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ABSTRACT

Metazoan replication-dependent histone mRNAs are not polyadenylated, and instead terminate in a conserved stem-loop
structure generated by an endonucleolytic cleavage involving the U7 snRNP, which interacts with histone pre-mRNAs through
base-pairing between U7 snRNA and a purine-rich sequence in the pre-mRNA located downstream of the cleavage site. Here we
generate null mutations of the single Drosophila U7 gene and demonstrate that U7 snRNA is required in vivo for processing all
replication-associated histone pre-mRNAs. Mutation of U results in the production of poly A* histone mRNA in both
proliferating and endocycling cells because of read-through to cryptic polyadenylation sites found downstream of each
Drosophila histone gene. A similar molecular phenotype also results from mutation of SIbp, which encodes the protein that
binds the histone mRNA 3’ stem—loop. U7 null mutants develop into sterile males and females, and these females display defects
during oogenesis similar to germ line clones of SIbp null cells. In contrast to U7 mutants, S/bp null mutations cause lethality. This
may reflect a later onset of the histone pre-mRNA processing defect in U7 mutants compared to S/bp mutants, due to maternal
stores of U7 snRNA. A double mutant combination of a viable, hypomorphic Slbp allele and a viable U7 null allele is lethal, and
these double mutants express polyadenylated histone mRNAs earlier in development than either single mutant. These data
suggest that SLBP and U7 snRNP cooperate in the production of histone mRNA in vivo, and that disruption of histone pre-mRNA
processing is detrimental to development.
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INTRODUCTION regulation of histone mRNAs is post-transcriptional and is
mediated by the 3" end of the mRNA (Luscher et al. 1985;
Harris et al. 1991; Zheng et al. 2003). Thus, a complete
understanding of cell-cycle-regulated histone mRNA pro-
duction requires a full understanding of the factors required
for histone pre-mRNA processing.

The processing of histone pre-mRNAs requires two cis
elements and a number of trans-acting factors. The cis
elements are the stem—loop at the 3" end of histone mRNA
and a purine-rich region downstream of the cleavage site,
termed the histone downstream element (HDE). A protein
called stem-loop binding protein (SLBP) (Wang et al. 1996)
or hairpin binding protein (HBP) (Martin et al. 1997) spe-
cifically binds the 3" end of histone mRNA. SLBP is required
for histone pre-mRNA processing in vivo (Sullivan et al.
2001; Kodama et al. 2002; Pettitt et al. 2002) and accompa-
nies the mRNA to the cytoplasm (Erkmann et al. 2005),

Chromosome duplication during the cell cycle requires the
production of histones during S phase to package newly
replicated DNA into chromatin. Bulk histone production
during S phase is achieved through the biosynthesis of
replication-dependent histone mRNAs, which are cell-
cycle regulated and accumulate only in S phase. In animal
cells these histone mRNAs are unique: The 3’ end termi-
nates in a conserved 26-nt sequence that forms a stem—loop
rather than in a poly A" tail (Marzluff 2005). As histone
genes lack introns, the only processing step required for
mature histone mRNA production is endonucleolytic cleav-
age of the pre-mRNA to form the 3’ end of the mRNA
(Dominski and Marzluff 1999). Much of the cell-cycle
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where it promotes the translation of the histone mRNA
(Sanchez and Marzluff 2002; Whitfield et al. 2004). The
HDE binds U7 snRNP by base-pairing with the 5" end of
U7 snRNA (Schaufele et al. 1986; Mowry and Steitz 1987;

396 RNA (2006), 12:396-409. Published by Cold Spring Harbor Laboratory Press. Copyright © 2006 RNA Society.



Genetic analysis of Drosophila U7 snRNA

Cotten et al. 1988; Soldati and Schumperli 1988). In mam-
mals, SLBP, the U7 snRNP, and a U7 snRNP-associated zinc
finger protein called ZFP100 (Dominski et al. 2002) coop-
erate to recruit an endonuclease complex that cleaves the
pre-mRNA. Recent evidence indicates that CPSF73, a com-
ponent of the complex that mediates AAUAAA-directed cleav-
age prior to polyadenylation, is the likely endonuclease (Dom-
inski et al. 2005a; Kolev and Steitz 2005). This revealed some
unexpected overlap in the machinery carrying out histone pre-
mRNA processing and canonical polyadenylation.

The U7 snRNA is a small RNA (55-70 nt) that, like the
spliceosomal snRNAs, contains both a trimethyl guanosine
cap and an Sm binding site, which is essential for its function
(Grimm et al. 1993; Schumperli and Pillai 2004). The Sm site
in these snRNAs stably binds a complex of seven related
proteins of the LSm/Sm family to form the core snRNP
particle. Proteins of the LSm/Sm family share a common
tertiary structure called the Sm fold that assembles into
hexameric or heptameric rings capable of binding single-
stranded RNA. The U snRNPs contain a heptameric Sm
ring, with each of the seven individual subunits making a
specific contact with a residue in the Sm binding site of the
snRNA (Khusial et al. 2005). The heptameric Sm ring of
spliceosomal snRNPs contains the proteins SmB/B’, SmD1,
SmD2, SmD3, SmE, SmF, and SmG. In contrast, the U7
snRNP contains five of these Sm proteins (B/B1, D3, E, F,
G) and two novel Sm proteins called LSm10 and LSm11 that
replace SmD1 and SmD?2 of the spliceosomal snRNPs (Pillai
et al. 2001, 2003). The Sm site found in U7 snRNAs is
distinct from the Sm site in spliceosomal snRNAs and is
responsible for incorporation of LSm10 and LSmll into
the U7 snRNP (Schumperli and Pillai 2004; Azzouz et al.
2005). In addition to the Sm fold that participates in
ring formation, LSm11 contains an NH, terminal extension
that makes contacts with ZFP100 and possibly other
components of the histone pre-mRNA processing machinery
(Azzouz et al. 2005; E. Wagner and W.F. Marzluff, unpubl.).

The role of U7 snRNP in histone pre-mRNA processing
has been examined primarily in nuclear extract systems that
support the processing of synthetic histone pre-mRNAs,
and by monitoring the processing of histone pre-mRNAs
injected into Xenopus ooctyes (for review, see Dominski
and Marzluff 1999). Complementary mutations in U7
snRNA and the HDE provided early evidence that base-
pairing between the 5" end of U7 and the HDE was an
important part of U7 snRNP function (Schaufele et al.
1986; Bond et al. 1991). Furthermore, blocking the 5" end
of the U7 snRNA with a complementary oligonucleotide
specifically inhibits processing of synthetic histone pre-
mRNAs in nuclear extracts (Cotten et al. 1991; Dominski
et al. 2003). However, the contribution of U7 snRNA to
endogenous histone mRNA biosynthesis and whether this
contribution is important for animal development have not
been examined. To explore these issues, we have generated
and characterized U7 snRNA mutations in Drosophila.

Drosophila provides an excellent model for examining the
complexities of histone mRNA biosynthesis in a multicel-
lular organism (Sullivan et al. 2001; Lanzotti et al. 2002,
2004a,b; Marzluff and Duronio 2002). Drosophila has a
single set of replication-dependent histone genes, which
are present in ~100 tandem repeats of a 4.5-kB unit con-
taining one copy of each of the five histone mRNAs (Lifton
et al. 1978). This gene cluster is subject to multiple mecha-
nisms of regulation that provide the histone proteins for the
different types of cell cycles that occur during Drosophila
development, including the early syncytial cell cycles that
lack gap phases, the endocycles of polyploid tissues, and the
canonical cycles of proliferating diploid cells in the CNS
and imaginal discs.

