Copyright © 1995 by the Generics Society of America

Aberrant Splicing and Transcription Termination caused by P Element
Insertion into the Intron of a Drosophila Gene

Heidi Horowitz and Celeste A. Berg

Department of Genetics, University of Waskington, Seatile, Washingion 96195

Manuscript received Augast 1, 1994
Accepied for publication September 30, 1094

ABSTRACT

Insertional mutagenesis screens using the PllacZ, rosy® 1 {PZ) wansposable element have provided
thousands of mutant lines for analyzing genes of varied function in the fruitfly. Drosophile melanagasier.
As has been observed with other P elements, many of the Pinduced mutations resuit from insertion
of the P element into the promoter or 57 mganslated regions of the affected gene, We document here
a novel mechanisn for mutagenesis by this element. We show that sequences present within the element
direct aberrant spHcing and termination events that produce a mRNA composed of 57 seguences from
the 1nutated gene (in this case, pigsgueak) and 37 sequences from within the £{lacd, rosy™ ] element.
These truncated RNAs could vield proteins with dominant mutant effects.

HE use of P transposable ¢lements to create muta-
tions in the fruitfly Drosephila melancgasterhas been
au invaluable tool for Drosophila geneticists. In particu-
lar, the development of a technique to create single P
element insertions throughout the genome {COOLEY &
al. 1988a,b; ROBERTSON o al, 1988} and the inclusion
of the lacZgene in Felements to potentiate their use in
“enhancer trap”’ screens {O'Kanr, and GrnrinG 1987,
BELLEN of af 1989, Bisr of al 1980, Wi son ef ol 1989)
hus greatly facilitated the generation and subsequent
characterization of new mutations.

P element insertions may be mutagenic for a variety
of reasons, depending on the position of insertion reda-
tive o the affected gene. Pelements show a preference
for inserting near franscription start sites (TSUBOTA
al. 1985; Kerisy ef al 1987, Encrrs 1989) . Thas, the
insertion may interfere with promeoter fanction, creat-
ing a hypomorphic allele by reducing the level of wild-
type transcript. Alternatively, insertions into the 57 un-
translated regions of genes may affect stability or resuls
in premarure termination of the transcript. [n addition,
insertions inte coding regions disrupt open reading
frames { OR¥s).

Additional alieles of the gene are easily generated by
excision of the Pelement after introduction of a source
of transposase. imprecise excisions {ENGELS 1979} can
delete genomic DNA flanking the P element insertion
site, producing (in most cases) a more severe mutant
plienotype. The characterization of these deletions of
ten helps in the analysis of the gene, and the existence
of a number of alleles with phenotypes of varying scver-
ity can often be pivotal in determining fanction for that
gene,
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We describe here the identiication of a previensly
undecumented mechanism of P element mutagenests.
Our results show that when the P lucZ, msy”"} element
is located within an intron of a gene, specific sequences
within the P element can direct aberrant splicing and
transcription termination events, resulting in a mutant
phenotype for that gene. In the example presented, we
demonstrate that this aberrans splicing event is entirely
responsible for the muiant phenotype observed. Onr
data suggest that any P element bearing the HindlH
fragment of the rosy gene and its flanking DNA conld
have this effect. In addition, we discuss the ramifications
of our findings for simplifying the characterization of
certain P{lacZ, vosy” ] { PZ)-induced mutations and sug-
gest features to be considered in the future design of
P elements to be used for mutagenesis.

MATERIALS AND METHODS

Fly stocks: PZ insertonal mutaions ai the pipsquenk
{SIEGEL of al. 1993} gene, lines 2403, 0115, 8169, and 0482,
were generated in g large mutagenesis screen conducted in
the laboratory of Dy, AviAn SPRADLING [ described in KARPEN
anzd SPRADLING {1992); relerred to as zeppelin in SPRADLING
199331, All four lines contain a PZ element [described in
Mioprik and Hiromt {1992} ] inserted in an isogenized en
chromosome in a ry506 background. Excision lines were cre-
ated from the 2467 allele by reintroducing the 423 trans-
posase and screening for loss of the rv" eye-color marker
{sec Figure 1). Specificaily, cn psg" ™" /Ov0: m506 males
were mated hy bottes to Sp/SMS. Gy w™™ $B P[O2-3
v’ ] 99B/TM6 virgins. Sons carrying both twansposons {en
fisq“’m’mf“’": IO, 7}'5‘% Sb PI{AZ-3 w1 99B/m%) were
mated i vials to Seo/(y0; ry™ virgins. Fifty-four matings were
established, each with two males and five fomales. Fifteen days
later, the progeny were screened for ry ™ sons that were either
Sco” €y~ or Sco” Cy . Fhese progeny bore PZ chromosonies
inwhich an excision event had indaced loss of the ry* marker,
All 54 masings provided at leust one ry” son with the appro-
priate genotype, most generating more (as manyas 12). From
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Feaorg I—Crosses nsed to excise the Pllac, "} element
in fine 2403. Stocks were established from single 1y males,
Viahifity and fertility were examined for flies transheterozy-
gous with the starting allele and also for flies homozygous lar
the excision allele {sce MATERIALS ANY METHODS Y,

