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Coordinate Initiation of Drosophila
Development by Regulated Polyadenylation
of Maternal Messenger RNAs

Fernando J. Sallés,* Marshal E. Lieberfarb,t
Christopher Wreden,t J. Peter Gergen, Sidney Strickland

Pattern formation in Drosophila depends initially on the translational activation of maternal
messenger RNAs (mRNAs) whose protein products determine cell fate. Three mRNAs that
dictate anterior, dorsoventral, and terminal specification—bicoid, Toll, and torso, respec-
tively—showed increases in polyadenylate [poly(A)] tail length concomitant with trans-
lation. In contrast, posteriorly localized nanos mRNA, although also translationally acti-
vated, was not regulated by poly(A) status. These results implicate at least two mech-
anisms of mMRNA activation in flies. Studies with bicoid mMRNA showed that cytoplasmic
polyadenylation is necessary for translation, establishing this pathway as essential for
embryogenesis. Combined, these experiments identify a regulatory pathway that can
coordinate initiation of maternal pattern formation systems in Drosophila.

In Drosophila, four maternal systems define
initial embryonic asymmetry: anterior, pos-
terior, dorsoventral, and terminal (1). For-
mation of the anteroposterior axis is guided
by the localization of two crucial mRNAs,
bicoid in the anterior end (2, 3) and nanos
in the posterior end (4). The dorsoventral
and terminal systems each contain a uni-
formly distributed mRNA—Toll (5) and
torso (6), respectively—encoding a trans-
membrane receptor (5, 7) that responds to
localized ligand to create asymmetry (8).
These four mRNAs—bicoid, nanos,
Toll, and torso—that determine regional
specification all exhibit translational acti-
vation during early embryogenesis (3, 6, 9,
10). Translational activation of maternal
mRNAs can be controlled by various pro-
cesses (11), but a predominant mechanism
is cytoplasmic elongation of the poly(A)
tail (12, 13). Cytoplasmic polyadenylation
occurs in many species, suggesting it is an
ancient and conserved form of mRNA ac-
tivation during oocyte maturation and em-
bryogenesis. However, it has not been pos-
sible to demonstrate an essential role for
this regulation in development. To address
this question, we have exploited the exten-
sive knowledge of Drosophila maternal
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mRNAs as well as the ability to assess
mRNA translation in vivo by injection of
mutant embryos.

We used a polymerase chain reaction
(PCR)-based assay [poly(A) test (PAT)]
to determine whether Drosophila mRNAs
exhibit changes in poly(A) status upon
translational activation (14). The size of
the PCR products in this assay reflects the
poly(A) tail length of the RNA. The assay
was applied to four maternal mRNAs—
oskar, exuperantia, a4-tubulin, and bi-
coid—the first three of which are translat-
ed during oogenesis (I15) and were not
expected to undergo an elongation of their
poly(A) tails during embryogenesis. Bicoid
mRNA was a candidate for cytoplasmic
polyadenylation because it is translation-
ally regulated (3), and in BicD mutant
embryos suppression of bicoid mRNA
translation is correlated with a short
poly(A) tail (16).

RNA was isolated from ovaries and em-
bryos at various developmental stages and
subjected to PAT analysis (Fig. 1). In oo-
cytes, bicoid mRNA had a poly(A) tail of
~70 nucleotides (nt). Because bicoid
mRNA is dormant at this stage, this
poly(A) tail length is not sufficient for
translation. The length of the poly(A) tail
increased within 1 hour after embryo dep-
osition, peaked at ~140 nt in 1 to 1.5-hour
embryos, and then progressively shortened
(Fig. 1A). The time course of polyadenyla-
tion is compatible with a role in transla-
tional activation of bicoid mRNA,; bicoid
protein is first observed in 1- to 2-hour
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embryos, reaches a maximum at 2 to 4
hours, and then disappears (3). Although
oskar mRNA contained a poly(A) tail of
~100 nt in oocytes, it was not further elon-
gated during embryogenesis (Fig. 1B); sim-
ilarly, exuperantia and a4-tubulin mRNAs
did not exhibit cytoplasmic polyadenyla-
tion. Thus, the increase in poly(A) tail
length does not occur in these constitutive-
ly translated mRNAs. These data reveal a
correlation between cytoplasmic polyade-
nylation and translational activation during
Drosophila embryogenesis.

