of the events resulting from a chromosomal
truncation. This suggests that age-induced
LOH is the result of an age-dependent
increase in DNA double-strand breaks
and/or a decrease in the normal repair of
such damage.

Complete pedigree analysis also al-
lowed us to determine whether LOH events
occurred in mother or daughter cells. The
continuous appearance of colored daughter
colonies in a mother’s life-span demon-
strated that the mother cell had undergone
LOH (e.g., Fig. 1B, mother 39). A com-
pletely colored daughter colony followed
by daughter colonies with wild-type cells
indicated that LOH occurred in the daugh-
ter cell only, while the mother remained
heterozygous (e.g., Fig. 1B, mother 28).
We presumed that BIR events would occur
with equal likelihood in mother and daugh-
ter cells. In contrast to this expectation, we
found a strong daughter bias (nearly 20-
fold) for age-induced LOH at both the
METI15 and SAM2 loci (Fig. 2C). This
asymmetry presents an interesting biologi-
cal situation for the mother cell, which may
be viewed as a type of stem cell (22, 23).
When age-induced LOH occurs, the
genomic integrity of the mother appears to
be maintained relative to the daughter, pre-
serving the potential to produce subsequent
daughters with a wild-type genome.

What defect causes age-induced LOH?
Our mechanistic characterization allows us
to eliminate several possibilities. Nondis-
junction, leading to chromosome loss, is
not responsible. Telomere length is not af-
fected by replicative age in S. cerevisiae
(24), precluding telomere loss as the cause
of chromosomal instability. An increase in
interchromosomal fusions, resulting in
dicentric chromosomes, could produce
substrates for BIR, but such events do
not explain the daughter bias of age-
induced LOH.

Rather, we postulate that aging mother
cells accumulate damaged proteins over
time (25), which effectively eliminates the
normal function of a gene product required
for genome integrity. This defect appears to
thwart normal DNA damage detection, be-
cause, unlike young cells repairing an in-
duced double-strand break (26), mother
cell divisions producing a daughter with
LOH lacked noticeable cell cycle delays or
arrests (Fig. 1B).

The daughter bias of age-induced LOH may
be the result of broken chromosomes that persist
immediately after cell division. If the centro-
mere-containing and acentric fragments are par-
titioned into separate nuclei, with the acentric
fragment tending to remain in the mother cell
(27), repair from the homolog by BIR (accom-
panied by LOH) will become the primary DNA
repair option in the daughter cell.

www.sciencemag.org SCIENCE VOL 301

Our results provide predictions about
the mechanisms that underlie age-related
genomic instability in eukaryotic cells, as
well as a model system in which to test
them. Ultimately, deeper understanding of
this phenomenon in yeast may help to solve
the link between oncogenesis and age
in humans.

References and Notes

R. A. DePinho, Nature 408, 248 (2000).

P. C. Nowell, Science 194, 23 (1976).

. A. Morley, Ann. N.Y. Acad. Sci. 854, 20 (1998).

. G. Acufa, F. Wiirgler, C. Sengstag, Environ. Mol. Mu-

tagen. 24, 307 (1994).