cach vial, we selected at most two males and mated them
individually to cn PZ7 /CyG; ™ virgins. From diis crass,
females carrying the excision chramesome in frans to the
starting 29073 aliele were tested for fertility. In addition, stocks
were founded confaining the excisian chrammosome (ry ™)
aver {50, The viability and ferility of flies homorygous far
the excision chramosome were then examined.

The P{lacZ, w' } line f 51 was generated by Bier of ol (1989)
and was gem*musiy provided by Vivian S{RCEL.

DNA. probes: pipsqueak ;rmbe A 6.7%b HindIl] Iragment
flanking the f51 P clement {provided by V. StEGEL } was nsed
as a prabe ta an avary <DNA library {pravided by Dr. T,
Hazpereos) . Two eDNA clones, 8'A and 117A, were obtained,
Northern analysis revealed that these clones cantained ¢DNAs
frann mudtiple narelated mRNAs ligated into the same vectar.
Fhe fibrary wils rescrecncd nsing a portion of the 117A clone,
and one of the clanes obtained, §5-13, comiained a 1-kb
insert that by Northera analysis was entirely derived from the
psggene. A 300 bp EcoRE DINA fragment representing the most
57 region of this clone was used in the Northern hybridization
described here, This sequence is located within the 5 UTR
ol the fsg gene (M Horowitz and €. BERG, nnpublished
resniis).

i3;512 frobe: A 1376 bp Msd~ HindIl} fragment ex-
wending from 1755 10 —3131 of the rosy gene [numbering
as in LEE of el (1987} BurroN and CaovNicR (1991} was
isalated from the plasmid pCar20 (RUBIN and SPRADUING
1983 . This fragment contains sl of the pitative ORFs ident-
lied for the {(3) 512 gene (DUTTON and COvNICK 19913, as
well as 1135 bp of additional 3° sequence.

3 P dement probe: A 245-bp Hindil- Msd Iragment com-
prising all ol the 3’ P element sequence was isclated from
the plasinid pCar20 (RuBiN and SpRavLNG 1988).

Nucleic acid hybridizations: DNA was prepared lrom adult
flies as described {(Jowerr 1988}, DNA fram five llies was
digested with the sppropriate restriction endonnclease (s},
subjecied 10 agarose gel electrophoresis, and blotted o nvion
membranes as previously described (Soururrs 1975; Regn
and Manx 1985). [#P]dabeled PNA probes were prepared
using the randam hexamer primer technigune of FRiNngErG
and Vocersremn (1983, 19847, Hvbridizations were per-

formed according to the method of CHurcH and GiLBERY
{1984).

Total RNA was isolated from adnls lemale fiies ar from
hand-dissected ovaries using the hot phenal method {Jowete
1986) . Poly (A} ™ RNA was selected using the Qlagen Oligo-
tex-dT mRNA kie. Approximately .5 pg ol paly (A) © mRNA
was foaded per lane on a 1% agarose-furmaldehyde gel in 1X
MOPS buffer {20 mM MOPS {pH 7.0}, 8 myM sodium acetase,
1 my EDTA] (SAMBROOK of el 19893, RNA size standards
{Bethesda Research Laboratories) were nsed for moleenlar
weight detenninations. After electrophorcsis, gels were rans-
ferred to ZetaProbe nylow filiers (BioRad) in 20 88C over-
night. RNA oa filters was sulijected to UV crosslinking using
a Stratagene Stratatinker and hybridized as described below.