To determine whether polyadenylation
controls translational activation of bicoid
mRNA, we analyzed the rescuing ability
and the poly(A) status of injected bicoid
transcripts. Embryos derived from females
homozygous for the bed®! mutation do not
produce functional. bicoid protein (17) or
form anterior structures (head and thorax)
(2). Therefore, the requirements for bicoid
mRNA translation can be examined by in-
jecting synthetic transcripts into bedE' em-
bryos and determining rescue of anterior
structures (18). Injection of the wild-type
bicoid (bed™*) transcript (Fig. 2) into the
anterior region of bcd®! embryos fully res-
cued the mutant emhryos (Fig. 3, A and G),
yielding, in some instances, fertile adults.
This observation indicated that bed"* RNA
is translated effectively in vivo (19).

Determination of the requirement for
polyadenylation in translation necessitat-
ed the preparation of a nenrescuing bicoid
transcript. Because the regulatory se-
quences for polyadenylation often reside
in the 3’ untranslated region (UTR), it
was probable that a transcript lacking this
region would be inactive. Therefore, an
mRNA truncated by 537 nt in the 3' UTR
[at the Sma I site of the complementary
DNA (cDNA)] (bedS™) was generated
(Fig. 2). This shortened bicoid transcript
did not rescue mutant embryos (Fig. 3B);
even at a 10-fold higher concentration (2
pg/l), bed®™@ RNA showed essentially
no rescue (20). The effect of poly(A) tail
length on translation was then investigat-
ed. bed®™ RNAs with different poly(A)
tail lengths were generated by in vitro
polyadenylation (Fig. 2): bedSm+Ase RNA
contained 40 to 60 A residues, which
approximates the poly(A) tail on the en-
dogenous, translationally silent, oocyte
mRNA; bedSma*+A1s RNA contained 150
to 200 A residues, similar to the poly(A)
tail on the endogenous, active, embryonic
mRNA. The bedS™2+4As0 RNA had no ef-
fect on the bed®! phenotype when injected
into mutant embryos (Fig. 3C). In con-
trast, bcdSmatAs RNA effectively res-
cued, with all three thoracic segmeénts of-
ten present as well as, gnathal and head
structures (Fig. 3, D and H).

Although bedSma+A1s RNA  partially
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rescued the bcd®! phenotype, it was less
effective than bcd* RNA. One possible
explanation for this result is that the trun-
cated RNA lacks sequences required for
optimal translation, even in the presence
of a long poly(A) tail. For example, the
translation of bicoid mRNA may be en-
hanced via interaction with staufen pro-
tein (21); this interaction occurs via the
3’ UTR of bicoid mRNA, which is missing
in bedSmatAs RNA.

If cytoplasmic polyadenylation is re-
quired for translation of bicoid mRNA,
then the rescuing bcd** mRNA should be
elongated after injection. To test this
prediction, we injected 3?P-labeled bcd™*
mRNA into the anterior region of bcdE!
embryos; 1 hour later, the mRNA was re-
trieved (22) and examined (Fig. 4). The
transcript was polyadenylated after injec-
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Fig. 1. PAT analysis of bicoid (A) and oskar (B)
mRNA during Drosophila embryogenesis. Total
RNA was isolated (30) from Drosophila ovaries
and embryos. Each RNA sample was treated with
deoxyribonuclease (25), purified, and subjected to
PAT cDNA synthesis (74). All transcript-specific
amplifications were performed on the same cDNA
preparation (MRNA primers: bicoid, 5’-CATTTG-
CGCATTCTTTGACC; oskar, 5'-AAGCGCTT-
GTTTGTAGCACA). Because the amount of RNA
was not determined for each time point, quantita-
tive estimates cannot be made. Poly(A) tail lengths
are reported as maximally elongated species; sim-
ilar conclusions were drawn if the poly(A) tail
lengths were estimated as the average elongation.
The size of bicoid amplified PAT products without
poly(A) is 286 base pairs (256 bicoid plus 30 an-
chor). The size of oskar amplified PAT products is
253 base pairs (223 oskar plus 30 anchor). An
apparent deadenylation is observed between 1.5
and 2.5 hours with oskar mRNA; the lower band
(bracket) at 220 base pairs is a secondary oskar-
specific amplification product. Tail lengths were es-
timated from adjacent molecular size markers.

