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The 5’ untranslated regions (UTRs) of the Drosophila Ubx and Antp genes were tested for their ability to
promote cap-independent translation initiation. The Ubx and the Antp 5’ UTR were inserted between the CAT
and lacZ coding sequences in a dicistronic gene and tested for IRES activity in transgenic Drosophila. Northern
analysis of the mRNAs showed the presence of the predicted full-length dicistronic mRNAs. High CAT activity
was expressed from the first cistron from all of the dicistronic constructs introduced into the fly genome. The
dicistronic transgenic strains bearing the Ubx and Antp IRES elements expressed significant levels of 3-ga-
lactosidase (BGAL) from the second cistron whereas little or no BGAL was expressed in the controls lacking
the IRESs. In situ analysis of BGAL expression in the transgenic strains indicates that expression of the second
cistron is spatially and temporally regulated. Although the developmental patterns of expression directed by
the Antp and Ubx IRESs overlap, they exhibit several differences indicating that these IRESs are not func-

tionally equivalent.

The cap-independent internal initiation model was proposed
initially to explain the mechanism of translation initiation of
picornavirus mRNAs (2, 16-18, 25, 30, 35). The unique struc-
tural characteristics of picornoviral mRNAs including the ab-
sence of a cap structure at the 5’ end, the presence of extraor-
dinarily long and structured 5’ untranslated regions (UTRs),
and the presence of multiple upstream AUGS are incompatible
with the cap-dependent scanning model purported to explain
the translation of all cellular mRNAs. Upon infection of mam-
malian cells with poliovirus, the cap binding complex (eIF-4F)
is inactivated due to the cleavage of the p220 (eIF-4Fy) sub-
unit of the cap-binding protein complex. Consequently, global
translation of cellular mRNAs is inhibited while viral mRNAs
are actively translated. These data suggested that the 40S
preinitiation complex may bind a site remote from the 5’ ter-
minus of the polioviral mRNA. Pelletier and Sonenberg (30)
developed a dicistronic assay to detect the presence of internal
ribosome entry sites (IRES, or ribosome landing pad). Expres-
sion of the downstream cistron was shown to be dependent
upon the insertion of the poliovirus mRNA 5" UTR in the
intercistronic sequence (ICS) between the two cistrons. More-
over, blocking cap-dependent translation of the first cistron not
only failed to block translation of the second cistron but actu-
ally elevated its level of translation.

Mapping experiments of poliovirus, encephalomyocarditis
virus (EMCYV), and human rhinovirus (HRV) demonstrated
that a large segment (ca. 400 nucleotides [nt]) of the 5" UTR
is sufficient for enhancing translation in a cap-independent
manner (5, 17, 30). It has been proposed that intrastrand RNA
duplexes are essential for IRES activity (14, 17). Similar ex-
periments have revealed that other picornavirus mRNAs are
translated via internal initiation as well (2).
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Although viral proteins may augment internal initiation ei-
ther directly or indirectly, picornoviral proteins are translated
efficiently without the presence of viral proteins. However,
cellular factors are required for viral IRESs, but which factors
are required varies among the picornaviruses. Rabbit reticulo-
cyte lysate supports internal initiation of mRNAs bearing the
EMCYV IRES but not mRNAs with a HRV IRES. However,
the addition of protein factors from HeLa cells can promote
efficient translation of the latter (5). These results indicate that
different protein factors may be required for different IRESs,
suggesting the possibility of developmental regulation of inter-
nal initiation as a function of cell types.

A few cellular mRNAs have been found to contain IRESs.
Sarnow and coworkers showed that the mRNA encoding
GRP78/Bip (immunoglobulin binding protein) was translated
at high levels during poliovirus infection when protein synthe-
sis of most cellular proteins was depressed (24, 33). Subse-
quent experiments demonstrated that Bip mRNA is translated
through a cap-independent/internal initiation mechanism.
More recently the Drosophila Antennapedia (Antp) (28) and
mouse fibroblast growth factor 2 (Fgf2) (39) mRNAs have
been shown to contain IRES elements via the dicistronic assay
system in transfected cells. Kim and coworkers (19) have
shown the EMCYV IRES is functional in transgenic mice. How-
ever, cellular mRNA 5" UTR sequences, shown to provide
IRES activity in transfected cells, have not been tested for
IRES function or regulation in the context of whole animal
development.

In principle, mRNAs which contain unusually long leader
sequences with multiple upstream reading frames (URFs) are
good candidates for initiating translation via a cap-indepen-
dent internal ribosome binding mechanism. Among 380 Dro-
sophila mRNAs analyzed, 39 have leader lengths exceeding 500
nt and contain multiple URFs (10). These include the devel-
opmentally important homeotic genes Ultrabithorax (Ubx) with
a 968-nt 5’ UTR and two upstream AUGs and Anfp with a
1,735-nt 5" UTR (P2 mRNA) and 15 upstream AUGs (Fig. 1a).