Nerthern blots were prehybridized far 3 h at 42° in 50%
formamide, 5X 88C, 1X Denhardt's solntion, 1% SDS, 20 mum
NaPO, (pH 7.0), 100 ug/ml sing%tu,zl anded salmon sperm
IXNA, and then hybridized overnight in the same solution 1
which [P labe]( d DNA probe was added. Blots were washe
twice in 1% 880, 1% SDS at 42° far 15 min and once i $.1x
88C, 1% SDS a1 50° for 15 ain and snhiceted to antaradi-
agraphy,

PCR reaction analysis: The trmncated swanscript prodneed
in homozygous 2403 adn it lemale Bies was analyred as follaws:
1 pg of poly(A) ™ mRNA was reverse transcribed according
to the mannfzciurer’s instruciions in a total volnme of A0 g}
nsing random hexamers {2 pinol/ul} as primers and 200
anits of M-MLV Reverse Transcriptase {GIBCO BRL) . Five
microliters of the reverse4ranscription reaction was then nsed
as a template for a PCR (100 gl total valume) nsing buffers
provided by the mannfactnrer of the Tagl polymerase (Boelw
ringer Mannheim}. The primers used (see Figure 44) were
18: 5-GUAACGTAACGGGAACTCTTTEG-S!, derived from the
3" UTR of psg [ 221 ~200 uncleotides npsiream from the pre-
dicted start af ranslation {HoroOwrTz and BERG, in prepara-
don) ], and 17: 5 TACAGTCGACGCACGGTTTCAAS', de-
rived Irom the putative 3" UTR of the {{3) 512 gene { DUTION
and CHOVWICK 1991), This primer extends from ~288% w0
- 2060 of the published rosy gene sequence fnumbering as
in Leg ef ol {1987); DuTron and CrOVNICK (19911 ], CGAC-
GCACGGTTTCAA, and has a Sefl site (GTCGAC)Y ongi-
acered in by the inclusion of the six most 5 bases of the
primer, TACAGT.

PCR shermocycler ( Eppendart} canditions were as foilows:
10 cycles of 94°, 1 min; 45°, 1.5 min; 72° 1.5 min, follawed
by 20 cycles of 94°, T min; 60°, 1.3 min; 72°, 1 min, and eading
with a final extension at 727 for 8 min, Southern biat anabysis
of the PCR prodncts using a {3} 812 probe indicated the
presence ol the predicted product of ~750 bp, Two microli-
ters of the PCR reaction products was dilnted inwa 100 gl and
subjected ta a second raund of PCR amplification using the
primers 16 5" -ATTYCCGCAGCCTOCTTGAGCAG-3’, lacated
in the 5" UTR of psg from 100-89 anclectides 57 w0 the
predicted start codon of the gene, and 17 (at the 3' ead of
1{3}812, see above). PCR thermacyeler conditions were 3¢
eveles 6l 94°, 30 sec; 637, 45 see; 72°, 40 sec, followed by a 5-
win linal extension at 72°. Reaction products were subjecied
to preparative agarose gel clecirophoresis and the PCR prod-
uct of ~638 bp in length was isolated. The purified DNA
fragment was digested with the restriction eazymes KRl (lo-
cated within the psgsequence, 47 bp 57 to the transtation start
codon) and Sall [enginecred into primer 17, at a positian
24 bp beyond the putative stap codon ol the (3} 812 gene
{(Dvrevan and Caovack 19911) and doned inia the Bloe-
script K87 vector {Swratagene} digested with the enzyracs
EwRIand 3afl, The inserts fram two independent clones were
segnenced in their entirety by the dideoxy chain termination
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method using reagenss supplied by US Biochemical. Both
clones were of identical sequence.

RESULTS

P element alleles: Four noncomplementing female.
sterile alleles that map to chromosomal position
47A10-12 were obtained from a mutagenesis screen
using the PliacZ, rosy* ] (PZ) element [see KARPEN and
SERADLING {1992}, referred to as zeppelin in SPRADLING
{1993} 1. These insertions affect a gene, pipsqueak, that
is required in cogenesis (SIEGHEL e ol 1993). Mutaut
alleles display a range of phenotypes, including early
degeneration of egg chambers, dorsalization of egg-
shells, and deletion of pesterior segments in embryos.
Three of the lines { 24038, 8109, and 9115} contain inser-
tionss of a single P element at sites clustered within z 1-
kl: region of the genomic BNA {Figure 2A} . All three
elements are orieirted in the samme direction with re-
spect to the genomic DNA. The 8109 insertion contains
an ajtered P element in which the rosy portion of the
clement is duplicated and present in tandem array (1L
LN, personal communication). The lourth PZ line,
0482, contains at least two P elements. This line fails to
complement all pipsqueak alleles and also fails to com-
plement any of a group of nine other PZlines belonging
te a distinct and neighboring lethal complementation
group. The Pelement that affects fsg in this line is 235
kb disssl to the 2408, 81069, and 0115 PZ insertion sites,

An additional psg allele, 1, consists of a P{lacZ,

FZ insertion sites.