—— X

=170

tion with ~150 A residues. In contrast,
bcdSma’ deSma+Aso’ and deSma+A175 RNAS,
which do not contain the 3’ UTR se-
quences, were not significantly elongated

Fig. 2. (A) The bicoid transcriptsused 5
to determine the role of polyadenyla-
tion in translational activation: wt, full-
length bicoid mRNA showing the
cDNA Sma | site used to generate
truncated transcripts; Sma, bicoid
mRNA lacking the 3’-terminal 537 nt;
Sma+Ag, and Sma+A, 5, Smatran-
scripts polyadenylated in vitro to con-
tain ~50 or ~175 A residues, re-

wt
Sma

Sma+Ag,

SmatAyre ——1—A,,

(<50 nt). These results indicate the crucial
role of poly(A) status in translation, and
that sequences in the 3’ UTR regulate effi-
cient cytoplasmic polyadenylation.

Smal

A g-.! <19

spectively. Open box, coding region. Capped transcripts labeled with [e-32PJUTP (uridine tnphosphate)
were synthesized with a T3 Message Machine kit (Ambion) (specific activity, 5 X 10% cpm/pg), purified,

and resuspended in filtered water at 0.2 ug/pl. In vitro polyadenylation was performed with 5 g of
heat-denatured bcdS™ RNA and 300 uM adenosine triphosphate (ATP) (13) for either 2 min (bcdSma+Aso)
or 20 min (bcdSma+A17s) at 37°C. Unincorporated ATP was removed by two rounds of ethanol precipita-
tion. (B) Size and integrity of transcripts. RNAs were visualized by autoradiography after electrophoresis
in formaldehyde-agarose gels and transfer to Duralon membranes (Stratagene). The extent of polyade-
nylation was estimated from the mobility of DNA markers (2.3 and 1.9 kb, arrows) parent RNAs.

Fig. 3. (A to D) Degree of 50

rescue of bedE! embryos A
injected with wild-type (A),
Sma (B), Sma+A,, (C), or
Sma+A,,; (D) bicoid tran-
scripts. Filled bars denote
rescued embryos. RNAs
(0.2 pg/pl in H,0) (Fig. 2)
were injected anteriorly (2)
at room temperature into
0- to 0.5-hour bcd®' em-
bryos, which were then in- 0-
cubated for 22 to 26 hours
at room temperature. Em-
bryos were scored (2, 3,
18) as follows: NS, cuticle
phenotype not scorable;
bcd&', no rescue, filzkér-
per duplicated at anterior
end, equivalent to unin-
jected bcd®'  embryos;
Th/Gn, thoracic/gnathal
structures; Head, appear-
ance of antennal sense or-
gans with or without partial
head skeleton; and Com- oL 0O

B
o
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Number of embryos
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NS  bedf!

