008). Regulation of pre-mRNA splicing is achieved
through the interaction of RNA sequence elements and
a variety of related RNA-binding protein factors (Black
2003; Ben-Dov et al. 2008; Wang and Burge 2008). Many
different alternative splicing patterns exist (Black 2003).
All of these involve the employment of one splice site
over another. The efficiency with which splice sites are
recognized and their ability to recruit functionally com-
petent spliceosome components regulate splice site uti-
lization (Nelson and Green 1988; Yu et al. 2008). These
efficiencies can be modulated by the binding of factors
that enhance or repress splice site use (Blanchette et al.

2005). The recognition and determination of 39 splice
sites is primarily carried out by U2-associated factor
(U2AF) (Ruskin et al. 1988; Zamore and Green 1989).
The essential, highly conserved U2AF general splicing
factor is a heterodimer composed of large (U2AFLS) and
small (U2AFSS) subunits that promotes spliceosome as-
sembly (Ruskin et al. 1988; Singh et al. 1995). U2AF is
conserved among all eukaryotic species, from Schizosac-
charomyces pombe to humans. U2AFLS (dU2AF50 in
Drosophila) recognizes the polypyrimidine tract at the
39 end of the intron (Zamore and Green 1989; Kanaar et al.
1993), while its cooperating partner, U2AFSS (dU2AF38 in
Drosophila), interacts with the intron-terminal AG di-
nucleotide (Merendino et al. 1999; Wu et al. 1999; Zorio
and Blumenthal 1999). U2AFLS additionally cooperates
with the branch point adenosine-binding SF1 through
interactions in its C-terminal pseudo-RNA recognition
motif (RRM) (Kent et al. 2003; Selenko et al. 2003).
Following these contacts, the 39 end of the intron is then
competent for interaction with U2 snRNP. U2AF there-
fore functions to promote spliceosome assembly. Much
work has been done concerning the evolutionary conser-
vation of the cis-acting RNA sequence elements. Many
sequence elements are widely conserved even across vast
evolutionary distances and often lead to similar splicing
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patterns in the orthologous transcripts (Brooks et al.
2011). However, little is understood about how related
family members of the RNA-binding proteins that medi-
ate these splicing effects arise and diverge to acquire distinct
and diverse functions (Baek and Green 2005; Akerman et al.
2009). These distinct functions allow evolutionarily related
proteins to form regulatory networks, with each member
controlling the splicing of specific transcripts through the
recognition of specific sequence motifs. Here, we identi-
fied and characterized the appearance and evolutionary
divergence of a Drosophila splicing factor that we termed
LS2 (Large Subunit 2, also known as CG3162). LS2 arose
from a retroduplicated copy of the highly conserved,
positively acting dU2AF50, and has diverged sufficiently
from dU2AF50 such that it is highly specialized in its
specificity, function, and expression.

Results

LS2 evolved from a retroduplicated copy of dU2AF50

LS2 and dU2AF50 are 55% identical and 70% similar at
the primary sequence level (Supplemental Fig. 1). Using
the amino acid sequences of several U2AF large subunit

and LS2 genes, we determined that the LS2 gene arose via
a duplication event before the most recent common
ancestor of all Drosophila (Fig. 1A). The LS2 orthologs
are in syntenic positions in each Drosophila genome. We
could not detect an LS2 ortholog in mosquitoes or
honeybees. Given the estimated ages of the most recent
common ancestor of Drosophila and mosquitoes, and the
most recent common ancestor of the 12 Drosophila
species analyzed (Tamura et al. 2004), we conclude that
the duplication event that gave rise to LS2 occurred
between 60 and 250 million years ago. Sequence analysis
of the dU2AF50 orthologs revealed little divergence be-
tween the orthologs, consistent with the conserved
function of the U2AF large subunit and its requirement
for viability (Kanaar et al. 1993). However, the LS2
orthologs were comparatively highly diverged. Thus,
while the dU2AF50 orthologs are under much constraint
and negative selection to retain their current function,
the LS2 orthologs may be free to acquire new functions
and may be under positive selection. While the dU2AF50

in Drosophila melanogaster contains five introns, LS2
does not contain any introns. This implies the use of an
RNA intermediate during the gene duplication process,
consistent with the idea of a retroduplication event.

Figure 1. LS2 arose and diverged in func-
tion from dU2AF50 in Drosophila. (A) Phylo-
genetic tree of LS2, dU2AF50, and orthologs
from honey bees, mosquitoes, and humans.
The non-Drosophila gene sequences are the
single most similar genes to both dU2AF50

and LS2 in each of the three outgroup
genomes. Clades with >90 credibility value
are denoted with a black circle. (B) Venn
diagram showing the overlap of splice junc-
tions affected by dU2AF50, dU2AF38, and
LS2 RNAi knockdown. (C) A scatter plot of
splice junctions affected by dU2AF50 and
LS2 RNAi knockdown. Axes represent the
log2 change of splice junction intensity in
response to RNAi of the indicated protein.
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LS2 controls splicing of a transcript pool that is distinct
from that of dU2AF50

To determine whether LS2 was simply a redundant form
of dU2AF50, we used Drosophila splice junction micro-
arrays to determine the splicing events sensitive to
dU2AF50, dU2AF38, and LS2 after RNAi knockdown in
Drosophila S2 cells (Blanchette et al. 2005). We verified
that LS2 expression was efficiently knocked down (Sup-
plemental Fig. S2A). Analysis of the microarray results
revealed that dU2AF50, dU2AF38, and LS2 affected the
splicing of 378, 497, and 311 splice junctions in 206, 276,
and 168 genes, respectively (Supplemental Fig. 2B; Sup-
plemental Table 1). dU2AF50 is a core splicing factor,
and as such may not be expected to specifically regulate
distinct transcripts. Nevertheless, our data are consistent
with previous studies in which core spliceosomal factors
did have such specificity (Park et al. 2004; Sridharan et al.
2011). Although the collection of splice junctions sensi-
tive to dU2AF50 and LS2 depletion overlapped to a small
extent, the majority of them were unique to either pro-
tein (Fig. 1B). To more precisely characterize the relation-
ship between the splice junction targets of each protein,
we incorporated the magnitude and direction of splice
junction changes upon knockdown. These plots showed
little correlation between the responses to dU2AF50 and
LS2 knockdown (Fig. 1C). Thus, these two proteins have
distinct splice junction specificities and functions. In
contrast, there was a strong correlation of the responses
to dU2AF50 and dU2AF38 knockdown (Supplemental Fig.
2C), consistent with their known physical and functional
interactions (Rudner et al. 1998b). We also observed an
intermediate correlation of the responses to LS2 and
dU2AF38 knockdown, implying a possible functional in-
teraction. Finally, we validated several of the predicted
splicing changes predicted by the microarray using semi-
quantitative RT–PCR (Supplemental Fig. 2D).