We now show that the Ubx 5" UTR contains an IRES which
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FIG. 1. Structure of the 5" UTR region of the Drosophila Antp and Ubx mRNAs and the dicistronic genes. (a) The stippled rectangles represent the 5' UTR
sequence, and the solid rectangles represent 5" end of the coding region. The lollipop symbols represent the position of upstream start codons (UAUGs). Antp P2, Antp
transcript from the P2 promoter. (b) All dicistronic genes were constructed in a pCasPeR P-element vector and contain the Actin 5C distal promoter fused upstream

of the bacterial CAT gene followed by a short intercistronic linker, the lacZ gene
polyadenylation (SV40 poly A) signal. The inserted 5" UTR sequences of the Ubx and

(containing a Drosophila translation initiation site), and the simian virus 40
Antp genes are in their normal plus-strand orientation relative to the dicistronic

mRNA except for pACXB. The hairpin symbols in pAChpUB and pACUhpB indicate the presence of a sequence designed to generate a stem-loop structure in the

plus strand of the dicistronic mRNA.

can function in transfected cells and in transgenic Drosophila.
In addition we show that the Anfp 5" UTR, previously demon-
strated to act as an IRES in transfected cells (28), also acts
as an IRES in transgenic Drosophila. For determining the
IRES activity of Ubx and Antp 5' UTRs, a constitutive pro-

moter was used to drive the expression of dicistronic
mRNAs so that the tissue-specific regulation of the IRES
could be assessed throughout development. We show that
the Ubx and Antp IRESs exhibit a high degree of develop-
mental regulation.
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MATERIALS AND METHODS

Plasmid construction. The Actin 5C distal promoter and the chloramphenicol
acetyltransferase (CAT) gene coding region were obtained from a single plasmid,
pAcCatLuc. pACB, the parental dicistronic construct for all the other plasmids,
was made by subcloning a 3.2-kb Bg/II/BamHI fragment from pAcCatLuc into a
BamHLI site in pCaSpeRAUGBGAL (38). In pACB, two unique sites between
the two cistrons, BamHI and Kpnl, were utilized for inserting various sequences,
including the 5" UTR of Ubx and the hairpin-generating sequence (hpGem).
Dicistronic pACUB was constructed in two steps. First, the 970-bp 5’ UTR of the
Ubx gene was amplified from pT7Cat/Ubx/Luc (gift from P. Sarnow’s lab) by
PCR, incorporating BamHI and Bg/I1 sites at the 5’ and 3’ ends of the fragment,
respectively. In the second step, a restriction-digested PCR fragment was sub-
cloned into the BamHI site in pACB, resulting in pACUB (Ubx 5" UTR in the
plus orientation) and pACXB (Ubx 5’ UTR in the reverse orientation). The
hairpin-generating sequence hpGem (24, 28), predicted to have a duplex
strength (AG) of —60 kcal/mol, was inserted in the BamHI site between CAT
and Ubx 5" UTR in pACUB, generating pAChpUB, and also inserted in the Kpnl
site between the Ubx 5" UTR and lacZ in pACUB, generating pACUhpB.

The plasmids containing Antp 5" UTR sequences, pACA1B and pACA2B,
were constructed as follows. A BamHI-Xbal fragment containing the simian virus
40 poly(A) addition sequence was inserted downstream of an Actin 5C promoter-
CAT gene present in the P-element white vector yielding p6. To generate
pACAI1B, a 4.8-kb Xbal fragment from pTF1, containing the Antp P2 5’ UTR
present in exons C, D, and E fused to a nucleus-targeted lacZ gene, was inserted
into the Xbal site of p6 downstream of the CAT gene. To generate pACA2B, a
2.6-kb Xbal fragment from pTF2, containing the Antp P2 5" UTR present in
exons D and E fused to a nucleus-targeted lacZ gene, was inserted into the Xbal
site of p6 downstream of the CAT gene.

Cell culture and transfection experiments. D. melanogaster Schneider SL2
cells were grown at 25°C in Schneider’s Drosophila medium (GIBCO BRL, Inc.)
containing 10% heat inactivated fetal bovine serum (Irvine Sci. Co.). At 36 h
before transfection, cells were plated at a density of 5 X 10° cells per 60-mm
plate. Cells were transfected by using Lipofectin (GIBCO BRL, Inc.). Before
transfection the old medium was replaced with new Schneider’s medium without
bovine serum or antibiotics. Five micrograms of supercoiled DNA was mixed
with 20 pg of Lipofectin in a total volume of 100 wl and incubated at room
temperature for 15 min. After incubation, the DNA-Lipofectin complex was
added to the cells dropwise. After 5 h of incubation at 25°C, 10% fetal bovine
serum was added. Cells were harvested 48 h after transfection.