Th/Gn Head Complete
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40
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304
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plete, hatched larva or
normal cuticle with com-
plete head skeleton. (E to
H) Cuticle preparations of
rescued embryos. Cuti-
cles in Hoyers medium:
lactic acid (1:1) were visu-
alized with dark-field op-
tics (left, anterior). (E)
Wild-type embryo; all an-
terior structures present.
(F) Uninjected bcd &' em-
bryo; partial duplication of
the posterior filzkorper (fk)
at the anterior end. (G)
Mutant embryo injected
anteriorly with bcd"t tran-
script; rescued embryo
with almost complete

0
NS bed®! Th/Gn Head Complete

NS bed®! Th/Gn Head Complete
Rescued

Rescued

head skeleton (hs) and fused abdominal segments A3 and A4. (H) Mutant embryo injected anteriorly
with bcdSma+Ar7s; three thoracic segments (T1 to T3) rescued with no gnathal or head structures (37).

SCIENCE e+ VOL. 266 -«

23 DECEMBER 1994

1997



The differences in rescuing ability of
the various transcripts cannot be ex-
plained by differences in half-life or inher-
ent in vitro translatability. All RNAs
showed similar half-lives after injection,
with the exception of bcdS™?, which
appeared less stable (Fig. 4). Thus,
bedS™a+As (nonrescuing) and bedSmatAs
(rescuing) RNAs were equally stable after
injection. Additionally, reticulocyte
translations in vitro indicated that the
nonrescuing RNAs bcdS™ and bedSma+4se
were translated at levels comparable to the
rescuing bcd™ RNA. Taken together,
these results demonstrate that translation-
al activation of bicoid mRNA during Dro-
sophila embryogenesis requires cytoplasmic
polyadenylation.

Pivotal mRNAs in the other maternal
pattern formation pathways were next ex-
amined for cytoplasmic polyadenylation
during development. Both torso (terminal)
and Toll (dorsoventral) mRNAs are trans-
lationally activated during early embryo-
genesis (6, 10). An analysis of these RNAs
by the PAT (Fig. 5, A and B) revealed that
both behave analogously to bicoid mRNA:
In the oocyte, the mRNAs contain a short
poly(A) tail, which is elongated concomi-
tant with translational activation. The sim-
ilar regulation of bicoid, Toll, and torso,
coupled with the demonstration that poly-
adenylation controls bicoid mRNA transla-
tion, suggests that the activation of both
Toll and torso mRNAs is also controlled by
a change in poly(A) status.

Translational regulation of the maternal
mRNA nanos, which is responsible for pos-
terior determination, is achieved, at least in
part, by localization (9). Examination of the
poly(A) status of nanos mRNA during em-
bryogenesis showed that this transcript does
not undergo cytoplasmic polyadenylation
during its translational recruitment (Fig.
5C). This observation reveals at least two
pathways for mRNA activation in the Dro-
sophila embryo: a poly(A)-dependent path-

way represented by bicoid, Toll, and torso,
and a second system for nanos.

Our results show that regulation of cyto-
plasmic polyadenylation is a fundamental
mechanism of translational control in Dro-
sophila. Previous evidence of this form of
regulation in flies is that the translational
recruitment of two mRNAs (Mst87D and
Mst87F) in postmeiotic spermatids is corre-
lated with an increase in poly(A) tail
length (23). In these mRNAs, a 12-nt ele-
ment in the 5" UTR both regulates polyad-
enylation and represses translation in pri-
mary spermatocytes. This element is not
present in bicoid mRNA, and replacement
of the 5" UTR of bicoid mRNA with het-
erologous sequences does not relieve the
translational repression in oocytes (18).