5. F. Paques, ). E. Haber, Microbiol. Mol. Biol. Rev. 63,
349 (1999).

6. A. Aguilera, S. Chavez, F. Malagon, Yeast 16, 731
(2000).

7. Saccharomyces Genome Database (available at
http://www.yeastgenome.org/).

8. H. Roman, Cold Spring Harbor Symp. Quant. Biol. 21,
175 (1956).

9. G. J. Cost, J. D. Boeke, Yeast 12, 939 (1996).

10. R. Mortimer, J. Johnston, Nature 183, 1751 (1959).

11. Materials and methods are available as supporting
material on Science Online.

12. D. A. Sinclair, L. Guarente, Cell 91, 1033 (1997).

13. P. A. Defossez et al., Mol. Cell 3, 447 (1999).

14. M. Kaeberlein, M. McVey, L. Guarente, Genes Dev. 13,
2570 (1999).

T

REPORTS

15. M. A. McMurray, D. E. Gottschling, unpublished data.

16. S. Gottlieb, R. E. Esposito, Cell 56, 771 (1989).

17. S. M. Jazwinski, Mech. Ageing Dev. 122, 865 (2001).

18. S. Fogel, D. D. Hurst, Genetics 48, 321 (1963).

19. F. K. Zimmermann, Mutat. Res. 31, 71 (1975).

20. S.R. Judd, T. D. Petes, Genetics 118, 401 (1988).

21. E. Kraus, W.-Y. Leung, J. E. Haber, Proc. Natl. Acad.
Sci. U.S.A. 98, 8255 (2001).

22. S. A. Frank, Y. lwasa, M. A. Nowak, Genetics 163,
1527 (2003).

23. ). Cairns, Proc. Natl. Acad. Sci. U.S.A. 99, 10567
(2002).

24. N. P. D'Mello, S. M. Jazwinski, J. Bacteriol. 173, 6709
(1991).

25. H. Aguilaniu, L. Gustafsson, M. Rigoulet, T. Nystrom,
Science 299, 1751 (2003).

26. L. L. Sandell, V. A. Zakian, Cell 75, 729 (1993).

27. A. W. Murray, J. W. Szostak, Cell 34, 961 (1983).

28. We thank D. Andersen, S. Biggins, R. G. Gardner, F.
van Leeuwen, T. Reis, G. R. Smith, A. E. Stellwagen,
and M. C. Yao for critical reading of the manuscript
and B. J. Brewer for insight and advice. Supported by
an NSF predoctoral fellowship to M.AM. and by a
National Institutes of Health grant (no. GM43893)
and an Ellison Medical Foundation Senior Scholar
Award to D.E.G.

Supporting Online Material
www.sciencemag.org/cgi/content/full/301/5641/1908/DC1
Materials and Methods

Fig. S1

Tables S1 and S2

References and Notes

6 June 2003; accepted 6 August 2003

Essential Roles for Ecdysone
Signaling During Drosophila
Mid-Embryonic Development

Tatiana Kozlova*T and Carl S. Thummel

Although functions for the steroid hormone ecdysone during Drosophila meta-
morphosis have been well established, roles for the embryonic ecdysone pulse
remain poorly understood. We show that the EcR-USP ecdysone receptor is first
activated in the extraembryonic amnioserosa, implicating this tissue as a source
of active ecdysteroids in the early embryo. Ecdysone signaling is required for
germ band retraction and head involution, morphogenetic movements that
shape the first instar larva. This mechanism for coordinating morphogenesis
during Drosophila embryonic development parallels the role of ecdysone during
metamorphosis. It also provides an intriguing parallel with the role of mam-
malian extraembryonic tissues as a critical source of steroid hormones during

embryonic development.

Ecdysone triggers the programmed cell death of
obsolete larval tissues and signals cell shape
changes in the imaginal discs during Drosoph-
ila metamorphosis, transforming the body plan
of the insect from a crawling larva into an adult
fly. (“Ecdysone” in this paper refers to physio-
logically active ecdysteroids.) Ecdysone signal-
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ing is mediated by a heterodimer of two nuclear
receptors, EcCR (NR1H1) and the Drosophila
RXR ortholog USP (Ultraspiracle, NR2B4) (7).
Characterization of EcR and usp mutants at the
onset of metamorphosis has revealed similar
lethal phenotypes, indicating that these factors
act together to transduce the hormone signal
(). A high titer ecdysone pulse also occurs
midway through embryonic development,
peaking during germ band retraction (GBR) (2).
GBR, dorsal closure (DC), and head involution
(HI) compose the major morphogenetic move-
ments that form the body plan of the first instar
larva. Ecdysone is required for cuticle deposi-
tion during late embryogenesis (3, 4), but func-
tions for ecdysone at earlier stages of embryo-
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genesis have been difficult to assess because
ecdysteroids, as well as £EcR mRNA and pro-
tein, are deposited maternally (3, 5). EcR zy-
gotic null mutants die during embryogenesis
with minor cuticular defects (6), and germline
clones of EcR null mutants arrest during oogen-
esis, resulting in female sterility (7).

