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Regulation of Cell Cycle Synchronization
by decapentaplegic During Drosophila
Eye Development

Andrea Penton, Scott B. Selleck, F. Michael Hoffmann*

In the developing Drosophila eye, differentiation is coordinated with synchronized pro-
gression through the cell cycle. Signaling mediated by the transforming growth factor-
B-related gene decapentaplegic (dpp) was required for the synchronization of the cell
cycle but not for cell fate specification. DPP may affect cell cycle synchronization by
promoting cell cycle progression through the G,-M phases. This synchronization is

critical for the precise assembly of the eye.

The Drosophila eye has served as a model
system for examining the molecular mech-
anisms that govern the patterning and as-
sembly of a complex tissue. The adult eye
develops from an epithelial monolayer
known as the eye imaginal disc. Differenti-
ation begins in the posterior end of the disc
and progresses anteriorly, marked by an in-
dentation in the disc epithelium called the
morphogenetic furrow (MF). Within the
MF, unpatterned cells are induced to differ-
entiate into the highly ordered array of
retinal cells and nonneural accessory cells
that produce the 750 ommatidia of the
adult eye (I, 2). Differentiated cells poste-
rior to the MF express the signaling mole-
cule hedgehog (HH), which directs the an-
terior advancement of the furrow (3, 4) and
induces the expression of DPP within the
furrow. DPP mediates cell fate determina-
tion in the developing wing and leg in
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response to HH (5, 6).

During the initial stages of sensory unit
assembly in the MF, precursor cells exhibit
synchronization of the cell division cycle (2,
7). Anterior to the MF, cells divide random-
ly, but just ahead and within the MF, cell
divisions occur more coordinately. The first
evidence of cell cycle synchronization is in-
creased amounts of cyclin B (8), a mitotic
cyclin required for entry into mitosis (9). As
cells enter late G,, cyclin B levels peak and
cyclin B then degrades at the metaphase-
anaphase transition in mitosis. Loss of cyclin
B and the appearance of mitotic figures mark
coordination in the M phase (Fig. 1, A
through C). After completion of mitosis,
cells arrest in G, in the MF and transcription
of dpp is activated (Fig. 1C).

Cells respond to DPP through two type I
receptors, thick veins (thkv) or saxophone (sax),
and a type Il receptor, punt (put) (10). Re-
sponses to DPP are also attenuated by muta-
tions in the putative transcription factor
schnurri (shn) (11). We examined whether
DPP was necessary for cell fate specification
or cell cycle synchronization by determining
whether cells defective for thy, sax, or shn
showed abnormalities in cell division or dif-
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ferentiation. Clones mutant for a null allele
of thv that were anterior or posterior to the
furrow had amounts of cyclin B that were
indistinguishable from those in surrounding
normal cells (Fig. 1, G through I). In con-
trast, tkv clones that spanned the MF main-
tained cyclin B expression in the anterior
part of the furrow even though the surround-
ing cells arrested in G; had no detectable
cyclin B (Fig. 1, D through I). Clones defec-
tive for sax and shn also showed disruption of
cyclin B expression when the clone encom-
passed the anterior half of the furrow (Fig. 2,
A through F). Clones spanning the MF re-
veal that cyclin B was finally lost in the
posterior region of the furrow, despite the
absence of DPP signaling. These clones had
. condensed chromosomes indicative of early
stages in mitosis at the interface between the
cyclin B-expressing and nonexpressing cells
(Fig. 3, A and B).

The expression of cyclin B in the mutant
cells in the furrow could be interpreted as
evidence that DPP inhibits progression
through G, in the furrow. In this case, cells in
the clone might be expected to progress
through G, and S and reenter G,, where they
would again exhibit cyclin B expression. Fail-
ure to arrest in G; should produce a clone
with patchy expression of cyclin B in the
anterior half of the furrow as the asynchro-
nously dividing cells continue through the
cell cycle. However, cyclin B expression was
continuous in the anterior part of the furrow
in thv and sax clones in which we examined
serial optical sections (Fig. 1, D through I, and
Fig. 2, A through C). Furthermore, mitotic
figures were not observed in clones in the
anterior half of the MF, which suggests that
the cells in the clones were not asynchronous-
ly progressing through M and into a new cell
cycle. The phenotype observed in the clones
is similar to defects caused by mutations in the
gene division abnormally delayed (dally), which
is required for G,-M progression ahead of the
furrow (8). Mutations in dally and dpp display
genetic interactions in development of the
eye, antennae, and genitalia, which suggests
that dally augments dpp function (12). Regu-
lation of cell division in the G,-M transition
occurs at several stages in Drosophila develop-
ment, including in embryonic divisions (13),
in the wing disc (14), and in the eye disc (4).
The behavior of DPP-receptor mutant clones
supports a role for DPP in controlling progres-
sion through G,-M as a means of synchroniz-
ing the divisions that accompany differentia-
tion in the eye disc.