Drosophila SLBP (Sullivan et al. 2001), U7 snRNA (Dom-
inski et al. 2003), and U7 snRNP specific proteins Lsm10
and Lsml1 (Azzouz and Schumperli 2003), have all been
identified, and we have begun to characterize them geneti-
cally. Mutations in the Drosophila Slbp gene block normal
histone pre-mRNA processing during embryonic develop-
ment and result in production of polyadenylated histone
mRNAs as a consequence of read-through past the normal
processing site (Sullivan et al. 2001; Lanzotti et al. 2002).
This occurs because each of the five Drosophila histone
genes contains cryptic polyadenylation sites downstream
of the HDE that are utilized in the absence of SLBP (Lan-
zotti et al. 2002). Null mutations of Slbp cause lethality
during larval and pupal stages, presumably because of the
histone processing defects, although the precise cause of
lethality is not known. Slbp mutant cells are capable of
replicating chromatin, likely because the inappropriate poly-
adenylated mRNAs are translated. A hypomorphic Slbp
mutant allele that produces reduced amounts of SLBP
protein results in the production of both normal and
poly A" histone mRNAs during embryogenesis, but does
not cause lethality. However, these viable mutant females
lay eggs that contain reduced amounts of histone mRNA
and protein and do not develop (Sullivan et al. 2001; Lanzotti
et al. 2002). Thus, SLBP is required during both zygotic
development and oogenesis.

Here we report the study of mutations in the U7 snRNA
gene, and compare the resulting phenotypes with those
caused by mutation of Slbp. Our results indicate that U7
snRNA is required for normal histone mRNA biosynthesis
during Drosophila development and that, like Slbp muta-
tions, loss of U7 snRNA results in the production of poly-
adenylated histone mRNAs. However, unlike Slbp null
mutants, U7 null mutants are viable, but both males and
females are sterile. This difference in terminal phenotype is
most likely because the maternal supply of U7 snRNA
delays the onset of the histone processing defect in U7
mutants relative to Slbp mutants, which do not have a
significant maternal supply of SLBP protein. Both U7 and
SLBP are required for normal histone mRNA biosynthesis
in the female germ line, and mutation of either gene dis-
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rupts oogenesis. These data indicate that loss of SLBP and
U7 cause similar molecular phenotypes in Drosophila and
suggest that early expression of this molecular phenotype
prevents normal development.

RESULTS

U7 snRNA null mutants are viable but sterile

To examine the contribution of U7 snRNA to histone mRNA
production during animal development, we generated null
alleles in the Drosophila U7 gene. The U7 locus is located
within an intron of the differentially spliced Eip63E gene
(Dominski et al. 2003), which encodes a CDK-like Ser/Thr
kinase that is induced in response to the fly hormone ecdy-
sone (Stowers et al. 2000; Rascle et al. 2003; Fig. 1A). We
obtained from the Drosophila Gene Disruption Project (Bel-

len et al. 2004) a stock carrying a P element transposon
(EY11305) that inserted 8 nt downstream of the Sm protein
binding site between nucleotides 43 and 44 of the 71-nt U7
snRNA (Fig. 1B,C). U7°"%%> homozygous animals develop
into adult flies with no overt morphological defects. How-
ever, both males and females of this genotype are completely
sterile. Precise excision of the EY11305 P element restored
male and female fertility, indicating that the U7°""? homo-
zygous adult sterility was caused by the P element insertion.

We generated five additional U7 alleles by genetically
mobilizing the EY11305 P element (see Materials and
Methods). Three of these (U79 . U7, and U720) contain
an insertion ranging from 20 to 41 nt, including sequence
from both the 5" and 3" ends of the P element (Fig. 1D). The
insertions are located downstream of the Sm site and after
the first 6 nt of the terminal stem. The other two alleles
(U7" and U7%) retain a larger portion of the P element that
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FIGURE 1. Mutation of the Drosophila U7 gene. (A) Schematic of the Eip63 locus. The five
identified Eip63 mRNAs species are shown, with open boxes indicating variably spliced exons
and closed boxes indicating invariant exons. The scale bar indicates genomic DNA in kilobase
pairs. The U7 gene is located at position ~79K. The right breakpoint of Df(3L)EI and the left
breakpoint of Df(3L)GN50, located at position ~31K and ~34K, respectively, are shown below
the scale bar. (B) Sequence of the genomic fragment used to rescue the U7 mutant phenotype.
The U7 snRNA transcript is indicated in bold italic. The asterisk indicates the location of the
~10-kb EY11305 P element. The large and the small boxes, respectively, indicate the PSEA and
PSEB essential snRNA promoter elements (Zamrod et al. 1993). The bent arrows indicate
primers used to analyze the excision mutations. Note that the middle and top primers were able
to detect a product in U7*> homozygous mutant animals. (C) Putative U7 snRNA secondary
structure indicating the location of the EY11305 insertion. The underlined sequence indicates
the Sm protein binding site. (D) Molecular characterization of U7 imprecise excision muta-
tions. Each sequence shown (total length in parentheses) is located at the EY11305 insertion site
indicated in panels B and C. The underlined and overlined sequence is derived from the 5" and
3’ end, respectively, of the P element inverted terminal repeat (ITR). The lowercase sequence in
U7%% is not derived from the ITR, and its origin is unknown.
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we did not precisely determine. These
events result from imprecise repair of
the double-strand break induced by
transposase during P-element excision
(Adams et al. 2003). Like the original
U7EYH3% mutation, each of the five
imprecise excision mutations is viable
when homozygous but causes complete
male and female sterility.

To test whether these mutations specif-
ically disrupt U7 and not Eip63 function,
we performed genetic complementation
analyses with various deletions of the
Eip63 locus. Df(3L)EI deletes the 5" third
of Eip63 but not U7, and Df(3L)GN50
deletes the entire U7 gene and the 3’ two-
thirds of Eip63 (Fig. 1A). Df(3L)E1/Df(3L)
GN50 heterozygotes are lethal because
of the loss of Eip63 function (Stowers et
al. 2000). As expected if our mutations
do not affect Eip63, each of the six U7
mutant alleles complements the Df(3L)El
lethality, and the resulting adult male and
female flies are fertile. In contrast, all six
mutations result in viable, sterile flies
when present in trans to Df(3L)GN50
because it removes U7. In addition, a P
element transgene containing only the U7
gene (Fig. 1B) rescues the sterility of U7"%/
U7"3% mutant females and males. We
conclude from these data that all of our
mutant alleles affect U7 function without
affecting Eip63, consistent with the U7
snRNA being derived from an indepen-
dent transcript distinct from that pro-
ducing Eip63E mRNA.

To determine whether the U7 mutants
represent null alleles, total RNA was ex-
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FIGURE 2. Northern analysis of U7 mutants. (A) (Top) Total RNA
extracted from 1- to 2-d-old adult females was fractionated through an
8% polyacrylamide-7 M urea gel, transferred to nitrocellulose, and
probed with 32p_labeled U7 RNA. (Lanes 1-6) RNA from the indicated
homozygous mutant genotypes. (Lane 7) w''® control RNA. Note the
lack of detectable U7 snRNA in the mutant samples. (Bottorn) The same
blot hybridized with a **P-labeled U1 probe as a loading control. (B)
Long exposure of mutant samples. The arrow indicates the low abun-
dance, aberrantly large mutant U7 snRNAs produced by the U7’
excision mutant.

tracted from 1- to 2-d-old adult female flies and subjected to
Northern blot analysis. In wild-type female flies, the U7 probe
detects a characteristic doublet representing RNAs of 71 and
74 nt that result from differential processing of the 3" end of
U7 snRNA (Dominski et al. 2003; Fig. 2A, lane 7). None of the
mutant samples contained detectable levels of either wild-type
U7 snRNA (Fig. 2A, lanes 1-6). Interestingly, the U7” allele
produced very low levels of an RNA that hybridizes with the
U7 probe, but that is larger in size, consistent with the 41-nt
insertion (Fig. 1D; arrow in Fig. 2B, lane 1). Based on the lack
of production of wild-type U7 snRNA, the sterility phenotype,
and the histone mRNA molecular phenotypes described
below, we conclude that all of these alleles are null. The
short insertions in U7°, U7, and U7%° are in a region of the
U7 snRNA that does not have a defined function, and they
likely affect the assembly and/or stability of the U7 snRNP.