LS2 has diverged from dU2AF50 in RNA sequence
recognition specificity

To directly determine whether dU2AF50 and LS2 recog-
nize similar or different RNA-binding sites, we used in
vitro binding site selection (SELEX) to determine an
optimized RNA-binding sequence motif for LS2. Similar
analyses with the large subunit of U2AF showed that
U2AFLS preferentially recognizes pyrimidine-rich se-
quences, consistent with its role in spliceosome assembly
through recognition of the polypyrimidine tract (Singh
et al. 2000; Sickmier et al. 2006). In contrast, although the
LS2 and dU2AF50 proteins are highly related in primary
sequence throughout their RRMs (Supplemental Fig. 1),
the purified LS2 protein preferentially binds to a G-rich
RNA motif with much less degeneracy at specific posi-
tions (Fig. 2A). This RNA-binding specificity was con-
firmed using quantitative electrophoretic mobility shift
RNA-binding assays using an RNA probe containing the
SELEX-derived motif (Fig. 2B) and a mutant probe that
much more closely resembled a polypyrimidine-rich
RNA (Fig. 2C). Similar to the measured equilibrium
dissociation constant (Kd) of 2.2 mM for purified dU2AF50

binding to a polypyrimidine RNA, the apparent Kd of the
LS2 protein for its RNA SELEX motif was 1.9 mM (Fig.
2D). The LS2 protein showed a much lower affinity for
the mutant probe. Additionally, as was also the case for
dU2AF50, the highly positively charged N-terminal argi-
nine and serine-rich (RS) domain was required for high-
affinity RNA binding but did not play a role in sequence
specificity (Fig. 2D; Rudner et al. 1998a). Finally, the
purified recombinant LS2/dU2AF38 heterodimer bound
RNA much more tightly than the LS2 monomer alone
(Supplemental Fig. 3). The apparent equilibrium Kd of the
heterodimer for a G-rich RNA was 150 nM, similar to the
affinity of the U2AF heterodimer for a polypyrimidine
RNA (Rudner et al. 1998a). The heterodimer also showed
greater nonspecificity in RNA binding that may be due to
the presence of an additional RS domain provided by
dU2AF38. However, the LS2–dU2AF38 heterodimer still
bound preferentially to a G-rich RNA. The increased
nonspecificity for G-rich versus pyrimidine-rich DNA of
the LS2–dU2AF38 heterodimer compared with the LS2
monomer is also consistent with the previously docu-
mented RNA-binding properties of human and Drosoph-
ila U2AF (Rudner et al. 1998a).

If the derived SELEX motif for LS2 binding is correct
and the target transcript pool from the LS2 RNAi knock-
down splice junction microarray data are direct targets of
the LS2 protein, we reasoned that the G-rich LS2-binding
motif should be enriched in the LS2-affected genes over
all other unaffected transcripts. Similar patterns of RNA-
binding motif enrichment have been observed previously
with known splicing factors with well-defined RNA-
binding motifs and from in vivo transcript-binding data
(Blanchette et al. 2009). We detected such an enrichment
(P-value < 1 3 10�5) of preferred LS2 RNA-binding motifs
in the 168 LS2-affected genes (Fig. 2E).

LS2 interacts with dU2AF38 in an RNA-independent
manner

U2AFLS functions in spliceosome assembly in conjunc-
tion with the small U2AF subunit U2AFSS. U2AFSS func-
tions as a core splicing factor whose role is to recognize
the intron-terminal AG dinucleotide (Merendino et al.
1999; Wu et al. 1999; Zorio and Blumenthal 1999).
U2AFLS and U2AFSS in humans and Drosophila interact
through a hydrophobic interface (Zamore and Green
1989; Rudner et al. 1998b; Kielkopf et al. 2001) that, in
both LS2 and dU2AF50, is located in between the RS
domain and the first RRM. Both dU2AF50 and LS2
contain the critical hydrophobic residues necessary for
this interaction (Supplemental Fig. 1). To test whether
LS2 can interact physically with dU2AF38, we performed
GST pull-down interaction assays with recombinant LS2
and dU2AF38 proteins. GST-tagged dU2AF50 and LS2
bound recombinant dU2AF38 (Fig. 3A, lanes 3,4), and this
interaction was dependent on the presence of the putative
U2AFSS interaction domain (Fig. 3A, lanes 5,6). Addition-
ally, recombinant LS2 and dU2AF38 coeluted from an ion
exchange column at 900 mM KCl, consistent with a
hydrophobic interaction between the two proteins (data
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not shown). To test whether LS2 and dU2AF38 interact in
Drosophila cells, we used a stably transfected S2 cell
line that expressed an epitope-tagged LS2. Endogenous
dU2AF38 could be coimmunoprecipitated with polyoma
(also known as Py or Glu–Glu)-tagged LS2 from these S2
cell nuclear extracts (Fig. 3B, lanes 1,2). This interaction
was resistant to RNase treatment (Fig. 3B, lanes 3,4), in-
dicating that these two proteins were interacting physi-
cally, not simply bound to the same RNA. However,
dU2AF38 could not be immunoprecipitated using a poly-
oma antibody from S2 cell extract containing a Flag-
tagged version of LS2, indicating the specificity of the
interaction (Fig. 3B, lanes 5,6). Additionally, there is likely
to be a functional interaction between LS2 and dU2AF38 in
vivo based on the moderate correlation and overlap of
splice junction population changes in response to LS2 and
dU2AF38 knockdown (Fig. 1B; Supplemental Fig. 2C). We

therefore propose that LS2 has co-opted a fraction of the
cellular dU2AF38 population for use on its distinct tran-
script pools in extraspliceosomal functions.