P-element transformation. D. melanogaster embryos were injected with appro-
priate plasmid DNAs by the general procedure of Rubin and Spradling (32). All
these transformant plasmids carry the Drosophila white gene as a selectable
marker. The host strain ES3 is a w mutant which has constitutive P-element
transposase activity (31). Adult survivors (G0) were crossed singly to ES3 flies,
and their progeny (G1) were screened for red eyes. Genetic crosses were done to
determine which chromosomes contained the transduced genes and to replace
the endogenous B-galactosidase (BGAL) wild-type gene with the BGAL null
mutant (20). All of the transgenic flies were named after the dicistronic trans-
genes they carried.

Northern analysis. Small-scale RNA preparations were used for developmen-
tal Northern analysis. Total RNA was isolated from flies or dissected tissues as
described previously (9). For some samples, poly(A)* RNA was prepared from
total RNA by using oligo(dT) affinity chromatography.

Total RNA or poly(A)* RNA samples were fractionated on a 1.2% agarose
gel containing 6% formaldehyde. After electrophoresis, the RNA was trans-
ferred to a nylon membrane (Hybond-N; Amersham) and cross-linked to the
membrane by UV irradiation (305-nm transilluminator). Various cRNA probes
were radiolabeled by in vitro transcription using [3?PJUTP. The Northern blots
were hybridized to the cRNA probes in the presence of 50% formamide at 59°C,
washed, and exposed to autoradiography film.

Histochemical analysis. In situ BGAL staining of dissected Drosophila tissues
was done by using a modified histochemical staining method developed by Glaser
and coworkers (13). Flies (larvae, pupae, or adults) were dissected in 10 mM
sodium phosphate (pH 7.0)-150 mM NaCl-1 mM MgCl, containing 1% glutar-
aldehyde at room temperature. Dissected tissues were rinsed in 10 mM sodium
phosphate (pH 7.0)-150 mM NaCl-1 mM MgCl,-3.3 mM K;[Fe(III)CN4]-3.3
mM K,[Fe(I)CN¢] and then in 10 mM sodium phosphate (pH 7.0)-150 mM
NaCl-1 mM MgCl,—3 mM K;[Fe(III)CNg]-3 mM K,[Fe(IT)CNg]. Tissues were
stained in 0.2% X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) at
room temperature in the dark for 15 min to overnight as necessary. Embryos
were staged and stained en masse with X-Gal (1, 3). Embryos were dechorion-
ated in 50% commercial Clorox bleach and fixed with fixative {0.08 M PIPES
[piperazine-N,N’-bis(2-ethanesulfonic acid)] (pH 6.9), 1.6 mM EGTA, 0.8 mM
MgSO,, 7.4% formaldehyde} and n-heptane. Fixed embryos were then removed
from the organic/aqueous interface and placed in the wells of a microtiter plate.
After residual heptane/fixative was removed, Triton/PBS (0.3% Triton X-100 in
phosphate-buffered saline [PBS]) was added to the embryos. When the embryos
had sunk below the surface, the Triton/PBS buffer was replaced with Fe/Na
staining medium {10 mM sodium phosphate, 150 mM NaCl, 1 mM MgCl,, 6.1
mM K;[Fe(IIN)CNg], 6.1 mM K,[Fe(II)CNy], 0.2% X-Gal, 0.3% Triton X-100}.
Stained samples were rinsed with PBS (10 mM sodium phosphate, pH 7.0/150
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mM NaCl; 1 mM MgCl,). Specimens were photographed on Kodak Gold 200
print films with an Olympus OM-1 camera under either a Zeiss Universal or a
Nikon SMZ-10 microscope.

BGAL and CAT assays. A quantitative BGAL enzymatic assay was performed
as described previously (34). Flies were homogenized in 100 pl of assay buffer (50
mM potassium phosphate [pH 7.5], 1 mM MgCl,). An aliquot of the supernatant
was transferred to a cuvette containing 2 ml of chlorophenol red B-p-galactopy-
ranoside (CPRG) solution (1 mM CPRG in assay buffer), and incubated at 37°C.
Optical density readings at 574 nm were taken at intervals of 30 s over a period
of 30 min in a thermostat spectrophotometer. The resulting slope (change in
Asz,/min) was used to estimate BGAL activity. One unit of BGAL enzyme
activity is equal to 1.0 wmol of CPRG hydrolyzed per min per fly.

CAT assays were done after the methods of Neumann and coworkers (27) with
minor modifications: flies or dissected tissues were homogenized in 100 mM
Tris-HCI (pH 7.5). The homogenate was incubated at 65°C for 5 min to precip-
itate most proteins and inactivate any inhibitor(s) of CAT. After centrifugation
at 14,000 rpm at 4°C, an aliquot of the supernatant was mixed in a scintillation
vial with 100 mM Tris-HCI (pH 7.5) (up to a total volume of 50 pl), 200 wl of
premix (1.25 mM chloramphenicol in 100 mM Tris-HCI [pH 7.5]), and 0.1 mCi
of [**C]-butyryl coenzyme A (CoA) (DuPont, NEN Research Products). The
reaction mix was overlaid with 5 ml of Econofluor-2 (DuPont, NEN Research
Products) and incubated at room temperature in a scintillation counter. Con-
version of chloramphenicol to butyryl chloramphenicol was measured as '*C
counts per minute by scintillation counting at intervals of 10 to 20 min over a
period of 2 h. The resulting changes in counts per minute over the assay period
were used to determine the units of CAT activity in each sample based on an
experimental standard curve. One unit of CAT enzyme activity is equal to 1.0
nanomole of chloramphenicol and acetyl-CoA converted to chloramphenicol
3-acetate and CoA per minute per fly.