U7 snRNA is essential for histone pre-mRNA
processing in Drosophila

To determine how the loss of U7 snRNA affects the biosyn-
thesis of histone mRNA, total RNA isolated from wild-type
or mutant adult female flies was subjected to Northern blot
analysis. A probe derived from the histone H2b gene hybri-
dizes with a single mRNA in wild-type control RNA samples
(Fig. 3A, lane 8). In contrast, H2b mRNAs that migrate more
slowly are detected in all of the U7 mutants (Fig. 3A, lanes 1-
6). An identical phenotype is observed in Slbp"* null mutant
larvae (Lanzotti et al. 2002; Fig. 3A, lane 7), indicating that

the longer mRNAs in the U7 mutants likely represent inap-
propriately polyadenylated histone mRNAs. Each of the U7
mutants produces a similar pattern of aberrant H2b mRNAs
(Fig. 3A), suggesting that they all disrupt histone pre-mRNA
processing to the same extent. Longer, aberrantly processed
mRNAs are also detected in U7 mutants with probes derived
from each of the other four replication-associated histone
genes (Fig. 3B,C). Aberrantly processed histone mRNA is
detected in U7 mutant males as well as females, consistent
with the sterility of both genders (Fig. 3C). Proper histone
H3 processing is partially restored in U7 mutant flies contain-
ing a P element transgene harboring the wild-type U7 gene
(Fig. 3D, lane 1), and these flies are no longer sterile. The
incomplete restoration of H3 processing is likely because the
transgene does not restore wild-type levels of U7 snRNA (see
Fig. 4C, lanes 8-10). These data indicate that the U7 locus
we have identified is required for processing all five of
the replication-dependent histone mRNAs and thus likely
represents the only U7 snRNA encoded in the Drosophila
genome.

To more precisely assess the contribution of U7 snRNA to
histone pre-mRNA processing and to confirm that the aber-
rantly processed histone mRNAs in U7 mutants were poly-
adenylated, S1 nuclease protection analysis of H2a mRNA
was performed with total RNA isolated from wild-type or U7
mutant females and separated into poly A" and poly A~
fractions. In wild-type flies a single protected fragment was
observed that corresponds to the expected 3" end of histone
H2a mRNA (Fig. 3E, lane 12), and that partitions primarily
into the poly A™ fraction (Fig. 3E, lanes 10,11). In the U7
mutant RNA samples, multiple H2a mRNA protected frag-
ments were detected, almost all of which are longer than the
single species detected in wild-type samples (Fig. 3E, lanes
3,6,9). All of the aberrant mRNAs were enriched in the poly
A" fraction (Fig. 3E, cf. lanes 1,4,7 and 2,5,8). These data are
consistent with the use of multiple, inefficient polyadenyla-
tion signals downstream of the normal site of H2a pre-
mRNA processing, as we observed previously in Slbp mutants
(Lanzotti et al. 2002). Importantly, very little, if any, normally
processed H2a was detected in U7 mutant adult female RNA
samples. We conclude from all of the data presented in Figure
3 that U7 snRNP is an essential histone pre-mRNA proces-
sing factor in Drosophila.

Loss of U7 and SLBP affects Drosophila development
differently

Because zygotic mutation of Slbp and U7 results in a similar
molecular phenotype with respect to histone mRNA bio-
synthesis, we expected that development of the animal
would be similarly affected as well. However, Slbp null
mutations cause lethality while U7 null mutations cause
adult sterility. This difference in terminal phenotype may
reflect differences in the maternal contribution of SLBP and
U7. SLBP protein is not contributed maternally (as assessed
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FIGURE 3. Aberrant histone mRNA production in U7 mutants. Total
RNA extracted from 1- to 2-d-old adult females was fractionated
through agarose gels, transferred to nitrocellulose, and probed with
32p_labeled histone probes. (A) H2b probe. (Lanes 1-7) equal amounts
of RNA from the indicated homozygous mutant genotypes. (Lane 8)
WT control RNA. Since Slbp"> homozygotes are lethal at the pupal
stage, SIbp"®> mutant RNA samples were isolated from homozygous
wandering third instar larvae identified as Tb* progeny from Slbp"/
TM6b Tb parents. (B) (Left) H2a probe. (Lanes 1,2) RNA from the
indicated homozygous mutant genotypes. (Lane 3) WT control RNA.
(Top right) H3 probe. (Lanes 1-4) RNA from the indicated homo-
zygous mutant genotypes. (Lane 5) WT control RNA. (Bottom right)
H1 probe. (Lanes 1-3) RNA from the indicated homozygous mutant
genotypes. (Lane 4) WT control RNA. Note that because H1 mRNA is
longer than the other histone mRNAs, and because the cryptic poly-
adenylation site is near the normal processing site (Lanzotti et al.
2002), there is a less pronounced difference in migration between
the wild-type and polyadenylated mRNA. (C) A mixture of histone
H3 and H4 probes hybridized to RNA isolated from adult males or
females of the indicated genotypes. Note that the females contain
more histone mRNA than males because of the large amounts of
production during oogenesis. (D) Transgenic rescue of H3 processing.
(Lane 1) RNA from U7"*/U75% adult females carrying a U7 P
element transgene. (Lane 2) RNA from U7'*/U7""""*% female siblings
of those in lane 1. (Lane 3) RNA from w''’® control adult females. (E)
H2a S1 nuclease protection of mRNA isolated from 1- to 2-d-old adult
females. The RNA was separated into poly A" and poly A~ fractions
prior to analysis. Note the multiple protected fragments in the mutant
poly A" RNA samples, representing the use of multiple cryptic poly-
adenylation signals located downstream of the normal pre-mRNA
processing site (Lanzotti et al. 2002).
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by Western blotting) (Lanzotti et al. 2002), and zygotic
expression of SLBP is required for processing of histone
mRNAs transcribed in the early embryo. In contrast, there
is a substantial amount of U7 snRNA stored in the egg, and
the total amount of U7 snRNA changes relatively little
during the first 8 h of development as assayed by Northern
blotting (Fig. 4A). This maternal U7 snRNA contribution
may be sufficient to support normal histone mRNA syn-
thesis during early development of U7 zygotic mutants,
resulting in a delay in onset of the histone pre-mRNA
processing defect compared to Slbp mutants. This later
onset of the mutant phenotype likely explains the difference
in developmental outcome.