Expression of LS2 is highly enriched in testes

Many alternative splicing events are specific to a partic-
ular cell or tissue type. A common mechanism for
achieving this specificity is to restrict expression of the
necessary splicing factors to the appropriate tissues, as
is the case for the mammalian nervous system-specific
factors nPTB (Kikuchi et al. 2000; Markovtsov et al.
2000) and Nova (Buckanovich et al. 1993). Although
dU2AF50 expression is ubiquitous, consistent with its
function as a general splicing factor, FlyAtlas expression
microarray data indicated that LS2 mRNA was preferen-
tially expressed in the testes (Chintapalli et al. 2007).
To confirm that this is also true for LS2 protein, we

Figure 2. LS2 has diverged in RNA-binding sequence specificity from dU2AF50, and its binding motif is enriched in its target
transcripts. (A) SELEX-derived PSSM (position-specific scoring matrix) of the RNA sequence recognized by the LS2 protein. (B,C)
Electrophoretic gel mobility shift assays using purified recombinant GST-tagged LS2 protein and a synthetic RNA containing the
SELEX-derived G-rich recognition motif (B) or a mutant RNA in which all of the important guanosine residues (see motif) had been
mutated to cytosine (C). Protein concentrations ranged from 305 pM (lane 1) to 10 mM (lane 16) in twofold increments. (Lane 17) No
protein control. (D) PhosphorImager quantification of the results in A and B. Similar experiments were done using GST-tagged
truncated versions of LS2 lacking the N-terminal RS domain (data not shown). (E) Enrichment of the LS2 recognition motif in its
affected target transcripts. Each point represents the fraction of genes that contain an LS2 recognition motif scoring at the X-axis value
or higher.
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performed immunoblot analysis for LS2 using whole
males, whole females, heads, and testes. While expression
of LS2 in whole flies and in heads compared with the
loading control was negligible, we detected significant
expression in testes, consistent with the mRNA expres-
sion array results (Fig. 4A). Moreover, gene ontology (GO)
analysis on the LS2-affected transcripts revealed several
GO terms, consistent with a role in testes function,
gamete production, and cellular regulation through phos-
phorylation (Fig. 4B; Supplemental Fig. 4A; Al-Shahrour
et al. 2006). Fewer GO term enrichments were seen for
genes affected by dU2AF50 and dU2AF38 (Supplemental
Fig. 4B,C), consistent with their ubiquitous expression
and function as general, spliceosome-associated splicing
factors. If expression of LS2 was highly enriched in testes,
we hypothesized that expression of the LS2 target tran-
scripts should also be testes-enriched. Using FlyAtlas
tissue expression data, we found that 87.4% of all
genes expressed in S2 cells are also expressed in testes
(Chintapalli et al. 2007). However, 97.5% of LS2 targets
identified from S2 cells are expressed in testes, represent-
ing a significant enrichment (P < 0.0001, x2 test). Further-
more, when the magnitude of expression is taken into
account, the LS2 mRNA targets tend to be much more
highly expressed in testes than either all Drosophila
genes or those present in S2 cells (Fig. 4C).

LS2 acts as a splicing repressor in vitro and in vivo

We then asked where positional enrichments of LS2 rec-
ognition motifs were located in the endogenous target
transcripts of LS2 that were identified by the RNAi splice
junction microarrays. Analysis of the location of the LS2
recognition motifs near affected cassette exon junctions
showed an enrichment of motifs associated with exon skip-
ping just upstream of the cassette exon (Fig. 5A). This peak
was ;60 nucleotides (nt) upstream of the 39 splice site.

In order to investigate the molecular mechanism by
which LS2 affects splicing of specific transcripts, we
modified the efficiently spliced Drosophila ftz intron by
adding a G-rich LS2-binding site motif 65 nt upstream of
the 39 splice site (Fig. 5B). This placed the LS2-binding site
upstream of both the polypyrimidine tract and the branch
point adenosine. We then monitored splicing of this
modified pre-mRNA in HeLa cell nuclear splicing extract
in the presence or absence of purified recombinant LS2/
dU2AF38 heterodimer protein or LS2 protein alone. In
these in vitro splicing assays, the splicing efficiency of the
LS2-binding motif-containing pre-mRNA was signifi-
cantly decreased in the presence of purified recombinant
LS2/dU2AF38 heterodimer (Fig. 5C [lanes 9,10], D), as
well as in the presence of the uncomplexed LS2 protein
(Fig. 5E; Supplemental Fig. 5), indicating that LS2 has
repressive activity even in human splicing extracts. Ad-
ditionally, both LS2 alone and the LS2/dU2AF38 hetero-
dimer repressed splicing of the G-rich motif-contain-
ing RNA in a concentration-dependent manner (Fig. 5E;
Supplemental Fig. 6A). However, splicing of the substrate
lacking the G-rich LS2-binding motif was unaffected by
the addition of the LS2/dU2AF38 heterodimer or uncom-
plexed LS2 protein (Fig. 5C [lanes 4,5], D,E), indicating
that the effect of LS2 is specific and dependent on its
ability to bind RNA through its specific recognition
motif. The ability of LS2 to repress splicing without the
need for the dU2AF38 small subunit is consistent with the
ability of dU2AF50 and human U2AF65 to activate splic-
ing without dU2AF38 or U2AF35, respectively (Zamore
et al. 1992; Kanaar et al. 1993).

LS2 was not able to substitute for the 39 splice site
definition activity of dU2AF50; that is, LS2/dU2AF38

could not activate the splicing of substrates in which
the polypyrimidine tract had been replaced by the G-rich
LS2 recognition motif (Supplemental Fig. 6B).