Immunofluorescent staining with com-
mon region and isoform-specific antibodies
revealed that both EcR and USP are widely
expressed throughout embryogenesis (fig.
S1). To investigate when these receptors are
activated, we used the GAL4-LBD (ligand
binding domain) system, which accurately
reflects ecdysone signaling through EcR-USP
at the onset of metamorphosis (8). hs-GAL4-
EcR or hs-GAL4-USP was combined with a
GAL4-dependent nuclear lacZ reporter gene
(UAS-nlacZ) to determine when and where
the GAL4-LBD fusion protein can be activat-
ed by its ligand in the embryo. No activation
was seen at stage 11, when the germ band is
completely extended and the ecdysone titer is
low (Fig. 1, A and D) (2). Activation was first
evident at stage 12, when GBR begins, and was
high at stage 13 (Fig. 1, B and E), when the
ecdysone titer peaks, the germ band is retracted,
and the dorsal surface of the embryo is covered
by the amnioserosa. GAL4-EcR and GAL4-
USP displayed similar patterns of activation,
first detectable in the amnioserosa and remain-
ing high in this tissue through the completion of
DC at stages 14 and 15 (Fig. 1, C and F). More
widespread activation was seen at later stages
of embryogenesis (Fig. 1, C and F) (9). En-
dogenous EcR-USP activation was deter-
mined using a multimerized Asp27 Ecdysone
Response Element driving lacZ expression
(7xEcRE-lacZ) (5), although other nuclear
receptors can also bind to this EcRE. The
pattern of 7xEcRE-lacZ expression was
similar to that of GAL4-EcR and GAL4-
USP in the amnioserosa and was detectable
in other tissues at stages 13 and 14 (Fig. 1,
G to I). These observations are consistent
with the specific and transient high-level
expression of another ecdysone-dependent
reporter, DR3-Fbp-1-lacZ, in the amniose-
rosa at stages 12 and 13 (/0). As a control,
we used antibodies against GAL4 to show
that GAL4-EcR and GAL4-USP are widely
expressed in both the amnioserosa and epi-
dermis at stages 11 to 13. In addition,
hs-GAL4 can drive strong uniform expres-
sion of (B-galactosidase at stage 9, which
persisted into stages 11 to 15 (9). Finally,
embryos cultured with exogenous 20-
hydroxyecdysone, a physiologically active
ecdysteroid, displayed efficient and wide-
spread 7xEcRE-lacZ expression at stage 9
(Fig. 2), when EcR-USP is normally silent
(Fig. 1). Taken together, these observations
indicate that the amnioserosa contains a
high concentration of active ecdysteroids
during mid-embryogenesis.
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GAL4-EcR

GAL4-USP

EcRE-lacZ

stage 11

stage 13

stage 14/15

Fig. 1. The ecdysone receptor is activated in the amnioserosa. Histochemical staining for 3-galac-
tosidase expression in heat-treated hs-GAL4-EcR/+; UAS-nlacZ/+ (A to C), hs-GAL4-USP/+;
UAS-nlacZ/+ (D to F), or 7xEcRE-lacZ (G to I) embryos is shown. Activation was not detectable at
stage 11 (A, D, and G), before the ecdysone pulse, but was strong in the amnioserosa at stage 13
[(B), (E), and (H), arrows], persisting through stages 14 and 15 [(C), (F), and (I), arrows]. Longer
histochemical staining of these later stage embryos revealed widespread activation outside of the
amnioserosa (9). All embryos are oriented anterior to the left and dorsal side up, except for (B), (E),
and (H), where the embryos are shown from a dorsal-lateral perspective. The activation pattern in
the amnioserosa of stage 13 7xEcRE-lacZ embryos was most intense at the anterior and posterior
ends of this tissue [(H), arrow points to posterior patch], similar to the pattern of GAL4-USP [(E),
arrow], but more pronounced. Activation in the amnioserosa was uniform at stage 14 and 15
in all genotypes [(C), (F), (1), arrows]. Patterns shown were consistent among several hundred

embryos examined.