To test this possibility we analyzed histone H3 mRNA
production at different stages of development in U7 mutant
animals (Fig. 4B). Misprocessed (i.e., poly A™) histone H3
mRNA was not detected in U7 mutant embryos by in situ
hybridization using a probe derived from sequences down-
stream of the normal H3 processing site (called H3-ds, for
“H3-downstream”) that specifically detects poly A* histone
H3 mRNA in Slbp mutant embryos (data not shown; Lan-
zotti et al. 2002). Poly A" H3 mRNA was also not detected
in U7 mutant embryos or first instar larvae by Northern
blotting (Fig. 4B, lanes 1,2). We first detected aberrantly
processed, poly A* H3 mRNA in second instar U7 mutant
larvae, although these larvae contain primarily normal and
only small amounts of poly A" histone mRNAs (Fig. 4B,
lane 3). By the wandering third larval instar stage only
aberrant, poly A* H3 mRNA was detected, and thus the
molecular phenotype was identical to that observed in U7
mutant adult female flies (Fig. 4B, lanes 4,5).

The gradual onset of misprocessed, poly A* H3 mRNA
during development is consistent with a gradual depletion
of maternal U7 snRNA. To test this we analyzed U7 snRNA
levels in wild-type and U7 mutant larvae by Northern
analysis. U7 snRNA is clearly detectable but reduced relative
to wild type in both first and second instar U7 mutant
larvae, and is undetectable in third instar mutant larvae
(Fig. 4C). Unexpectedly, wild-type third instar larvae had
greatly reduced amounts of U7 compared to younger larvae
or adult females (Fig. 4C, lane 6), suggesting that there may
be transcriptional shutdown or active removal of U7
snRNA at this stage prior to the reaccumulation of U7
snRNA in the adult fly. These data indicate that both
maternal stores of U7 as well as zygotic expression contrib-
ute to the total level of U7 snRNA in early larvae. The
reduced amount of U7 snRNA in first and second instar
U7 mutant larvae is sufficient to process all of the H3 pre-
mRNA, indicating that U7 snRNA is normally present in
excess. Taken together, our results suggest that the U7
mutant animals have a later onset (i.e., not until third
instar) of the histone pre-mRNA processing defect than
SIbp mutants because of maternal stores of U7 snRNA.

We used Northern analysis of RNA prepared from spe-
cific tissues as well as in situ hybridization to characterize
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FIGURE 4. Developmental onset of the U7 mutant phenotype. (A)
RNA isolated from w'!*® control embryos and subjected to Northern
analysis with a **P-labeled U7 RNA probe. (Lanes 1-3) equal numbers
of 0- to 2-, 2- to 4-, and 4- to 8-h-old embryos, respectively. (B) Equal
amounts of total RNA extracted from different stages of development
and subjected to Northern analysis with a **P-labeled H3 probe. (Lane
1) Embryos collected overnight from U7'*/TM3 heterozygous parents
and allowed to age for 3 h. (Lanes 2-4) Homozygous first, second, and
third instar U7'* mutant larvae, respectively. (Lanes 5,6) 1- to 2-d-old
homozygous U7'* and w''*® control adult females, respectively. Note
that the poly A* H3 mRNA is first detectable in small amounts at the
second larval instar stage, and that wild-type H3 mRNA is absent by
the third larval instar stage. (C) U7 Northern analysis of RNA isolated
from homozygous U7'* or w'''® control larvae and adults. (Odd lanes)
U7'" homozygous mutants collected from U7'*/TM3 P[act-GFP]
heterozygous parents. Note that the detectable U7 snRNA is mater-
nally derived. (Even lanes) w''*® control animals. Hybridization of the
blot with a Ul probe was used as a loading control. (D) H3 Northern
analysis of RNA isolated from eye imaginal discs (lanes 1-3), salivary
glands (lanes 4-6), or whole larvae (lanes 7,8) of the indicated genotypes.

the U7 larval mutant phenotypes in more detail, and to
compare them to Slbp mutant phenotypes. Misprocessed,
poly A* H3 mRNA was present in RNA isolated from third
instar eye imaginal discs and salivary glands dissected from
both U7 and Slbp mutants (Fig. 4D). This indicates that U7
snRNP and SLBP are required for histone pre-mRNA pro-
cessing in both proliferating (imaginal discs) and endocy-
cling (salivary glands) cells.

We next examined the accumulation of misprocessed H3
mRNA in the highly regulated cell cycles of the developing

eye. During larval stages asynchronous cell proliferation
supports eye imaginal discs growth. In late third instar
larvae, a wave of differentiation called the morphogenetic
furrow (MF) sweeps across the eye imaginal epithelium
from posterior to anterior. All cells within the MF arrest
in G1 phase (Fig. 5A, asterisk). Certain of these cells remain
arrested and begin to differentiate. The remaining cells
synchronously enter a final, single cell division cycle called
the second mitotic wave, which can be visualized with the
H3 coding probe (Fig. 5A, arrow), and then subsequently
differentiate. Whereas control eye discs do not stain with
the H3-ds probe (Fig. 5B), in situ hybridization of U7 or
Slbp mutant third instar eye imaginal discs with the H3-ds
probe produced a staining pattern similar to that obtained
using a histone H3 coding probe in wild-type discs (Fig.
5C-F). This includes expression in the asynchronously pro-
liferating cells anterior to the MF and the synchronously
replicating cells of the second mitotic wave just posterior
to the MF. Misprocessed, poly A" H3 mRNAs were not
detected in G1 arrested cells within the MF or in the Gl
arrested terminally differentiating cells posterior to the MF.
This essentially normal staining pattern suggests that poly
A" H3 mRNAs are regulated properly with respect to accu-
mulation during the mitotic cell cycle, including efficient
down-regulation in cells exiting the cell cycle in G1. However,
we cannot exclude the possibility that in these cells the poly
A" mRNAs are not as rapidly down-regulated at the end of S
phase as wild-type histone mRNAs (Lanzotti et al. 2002).

H3 coding

H3 downstream
B & £

FIGURE 5. U7 mutant eye imaginal discs display a wild-type pattern
of polyadenylated H3 mRNA. Eye imaginal discs were dissected from
w!'1® control (A,B), U7'* (C,D), or Slbp15 (E,F) mutant larvae and
subjected to in situ hybridization with an H3 coding probe (A,C,E) or
the H3-ds probe (B,D,F), which detects only misprocessed, poly AT H3
mRNA. The asterisk indicates the morphogenetic furrow, which con-
tains cells arrested in G1 phase. The arrow indicates S phase of the
second mitotic wave. Asynchronously dividing, undifferentiated cells
are located anterior of the MF (right of the asterisk), and differentiat-
ing cells that have exited the cell cycle and that will make up the adult
eye are located posterior to the MF (left of the arrow).
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SLBP and U7 snRNA cooperate in histone pre-mRNA
processing

Synthetic histone pre-mRNA substrates are efficiently pro-
cessed in mammalian nuclear extracts. When there is high
complementarity between U7 snRNA and the HDE in the
synthetic histone pre-mRNA, these extracts will support pro-
cessing after SLBP depletion as well as the processing of
mutant RNAs that cannot bind SLBP (Spycher et al. 1994;
Dominski et al. 1999). This suggests that in vivo the U7
snRNP may be capable of supporting processing in the pres-
ences of very low amounts of SLBP. To examine this issue, we
used the partially functional Slbp™® allele, which produces
SLBP protein at ~10% the amount of wild type. As a result,
Slbp"® mutant embryos produce a small amount of normally
processed histone mRNA in addition to misprocessed mRNA
(Lanzotti et al. 2002). In contrast, at the third larval instar
stage SIbp'’ mutants contain almost entirely normally pro-
cessed histone H3 and H2a mRNA, as detected by Northern
and S1 nuclease protection, respectively (Fig. 6A,B, lane 3). To
test whether production of normally processed histone
mRNA in Slbp'® mutants was U7 dependent, we engineered
U7" Slbp™ double mutants and analyzed histone H3 and H2a
mRNA isolated from whole third instar larva, the earliest time
during development at which the U7 mutant phenotype is
fully expressed (see Fig. 4B). As assayed by Northern blotting,
U7 Slbp' double mutant third instar larvae produced very
little if any processed H3 mRNA, similar to U7 single mutants
(Fig. 6A). This demonstrates that the H3 pre-mRNA proces-
sing occurring in SIbp'® mutants is U7-dependent. In contrast
to the Slbp'® hypomorph, Slbp™® null mutant third instar
larvae contain very little if any processed histone H3 mRNA
(Fig. 6A, lane 2), and mutating U7 in this background does
not alter the phenotype as would be expected (Fig. 6A, lane 4).
Very similar results were obtained by analyzing H2a mRNAs
in these different genotypes by S1 nuclease protection (Fig.
6B). These data suggest that the U7 snRNP can stimulate
histone processing with a reduced amount of SLBP but
that in the absence of SLBP U7 snRNP cannot support pro-
cessing.