Next, we asked whether LS2 also displayed similar
activities in vivo. A minigene construct made from the
Drosophila PEP gene containing a cassette exon was used
to test the effect of LS2 in S2 cells (Fig. 6A). Here, we
inserted a G-rich LS2 recognition motif in the first intron
60 nt upstream of the 39 splice site. This motif was again
upstream of both the polypyrimidine tract and the branch
point adenosine. In this assay, splicing repression would
be manifested near the cassette exon, leading to increased
skipping of the internal exon. We monitored the exon
inclusion levels of both the wild-type and motif-inserted
minigenes by RT–PCR in response to the overexpression
of LS2.The basal level of inclusion of the cassette exon in
this minigene was ;90% (Fig. 6B,C). Overexpression of

Figure 3. LS2 interacts physically with dU2AF38. (A) Immuno-
blots from GST pull-down experiments using purified recombi-
nant GST-tagged dU2AF50 (lanes 1,2), LS2 (lanes 3,4), or an LS2
truncation lacking the putative dU2AF38 interaction domain
(lanes 5,6), and Escherichia coli lysates containing His-tagged
dU2AF38 (see Supplemental Fig. 1). Eluates from the pull-downs
were then immunoblotted using anti-dU2AF50 and anti-LS2 (top

panel) or anti-dU2AF38 (bottom panel) antibodies. (B) Immunoblot
analysis from coimmunoprecipitation experiments performed
with epitope-tagged LS2 expressed in S2 cells. Polyoma (GLU–
GLU) epitope-tagged LS2 was immunoprecipitated from S2 ex-
tracts in the presence (+; lanes 1,2) or absence (�; lanes 3,4) of
RNase A, and the precipitates were immunoblotted using anti-
LS2 (top panel) or dU2AF38 (bottom panel) antibodies. (Lanes 1,3,5)
In all cases, the immunopurified proteins were compared with
input lysate lanes (Input). (Lanes 5,6) To show specificity, similar
experiments were done using Flag-tagged LS2 (negative control).
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LS2 had very little effect on the splicing of the wild-type
construct. Similarly, the insertion of a neutral, unrelated
sequence motif 60 nt upstream of the 39 splice site had
a very modest effect. However, insertion of an LS2 rec-
ognition motif significantly shifted the splicing toward
exclusion of the cassette exon, likely due to the action of
endogenous LS2. Moreover, unlike the wild-type con-
struct, the splicing of the motif-containing construct was
sensitive to the level of LS2 because overexpression of LS2
further shifted the splicing toward exon exclusion (Fig.
6B,C). These results are consistent with the repressive
activities of LS2 detected in vitro, its role as a potent
splicing repressor, and the bioinformatically predicted
positional enrichments of LS2 RNA-binding motifs. We
also detected another LS2-binding motif enrichment, as-
sociated with exon inclusion, located ;120 nt 39 of the
downstream splice site (Fig. 5A). Repression at the down-
stream splice site may kinetically allow splicing to occur
at the cassette exon, causing its inclusion. Both enrich-
ments are therefore consistent with the proposed function
of LS2 as a splicing repressor. Although previous studies
had identified G-runs as important splicing regulatory
motifs in mammals (Xiao et al. 2009), these runs were
associated mainly with 59 splice sites and are bound by
hnRNP H. The LS2 recognition sequence is not a G-run,
but rather a motif with guanosines enriched at specific
positions. Additionally, the motif’s action as a splicing
repressor is greatly increased by overexpression of LS2.

LS2 interacts with its predicted targets in Drosophila
S2 cells and has functionally diverged from dU2AF50

To determine whether LS2 interacts with its targets as
predicted by the splice junction microarray, we per-

formed immunoprecipitations of LS2 protein from stably
transfected cells expressing polyoma epitope-tagged LS2.
Using PSI protein as a negative control, we determined
that the immunoprecipitation was specific for LS2 (Fig.
6D). We then used RT–PCR of anti-LS2-immunoprecipi-
tated or nonimmune IgG-immunoprecipitated RNA with
gene-specific primers to assay for specific LS2 protein–
RNA interactions. We detected a significant enrichment
of several predicted target transcripts in the LS2 immu-
noprecipitates over both the input and negative control
nonimmune IgG immunoprecipitates (Fig. 6E). The ac-
tion of LS2 as a splicing repressor rather than an activator
demonstrates its functional divergence from dU2AF50.
Consistent with this divergence, activation of 39 splice
sites could not be detected in constructs where the
normal polypyrimidine tract was replaced by the LS2
G-rich sequence motifs (Supplemental Fig. 6B). If LS2
could serve as a surrogate, albeit opposite, form of
dU2AF50, we hypothesized that the polypyrimidine tracts
of LS2-affected splice junctions would be weaker than
expected; that is, several of the pyrimidines in the
polypyrimidine tract would be replaced by guanosines
to allow LS2 binding. Toward this end, we analyzed the
polypyrimidine tracts and 39 splice sites of targets of
several alternative splicing factors, including LS2, as well
as those of all 48,550 introns interrogated by the splice
junction microarray, using MaxEntScore (Yeo and Burge
2004). This analysis takes into account only the last 22 nt
of the intron and therefore would not be expected to
detect the motif enrichment that was detected 60 nt
upstream of the 39 splice site (Fig. 5A). Using these data,
we conclude that the polypyrimidine tracts of LS2 target
splice junctions are not any stronger or weaker than ex-
pected and do not contain anything resembling the G-rich

Figure 4. LS2 and its target transcripts are enriched in
testes and regulate testes-related functions. (A) Immu-
noblot analysis of lysates from whole flies, heads, and
testes probed with anti-PSI (loading control) and anti-
LS2 antibodies. (B) Enriched GO terms for the LS2-
affected genes (Al-Shahrour et al. 2006). P-values were
calculated using a two-tailed Fisher’s exact test. (C)
Testes expression levels of all genes, genes expressed in
S2 cells, and genes affected by LS2. The Y-axis is the
mean expression level from four Affymetrix Dros2
expression arrays (Chintapalli et al. 2007). Whiskers
represent the maximum and minimum values, boxes
represent the 25th and 75th percentiles, crosses repre-
sent the mean value, and lines represent the median
value. P-values were calculated using a two-tailed
t-test.
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LS2 SELEX motif (Supplemental Fig. 7A), indicating that
LS2 has diverged from the 39 splice site-centric role of
dU2AF50. Interestingly, we also noted that the introns
affected by LS2 are significantly longer than those affected
by other characterized alternative splicing factors (Supple-
mental Fig. 7B). While the median lengths of all Drosophila
introns and those affected by dU2AF50 knockdown were 85
nt and 121 nt, respectively, the median length of introns
affected by LS2 knockdown was 422 nt (P-value < 0.0001,
Student’s t-test).