Pipsqueak transcripts: Initial attempts to identify a psyg
transcript (s) using genomic DNA flanking the PZ2403
insertion site failed to detect any message by Northern
blot analysis (data not shown ). A 6.7-kb Hindlil} lrag-
ment of DNA flanking the fif insertion site, however,
did identify a 5.1-kb message in wild-tvpe adult females.
This fragment was used as a probe to isolate a partial
cDNA for psg {see MATERIALS AND METIODS }. Using a
300-bp fragment from the B’ end of this cDNA as a
probe to Northern biots, a 5.3-kb transcript was again
revealed in RNA from wild-type ovaries and adult fe-
male fiies (Figure 3A). This transcript is reduced in
amount ia females from ull the PZ lines, and a new
abundant }.6-kb transcript is apparent (Figure 3A).

Because the four PZinsertions produce the same new
transcript despite their differing locations in the geno-
mic DNA, it seemed possibie that these elements lay
within an intron of the fisg gene and that the psg tran-
script was being spliced aberraitly using seqguences jo-
eated within the P element To test this possibility, we
took advantage of several excision lines we had gener-
ated that deleted portions of the P element and/or
flanking DNA, One of these Hnes, RV34a, deleted most
of the P element, retaining ~1 kb of sequence from
tlie 37 end of the transposon. This remaining sequence

contained DNA upstream of the rosy gene as well as all
of the 37 P clement end. Feinales ol this line also pro-
duced the shorter 1.6-kb transcript found in the line
carrying the entire transposon {data not shown}, sug-
gesting that the sequences responsible for aberrant
splicing were located at this end of the P element.

A literature search revealed the existence of another
gene upstream of rosy, {{3) 512, that encodes a putative
ribosemal protein {(CrLark and CHOVNICK 1986; Doy
TON and CHOVMICK 1991}, Genomic DNA scquence
analysis identified a potential ORF for this gene with a
proposed intron of 70 nucleotides (DyTTON and CHOV.
NIGR 1991} . The HindlH frugment of rosy that was origi-
nally used to construct the PZ element contuins a por-
tion of this putative {{3} 812 intron, the splice acceptor
site, and the remaining coding and transcription rermi-
nation sequertces for the I{ 3)§12gene (see Figure 2A)

To test the possibility that the shorter transcript ob-
served in the PZ lines resulied from aberrant splicing of
the psg transcript inte 1(3}512 sequence, the Northern
hlot shown in Figure 3A was stripped of psg probe and
reprobed with a fragiment of DNA containing £{3)512
sequences (Figure 3B} . 1¢is clear that the 1.6-kb message
observed in the PZlines with a psg 5" UTR probe (Figure
3A) also contains #( 3} $12hvbridizing sequence. An ad-
ditional less abundant RNA ~6.9 kb in length is also
apparent. This species may represent trancation of a
message initiated at an alternative site or a splicing juter-
mediate of the 1.6 kb PZ message. Also apparent with
this probe is the endogenous {(3) 512 message of 0.7 kb
in length (which serves as a conirol for quantmting
amounts of RNA in each sample ). Reprobing the blot
with 37 P element sequences did not reveal any tran-
scripts {data ot shown) as expected for the splicing
evert proposed. In summary, the “truncated” 1nessage
we observe in the PZlines appears to resait from normal
transcription initiation lrom the psg promoter, followed
by aberrant splicing and termination of transcription ny
ing {(3;5812 signals {sec Figure 2B).

Nudleotide sequence of the wruncated PZ RNA: We
used the method of RE-PCR to clone out a copy of the
truncated transcrips so that the point of lusion between
the psgand I 3)812 genes could be divectly determined
by sequence analysis. MRNA isofated from cn psk™*;
ry’ " fenale flies was reverse transcribed and subjected to
two rounds of PCR amplification, using partially nested
primers {see MATERIALS AND METHODS ). The positions
of primers used for amplification and restriction sites
used for cdloning are indicated relative to a2 map of the
trupcated transcript presented in Figure 4A. The
nircleotide sequence and conceptual translation of tie
cloned region of the truncated message is presented in
Figure 4B.