In situ localization of transgenic mRNA. A hybridization probe for the dicis-
tronic mRNAs was generated by labeling the Escherichia coli lacZ gene with
digoxigenin (DIG)-dUTP via random-primed labeling with the Genius Nonra-
dioactive Nucleic Acid and Detection System (Boehringer Mannheim, Inc.).
Embryos, 0 to 24 h old, were dechorionated, fixed with paraformaldehyde,
treated with proteinase K, and then hybridized overnight at 45°C with the DIG
probe by the procedures of Tautz and Pfeifle (37). The DIG-lacZ mRNA hybrids
were detected by alkaline phosphatase-conjugated anti-DIG antibody followed
by treatment with nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-in-
dolylphosphate toluidinium (BCIP) for 3 to 120 min.

RESULTS

Ubx 5’ UTR functions as an IRES in transfected Drosophila
cells. A dicistronic gene (pACB) was constructed by using the
bacterial CAT gene and the lacZ gene encoding BGAL under
transcriptional control of the Drosophila Actin 5C distal pro-
moter (Fig. 1b). The 5’ UTR of Ubx 5" UTR was inserted
between the two cistrons of this plasmid, yielding pACUB, to
test for its ability to act as an IRES. To provide a nonspecific
control, the Ubx 5" UTR was reversed relative to its normal
orientation and inserted between the two cistrons (pACXB).
To control for the potential cap-dependent termination-reini-
tiation of the second cistron, a potential hairpin-generating
sequence was inserted between the first cistron and the Ubx 5’
UTR (pAChpUB). The efficacy of this hairpin structure to
block ribosome scanning was examined by constructing a plas-
mid with the hairpin-generating sequence between the Ubx 5’
UTR and the second cistron (pACUhpB). Thus, the hairpin
structure in pAChpUB should not interfere with internal ini-
tiation promoted by the Ubx 5' UTR whereas the hairpin
structure placed downstream of the Ubx 5" UTR should block
translation of the second cistron in pACUhpB.

The five dicistronic plasmids described were transfected into
Drosophila SL2 cells and assayed for CAT and BGAL activity
48 h after transfection. In two independent experiments, mod-
erate to high levels of CAT activity were seen for all five
plasmids tested (Table 1). In contrast, the expression of the
second cistron, BGAL, varied over a range of 327-fold. CAT
activity should be directly proportional to the transfection ef-
ficiency and level of dicistronic mRNA, and therefore we have
normalized BGAL activity to CAT activity to estimate the
IRES activity of the Ubx 5'UTR. In addition these ratios were
normalized to the CAT/BGAL ratio for the pACB transfec-
tions since pACB lacks the Ubx 5'UTR. The average IRES



VoL. 17, 1997

TABLE 1. Expression of BGAL and CAT activities in dicistronic
genes containing Ubx 5" UTR in transfected SL2 cells

INTERNAL TRANSLATION INITIATION IN DROSOPHILA 1717

TABLE 2. Quantitative expression of BGAL and CAT activities
in transgenic Drosophila

Mean activity (SD) Activity
Plasmid Strain
BGAL CAT BGAL CAT
pACB 0.03 (0.01) 0.35 (0.01) Third-instar larva
pACUB 2.07 (0.35) 1.19 (0.23) ACB 0.32 0.1020
pACXB 0.31 (0.11) 0.98 (0.27) ACUB 2.72 0.2908
pAChpUB 9.80 (2.38) 0.75 (0.37) ACAIB 128.59 0.2882
pACUhpB 0.09 (0.04) 0.93 (0.09) ACA2B 10.18 0.3918
Pupa

ACB 1.01 0.2056
activity of pACUB was 21, whereas its minus orientation coun- ACUB 746 03601
terpart was 3.2 (Fig. 2). Transfection of pAChpUB consistently  pparate adult
yielded the highest IRES activity (164) whereas its 3’ posi- ACB 027 0.2086
tioned hairpin construct counterpart (pACUhpB) yielded the ACUB 2.24 0.6453
lowest IRES activity (1.2) as expected. Thus the hairpin-gen-
erating sequence greatly augments the IRES activity of Ubx in Adult
a 5’ position but completely blocks it when positioned between ACB 0.10 0.0794

ACUB 1.00 0.1811

the Ubx 5" UTR and lacZ.