Although it is curious that knockdown of a core
splicing factor like dU2AF50 resulted in splicing changes
at specific junctions and not a global down-regulation in
splicing, this was consistent with previous studies that

had shown similar effects with S. pombe U2AF temper-
ature-sensitive mutants and RNAi depletion of Drosoph-
ila core spliceosome proteins (Park et al. 2004; Sridharan
et al. 2011).

LS2 is specifically expressed in differentiated cells
in the Drosophila testes

Recent mRNA-seq studies have shown that cells in the
Drosophila testes undergo extensive changes in alterna-
tive splicing patterns upon differentiation, and testes, like
the brain and nervous system, are known hot spots of
alternative splicing in mammals (Venables and Eperon
1999; Elliott and Grellscheid 2006; Gan et al. 2010). In

Figure 5. LS2 inhibits splicing of the ftz intron in vitro. (A) Motif location and clustering in LS2-affected cassette exons. LS2-affected
cassette exons were searched for LS2 recognition motifs in 50-nt overlapping windows. Motif-containing windows were called as
significant (red bars) if they contained a significant motif enrichment (P-value < 0.05) and were part of a stretch of at least five
consecutive significant windows. LS2 recognition motifs associated with cassette exon inclusion are displayed on top, while motifs
associated with cassette exon skipping are on the bottom. (B) Diagram of the modified ftz intron in vitro splicing substrate generated
with and without a G-rich LS2 recognition motif inserted 65 nt upstream of the 39 splice site. (C) In vitro splicing reaction of the wild-
type (lanes 1–5) and LS2 SELEX motif-containing (lanes 6–10) ftz substrates using HeLa cell nuclear extract in the presence or absence of
purified recombinant GST-tagged LS2/dU2AF38 heterodimer. The identity of each RNA species is shown schematically at the right and
left of the panel. (CP) Creatine phosphate. Reactions were carried out without HeLa nuclear extract (lanes 1,6); with nuclear extract but
without ATP and CP (lanes 2,7); with nuclear extract, ATP, and CP (lanes 3,8); and with nuclear extract, ATP, CP, and 500 ng of
recombinant LS2/dU2AF38 heterodimer protein (lanes 4,5,9,10). (D) PhosphorImager quantification of the results in B. The Y-axis
represents the ratio of all splicing intermediate species to the unspliced pre-mRNA, with intensities for each species normalized to
their length and all ratios normalized such that the value for wild-type (WT) ftz without added LS2/dU2AF38 heterodimer is 1.0. Error
bars represent standard deviations of four to six experiments. (E) In vitro splicing efficiency of wild-type (WT) ftz and LS2 motif ftz in
the presence of varying amounts of purified recombinant LS2 and LS2/dU2AF38 heterodimer. Quantification was performed as in D.
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general, the overall complexity of alternative splicing
events decreases upon differentiation in the Drosophila
testis, when the testes stem cell population adopts more
restricted cell fates as the spermatocytes develop and
mature. Consistent with this decrease in the overall
complexity of alternative splicing patterns, there is a con-
comitant decrease in expression of a majority of splicing
factors during testes differentiation (Gan et al. 2010).
In contrast, this recent mRNA-seq study reported that
LS2 is one of the few splicing factors whose expres-
sion increases dramatically upon testes differentiation
(Gan et al. 2010). Consistent with this mRNA profiling
data, immunofluorescence localization studies using
flies expressing GFP-tagged Histone-2Av and affinity-puri-
fied anti-LS2 antibody indicated that, while LS2 protein
was expressed in differentiated spermatocytes, it was not
expressed in the undifferentiated stem cells at the testis
tip (Supplemental Fig. 8). These testis tips were pheno-
typically normal, however, as evidenced by the ample
GFP fluorescence from the tagged histone in the tip.

Discussion

Although the evolutionary patterns of splice sites and
splice signals have been well documented (Brooks et al.
2011), little is known about how the proteins that rec-
ognize these sites and signals acquired their distinct
functions and specificities. Many of these factors belong
to large multigene families, with the SR proteins and
hnRNP proteins being two notable examples (Dreyfuss
et al. 1993; Shepard and Hertel 2009). It has been difficult,
though, to determine how and when these family mem-
bers diverged. Our findings indicate that the Drosophila
genome acquired a new gene encoding a novel splicing
factor, LS2, >60 million years ago through a retrotranspo-
sition gene duplication event. The quickly evolving LS2
gene subsequently diverged from its progenitor in its
RNA-binding sequence specificity, expression pattern,
and function to become an independent factor with a
vastly different regulatory capacity and influence. We
believe this to be the clearest example yet described of

Figure 6. LS2 acts as a splicing repressor in vivo, is enriched at specific positions in its target transcripts, and binds its predicted
targets. (A) The minigene splicing reporter used with or without an LS2 G-rich binding motif inserted 60 nt upstream of the cassette
exon (white). (B) Effect on exon inclusion in S2 cells as measured by RT–PCR of RNA expression from the minigenes carrying the LS2
recognition motif and LS2 overexpression. (Lane 1) Splicing pattern without LS2 motif or LS2 overexpression. (Lane 2) Splicing pattern
without LS2 motif, but with LS2 overexpression. (Lane 3) Splicing pattern with LS2 motif, but without LS2 overexpression. (Lane 4)
Splicing pattern with LS2 motif and LS2 overexpression. (Lane 5) Splicing pattern with neutral motif (see the Supplemental Material)
and without LS2 overexpression. The left schematic denotes inclusion (top) or exclusion (bottom) product. (C) Quantification of results
in B. Error bars represent standard deviations from three independent biological replicates. (D) Drosophila S2 cells stably expressing
epitope-tagged (Glu–Glu, also called Py) LS2 protein were lysed and LS2 was immunoprecipitated using either anti-Py antibodies (lane
5) or nonimmune IgG (lane 4), and was detected using anti-PSI antibodies (top panel) or anti-LS2 antibodies (bottom panel). Input
protein is shown in lane 1 (5% of input). PSI protein was detected and used as a negative control for immunoprecipitation. Both
immunoprecipitation pellets and flowthrough material for IgG (lanes 2,4) or anti-Py antibody (lanes 3,5) are shown. (E) Immunopre-
cipitation of LS2 nuclear RNP complexes followed by RT–PCR of predicted affected transcripts using equal amounts of immunopre-
cipitated or input RNA. These included two CaMKII isoforms, ferrochelatase, nonA, two RpL3 isoforms, and Sp7. cDNA amplification
products specific for each gene were compared between input RNA, LS2-immunopurified, and nonimmune IgG-immunopurified RNA
samples.