The nucleotide sequence of the PCR product demon-
strates that psg sequences have indeed been joined to
those of 1{.3) 512 by an aberrant splicing cvent. This aber-
rant splicing event uses a splice donor Irom psg that
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FIGURE 2. —Genomic map of the psg gene. (A) Pelement insertion sites for the various alleles are designated by flags. Below
the map is shown the structure of the PZ element. Transcription of the rosy and {3) 512 genes is from right to left. The extent
of the deletions of P element and genomic DNA in the excision lines, RF13, RV34a, and RFY, are indicated. (B) Structure of
transcripts observed in wild-type and PZ lines is shown. Open boxes indicate untranslated sequence; shaded boxes indicate
translated sequence. The Broad Corehomologous region of psg is indicated below the transcripts. The region of conceptual
translation of [(3)512 (DurToN and CHOVNICK 1991) is indicated by stippled shading,.

normally functions to splice out the large intron of psq
when joined to the acceptor sequence many kilobases
downstream in the psg preemRNA. In the PZ mutants,
however, this donor sequence is joined to a sequence in
[(3)812 previously identified as a probable splice ac-
ceptor on the basis of computer analysis of the genomic
DNA sequence for that gene (DUTTON and CHOVNICK
1991). Our analysis shows that the assignment of an
intron and splice acceptor to this region of 1(3)S12 is
indeed correct. The position of fusion between psq and
{(3)512 sequences is indicated by an arrow in the se-
quence presented in Figure 4B and in the sequencing
gel shown in Figure 4C.

The truncated message in PZ mutants encodes a fu-
sion protein: We have previously identified the ATG in-
dicated in Figure 4B as the most likely candidate for the
start codon for translation of the 5.1-kb psg mRNA (H.
Horowrtz and C. BERG, unpublished results) based on
homology to other proteins (see below) and on the
finding that multiple stop codons occur in all three
frames in the sequence preceding this codon. Concep-

tual translation of the truncated (mutant) mRNA indi-
cates that a fusion protein containing amino acids from
both genes should be produced (Figure 4, B and C).
The predicted fusion protein contains 105 amino acids
derived from the N-terminus of psg fused to 63 amino
acids from [(3)812." The region of psq contained in the
fusion protein bears homology to several other Drosoph-
ila proteins, including those encoded by the Broad Com-
Plex (DIBELLO et al. 1991), tramtrack (HARRISON and
Travers 1990; REaD and MANLEY 1992) | kelch ( XUE and

"This structure is based upon the RT-PCR sequence data. Because
the intron / exon structure for ((3)512 has not been determined, it
is possible that the {(3)812 primer (17) used in the PCR reaction
might actually reside in an intron for that gene. It so, no PCR product
would be generated except by aberrant means (eg, by using the
¢DNA from an incompletely processed PZ pre-mRNA as a template ),
The production of such a species would not affect our assignment
of the site of fusion between fisg and [(7) 512 but would preclude
assignment of the C-terminus of the hybrid protein. The observation
that both codon usage and conservation of sequence is poor in the
region downstream of the putative /{ 3) §12 termination codon (RiLEy
1989; DUTTON and CHOVNICK 1991) suggests. however, that the PCR
product we obtained is likely 1o be bona fide.
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Ficure 3.— PZ mutations produce a truncated transcript. (A) Northern blot probed with a psgspecific (Embe from the 5'

UTR. RNA samples are from adult females unless otherwise indicated. Genotypes of all lines (in a en, ry

* background) are

indicated. The 5.1-kb wild-type psq and 1.6-kb truncated PZ transcripts are indicated. Positions of migration of RNA size markers
are also shown. (B) The same blot as in A after being stripped of psq probe and reprobed with [{3) 812 gene sequence. The
1.6-kb truncated psg transcript and the endogenous /( 3) $12 transcript are indicated. An additional {(3)S12-hybridizing transcript

(see text) is indicated with a tailed arrow.

CooLEey 1993), and bric-a-brac (F. LAsKI, personal com-
munication ) genes.

The mutant phenotypes of the PZinsertions are due to
an aberrant splicing event: The experiments described
above document the production of a truncated fsq mes-
sage in the PZlines. We could not be certain, however,
that the truncation was, in fact, the true cause of the
mutant phenotypes observed in these lines. It was possi-
ble that these P elements were affecting another as yet
unidentified transcript and that the reduction of the 5.1-
kb message and concomitant production of the trun-
cated message were irrelevant to the phenotypes ob-
served.