Ubx and Antp 5’ UTRs function as IRESs in transgenic
Drosophila. Drosophila transgenic strains were obtained for the
dicistronic plasmids pACB, pACUB, pACXB, pACA1B, and
pACAZ2B via P-element-mediated transformation. pACB lacks
any additional sequences between the CAT and lacZ genes and
serves as the basic negative control for plasmids that contain
either the Ubx 5" UTR (pACUB and pACXB) or the Antp 5’
UTR (pACA1B and pACA2B). (See above for further descrip-
tion of the Ubx constructs.) pACA1B contains the entire 5’
UTR of Antp P2 mRNA (exons C, D, and E) whereas
PACAZ2B contains only 5’ UTR sequences present in exons D
and E (Fig. 1). The transgenic strains were made homozygous
for the transgenes and placed in a BGal™ mutant background
to avoid background expression of BGAL from the Drosophila
endogenous BGal gene. These strains are referred to by their
plasmid names (minus the p prefix). At least two transgenic
strains for each construct were analyzed, and the patterns of
BGAL expression discussed below were consistent among
these strains unless otherwise stated.

To quantitatively estimate the IRES activity in the trans-
genic strains, CAT and BGAL enzyme assays were performed
on whole-fly homogenates. The ratios of BGAL activity to
CAT activity (BGAL/CAT) were used to estimate relative
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FIG. 2. IRES activity of the Ubx 5" UTR in transfected cells. IRES activity
was calculated as the ratio of BGAL activity to CAT activity (Table 1) normalized
to the BGAL/CAT ratio of ACB. The values shown are the averages of two
independent transfection experiments.

IRES activity. Although the CAT enzyme activities varied over
fourfold among lines and developmental stages, BGAL activ-
ities ranged over 3 orders of magnitude. Thus the differences in
the BGAL/CAT ratios are mostly contributed by large differ-
ences in BGAL activities. Four developmental stages for the
Ubx constructs and the ACB negative control were assayed:
wandering third-instar larvae, early pupae, pharate adults (late
pupae), and adults (Table 2). The IRES activity of the ACUB
transgenic strains were 2.7- to 4.4-fold higher than the ACB
lines (Fig. 3). For the Antp constructs ACA1B and ACA2B,
third-instar larvae were quantitatively assayed for IRES activ-
ity. The ACA1B transgene shows the highest IRES activity:
142-fold higher than ACB and 17-fold higher than ACA2B
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FIG. 3. IRES activity of the Ubx and Antp 5'UTRs in transgenic Drosophila
strains. IRES activity was calculated as the ratio of BGAL activity to CAT activity
(Table 2) normalized to the BGAL/CAT ratio of ACB. Each value represents the
mean of two independent transgenic strains. Larva, third instar larvae; pupa,
stage 3 to 5 pupae; pharate, stage 12 to 15 pharate adults; adult, 3- to 7-day-old
adults.
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FIG. 4. Tissue-specific expression of dicistronic mRNAs. DIG-labeled E. coli lacZ DNA was hybridized to 0- to 24-h-old embryos. Subsequently the DIG-labeled
hybrids were detected with an anti-DIG-alkaline phosphatase conjugate and visualized with NBT and BCIP. (a) Negative control strain, A2-3, lacking heterologous lacZ
exhibits no signal over a 2-h period. (b) Positive control strain Gld/lacZ 182.9 exhibits signal in the antennomaxillary complex (upper right lateral structures) and labial
region (upper right central structures) only. Signal was detected after 45 min. (c) ACUB exhibits expression in all tissues after 3 to 5 min. (d) ACA1 exhibits expression
in all tissues after 3 to 5 min. All stages of embryos (preblastoderm, blastoderm, and all later stages) were observed to stain heavily in the ACUB and ACA1 embryos.

Two independent experiments were performed, yielding the same results.

(Fig. 3). OH and coworkers (28) previously showed in trans-
fected SL2 cells that the IRES activity of the full Antp P2 5’
UTR (corresponding to ACA1B) was only about threefold
higher than the truncated Antp P2 5’ UTR missing exon C
(corresponding to ACA2B).

The Actin 5C promoter used in these experiments is known
to normally drive high constitutive levels of expression
throughout development (6). However to rule out the possi-
bility that the dicistronic reporter genes and the Antp and Ubx
5" UTRs did not abrogate or modify the activation of this
promoter in our constructs, we examined the expression of the
ACA1 and ACUB mRNAs in situ by using a probe for lacZ. As
expected, a very high level of expression of these mRNAs were
detected in all tissues throughout embryogenesis (Fig. 4c and
d). In contrast, no signal was detected in control embryos
lacking E. coli lacZ (Fig. 4a) and a highly tissue-specific pattern

of expression was observed in a transgenic strain bearing a
Gld/lacZ transgene (Fig. 4b). In the latter case, the mRNA and
BGAL histochemical patterns of expression were precisely co-
incident, unlike ACA1 and ACUB, in which only the BGAL
enzyme was highly tissue specific (see below). These controls
substantiate the posttranscriptional regulation of BGAL in
ACA1 and ACUB. Correlated with the abundance of dicis-
tronic mRNAs was a high level of CAT enzyme activity de-
tected throughout embryogenesis (data not shown).