The amnioserosa is an extraembryonic tis-
sue that does not contribute to the embryo
proper, but which is nevertheless essential for
both GBR and DC (/7-13). To test whether
ecdysone signaling is required for these mor-
phogenetic events, we inactivated both ma-
ternal and zygotic EcR functions by express-
ing either of two different dominant-negative
EcR constructs during early embryogenesis:
hs-GAL4-EcR or UAS-EcR-F6454 (8, 14).
As an independent means of disrupting ecdy-
sone signaling, we used a temperature-
sensitive ecdysone-deficient mutant, ecd!
(15), under conditions where both maternal
and zygotic ecdysone levels are reduced. Ex-
pression of an EcR dominant-negative con-
struct, or maintaining ecd/ mutants at a non-
permissive temperature, resulted in embryon-
ic lethality (Fig. 3A) with highly penetrant
defects in GBR, HI, and cuticle deposition
(Fig. 3B). Weak GBR defects included mal-
formed mouthhooks and a dorsal shift in the
position of the posterior spiracles (Fig. 3D),
whereas stronger phenotypes included a com-
plete block in GBR and an anterior cuticular
hole, indicating defective HI (Fig. 3E). No
ecdl mutant embryos arrested development
before GBR, suggesting that this is the earli-
est embryonic function for ecdysone. Embry-
onic lethality caused by heat-treating /s-
GAL4-EcR/+ embryos at 3 to 5 hours after
egg laying increased from 60 to 96% in a
heterozygous EcR mutant background, indi-
cating that this dominant-negative construct
interfered with endogenous EcR function.
Both the penetrance and expressivity of the
GBR defect also increased under these

Fig. 2. Widespread activation of the ecdysone
receptor in embryos cultured with 20-hydroxy-
ecdysone (20E). Zero- to 4-hour 7xEcRE-lacZ
embryos were cultured with 5 X 107 M 20E or
with vehicle control (1% ethanol) and histo-
chemically stained for B-galactosidase expres-
sion. Sixty percent (n = 67) of the embryos
cultured in the presence of 20E showed prema-
ture and widespread 7xEcRE-lacZ expression at
stages 9 to 11, ranging from (B) moderate to
(C) high expression. (A) Control embryos
showed no activation (n = 88). Embryos are
oriented anterior to the left and dorsal side up.

conditions (/6). To determine whether ecdy-
sone signaling is required in the amnioserosa
and/or the germ band for GBR, we expressed
UAS-EcR-F6454 under the control of the
amnioserosa-specific GAL4 drivers C381
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Fig. 3. Ecdysone signaling is required for germ band retraction, head involution, and cuticle
deposition. (A and B) w’""® (control), hs-GAL4-EcR, or hs-GAL4/+; UAS-EcR-F645A/+ (EcR-F645A)
embryos were maintained at either 25°C (- heat) or heat-treated at 3 to 5 hours after egg laying

(+ heat). Embryos from ecd? mutant flies maintained at either the permissive (-

heat) or

nonpermissive (+ heat) temperature were also analyzed for either lethality (A) (n = 200 to 300
in at least two independent experiments) or embryonic lethal phenotypes (B) (n = 100 to 120)
(76). (C to E) The lethal phenotypes of embryos expressing the GAL4-EcR dominant-negative range
from relatively mild defects in GBR and HI (D) to a strong block in these morphogenetic pathways

(E), in comparison to a control w’’’® embryo (C).
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Fig. 4. Functional interaction between ecdysone
signaling and BPS integrin in germ band retrac-
tion. Embryos from the respective crosses (76)
were maintained at either 25°C or heat-treated at
3 to 5 hours after egg laying. The penetrance of
total GBR defects (weak + strong) and strong
GBR defects (fully extended germ band) are de-
picted. Forty to 80 embryos were examined for
each genotype. A single copy of the GAL4-EcR
dominant negative construct alone [+/GAL4-
EcR(Il)] generated relatively weak GBR defects in
this experiment because two copies of the trans-
gene are required to produce the strong pheno-
types shown in Fig. 3.