Evolution of splicing regulation

GENES & DEVELOPMENT 615



how gene duplication and divergence can result in the
many related, yet distinct, splicing factors found in
mammalian genomes. Furthermore, these results give
an example of how these processes can transform a dupli-
cated copy of a ubiquitously expressed and generally act-
ing splicing factor into a tissue-specifically expressed and
highly specialized component of a dedicated biological
system.

Generally, new genes in Drosophila that are formed by
retrotransposition events show a propensity to leave the
X chromosome for the autosomes (Betran et al. 2002).
More specifically, the phenomenon of acquisition of
male-specific expression and function following gene
duplication of an X-linked parental copy has been de-
scribed for a multitude of genes in the Drosophila genome
(Parisi et al. 2003). This may be due to the possibly
disadvantageous overexpression of X-linked genes in
males due to dosage compensation (Baker et al. 1994)
or the increased risk of uncomplemented deleterious
mutations due to X chromosome hemizygosity in males
(Oliver 2002). The autosomal LS2 gene appears to be
a very old instance of this phenomenon. dU2AF50 is
X-linked, and the LS2 ortholog is found on chromosome
2R in the same syntenic context in all 12 sequenced
Drosophila genomes. The burst of protein sequence
evolution common to all of the Drosophila LS2 orthologs,
combined with the maintenance of an intact but fast-
evolving ORF, may allow for identification of specific
LS2 amino acid residues that have undergone positive
selection—a common fate for such genes (Proschel et al.
2006) during establishment and evolution.

In addition to showing a general male bias in expression
and function, it has also been observed that many
duplications of X-linked genes in Drosophila end up with
a large testes-specific bias in expression (Bai et al. 2008),
as is the case for the LS2 gene. Many of these genes,
including LS2, have specifically identified motifs in their
promoter regions that may contribute to a testes-biased
expression pattern (Bai et al. 2009). Consistent with this,
chromatin immunoprecipitation with sequencing (ChIP-
seq) data from the modEncode consortium show a large
enrichment of acetylation at histone H3 Lys 9 (H3K9),
usually associated with transcriptionally active regions,
in the promoter region of LS2 in males but not in females
(Liang et al. 2004; Celniker et al. 2009). LS2 gene
expression increases significantly upon testis cell differ-
entiation, and, through its action as a splicing repressor,
may serve to suppress the many possible alternative
splicing events typical of an undifferentiated stem cell
in order to funnel the population of mature spliced
mRNA isoforms toward a simpler, cell type-specific
pattern. Although we cannot distinguish whether LS2
expression and function is a cause or consequence of
testes differentiation, we suggest that LS2 acts to promote
testes differentiation through its action on testes-impor-
tant target pre-mRNA transcripts. Because, in mammals,
many RNA-binding proteins are members of multigene
families (Martinez-Contreras et al. 2007), similar evolu-
tionary associations among related RNA-binding protein
family members are likely to exist in other organisms.

Many of these factors and their functions have yet to be
characterized. The relationship between LS2 and dU2AF50

investigated here may provide a conceptual framework for
future studies of the appearance and evolution of other
splicing factors, including those of the multigene families
commonly found in all mammalian genomes.

Materials and methods

dU2AF50/LS2 sequence alignments

Sequence alignments of dU2AF50 and LS2 were performed using
ClustalW (http://www.ebi.ac.uk/Tools/clustalw2/index.html).
Visualizations were done using Jalview.

dU2AF50/LS2 phylogenetic analysis

Annotated orthologs of dU2AF50 (CG9998) and LS2 (CG3162)
were extracted from the 11 other Drosophila genus sequenced
genomes. For each, the genomic context (neighboring genes) was
manually inspected to confirm orthology. The closest homologs
in mosquitoes (Anophele gambiae), honey bees (Apsis mellifera),
and humans were identified by blastp search. For each of these
outgroups, the most similar protein sequence to both CG9948
and CG3162 was a single gene: XP_311994.3 for mosquitoes,
XP_623055.1 for honey bees, and NP_001012496.1 for humans.
The genomic context in mosquito, honey bee, and human ge-
nomes was inspected and did not support a closer relationship to
dU2AF50 or LS2—none of the neighboring genes was shared with
any of these species. Of note, however, is that in no case was the
mosquito, honey bee, or human homolog X-linked. This set of
protein sequences was aligned using muscle version 3.7 using
default parameters. The protein sequence alignment was then
used as a fixed guide to align the corresponding codons of each
genes’ coding sequence. Phylogeny of these sequences was in-
ferred using MrBayes (version 3.1.2) under a three-partition
model in which the first and second codon positions evolve in
a two-state model with g rate variation. The third codon position
was modeled to evolve under a six-state model with a separate
g rate. MCMC sampling was allowed to proceed for 900,000
generations, of which 100,000 were discarded as burn-in. The
resulting consensus tree and its clade credibility values are
shown in Figure 1A.