Interestingly, the U7"* null and Slbp'® hypomorphic muta-
tions display synthetic lethality: Whereas both U7 and Sibp'®
single mutant animals develop into adults, the U7 Slbp'®
double mutants do not eclose as adults. This result suggests
that the severity of the processing defects may be enhanced as
a result of limiting both SLBP and U7 snRNA, causing
increased misprocessing of histone mRNA earlier in develop-
ment. Indeed, U7"* Slbp"® double mutants produce a greater
proportion of misprocessed, poly A* H3 mRNA at first and
second larval instar stages than either of the Slbp'® or U7'*
single mutants (Figs. 6C and 4B, respectively). In addition,
the H3 mRNA expression profile of U7* Slbp'® double
mutants is similar to that of Slbp'® null mutants, which are
lethal (Fig. 6C). This is most striking at embryonic stages,
where there is a marked increase in poly A" H3 mRNA in the
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FIGURE 6. U7-Slbp double mutant analysis. RNA isolated from the
indicated genotypes was subjected to Northern analysis with a [**P]-
labeled H3 probe (A,C) or Sl nuclease protection analysis with a [*%P]-
labeled H2a probe (B). (A) H3 Northern of third instar larvae. (Lanes 1—
5) RNA from the indicated homozygous single or double mutant geno-
types. (Lane 6) w''"® control RNA. (B) H2a S1 nuclease protection
analysis of third instar larvae. (Lane 1) [**P]-labeled marker (M) RNAs
of the indicated lengths. (Lanes 2-6) RNA from the indicated homo-
zygous single or double mutant genotypes. (Lane 7) w'''® control RNA.
(C) (Lane 1) RNA from embryos collected overnight from heterozygous
parents. Note that one-quarter of the embryos will be homozygous
mutant for the indicated genotypes. (Lanes 2—4) RNA from first, second,
and third instar larvae, respectively, homozygous mutant for the
indicated genotypes. (Lane 5) Control RNA from w''*® third instar
larvae.

U7" Slbp'® double mutants relative to either single mutant
(lane 1 in Figs. 6C, 4B). Thus, the severity of the histone pre-
mRNA processing defect is enhanced as a result of limiting
both SLBP and U7 snRNA, and this increase in severity of the
histone pre-mRNA processing defect may contribute to the
lethality of Slbp'® U7'* double mutants.

Histone pre-mRNA processing is necessary for
oogenesis

U7 mutant female flies are sterile and lay very few eggs,
none of which hatch. These eggs are often smaller than wild
type, some have a defective chorion (e.g., fused dorsal
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appendages), and most are desiccated (not shown). These
data suggest that proper histone pre-mRNA processing is
required during oogenesis, and we therefore analyzed his-
tone mRNA expression in U7 and SIbp mutant ovaries.

The basic unit of Drosophila oogenesis is the egg cham-
ber, which consists of a cyst of 16 interconnected germ cells
surrounded by a single layer of somatic follicle cells (Sprad-
ling 1993). Fifteen of the germ cells differentiate into nurse
cells, which become highly polyploid, and which synthesize
and transport RNA and protein (including histones and
histone mRNA) through cytoplasmic bridges into the single
developing oocyte. The follicle cells contribute to oogenesis
by synthesizing yolk and the eggshell, and by participating
in dorsal/ventral and anterior/posterior axis formation.
Both the follicle cells and the nurse cells become polyploid
via endocycles, which consist of repeated rounds of S phase
interrupted by a gap phase with no intervening mitosis
(Lilly and Duronio 2005). Histone mRNA accumulation
during endocycles correlates with S phase (Sullivan et al.
2001). Because the cells do not replicate in synchrony, this
appears as a mosaic in situ hybridization staining pattern in
both nurse cells and follicle cells using a histone H3 coding
probe (Ambrosio and Schedl 1985; Ruddell and Jacobs-
Lorena 1985; Walker and Bownes 1998; Fig. 7A). Late in
oogenesis, there is a burst of histone mRNA synthesis in the
nurse cells that is not associated with DNA replication
(Ambrosio and Schedl 1985; Ruddell and Jacobs-Lorena
1985). These mRNAs are transported into the oocyte and
may be used to support early embryonic development (Sul-
livan et al. 2001; Lanzotti et al. 2002).

To examine the cause of U7 mutant sterility, we dissected
ovaries from U7 mutant females and examined egg cham-
ber development. U7 mutant egg chambers appear mor-
phologically similar to wild type until stage 10, as assessed
by phalloidin and DAPI staining, which detect f-actin and
DNA, respectively (not shown). However, few mature
oocytes are produced and many egg chambers eventually
degenerate, consistent with the lack of egg production.
Hybridization of U7 mutant egg chambers with the histone
H3 coding probe detects mRNA in a subset of follicle cells
and nurse cells, both of which are endocycling at the stages
shown (Fig. 7C). Hybridization with the H3-ds probe,
which detects only misprocessed, poly A" H3 mRNA (Fig.
7B), produces a similar staining pattern (Fig. 7D). Thus, U7
snRNA is required for histone pre-mRNA processing in
both germ line and somatic tissue. This is consistent with
the Northern analysis described above, which showed that
essentially all of the histone H3 mRNA produced in U7
mutant females is misprocessed (Fig. 3).

The U7 mutant sterility is reminiscent of that of Sibp"’
hypomorphic mutants, which are also viable but female
sterile (although SIbp'® males are fertile). In contrast to
U7 mutants, Slbp'® mutant females lay normal numbers
of eggs that are wild type in appearance. These eggs can be
fertilized but do not hatch because of severe mitotic defects

H3 downstream

H3 coding

Sibp'® Sibp’®

FIGURE 7. U7 and SLBP are required for histone pre-mRNA proces-
sing during oogenesis. (A) w'''® control egg chamber hybridized with
a histone H3 coding probe. In this and subsequent panels, white and
black asterisks indicate individual nurse cells with and without H3
mRNA, respectively, and arrows indicate follicle cells. (B) w8 con-
trol egg chamber hybridized with an H3-ds probe. Note the lack of
staining because H3-ds only detects misprocessed, poly A™ histone H3
mRNA. (C,D) U7 mutant egg chambers hybridized with H3 coding
and H3-ds probes, respectively. (E,F) Early stage Slbp'® mutant egg
chambers, each from an individual ovariole, hybridized with the H3
coding and H3-ds probes, respectively. The brackets indicate a stage 2
or 3 egg chamber with staining in the nurse cells undergoing endo-
cycles. Note the absence of H3-ds probe in the older egg chambers
(asterisk in F). (G) Slbpw mutant egg chamber stained with the H3
probe indicating production of H3 mRNA in both nurse and follicle
cells. (H) SIbp'® mutant egg chamber hybridized with an H3-ds probe,
with focus on the follicle cells. The arrow indicates a follicle cell
expressing misprocessed, poly A* histone mRNA. (I,]) Mosaic egg
chambers containing SIbp" mutant germ cells hybridized with a
histone H3 coding probe (I) or an H3-ds probe (J). Because this is a
mosaic egg chamber, the follicle cells are phenotypically wild-type and
do not stain with the H3-ds probe because they express only wild-type
H3 mRNA (arrow in I). All egg chambers except E and F stage 9.
Anterior at left and posterior at right in all panels.