Studies in Xenopus and mouse demon-
strate that cytoplasmic polyadenylation re-
quires two sequences: the canonical nu-
clear polyadenylation-cleavage  signal,
AAUAAA, and an AU-rich element [cy-
toplasmic polyadenylation element (CPE),
or adenylation control element (ACE)]
(12, 13, 24, 25). The bcdS™ RNA, which
lacks the last 537 nt of the 3’ UTR, is
inactive for rescue and shows little polyad-
enylation on injection. Therefore, sequenc-
es required for efficient polyadenylation re-
side in this deleted region of the 3' UTR. In
this regard, the 3’ UTR of bicoid mRNA is
AU-rich and contains many regions that
could regulate translation. The require-
ments for bicoid mRNA polyadenylation
appear complex and to encompass multiple
sequence elements. A transcript (terminat-
ed at the Hind III site of the cDNA) lack-
ing the presumptive nuclear polyadenyla-
tion sequence, AAUAUA, and an ACE
motif rescued bcd®! mutant embryos with
apparently no loss of efficiency as com-
pared to bcd** RNA. Additionally, the
terminal 729 nt of bicoid mRNA were not
a substrate for polyadenylation when in-
jected into embryos (26). Therefore, se-
quences both upstream and downstream of

Fig. 4. Polyadenylation and stability of injected bicoid transcripts. High— v& o
specific activity transcripts (2 X 107 to 3 X 107 cpm/j.g) were generated é"‘ & &

(1 hour at 37°C) with a T3 MegaScript kit (Ambion) and 0.5 mM aden- & e SR
osine triphosphate, 0.5 mM cytidine triphosphate, 0.25 mM uridine Ul il sl Bl

5'phosphate (UTP), 0.25 mM guanosine triphosphate, 1.0 mM e
M7G(5'),,(5)G (CAP analog) and [a-32P] UTP. The RNAs were polya-
denylated, purified, and injected as in Figs. 2 and 3. The bcdS™ RNA
was used to generate both bcdS™a+A% and bedS™ma+A17s RNAs; these
three transcripts therefore contained equal amounts of radioactivity per
molecule. The RNAs were reisolated (22) after 1 hour (lanes I), and 11
embryo-equivalents were subjected to electrophoresis with uninjected
RNAs as size markers (lanes U) to determine in vivo polyadenylation of
injected transcripts. Therefore, for the three Sma transcripts, the
amounts of RNA remaining after 1 hour (lanes |) are directly comparable,

Quantitation (means + SE, n = 3) of the relative amount of full-length
RNA for the three Sma transcripts after retrieval was as follows (normalized to bcdS™a+As0 RNA)
bcdSma+Aso, 1.0; bed ™2, 0.43 + 0.04; and bedSma+A1s, 1,18 + 0.39. The bcdS™ RNA showed no
rescue at a concentration 10 times that of rescuing transcripts, and therefore would have to be less than
one-tenth as stable to explain the results on the basis of stability alone.
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the Sma I site are required for cytoplasmic
polyadenylation.

Sequence comparison of the 3' UTRs in
the mRNAs regulated by polyadenylation
in Drosophila does not reveal significant
homology. In addition, a chimeric mRNA
in which the entire 3’ UTR of bicoid
mRNA was replaced with the correspond-
ing region from the al-tubulin mRNA ex-
hibits normal translational regulation (27).
Therefore, an exact definition of the se-
quences that participate in bicoid, Toll, and
torso translational regulation awaits further
analysis.

Translational activation of nanos mRNA
does not involve cytoplasmic polyadenyla-
tion. Expression of nanos mRNA depends
on proper posterior localization, with trans-
lational suppression occurring when the
transcript is mislocalized (9). Therefore, pos-
terior positioning may be sufficient for trans-
lation of nanos mRNA. In embryogenesis,
nanos protein is necessary only to repress the
posterior function of maternal hunchback
mRNA (28). The nanos protein may repress
maternal hunchback mRNA translation by

Embryo age (hours)
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o°$ap' 4 PGS
V' Poly(A)
length (nt)
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Fig. 5. PAT analysis of torso (A), Toll (B), and
nanos (C) RNAs. The sizes of the amplified PAT
products [minus poly(A)], length of poly(A) tail in
oocytes, and length of poly(A) tail in embryos are
305, 40, and 100 nt (torso); 335, 40, and 200 nt
(Toll); and 350, 50, and 50 nt (nanos), respective-
ly. The lower band (bracket) in (A) is a secondary
torso-specific PCR amplification product. PCR
primers:  torso, 5'-CCAGAAAGGCTGAAA-
CAACTGCAAG; Toll, 5'-GTATCAACTGTAATCT-
CACGCCCA; and nanos, 5-GTCGTCGGC-
TACGCATTCATTGT.