Splice junction microarray analysis

For each microarray hybridization, 1 mg of total RNA from the
LS2 knockdown and 1 mg of total RNA from a nonspecific
knockdown were amplified and converted to aRNA using the
MessageAmp II aRNA Amplification kit following the manufac-
turer recommendations (Ambion) and labeled with Cy5 and Cy3
monoreactive dye, respectively (GE Healthcare). The custom
splicing-sensitive microarray used was based on FlyBase version
5.15 and interrogates 49,364 annotated splicing events from
13,344 different genes with three overlapping 36-nt oliognucleo-
tide probes: one centered at the splice junction, and two probes
offset by 3 nt on each side of the splice junction. In addition, one
fully exonic probe per 100 nt of each mRNA, on average, were
added. The 348,650 different probes were distributed randomly
onto two custom Agilent 220K arrays and used for hybridization
of each cDNA sample. The microarrays were then processed and
scanned following the manufacturer’s recommendation (Agilent
Technologies). The Feature Extraction reports were loaded into R
(http://www.r-project.org) and Lowess-normalized using the mar-
ray package (Gentleman et al. 2004; Smyth 2004). The genes with
affected alternative splicing were first identified using ANOVA,
comparing the group of exonic probes common to all transcripts
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with the different groups of splice junction probes corresponding
to every splicing event of a given gene. The genes with Q-values
<0.001 (adjusted using Benjamini-Hocheberg correction) were
then subjected to t-tests to identify the group of junction probes
significantly affected with a P-value of #0.001.

RNA SELEX

RNA SELEX was performed as described previously (Amarasinghe
et al. 2001), with minor modifications described in the Supple-
mental Material.

Electrophoretic mobility shift assays

Electrophoretic mobility shift assays were performed using
purified recombinant GST-tagged LS2 protein and in vitro
transcribed RNA probes. For detailed methods, see the Supple-
mental Material.

LS2/dU2AF38 interaction assays

GST pull-downs were performed using GST-tagged dU2AF50

protein or GST-tagged LS2 protein, purified as described above.
Recombinant dU2AF38 protein was also expressed as described
above. To 1 mL of dU2AF38-expressing Escherichia coli lysate,
50 mg of purified dU2AF50 large subunit was added. The final
concentrations of the GST-LS2 and dU2AF38 proteins were
;650 nM and 400 nM, respectively. The reaction mixture was
then rotated for 1 h at 4°C. Fifty microliters of glutathione
agarose beads, washed in buffer A (see GST-LS2 protein purifi-
cation, above) was then added and the reaction was rotated for
another hour at 4°C. The beads were then pelleted and washed
four times with 1 mL of buffer A. The beads were then boiled in
50 mL of protein sample buffer. Samples were then run on an
SDS-PAGE gel and analyzed by Coomassie staining (data not
shown) or immunoblotting. For the coimmunoprecipitation of
LS2 and dU2AF38 proteins, RNP-enriched nuclear extracts from
S2 cells stably expressing polyoma-tagged LS2 protein were used
(Pinol-Roma et al. 1990). RNP-enriched extract was stored in
HNEB2 (10 mM HEPES at pH 7.6, 100 mM KCl, 2.5 mM MgCl2,
0.2% NP-40, 0.2 mM PMSF). Twenty-five microliters of protein
G beads (GE Healthcare) containing cross-linked anti-polyoma
(GLU–GLU) antibodies was washed three times with 1 mL of
HNEB2. Fifty microliters of RNP-enriched extract was then
added and the reaction was incubated for 1 h at 4°C with rotation.
For RNase-treated extracts, the extracts were pretreated with 20
mg/mL RNase A for 20 min at room temperature and then allowed
to continue digestion during incubation with the anti-polyoma
beads (1 h at 4°C). The beads were then washed four times with 1
mL of wash buffer (20 mM HEPES-KOH at pH 7.6, 400 mM LiCl,
2.5 mM MgCl2, 0.2% NP-40, 0.2 mM PMSF, 0.5 mM DTT). The
beads were then boiled in 25 mL of SDS protein sample buffer and
analyzed by SDS-PAGE and immunoblotting.

Motif enrichment in affected transcripts

The SELEX data were analyzed using MEME (Bailey and Elkan
1994), and the position-specific scoring matrix (PSSM) of the
preferred LS2-binding sites was used to search the LS2-affected
transcripts identified from the splice junction microarray, com-
pared with the rest of the expressed transcriptome not affected
by LS2 RNAi knockdown. The relative fraction of transcripts
containing at least one LS2-binding site with different motif
scores was calculated and plotted. The error bars in Figure 2E
correspond to the bootstrapped standard deviation of the pop-
ulation of transcripts at the different motif score.

Motif placement in affected transcripts

In order to analyze the enrichment of the LS2-binding motif(s) in
genes with LS2 RNAi knockdown-affected alternative splicing,
only simple alternative splicing patterns corresponding to al-
ternative cassette exons, competing donor sites, competing ac-
ceptor sites, and intron retention events were considered for
modeling purposes. The affected alternative splicing events from
every simple splice pattern type were further divided into two
groups, either positively or negatively affecting exon inclusion
of the longer isoform. A 400-nt region surrounding each affected
splice site of the corresponding splicing events was used to
identify the best motif score within a window of 50 nt. For each
window, a t-test was performed to compare the population of
motif scores from the affected events with the population of the
best motif scores of the corresponding window in all of the other
known Drosophila alternative splicing events of a given type but
not affected in the LS2 RNAi knockdown samples. The P-values
from these tests were plotted below every splice type analyzed.
The red bars in Figure 5A correspond to regions of at least five
consecutive best score windows with P-values of #0.05 sepa-
rated by at most three windows above the P-value cutoff.

Testis enrichment of LS2 protein and its pre-mRNA targets

Whole-cell lysates containing approximately half of a whole fly,
one head, and one pair of testes were separated by SDS-PAGE
and immunoblotted for the PSI and LS2 proteins. GO analysis
of the LS2-affected transcripts was done using Babelomics
version 3.2 (http://babelomics3.bioinfo.cipf.es; Al-Shahrour
et al. 2006). The testis mRNA expression levels of LS2 RNAi
knockdown-affected transcripts were calculated using expres-
sion microarray data from FlyAtlas (http://www.flyatlas.org;
Chintapalli et al. 2007). The mean fluorescence level from four
independent Affymetrix Dros2.0 expression arrays was used as
the testes expression level of that particular gene. For the S2
cell data sets, only genes identified as present in S2 cells in at
least one out of four microarray experiments were used. For the
LS2 RNAi knockdown-affected data set, only the 168 genes
whose splicing was changed upon knockdown of LS2 were
used.