during the syncytial cycles (Sullivan et al. 2001). This is
likely the result of reduced deposition of maternal histone
mRNA (Sullivan et al. 2001; Lanzotti et al. 2002) and
protein (P. Fort, W.F. Marzluff, and R.J. Duronio, unpubl.)
into these eggs. While reduced ~10-fold in amount relative
to wild type, the histone mRNA deposited into eggs by
Slbp'® mutant females is processed normally, and we did
not detect any poly A" histone mRNAs (Sullivan et al. 2001;
Lanzotti et al. 2002). To test whether this reflected a defect
in histone mRNA synthesis during oogenesis, we analyzed
RNA isolated from ovaries dissected from Slbp’’ mutant
females by Northern blotting and S1 nuclease protection.
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FIGURE 8. SLBP is required for histone pre-mRNA processing dur-
ing oogenesis. (A) RNA was isolated from whole ovaries dissected
from adult females and subjected to Northern analysis with *?P-
labeled H3 (top) or rp49 (bottom) coding probes. (Lane I) wliis
control. (Lane 2) Slbpm homozygotes. (Lane 3) RNA from ovaries
containing mitotic germ line clones of Slbp'® cells. Rp49 serves as a
loading control. (B) Detection of H2a mRNA by S1 nuclease protec-
tion. (Lane 1) 3" end-labeled 650-nt H2a probe. (Lane 2) H2a probe
incubated with S1 nuclease and nonspecific yeast tRNA. (Lane 3) H2a
probe + S1 and a synthetic, partial H2a mRNA that yields a protected
265-nt fragment that is shorter than the 340-nt protected fragment
resulting from full-length H2a mRNA (asterisk). (Lane 4) H2a
probe + S1 and total RNA isolated from ovaries dissected from
wild-type females. Wild-type histone H2a mRNA protects a 340-nt
fragment (asterisk). (Lane 5) H2a probe + S1 and total RNA isolated
from ovaries dissected from Slbp'’/Slbp'> mutant females.

These assays revealed reduced amounts of normally processed
H3 and H2a mRNA but no misprocessed H3 or H2a mRNA
(Fig. 8A and B, respectively).

To examine this in more detail, SIbp"’ mutant egg cham-
bers were dissected and hybridized with the H3 coding and
H3-ds probes. Slbp'’ mutant egg chambers are morpholog-
ically normal and produce H3 mRNA in both the nurse
cells and the follicle cells in patterns similar to wild type
(Fig. 7E,G). In contrast, the H3-ds probe stained Sibp’’ egg
chambers more sporadically and much more weakly (Fig.
7F,H). Strong staining was only usually detected in young
(i.e., stages 2-3) egg chambers in nurse cells undergoing
endoreduplication cycles (Fig. 7F, bracket). In general, egg
chambers older than stages 2—3 did not stain with the H3-ds
probe (Fig. 7, cf. E and F, asterisks), although we could
detect sporadic follicle cell staining and sometimes nurse
cell staining in stage 9 egg chambers (shown for follicle cells
in Fig. 7H). These in situ data indicate that misprocessed
H3 mRNA represents a small fraction of the total H3
mRNA that accumulates in Slbp'® mutant ovaries and are
consistent with our inability to detect misprocessed H3
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mRNA by Northern blot or S1 nuclease analysis. Taken
together, our molecular and cytological analyses of Slbp'®
mutant ovaries indicate that reduction of SLBP function
during oogenesis causes a reduction of histone mRNA
biosynthesis, likely because of defects in histone pre-
mRNA processing.

To directly test whether the variable H3-ds staining in
Slbp™ mutant ovaries reflected reduced but not absent
SLBP function, we generated egg chambers containing
Slbp™ null mutant germ cells using FLP/FRT-mediated mi-
totic recombination (see Materials and Methods). In con-
trast to the Slbp'” mutants, the H3 coding and H3-ds
probes stained Slbp’ null mutant germ cells similarly, sug-
gesting that a greater fraction of the H3 mRNA produced
was misprocessed (Fig. 7L]). This result was confirmed by
Northern analysis of RNA isolated from Slbp"> mosaic
ovaries (Fig. 8A, lane 3). These data indicate that SLBP
function is required in the germ line to process histone
mRNAs, and that the germ line is not intrinsically incap-
able of utilizing the cryptic polyadenylation signals down-
stream of the normal H3 pre-mRNA processing site. Females
with Slbp"® mutant germ cells lay very few eggs that do not
hatch and that have chorion defects, including fusion of the
dorsal appendages, similar to the small number of eggs pro-
duced by U7 mutants (not shown). Taken together, our
genetic analysis of U7 and SLBP function in ovaries suggests
that histone pre-mRNA processing is necessary to complete
oogenesis.

DISCUSSION

Probing the function of snRNAs using genetic approaches
in metazoans has been difficult, since most of the snRNAs
are encoded by multiple genes. Exceptions are the snRNAs
in the minor spliceosome and U7 snRNA, each of which are
present in a single copy in all organisms whose genome has
been sequenced. The U12 snRNA has been disrupted in
Drosophila and is essential for proper development (Otake
et al. 2002). Here we report the first example of mutating a
U7 snRNA gene as part of our studies aimed at under-
standing the in vivo function of factors involved in histone
mRNA metabolism.

The role of U7 and SLBP in histone mRNA metabolism

We find that Drosophila U7 snRNA is essential for normal
histone mRNA biosynthesis during development, and that
all five replication-associated histone mRNAs are impro-
perly processed in U7 mutant animals. The histone mRNAs
produced in U7 mutants are longer than wild-type mRNAs
and are polyadenylated, consistent with the use of cryptic
downstream polyadenylation signals located within each
histone gene. This phenotype is identical to the phenotype
we previously described for mutations in Slbp (Sullivan et
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al. 2001; Lanzotti et al. 2002). The similar poly A" histone
mRNA phenotype in Slbp and U7 mutants suggests that
neither the presence of SLBP in U7 mutants nor the pres-
ence of U7 snRNP in Slbp mutants impedes the ability
of the polyadenylation machinery to utilize histone pre-
mRNAs as a substrate. Polyadenylation occurs even though
SLBP likely binds to the nascent transcripts in the U7 mu-
tants. In addition, very recent evidence indicates that cleav-
age of histone pre-mRNA is carried out by some of the
components that mediate pre-mRNA cleavage prior to
polyadenylation of canonical mRNAs (Dominski et al.
2005a; Kolev and Steitz 2005). How then is polyadenylation
of histone mRNAs normally prevented in Drosophila? In
vitro studies of Drosophila histone gene transcription have
suggested that RNA polymerase II pausing just 3" of the
normal processing site may contribute to efficient histone 3’
end formation (Adamson and Price 2003). The polymerase
pauses before the cryptic polyadenylation signals are
encountered and hence must resume transcription to
allow the production of polyadenylated histone mRNAs.
Since we do not see any polyadenylated histone mRNA in
wild-type animals or cultured cells, it is possible that the
presence of both SLBP and U7 snRNP promote both pro-
cessing and transcription termination such that the down-
stream cryptic poly A signals are never encountered.