To examine this possibility, we characterized the struc-
ture of fertile excision lines generated from the PZ2403
allele. In general, it is expected that the majority of fertile
revertants one might expect to recover would represent
precise excisions of the Pelement, restoring the genomic
DNA to its previous unmutated state. We reasoned, how-
ever, that if the mutant effect of the PZ lines were due
solely to an aberrant splicing event, then any alteration
of the DNA interfering with this splicing event would
restore fertility. Upon molecular characterization of
seven fertile revertants of 2403, we found that five lines
had undergone precise excision of the P element. Two
lines, however, had different and informative structures.

In the revertant line RF9, the majority of the Pelement
had been deleted, but a small portion near the 3’ end
remained (see Figure 2A) . Southern blot analysis placed
the right-hand deletion endpoint between the Psd and
Nrul sites within the {(3) §12 sequence (see Figure 4B ).

Accordingly, the putative [(3) S12 splice acceptor site was
retained in this line, but a portion of the predicted cod-
ing sequence and the 3" end of the message had been
deleted.

Analysis of the RF13 revertant showed that a large
deletion had occurred that removed not only all of the
P element but =40 kb of flanking genomic DNA as well
(see Figure 2A). The finding that female flies from this
line are viable as homozygotes and are fertile in spite of
the presence of the large deletion indicates that, in fact,
the original P element insertion was not affecting any
other essential transcripts in this intron and that the
mutant phenotype is best explained by the splicing event
that occurs in these PZ lines. If the alterations that re-
store fertility in these two excision lines prevent the aber-
rant splicing event, then the wild-type 5.1-kb psg tran-
script should be restored. Northern blots of RNA
obtained from these lines reveal that normal levels of the
5.1-kb message are restored and none of the truncated
transcripts are produced (Figure 3A).

The finding that normal levels of the 5.1-kb psg mes-
sage are produced in RF9, despite the presence of the
[(3)512 3’ splice acceptor site, may be explained by the
exon definition model proposed by ROBBERSON ¢! al.
(1990) to explain splicing of vertebrate messages. In this
model, an internal exon must be defined by the presence
of appropriate 3" and 5" splice sites at its ends for it to
be incorporated into a spliced message. Mutation of the
5' splice site of an exon precludes proper exon defini-
tion, leading either to activation of normally silent cryp-
tic sites or to inhibition of splicing of the upstream intron
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5! + 3 Ala Val Arg Gly His

psq I'fJ.,sz ﬁ-

30
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FiGURE 4.—Nucleotide and amino acid sequence of the truncated PZ wanscript. (A) Schematic of the tuncated mRNA
generated in mutant PZ lines of psq. Positions of PCR primers 18, 16, and 17 are indicated by small arrows beneath the map.
Restriction sites used for cloning the RT-PCR product are indicated. Open boxes indicate translated sequence; solid lines indicate
UTRs. PCR products obtained using primers 18 and 17 (e.g., PCR #1) were reamplified with primers 16 and 17 to produce the
PCR product indicated as PCR #2. This fragment was then cloned using the EeoRI and Sall restriction sites indicated. (B)
Nucleotide and (conceptual) amino acid sequence of the hybrid transcript from 2403 /2403 female flies. The EcoRI and Sall
sites used for cloning the RT-PCR product are indicated. (Brackets surround bases in the Sall site derived from the PCR primer;
these are not present in the truncated transcript in vivo.) Additional restriction sites referred to in the text are indicated. The
region of homology of psg to the Broad Complex and other proteins (see text) is underlined. The potential leucine zipper in
this region is indicated by asterisks beneath the leucine residues. The position of the fusion between psq and I(3) 512 sequences
is indicated by a vertical arrow. The dashed arrow indicates the position and orientation of the primer used in sequencing for
the gel presented in C. (C) Sequencing gel showing the fusion of psq and [(3) 512 sequences. The cloned RT-PCR product was
sequenced using a primer located within /(3)512 sequence (dashed arrow shown in B). Sequencing progresses up the gel
(lowercase letters) ina 3" 1o 5’ direction relative to the message. Reading down the gel, uppercase letters indicate the sequence
of the truncated message in the 5" to 3" direction, with the corresponding amino acids indicated, The arrow indicates the
position of fusion of psg and {(3)512 sequences.