In vivo splicing assays

Cassette exon constructs containing exons 1–3 of the PEP
(CG6143) gene either without or with two LS2 recognition
motifs (GGCGGCGGTGGGGGGTGGTGGCGGG) or a neutral
motif (TGCACCCTCTGATGCACCCTCTGA) inserted 60 nt
upstream of the cassette exon were created using overlap PCR.
These constructs were cloned into pMT-V5-His (Invitrogen) and
their expression was under the control of the metallothionein
promoter. To overexpress LS2, we used an LS2-cDNA cloned
into pUC-hyg-MT such that expression of LS2 was also under
control of the metallothionein promoter. Twenty-four hours
before transfection, 2 mL of 1 3 106 cells per milliliter were
seeded in a six-well plate. The cells were then transfected with
0.5 mg each of PEP �motif, PEP + motif, or PEP + neutral motif-
containing plasmid DNA, and pUC-hyg-MT-LS2 or blank pUC-
hyg-MT plasmids. Transfections were done using Effectene
(Qiagen). One day later, Cu2SO4 was added to 50 mM. Two days
after copper addition, the cells were harvested and total RNA
was isolated. Reverse transcription was done using random
hexamers, and PCR was done using specific primers that amplify
the exogenous PEP and not the endogenous PEP. The quantities
and sizes of the RT–PCR products were then analyzed using an
Agilent 2100 Bioanalyzer.
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In vitro splicing assays

In vitro splicing assays were performed as described previously
(Padgett et al. 1983).

Similar to the in vivo splicing assays, an LS2 recognition motif
was inserted into the ftz intron 65 nt upstream of the 39 splice
site. The ftz intron was transcribed in vitro using T7 RNA
polymerase and a32P-UTP. It was then gel-purified using a 5%
polyacrylamide denaturing gel. In vitro splicing reactions were
then set up in 20-mL final volumes with 8 mL of HeLa nuclear
extract, 8 mL of 2.53 SP mix, 3 mL of LS2/dU2AF38 heterodimer
(;500 ng) or blank buffer, and 1 mL of RNA (20 fmol, ;20,000
counts per minute [cpm]). SP mix (2.53) contained the following:
5 mM ATP, 50 mM creatine phosphate, 25% glycerol, 50 mM
HEPES (pH 7.6), 7.5% PEG 8000, 62.5 mM potassium glutamate,
and 10 mM MgCl2. The KCl concentrations of the HeLa nuclear
extract and heterodimer fractions were both 100 mM. The final
concentrations of glutamate, chloride, and potassium were
therefore 25 mM, 55 mM, and 80 mM, respectively. The re-
actions were incubated for 3 h at 30°C, then phenol/chloroform-
extracted, ethanol-precipitated, and washed once with 70%
ethanol. They were then resuspended in 10 mL of urea/bromo-
phenol blue/xylene cyanol and subjected to denaturing gel
electrophoresis on a prerun 0.4-mm-thick 12% polyacrylamide-
urea gel for 7 h at 25 W. The gel was then fixed for 20 min in 10%
methanol and 10% acetic acid. It was then dried and exposed
using a PhosphorImager. Quantitation was done using a Typhoon
PhosphorImager with ImageQuant software (GE Healthcare).
Quantitation was done by first normalizing the intensity of each
band according to its length in nucleotides. The spliced ratio was
then calculated by adding up the intensities of all splicing
intermediates and products and dividing by the unspliced pre-
mRNA. Those results were then normalized by setting the
splicing efficiency of wild-type ftz pre-mRNA in the absence of
heterodimer to 1.0.

RNA immunoprecipitation (RIP) of predicted LS2
target pre-mRNAs

Polyoma (Glu–Glu)-tagged LS2 protein was immunoprecipitated
from S2 nuclear RNP-enriched extracts (Pinol-Roma et al. 1990).
The extracts were stored in HNEB2 (see above). Nine-hundred
microliters of extract was incubated with 100 mL of beads
containing anti-polyoma antibodies that had been washed four
times with 1 mL HNEB2. As a control, an immunoprecipitation
using IgG was also done. The reaction was incubated for 4 h at
4°C. The resin was then washed four times with 1 mL of wash
buffer (20 mM HEPES at pH 7.6, 100 mM KCl, 5 mM MgCl2, 0.5
mM DTT, 0.2 mM PMSF, 50 U/mL RNasin [Promega]). The
beads were then resuspended in 100 mL of 13 RQ1 DNase buffer
(Promega). Five units of RQ1 DNase (Promega) was then added
and the reaction was incubated for 1 h at 37°C. RNA was then
eluted by phenol/chloroform-extracting the beads and ethanol-
precipitating. The pellet was washed twice with 1 mL of 70%
ethanol. The pellet was then resuspended in 15 mL of H2O. RNA
concentration was measured using a Nanodrop spectrophotom-
eter. Equal amounts of polyoma or IgG-immunoprecipitated
RNA and RNA isolated from the starting RNP-enriched extracts
were then used for RT–PCR using random hexamers. Individ-
ual bound transcripts were then assayed using HotStart PCR
(Qiagen) and gene-specific primers.

Testes immunofluorescence

Testes from 1- to 3-d-old males expressing GFP-tagged His2Av
were dissected into cold Ringers solution (0.35 g NaCl in 50 mL
of water). Approximately 10 pairs of testes were then fixed using

13 PBX (PBS supplemented with 0.1% Triton X-100 and 0.5%
BSA) with 4% formaldehyde for 15 min at room temperature.
The testes were then washed three times with 13 PBX for 2 min
each. Blocking was done for 1 h at room temperature in 1 mL of
2% normal goat serum. Fixed testes were then incubated with
primary antibody diluted 1:500 in 13 PBX overnight at 4°C.
They were then washed three times with 1 mL of 13 PBX for 15
min each. Secondary (donkey anti-rabbit AlexaFluor 568) was
then added at 1:400 dilution for 2 h at room temperature. Testes
were then washed three times with 1 mL of 13 PBX for 15 min
each. Testes were then mounted on a slide and imaged using an
Axioimager 373 microscope.
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