U7 snRNP likely acts in a catalytic fashion and is recycled
after release from the downstream cleavage product, which
is degraded in a U7-dependent reaction (Walther et al.
1998; Dominski et al. 2005a). U7 snRNA is present at very
low levels in the cell and is largely confined to the Cajal
bodies, nuclear organelles described in vertebrates that are
responsible for snRNP maturation and function. Cajal bodies
are often found in association with histone loci, although
in vertebrates U7 snRNA is associated with all the Cajal
bodies irrespective of whether they are close to histone
loci (Wu and Gall 1993; Frey and Matera 1995; Gall 2003).
U7 snRNP is thus normally in excess in the cell, and there-
fore cells may be able to tolerate a reduction in U7 snRNA
levels. In Drosophila cells, the U7 snRNP also localizes to
the histone locus (J. Gall, pers. comm.).

Consistent with the idea that U7 is present in excess, our
data indicate that normal levels of H3 processing occur in
first and second instar larvae that contain reduced amounts
of wild-type U7 snRNA. U7 snRNA is then dramatically
down-regulated in wild-type wandering third instar larvae,
even though replication and histone gene expression are
still occurring in many tissues, especially the imaginal discs
(e.g., see Fig. 5). There is then a reaccumulation of U7
snRNA in wild-type adult females, most likely from pro-
duction during oogenesis. Thus, Drosophila U7 snRNA is
present in substantial excess over what is functionally
required during much of zygotic development. SLBP may
also be capable of acting efficiently in histone pre-mRNA
processing in vivo even when it is present in reduced
amounts. For instance, the majority of histone H3 and

H2a mRNAs is processed in Slbp'® hypomorphic mutant
third instar larvae even though the Slbp'® allele produces
only 10% of the amount of wild-type SLBP protein (Sulli-
van et al. 2001). Perhaps a small nuclear pool of SLBP,
possibly associated with Cajal bodies (Abbott et al. 1999),
accumulates preferentially and is sufficient to carry out
histone pre-mRNA processing.

Interestingly, the proportion of misprocessed:wild type
H2a in Slbp'® embryos (Lanzotti et al. 2002) and first and
second instar larvae is substantially higher than we observed
in the third instar larvae (Fig. 6C). This suggests that the
demand for SLBP is greater in early development. Because the
demand for histone mRNA is determined by the rate of DNA
replication, the SIbp'® phenotype may reflect differences in
replication rates and, hence, demand for histone proteins,
between the early and the later stages of development. A
similar situation may be occurring early during oogenesis
when misprocessed H3 mRNAs preferentially accumulate in
Slbp'® mutants. We envision that SLBP binds the nascent
transcript and rapidly recruits the U7 snRNP to initiate
processing very soon after transcription of the 3 end (possi-
bly while the polymerase is stalled at the processing site). In
SIbp'® mutant cells with a high rate of histone gene transcrip-
tion (e.g., early in zygotic development or oogenesis), there is
likely not sufficient SLBP to recruit U7 snRNP to the tran-
scripts, and read-through of many transcripts occurs. In the
third instar larval cells of Slbp1 % mutants, the rate of histone
transcription may be less, and the small amounts of SLBP and
U7 snRNP are sufficient to cooperate to stimulate a substan-
tial amount of histone pre-mRNA processing. Recent in vitro
studies indicate that both U7 and SLBP are required for
processing in Drosophila nuclear extracts, as they are in the
animal (Dominski et al. 2005b). Thus, in the absence of either
SLBP or U7 snRNA, no accumulation of processed histone
mRNA occurs in vivo or in vitro.

U7 and SLBP are required during oogenesis

During oogenesis there are two distinct modes of histone
mRNA biosynthesis. The first is replication dependent and
results in the accumulation of histone mRNA specifically
during S phase. The second is a burst of replication-inde-
pendent nurse cell expression late in oogenesis that gener-
ates the maternal mRNAs that are transported to the oocyte
(Ambrosio and Schedl 1985; Ruddell and Jacobs-Lorena
1985; Walker and Bownes 1998). Both modes of expression
are affected by mutation of Sibp. Slbp mutant nurse cells
and follicle cells contain misprocessed, poly A" H3 mRNA
in replicating cells, and the total amount of histone mRNA
produced during oogenesis is reduced relative to wild type.
U7 mutants also contain misprocessed, poly A* H3 mRNA
in replicating nurse and follicle cells.

Mutation of either Slbp or U7 prevents the completion of
oogenesis and results in the production of very few eggs,
none of which develop. Although the egg chambers in each
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mutant ovary appear to form properly and contain the
appropriate cell types, many do not progress to late stages.
The U7 mutant egg chambers typically do not develop past
the “dumping” stage where the nurse cell cytoplasmic com-
ponents are rapidly transferred to the oocyte. The basis for
this developmental defect is not known, and we have not
pursued a detailed analysis of the phenotype.

Mutations in U7 and Slbp affect Drosophila
development differently

Slbp null mutations result in lethality while U7 null muta-
tions result in viable adults that are sterile. Because SLBP
and U7 snRNP both play essential roles in the same mo-
lecular process, histone pre-mRNA processing, we expected
that abolishing the function of these factors would cause
very similar terminal phenotypes in the whole animal.
However, there is a maternal pool of U7 snRNA that is
sufficient to support histone pre-mRNA processing until
the third larval instar. In contrast, there is very little if any
maternal SLBP, and poly A" histone mRNAs appear in Slbp
mutants as soon as zygotic histone transcription begins
(Lanzotti et al. 2002). Thus, the simplest explanation for
the difference in terminal phenotypes between Slbp and U7
null mutants is the maternal pool of U7 snRNA, which
results in a later onset of the mutant phenotype. The con-
sequence of combining the viable Slbp'® hypomorphic allele
with a viable U7 null mutation is consistent with this:
Histone pre-mRNA processing is disrupted sooner in the
double mutant than either single mutant, leading to leth-
ality. The relative severity of the Slbp mutant phenotype
compared to U7 may also result in part from the participa-
tion of SLBP but not U7 snRNP in aspects of histone
mRNA metabolism other than pre-mRNA processing.
SLBP is part of the mature histone mRNP (Sanchez and
Marzluff 2002; Whitfield et al. 2004) and contributes to
efficient histone mRNA translation (Sanchez and Marzluff
2002) and the rapid destruction of histone mRNAs after
replication inhibition (Kaygun and Marzluff 2005). These
processes do not involve U7 snRNP, and thus, loss of SLBP
might cause more severe defects.

The precise molecular and cellular basis for Slbp mutant
lethality and U7 mutant sterility is not known. The correla-
tion between the extent and time of onset of the histone
pre-mRNA processing defects and the severity of the de-
velopmental phenotype strongly suggests that the devel-
opmental defects result from the disruption of histone
mRNA metabolism. One possibility is that the presence of
poly A" histone mRNA is somehow detrimental or that the
poly A" mRNAs cannot produce the correct amount or
correct stoichiometry of the canonical histones during S
phase. However, we cannot exclude the possibility that the
mutant phenotypes are due to the participation of SLBP
and U7 snRNP in processes other than histone pre-mRNA
processing. For instance, in the Xenopus oocyte germinal
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vesicle, some SLBPI is found in Cajal bodies, as expected
for a role in histone pre-mRNA processing, and some
SLBP1 is also found in association with the genes encoding
55 rRNA and Ul and U2 snRNAs (Abbott et al. 1999).
However, there is no direct evidence that SLBPI is re-
quired for the function or biosynthesis of these RNA
molecules. A continued examination of Slbp and U7 mu-
tant phenotypes should contribute to a more complete un-
derstanding of the roles played by these factors during
animal development.