(exon skipping) despite the presence of wild-type 5’
and 3’ splice sites flanking that intron. This observation
suggested that exon sequences downstream of an intron
affect recognition and splicing of that intron (Ros-
BERSON et al. 1990) . For the last exon of a message, the
presence of the poly(A) site (rather than a 5' splice
site) is presumed to help define the exon (NiwaA et al.
1990; Nrwa and BERGET 1991) . Indeed, mutation of the
AAUAAA polyadenylation consensus sequence has been
shown to inhibit splicing in vitro of an upstream intron
(N1wa and BERGET 1991).

In RF9, a deletion removes the 3" end of the PZ-

residing ((3)S12 gene; previous work (DuTTON and
CHOVNICK 1991) has established that genomic se-
quences = 165 bp downstream of the RF9 deletion end-
point that we mapped are present in the {(3)512 mes-
sage. If this deletion removes a 5' splice site flanking the
first 1(3)SI2 exon fused to psqin the PZ lines, it would
be predicted that the [(3)S512 3" splice acceptor would
not be used and normal splicing of the psq message
would occur. Alternatively, if the (3)S12 sequences
spliced onto ps¢ message in PZ mutants comprise the
single terminal exon and if the RF9 deletion removes the
{(3)812 polyadenylation signal, exon definition would
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again be precluded and the normal psg message would
be produced.

DISCUSSION

We have demonstrated a novel mechanisni for Pele-
ment mutagenesis by the PllacZ, rosy” ] element. Our
findings show that when this element iuserts into the
intron of a gene in the correct orientation, it can cause
a mutaint phenotype by inducing aberrant splicing and
termination events that truncate the wild-type message.

Examples of aberrant splicing and termination of
transcripts induced by transposahle elements have been
observed in two other organisins. In maize, the inser-
tion of the Mul transposable elemnent into the first in-
tron of the AdhI gene alters processing of the pre-
mRNA of that gene (Orriz and STROMMER 1990}, In
mouse, the fpr mutation resuits from an iusertion of an
early transposable element (ETn} in the second intron
of the Fas antigen gene (AbacH: ef al. 1993). In both
of these exunples, hyhrid transcripts compesed of se-
quence derived from the affected gene and the trans-
posable clement are produced, and premature termina-
tiow of the message results from signals present in the
transposable element. Unlike the process we ohserve
for the PZ truncations, however, splicing does not oconr
into the element: intronic sequences directly upstream
of the clement are incorporated iuto the hyhrid tran-
script either by “‘readdthrough”™ framn the preceding
exon {in AdkJ) or by use of a cryptic splice site acceptor
in the intron (in #fw) . Furthermore, in neither of these
two examples is it expected that the hybrid transcript
will produixce a fusion prowin. Stop codousin the intron
sequertces inchided in the hybrid transcripts prechude
this possihility.

In mammalian systems, the challenge of identitving
genes with interesting expression patterns has led to
the development of vectors originally termed “'gene
traps” (GOSSLER #f al 1989). These vectors are de-
signed to generate spliced fusion transeripts hetween a
reporter gene and the endogenous gene present at the
site of integration (BRENNER #f al. 1989, GOSSLER # al
1989; KErr & al. 1984, FrizprICH and SORIANG 1991).
A splice acceptor is strategically placed in front of a
promoteriess reporter gene (often lae?) such thatinte-
grations of the vector into an intron of a gene in the
correct orientation should create lacZ fusion tran-
scripts. If the reading frames of the endogenous gene
and {ecZ are the saute, an active F-galactosidase fusion
protein should be produced. Consequently, the process
of sherrant splicing and termination, with poteutial for-
matien of a fusion protein that we observe for the PZ
¢lement in Drosophila, is highly analogous to the gene
trap designed for nse in mammalian systems. Like our
finding with the psg PZ alleles, recent work has demon-
serated that the aberrant splicing into a gene trap vector
can be very cfficient, resultng in drastic reductious in

the amount of endogenous message and tlie generation
of a mutant phenotype {SKARNES o al, 1992},