+ heat ]

and LP-1 or the ectodermal-specific GAL4 driv-
er 69B. These crosses led to embryonic and first
instar larval lethality with low-penetrance GBR
defects (9). Upon repeating these experiments in
a sensitized EcR genetic background, 23 and
15% of the embryos that express UAS-EcR-
F6454 under control of 69B-GAL4 or C381-
GALA4, respectively, displayed GBR defects; no
GBR defects were detected in control embryos
(16). Thus, ecdysone signaling appears to be
required in both the amnioserosa and germ band
for GBR to proceed. Mutations in several genes
that are required for GBR (Egfr, hnt, srp, and
ush) cause premature amnioserosa cell death (1,
12, 17). We observed a similar effect when
ecdysone signaling was downregulated; howev-
er, GBR defects were observed at the same
penetrance when we expressed the GAL4-EcR
dominant negative in a Df{3)H99 mutant back-
ground to block embryonic cell death (16).
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Therefore, as was shown in studies of the am-
nioserosa-specific Hindsight transcription factor
(18), more than amnioserosa cell survival is re-
quired for GBR to occur.

Earlier studies have demonstrated that the
amnioserosa promotes GBR through integrin-
mediated adhesion to the adjacent germ band,
with the highest penetrance GBR defects ob-
served in mutants lacking both maternal and
zygotic BPS integrin, encoded by myo-
spheroid (mys) (19, 20). Both the penetrance
and expressivity of GBR defects were greatly
enhanced when the As-GAL4-EcR dominant
negative was expressed in embryos that carry
a reduced dose of mys, but not in control
embryos, suggesting that ecdysone exerts its
effects on GBR, at least in part, through
integrins (Fig. 4).

The embryonic ecdysone titer begins to rise
before the formation of the ring gland, the
endocrine organ of the insect, suggesting that
maternally deposited ecdysteroids contribute to
the embryonic ecdysone pulse (2, 3). This is
consistent with the maternal effect that we ob-
serve in our ecd! studies, where a cross of ecdl
mutant females to wild-type males results in a
high degree of GBR and HI defects in the
offspring (/6). Maternal ecdysteroids are stored
as inactive conjugates in the yolk, which lies in
close apposition to the amnioserosa (21, 22).
We propose that these inactive ecdysteroids are
converted into active forms of the hormone by
enzymes that reside in the yolk and/or amnio-
serosa, resulting in a high concentration of ac-
tive ecdysteroids in the amnioserosa, defining
this tissue as a critical source of the hormone.

Mutations in dib and sad, genes that encode
key cytochrome P-450s in the zygotic ecdysone
biosynthetic pathway, have established a role for
ecdysone signaling in HI, DC, and cuticle dep-
osition (4, 23). Although we do not see pene-
trant DC defects when we disrupt ecdysone
signaling, it is possible that this phenotype is
masked by the earlier defect in GBR. Indeed, 5
to 8% of ecdl mutant embryos, or embryos
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expressing EcR-F645A4, display an anterior-dor-
sal hole that could be indicative of a DC defect
(16). Alternatively, the absence of GBR defects
in dib and sad mutants may be attributed to their
exclusively zygotic function and the apparent
dependence of GBR on maternally contributed
ecdysteroids. Finally, although our functional
studies support a key role for EcR in mid-
embryonic morphogenetic movements, reduc-
tion of maternal and zygotic usp function results
in embryonic lethality with minor cuticle defects
and no reported defects in morphogenesis (24,
25). This could be due to the hypomorphic
nature of two usp alleles used in these studies
(26). Alternatively, EcR might exert its roles in
embryonic morphogenesis independently of
USP.