To assess the tissue-specific activity of the Ubx and Antp
IRESs, BGAL expression patterns were determined in situ.
BGAL was first detected in stage 16 to 17 embryos in the Ubx
ACUB transgenic strains whereas BGAL was not detected at
any embryonic stage in the ACB, ACXB, ACA1B, and ACA2B
transgenic strains (Table 3). In the ACUB transformants,
BGAL activity was consistently detected in the proventriculus.
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TABLE 3. Tissue-specific expression of B-GAL in
dicistronic transgenic flies

Expression®

Stage/tissue®
ACUB ACXB ACA1B ACA2B ACB KICV9

Embryo
Hypoderm +/— - - - — —
Proventriculus ++ - - - - _
Midgut + - - — — —

Third-instar larva
Anterior spiracular - +/— + + — _
gland
Salivary glands
Proventriculus —+ — ++ + — _
Foregut imaginal ring +++ — ++ ++ +/- —
Intestinal tract ++ - +++ ++ = —
Hypoderm +/= - - - - _
Imaginal discs - - - - — —
Pharynx - - ++ + - _
Fat body cells - - +++ ++  +/— —
Trachea/intestine - - +++ - — _
junctions

Pharate adult

Antenna +/= - -
Maxillary palps - - ++
Labial palps +/- - ++
Proboscis - - ++
Wings and halteres ++ - ++
Legs - - -
Head hypoderm +/= - ++
Thoracic hypoderm ++ +/—  +++
Abdominal hypoderm — +/- =
Fat body - - +++
Intestinal tract na na +++

o S B T S B S
[
[

Adult
Fat body - -
Intestinal tract - +/=
Thoracic muscles +++ =
Thoracic/leg joint - -
Thoracic/wing joint - -
Rectal papillae + -
Testis coils (M) ++ -
Ejaculatory bulb (M) — +/—
Seminal receptable (F) — -
Spermatheca (F) - +/—
Uterus (F) - +/-

+
+
+
+
|
|

T T e B I e A

“F, female; M, male.
> +++, high; ++, moderate; +, low; +/—, variable; —, not expressed; na, not
assayed.

The proventriculus forms in late embryogenesis (stage 16 to
17) when the cells of the anterior midgut overgrow the poste-
rior end of the foregut, producing the characteristic funnel-like
cardiac structure (7). In addition, BGAL was frequently de-
tected in the midgut of these embryos.

Third-instar larvae from the ACUB transgenic strains
showed high expression of BGAL in the distal two thirds of the
salivary glands and the foregut imaginal ring encircling the
proventriculus. In the hypoderm, BGAL activity was detected
in a dispersed area. The major stained tissues were the intes-
tinal tract and the hypoderm (Table 3). Endogenous Ubx is
expressed predominantly in the third thoracic imaginal discs
(third leg discs and haltere discs). However, BGAL was not
detected in these discs in the ACUB transformants. Third-
instar larvae from the Antp constructs ACA1B and ACA2B
exhibited high levels of BGAL in the intestinal tract and fo-
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regut imaginal ring and a lower level in the anterior spiracles
(Table 3). The ACA1B strains also showed high levels of ex-
pression in the fat body cells and tracheal-intestinal junctions.
BGAL was not expressed in thoracic imaginal discs, brain, or
ventral nerve cord, where ANTP protein is normally expressed.
However, ANTP is expressed in the larval gut, where BGAL is
also expressed in the ACA1B and ACA2B transgenic strains.

At the pharate adult stage (late pupal), the ACUB animals
expressed a high level of BGAL in the thorax, wings and hal-
teres, and abdominal hypoderm (Table 3). For the Antp con-
structs ACA1B and ACA2B, moderate to low levels of BGAL
were observed in the labium, maxillary palps, proboscis, fat
body, intestinal tract, and head and thoracic hypoderm (Table
3). Some of these tissues also express ANTP.

Mature adults (>5 days old) were examined for all of the
transformant strains. ACUB adult flies exhibited high BGAL
expression in the thoracic muscles (Table 3), the intestinal
tract, testes, and rectal papillae. Adult males of the Antp ACA1B
and ACA2B strains showed high levels of expression in the in-
testinal tract and lower levels in the thorax, legs, and testes;
females showed low levels of expression in the seminal recep-
tacle, anterior uterus, and vaginal plate. In all developmental
stages the parental nontransformant K1CV9 BGal™ strain
showed no appreciable BGAL activity in any of the tissues
described above that express BGAL in the transgenic strains.