The mutant phenotype resuiting from a PZinduced
splicing and termination event could result entirely
from reducton in the amount of fulllength wild-type
message, However, depending on the location of the
intron in which the £Z element resides relative to the
coding sequences of the affected gene, additional
modes of niutagenesis can be envisioned as well. In
some situations {as in the case of the PZ insertions
inte the psg genc), a fusion protein between coding
sequences of the gene of interest and the putative ribo-
somal protein 133512 1s predicted to ocear. If the N-
terminus of the fusion protein functions in BNA bind-
ing, in interactions with other profeins, or in signal
transdiction, the observed result might be a dominant
or semidominant negative ¢ffect on the normal gene
function. Experiments examining the effect of trun-
cated Notch proteius (engineered in vifro} have shown
that overexpression of the N-terminal extracelinlar por-
tiont of the Notch receptor protein resulted in dominant
uegative wing, eye, and bristie phenotypes in the pres-
cuce of a wild-type Notch background (ReBay o al
1693). An analogous situation could occur if the PZ
element inserted hito an intron of any gene such that it
separated the N-terminal receptor domain of & protein
from the C-terminal effector,

in the exampie of the PZ insertions into psg, concep-
tual transiation of the truncated message produces a
protein in which the N-terminal portion of the psg gene
is fused in frame to 1{3}812. This region of psg bears
homology t6 the Broad Core, a domain ideutified in
a number of Drosophila transcription factors {Broad
Comgplex proteins aund ramtrack} as well as in a protein
with a presuinptive structural role {kelch) . Included in
the Broad Core domain of psqis a potential leucine zipper
{see Figure 4B} (H. Horowrrz aud €. BERG, uupub-
lished resulis). The predicted fusion protein thus con-
tains a domain tlhat may be involved in mediating pro-
tein—protein interactions between pipsqueak and itself
or heterologous proteins. Consequently, the mutant ef-
fect of the truncation of psg nessage may reflect a dis-
ruption of normal protein-protein interactions in
which pipsqueak is involved and / or a distuption of the
interactions of {3} 512 with other ribosomal proteins,
as well as the reduction of wild-type fuil-length pip-
squeak proteir,

The possibility that the fission protein itself may liave
some deleterions effect is suggested by the observation
that that the £Z allele, 8109, displays more severe phe-
notypes as a2 homozygote than when preserit over a de-
ficiency for the region (SIEGEL ef ¢l 1993 . This finding
suggests that the presence of truncated transcript is
more deletericus than no transeript at all. We have not
obscrved any obvious dominant uegative effect of the
psq PZ insertions in heterozygous flies. It is possihle,
hrowever, that subtie effects have gone undetected. Ak
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ternatively, it might be necessary for the PZ alleles to
be in a homozygous state to provide sufficient truncated
fusion protein to abrogate the effects of any wild-type
gene product that is present, Although such a scenario
does not conform to the classical definition of 2 domi-
nant piegative interaction, the effeet is essentially the
same: muitant protein interferes with the activity of wild-
type proteiu, with the added requirement that the ratio
of the two species falls within a certain critical range.
Indeed, evidence for a potentially similar type of domii-
nant negative effect was observed in the studies of trun~
cated Notch protein {(REBay ef of. 1993} described
above, It was found that when a truncated portion of
the Notch gene containing the extraceliular donain was
introdirced into wild-type flies, it resnlted in a mutant
phenotype only when the wruncated construct was ho-
mozygous. We are currently conducting experiments
to more fully examine tlis possibility for the psy PZ
TILLan{s,

The enhanced mutagenic power gained by using a P
element that can canse disruption even when it inserts
inte an intron is underscored hy the finding that of
the 8500 F element lines created in the KarPEN and
SerADRLING (1992} mutagenesis screen, the four that
mutated the psg gene resuited from P element insertion
into an ingron. We are aware of at least one other exarm-
ple of PZinduced truncation of a wild-type message (K.
Rerrenaousk and G BERG, usipublished data) .

Finally, an additioinai and powerful technical advan-
tage of P element~induced fruncations shonld be
usted. In some cases (asin psg}, Pelements insert into
very large iutross, such that eosmid walking to obtain
probes for use in a ¢cDNA screen is very tediors. In such
a situation, the 537 end of the gene can be obtained by
performing 5" RACE cloning {FrROHMAN of af. 1988)
usiug reverse trariscriptase primed with an oligonucieo-
tide derived fromn the (33512 sequence, This tech-
nique, which greatly sisplifies the isolation of the gene,
has been used to isolate genes identified in gene trap
experiments in morse (SKARNES ¢ al. 1962),

The combination of these features, broader targets
for mutagenesis, facilitated cloning, and generation of
unique and potentiaily negative afleles for amalysis of
gene finction, provide a compelling argument for the
inclusion of splicing / termination signals in the design
of Pelements used for sutagenesis.
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