Two models have been proposed to ex-
plain the role of the amnioserosa in GBR,
either as a source of one or more diffusible
signals that trigger cell shape changes in the
adjacent germ band (/8) or through dorso-
ventral contraction of the amnioserosa pro-
moting GBR via integrin-mediated adhesion
between these tissues (/9, 22). Our results
unify these models by implicating ecdysone
as a critical signal from the amnioserosa that
is required for GBR, as well as suggesting
that ecdysone directs this response through
integrins. The observation that ecdysone sig-
naling is required in both the amnioserosa
and germ band for GBR suggests that the
amnioserosa may not provide all of the force
for this morphogenetic event and that ecdys-
one-triggered cell shape changes in the germ
band may also contribute to GBR. Moreover,
analogous ecdysone-triggered cell shape
changes drive imaginal disc morphogenesis
during metamorphosis (22, 27), with at least
part of this genetic program required for GBR
and HI during embryonic development (28).
Genetic interactions between EcR and inte-
grin subunits, including BPS integrin, have
also been observed during adult wing mor-
phogenesis during metamorphosis (29). Tak-
en together, these observations raise the in-
triguing possibility that ecdysone functions
in a parallel manner during embryogenesis
and metamorphosis, triggering coordinated
changes in cell shape that establish the basic
body plan for the next phase in the life cycle.
An endocrine signal in embryos also provides
a mechanism to explain the temporal coordi-
nation of mid-embryonic morphogenetic
events, defining a new ecdysone-dependent
phase in the insect life cycle. Finally, this
study provides a parallel with the function of
mammalian extraembryonic tissues, where
the placenta acts as a critical source of steroid
hormones for the maintanence of pregnancy.
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Sequence-Dependent Pausing
of Single Lambda
Exonuclease Molecules

Thomas T. Perkins,’*} Ravindra V. Dalal,? Paul G. Mitsis,>}
Steven M. Block#

Lambda exonuclease processively degrades one strand of duplex DNA, moving
5'-to-3’ in an ATP-independent fashion. When examined at the single-molecule
level, the speeds of digestion were nearly constant at 4 nanometers per second
(12 nucleotides per second), interspersed with pauses of variable duration. Long
pauses, occurring at stereotypical locations, were strand-specific and sequence-
dependent. Pause duration and probability varied widely. The strongest pause,
GGCGATTCT, was identified by gel electrophoresis. Correlating single-molecule
dwell positions with sequence independently identified the motif GGCGA. This
sequence is found in the left lambda cohesive end, where exonuclease inhibition
may contribute to the reduced recombination efficiency at that end.

Exonucleases are integral components of many
genetic repair and recombination pathways (7).
Processive 5'—3" exonucleases generate DNA
intermediates with long 3’-overhangs involved
in these pathways (/, 2); in bacteriophage lamb-

Fig. 1. (A) Experimental ge- A
ometry of the stage-based
optical force clamp (not to

da, the Red a gene encodes the 24-kD subunit
of such a nuclease (3). The structure of lambda
exonuclease (A-exo) consists of a toroidal ho-
motrimer of subunits, with a tapered central
channel sufficient to admit double-stranded
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DNA (dsDNA) at its entrance but only wide
enough to pass single-stranded DNA (ssDNA)
through its exit (4). A topological constraint
may therefore underlie the high processivity of
N-exo (>>3000 base pairs, where 1 bp corre-
sponds to a helical rise of 0.338 nm along
dsDNA) (5). A-exo digestion requires Mg>*,
but does not require ATP or GTP, and proceeds
along DNA at rates of 2 to 3.5 nm/s, as deter-
mined by bulk biochemical studies (6, 7).
Here, we developed a novel high-resolution,
single-molecule assay to study \-exo motion by
optical trapping nanometry. Besides measuring
individual translocation rates, single-molecule
studies provide insights into other processes that
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record of N-exo digestion in

force-clamp mode over 5
min, during which the en-

zyme moved >1 pm. (Left) Force was clamped at 1.07 pN (red) and
varied <5% (the small increase is due to changes in the vertical
component of the force, which depends weakly on 6). (Right) Traces of
stage motion (green) and the contour length, L, of the dsDNA remaining
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(blue), showing periods of steady movement interspersed with pauses.
Inset, magnified view of DNA contour length over the interval 240 to
300 s that illustrates pauses of varying lengths. Line fits over the regions
of uniform motion indicated (black lines) show the average velocity.
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