alteration of its poly(A) status (16), and we
have shown that hunchback mRNA is
polyadenylated during development (29).
Because hunchback mRNA is translationally
activated at egg deposition and nanos pro-
tein should appear before hunchback pro-
tein, a poly(A)-independent mechanism for
nanos mRNA might ensure earlier synthesis
of this protein.

Polyadenylation of maternal mRNAs is
a conserved mechanism of translational ac-
tivation during oogenesis and early embry-
ogenesis. Therefore, mutations in the path-
way might behave as female-sterile muta-
tions, given that maternal mRNAs that
require cytoplasmic polyadenylation would
not be translationally activated. The isola-
tion and characterization of such Drosophila
mutants should allow definition of gene
products and biochemical pathways that
control the initiation of development.
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Trans-Acting Dosage Effects on the Expression
of Model Gene Systems in Maize Aneuploids

Mei Guo and James A. Birchler*

The reduction in vigor of aneuploids was classically thought to be due to the imbalance
of gene products expressed from the varied chromosome relative to those from the
remainder of the genome. In this study, the dosage of chromosomal segments was varied,
but the transcript level of most genes encoded therein showed compensation for the
number of copies of the gene. Genes whose dosage was not altered were affected by
aneuploidy of unlinked chromosomal segments. The phenotypic effects of aneuploidy and
of a substantial fraction of quantitative variation are hypothesized to be the consequence
of an altered dosage-sensitive regulatory system.

The phenotypic consequences of addition
or subtraction of a chromosome relative to
the normal genomic complement have
been documented in a variety of eukary-
otic organisms (1-3). The detrimental ef-
fects of aneuploidy were considered to be
the result of the imbalance of the gene
products encoded on the varied chromo-
some relative to those from the remainder
of the genome (I1-3). This concept was
based on the assumption that the amount
of gene products increases proportionally
as the structural gene dose increases, a
concept known as gene dosage effects.
However, studies on Alcohol dehydrogenase
1 (Adhl) and Globulin 1 (Glbl) in maize
(Zea mays) revealed that the expression
levels of the ADHI1 enzyme and GLBI
protein remained constant for various dos-
es of the long arm of chromosome 1 (1L),
where both structural genes reside (4, 5).
This lack of a structural gene dosage effect
is referred to as dosage compensation.
However, when the copy number of the

Division of Biological Sciences, University of Missouri,
Columbia, MO 65211, USA.

*To whom correspondence should be addressed.

SCIENCE e« VOL. 266

23 DECEMBER 1994

respective structural genes was varied from
one to four in a ploidy series, directly
proportional expression amounts of Adhl
and Glbl were observed relative to the
gene copy number. In addition, most other
aneuploids analyzed exhibited trans-acting
dosage effects on the expression of genes
encoded on unvaried chromosomes (5).
We used a genetically marked dosage se-
ries of 14 chromosomal regions and several
specific genes in Z. mays to test the effects
of segmental ploidy on gene expression.
Transcript amounts of the following genes
were analyzed: Adhl (6, 7), Alcohol dehy-
drogenase 2 (Adh2) (7, 8); GIbl (9),
Shrunken 1 (Shl) (10), Sucrose synthase 1
(Susl) (11), and Zein (22 kD) (12).

The genetic system we used to generate
the dosage series involved translocations
between the supernumerary B chromo;
some and the normal A chromosomes
marked with dominant anthocyanin pig-
ment genes or their transposable element
derivatives (13). The B chromosome fre-
quently nondisjoins at the second pollen
mitosis (14), which gives rise to the two
sperm in a pollen grain, thus generating
zero, one, or two copies of the B chromo-
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