MATERIALS AND METHODS

P-element excision

The EY11305 insertion site was determined by sequencing flank-
ing genomic DNA obtained via PCR using a primer that hybri-
dizes to the 5-terminal repeat of the P element (SP1: 5-ACA
CAACCTTTCCTCTCAACA-3’) and a primer 5" of the U7 coding
region (U7F1; see Fig. 1B). EY11305 third chromosome excisions
were recovered over TM6b as white-eyed male progeny from yw;
P[EY11305 ]/ry506 Sb P[ry* A2-3] fathers. These single males were
crossed to w; Df(3L)E1/TM3 Ser Plact-GFP] females. Df(3L)EI
removes Eip63E but not U7, and 17 balanced stocks were made
from those excision events that complemented the lethality of
Df(3L)EI. Twelve of the excision chromosomes were viable and
five were lethal when homozygous. Seven of the 12 homozygous
viable lines were fertile, and five were sterile. Sequencing of PCR
products obtained using primers that flank the EY11305 insertion
site (see Fig. 1B) was used to precisely characterize the U7, U7,
U7’ excision alleles, and to confirm that the seven viable and fertile
flies contained precise excision events. In the two cases where
a PCR product using the flanking primers was not recovered
(U7" and U7%), primers SP1 and 5-CAAGCATACGTTAAGTG
GATGTC-3’, which hybridize to the 5" and 3" ends, respectively, of
the P element, were paired with the flanking primers to assess if
the P element ends remained intact. By this assay, the U7’ allele
retained both the 5" and 3" ends of the P element and likely
sustained an internal deletion of EY11305 that inactivated the
mini w" gene. U7? similarly retained the 3’ end of EY11305 but
sustained a deletion of the 5" end of the P. However, very little if
any U7 coding sequence was removed, since a primer just
upstream of the EY11305 insertion site was able to amplify flank-
ing DNA from U7% animals (Fig. 1B). Each of the five homo-
zygous lethal chromosomes contained a precise excision of
EY11305, suggesting that in each case a lethal was induced else-
where on the chromosome during transposition. The Slbp™ null
and SIbp'® hypomorphic alleles are described in Sullivan et al.
(2001). w'''® was used throughout as a U7 and Slbp wild-type
control.

U7 transgenic rescue

DNA containing the U7 gene (Fig. 1B) was amplified by PCR from
adult female w'''® genomic DNA and subcloned into the pCaSpeR 4
transformation vector and confirmed by sequencing, A w'''%; P[U7]/
P[U7]; +/+ transgenic line was crossed to w; +/+; U7/TM3, and
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males of the genotype P[U7]/+; U7"*/+ were crossed to w; Df(3L)LY/
TM6B females. Single P[U7]/+; (U7 or +)/TM6B male progeny
were crossed to U7EY11305/TM3 females, and the nonbalanced
progeny (ie., those containing U7%'** and either + or U7')
were analyzed for the presence or the absence of U7'* by PCR. The
w" (i.e., containing P[U7]) and w~ (i.e., not containing P[U7])
U739 /171% classes were then tested for fertility.

Northern analysis

For Northern blots, total cellular RNA was isolated using TRIzol
Reagent (Gibco). For the analysis of adult U7 snRNA, 15 pg/lane
of RNA denatured with 8 M urea were subject to electrophoresis in
1X TBE through an 8% polyacrylamide gel containing 7 M urea.
For the analysis of adult histone mRNA, 10 pg/lane of RNA were
subject to electrophoresis in 1X TBE through a 1% agarose gel
containing 0.01 M MOPS (pH 7.0) and 6.75% formaldehyde.
Separated RNAs were transferred in 0.5X TBE to an N+ nitrocel-
lulose membrane (Amersham) using a Genie Blotter (Idea Scien-
tific). «[**P]-UTP was used for in vitro transcription reactions to
label U7 or U1 anti-sense RNA probes. DNA containing histone or
p49 coding regions were labeled with a[**P]-dCTP using a ran-
dom primer labeling kit (Stratagene). Hybridizations were per-
formed at 58°C for snRNA probes and at 60°C for histone and
rp49 probes.

Homozygous single or double mutant larvae were identified as
the GFP negative class from heterozygous parents containing
either TM3 Ser P[act-GFP] or TM3 Sb P[kr-GFP] balancer chro-
mosomes. Agarose gel Northern analysis was performed as above,
except that 2 pg of RNA per lane was used and the RNA was
transferred via the wick method in 20X SSC. For the embryo
analysis in Figure 4, a collection of eggs from U7'#/TM3 Ser
Plact-GFP] parents was allowed to age 3 h and then subjected to
RNA preparation. U7 mutant embryos were not selected because
we previously demonstrated that we could detect polyadenylated
H3 mRNA in a total embryo population where only one-quarter
of the embryos are Slbp"® homozygous mutant (Lanzotti et al.
2002).

S$1 protection analysis

A BspE I restriction fragment containing the histone H2a gene was
end-labeled at 25°C for 20 min with Klenow (New England Bio-
labs) in a reaction containing a-P**-dCTP. After removing unin-
corporated deoxynucleotides using a ProbeQuant G-50 Micro
Column (Amersham), the labeled DNA was digested with HindIII.
The resulting 650-nt, 3’-end-labeled fragment was recovered by gel
extraction (Qiagen) after electrophoresis through 2% agarose. For
the S1 nuclease protection assay, 5 pg of total RNA was hybridized
at 52°C overnight with 1 pL of the labeled histone H2A probe in
40 mM PIPES (pH 6.4), 500 mM NaCl, 1 mM EDTA, 80%
deionized formamide. Poly A RNA was purified from total RNA
using oligo(dT) cellulose (Ambion). The hybridized samples were
diluted 10-fold and treated with SI nuclease (Promega) for 1.5 h at
25°C. The hybrids were recovered by ethanol precipitation, dena-
tured in formamide, and subjected to electrophoresis through
a 6% acrylamide gel in 1X TBE. The gel was dried using a
SGD200 Slab Gel Drier (Savant) for 1.5 h at 80°C and subject to
autoradiography.

In situ hybridization

Eye discs were dissected from wandering third instar larvae and
fixed with either 4% formaldehyde for 15 min for Slbp mutants or
10% formaldehyde for 20 min for U7 mutants. Ovaries were
dissected from 1- to 2-d-old females and fixed with 10% formal-
dehyde for 20 min. In situ hybridization was performed with
digoxigenin-labeled riboprobes complimentary to the coding
region of H3 or to the region downstream of the normal H3
pre-mRNA processing site (H3-ds) as previously described (Lan-
zotti et al. 2002).

Generation of germ line clones

Mosaic Slbp'” ovaries were generated using the dominant female
sterile technique (Chou et al. 1993). Clones were induced by heat
shocking P[hsFLP]/w; P[neoFRT]82B P[ovo”'*#]/P[neoFRT]82B
SIbp'® larvae for 1 h at 37°C on the third and fourth days of
development. Ovaries were dissected from the resulting adults
and either fixed with 10% formaldehyde for 20 min for in situ
hybridization analysis or subjected to Northern analysis as
described above. Slbp"” mutant clones were identified because
they developed past the ovo®'™*® developmental arrest point.
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