Dicistronic transgenes produce abundant full-length dicis-
tronic mRNAs. A key assumption of the dicistronic assay for
IRES activity is that full-length dicistronic mRNA will be faith-
fully produced. Northern blot analysis was used to investigate
the integrity of the mRNAs isolated from the transgenic flies at
various developmental stages. For the Ubx 5" UTR transgenic
strains and negative controls, CAT and LacZ probes were used
independently to ensure that both coding sequences were
present in the presumed dicistronic mRNAs. As shown in Fig.
5A (lanes 1 to 7), the predicted mRNAs for the ACB (5.4 kb),
ACUB (6.4 kb), and ACXB (6.4 kb) were observed by using
the CAT cRNA probe. These are the appropriate sizes for the
full-length dicistronic mRNAs. The BGAL cRNA probe de-
tected the same mRNA species (Fig. 5A, lanes 10 to 16) as well
as a smaller RNA (4.2 kb) in most of the transformant lines.
The presence and size of these smaller transcripts did not
depend on the presence of the 5’ UTR of Ubx in these dicis-
tronic transgenes, suggesting that they started downstream of
the ICS. Similar Northern hybridization was also performed on
the total RNAs isolated from pupae and embryos. Similar
results were observed: only one intact dicistronic transcript was
hybridized to the CAT probe while two RNAs were detected
by the LacZ probe (data not shown). Importantly, the presence
of the unexpected 4.2-kb RNA was not correlated with BGAL
enzyme expression since the ACB transgenic flies exhibit the
4.2-kb RNA but expressed very little if any BGAL enzyme
activity (Table 3).

Northern blot analysis of the Antp 5" UTR transgenic strains
exhibited the predicted full-length mRNAs in embryos and
third-instar larvae (Fig. 5B and C). The ACAI1B transgenic
strains show a 6.7-kb mRNA whereas the ACA2B transgenic
strains, which contain 1,321 nt less 5’ UTR, exhibit a 5.4-kb
mRNA as detected by a lacZ probe. Embryos express the
ACA1B and ACA2B transgene mRNA (Fig. 5C) and high
levels of CAT enzyme activity (data not shown) but do not
express BGAL enzyme activity (Table 3). In contrast, third-
instar larvae express high levels of the transgene mRNAs (Fig.
5B) and CAT and BGAL enzyme activities (Tables 2 and 3).
CAT enzyme activity is highly correlated with the presence of
the dicistronic mRNA, independent of the transgenic strains,
whereas BGAL enzyme activity is dependent upon the pres-
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FIG. 5. Northern analysis of the dicistronic transgenic strains. CAT or lacZ radiolabeled cRNA probes were hybridized to Northern blots of total RNA. (A) Adult
RNA; lanes 1 to 9 hybridized with CAT probe; lanes 10 to 17 hybridized with LacZ probe. Lanes: 1 and 10, ACB-25; 2 and 11, ACB-5; 3 and 12, ACUB-6R; 4 and
13, ACUB-2; 5 and 14, ACXB 32; 6 and 15, AChpUB29; 7 and 16, AChpUB 8.2; 8, 9, and 17, KICV9. Note: upon longer exposure a 4.2-kb RNA is also detected in
lane 11. (B) Third-instar larva RNA hybridized with LacZ probe. Lanes: 1 and 2, ACA1B-1; 3 and 4, ACA1B-7; 5, blank; 6, ACA2B-4; 7 and 8, ACA2B-12; 9 and 10,
ACA2B-16. (C) Embryonic RNA hybridized with LacZ probe. Lanes: 1 and 2, ACA1B-1; 3 and 4, ACA1B-7; 5 and 6, ACA2B-4; 7 and 8, ACA2B-12; 9 and 10,

ACA2B-16; 11 and 12, ACB-25; 13 and 14, ACB-GL.

ence of the Antp 5" UTR and exhibits complex tissue-specific
patterns of expression.

DISCUSSION

The 5" UTRs of three cellular mRNAs (Drosophila Antp
and mammalian bip and Fgf2) were previously shown to pro-
mote cap-independent translation by a dicistronic assay system
in transfected cells. A major outstanding question regarding
cellular IRESs is whether they promote constitutive translation
initiation (similar to cap-dependent initiation) or whether their
activities are developmentally regulated. Comparative studies
of the viral HRV and EMCV IRESs predicted that IRES
activity may be developmentally regulated, because they dif-
fered in their requirement for host cell factors (5). However,
this assumption has not been tested. To determine whether
cellular IRESs are constitutive or regulated, it is desirable to
express the test dicistronic mRNA constitutively in a whole-
animal system so that the regulation of IRES activity can be
assessed in any tissue or stage. Consequently, we constructed a
dicistronic gene under the control of a strong constitutive pro-
moter. From the resultant transgenic strains we found that the
Ubx and Antp IRES activities are highly developmentally reg-
ulated. Temporally, Ubx IRES activity is seen in all the major
life cycle stages (embryos, larvae, pupae, and adults). Ubx IRES
activity is not seen until late embryogenesis, where it is pro-
nounced in the developing proventriculus. In contrast, no Antp
IRES activity is seen in the embryonic proventriculus or in any
other embryonic tissue despite high levels of dicistronic mRNA.
Moreover, the negative control transgenes (ACB and ACXB)
also do not show expression of BGAL in the embryonic prov-
entriculus. Thus, the high BGAL expression of ACUB in this
organ during embryonic development uniquely requires the 5’
UTR of Ubx. Curiously, during larval development both the Ubx
and Antp IRESs promote high BGAL expression in the foregut
imaginal ring, which constitutes part of the proventriculus.

An important design feature of our dicistronic assay for
IRES function of Ubx was the inclusion of a strong hairpin-
generating sequence, hpGEM (AG = —60 kcal/mol), to block
the transit of the scanning 40S preinitiation complex. The
hpGEM sequences was successfully used previously for block-
ing translation in COS cells (24, 28). Insertion of the hairpin
sequence between the first cistron and the Ubx 5" UTR should
block any 40S complex which may have terminated translation

of the first cistron and resumed scanning or which may have
bound internally in the CAT sequence. The ability of this hair-
pin sequence to block scanning in transfected cells was tested
critically by inserting it between the Ubx 5" UTR and the sec-
ond cistron. As expected, the hairpin completely blocked trans-
lation of the second cistron whereas insertion upstream of the
Ubx 5'UTR actually enhanced translation of the second cistron.

The developmental expression controlled by the Ubx and
Antp IRESs in transgenic strains is partially correlated with the
major tissues expressing the UBX and ANTP proteins, respec-
tively. The Ubx IRES is active in the embryonic hypoderm
midgut, and proventriculus, tissues that also express the UBX
protein (40). Recently, Drosophila La (homolog of mammalian
La autoantigen) mutants have been shown to have reduced or
absent levels of UBX protein in the embryonic midgut (38a).
Since mammalian La autoantigen has been strongly implicated
as a major effector of IRES function (36), this is an intriguing
finding. However, the embryonic central nervous system and
larval imaginal tissues, two major sites of UBX and ANTP
expression (8, 40), did not exhibit Antp and Ubx IRES activity
in our assays despite high levels of dicistronic mRNAs in these
tissues. Three explanations for this lack of concordance may be
considered. (i) Ubx may use cap-dependent or cap-indepen-
dent mechanisms for translation initiation depending upon the
specific tissue and/or stage. Most likely the Ubx mRNA con-
tains a cap structure at its 5’ terminus and therefore would
have the possibility of being translated in a cap-dependent
mechanism. It is much less likely that Anfp uses a cap-depen-
dent mechanism for translation because its 5" UTR contains 15
upstream ORFs. (ii) The methods used to assess the develop-
mental specificity of IRES activity may not be sensitive enough
to detect transient expression. If, for example, IRES activity is
restricted to a brief period of time during the cell cycle, then
the level of the expression of the lacZ reporter may be too low
to detect. (iii) Other segments of the Ubx and Anfp mRNAs
may be essential for proper IRES developmental regulation.
Since no other cellular IRES has been investigated in the
context of development, it is unknown whether the IRESs
identified so far are sufficient for proper regulation. A large
number of recently characterized developmentally regulated
mRNAs contain 3" UTR sequences which are thought to in-
teract with the 5’ cap and/or 5" UTR to mediate control of
translation initiation.
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mRNAs with unusually long 5° UTRs in Drosophila and
vertebrates encode, almost exclusively, regulatory proteins (10,
22). These mRNAs typically contain multiple upstream AUGs.
Kozak (21, 22) has argued that these types of mRNAs are all
translated by a cap-dependent mechanism and has proposed
that the upstream AUGs are ignored by the scanning preini-
tiation complex (leaky scanning) because they contain a poor
sequence context. A thorough analysis of sequence context
data by Cavener and Ray (11) and mutagenesis of translation
start site context in Drosophila (12) does not support the con-
clusion that upstream AUGs would typically be ignored by the
mechanism of leaky scanning. Consequently, it seems unlikely
that mRNAs such as Antennapedia, which contain 15 upstream
AUGs, could be translated via cap-dependent mechanism since
traversing the long leader would require numerous rounds of
termination-reinitiation, a process known to be inefficient (26).
The data presented herein support the hypothesis that Antp
and Ubx are translated via a cap-independent mechanism.

Cap-independent IRES-mediated initiation may enable the
selective translation of specific mRNA species under varying
physiological conditions that are disassociated from cap-de-
pendent initiation, a process which is highly regulated (4, 23,
29). We speculate that developmental regulatory proteins,
which constitute a small fraction of bulk protein synthesis, may
utilize TRES-mediated translation as a means of specifying
changes in cell differentiation and proliferation during mitosis,
when global protein synthesis is temporarily repressed.
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