We next examined whether this defect in
synchronization affected patterning or differ-
entiation of cells. For example, mutations in
roughex (rux) prevent arrest in G, cause cells
to enter the S phase prematurely, and result
in disruptions in cell cycle synchronization
and differentiation (7). The assembly of om-
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Fig. 1. Inappropriate ex-
pression of cyclin B in the
MF by cells lacking the
dpp receptor tkv. Confo-
cal images of third instar
eye discs stained with an-
tibody to cyclin B {anti-cy-
clin B) and propidium io-
dide (A and B), anti-B-ga-
lactosidase  (ant-B-Gal)
and propidium iodide (C),
or anti~cyclin B and anti-
Myc (D through I) are
shown (78). In this figure
and subsequent figures,
anterior is to the left and
posterior is to the right.
The MF is visible in cross
section (A) or in tangential
sections [brackets in (B)
through (l) and in Figs. 2
and 3] as an indentation in
the epithelium. The first
mitotic domain is located
anterior to the furrow, and
cyclin B staining (red)

ends abruptly as cells finish mitosis and enter G, in the MF (A and B). Cyclin B staining resumes posterior to
the furrow in domain 2 (A and B). Propidium iodide (gray) labels the nuclei, and mitotic figures that are apically
localized are seen as intensely stained nuclei located anterior to the MF in domain 1 [left arrowhead in (C)] or
posterior to the MF in domain 2 [arrowheads in (A} through (C)] but never in the furrow. In (C), anti~B-Gal
staining of the dpp reporter line BS3.0 shows that DPP (arrow) is localized in the MF between domains 1 and
2 (all arrowheads). Two independent tkv clones are shown in (D) through (F) and (G) through (l). In (D) and (G),
the clones are identified by loss (arrow) of anti-Myc staining (green). tkv mutant clones spanned the MF and
inappropriately expressed cyclin B [white arrowhead in (E) and (H)] in the anterior part of the furrow. (F) shows
the merge of (D) and (E) and () shows the merge of (G} and (H). Cyclin B expression anterior (yellow arrowhead)
or posterior (yellow arrow) to the furrow was unaltered in tkv clones {(H and I).

Fig. 2. Expression of cy-
clin B in the anterior part
of the MF in cells that are
mutant for sax or shn.
Discs were labeled with
anti-Myc (A and D; green)
and anti—cyclin B. (B and
E; red) as in Fig. 1 (78).
(C) and (F) are merges
of (A) and (B) and (D)
and (E), respectively. A
sax clone [arrows in (A)
and (C)] spanned the MF
and inappropriately ex-
pressed cyclin B in the
anterior part of the furrow
[arrowheads in (B) and
(C)). Three shniB clones
[arrows in (D) and (F)
were located within the
MF. Cyclin B was visible
as anisland within the MF
in (B) and (F) (arrow-
heads). Only the most
anteriorty located cells of
the two upper clones ex-

pressed cyclin B; the bottom clone, which was élightly more posterior, had no cyclin B expression.

matidia and the synchronization of the cell
cycle within the furrow are accompanied by
changes in the position of nuclei within the
epithelium (I, 15). We examined the posi-
tion of nuclei in tkv, sax, and shn clones as an
SCIENCE e«
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indicator of events that accompany omma-
tidial assembly. Clones at the anterior edge
of the furrow had cells with mislocalized
nuclei; they failed to reach the apical surface
where mitosis normally takes place in do-~



Fig. 3. Mitotic figures and mislocalized nuclei in tkv and shn clones. Third instar discs were triple-labeled
with anti-Myc, anti—cyclin B, and propidium iodide as in Figs. 1 and 2 or with anti-Myc and anti-ATONAL.
Clones are indicated by dashed yellow lines in (A) through (D), (G) and (H), and (J) and (K). Nuclei were
mislocalized in tkv clones as cells began to enter the MF and were not visible in apical sections [arrow in
(A) and (B)] . Mitotic figures were discernible in the MF within and slightly posterior to the ectopic cyclin
B expression [arrowhead in (A) and (B)]. In tkv clones that were posterior to the MF, nuclei were
underrepresented in apical sections (C) and overrepresented in basal sections (D). In shn clones [arrow
in (E)] within the MF, condensed mitotic chromosomes were discernible in some regions that expressed
ectopic cyclin B [arrowheads in (F) and (G)], but most of the remaining nuclei were not visible in apical
focal planes [(G) and (H)]. In tkv clones (1), atonal expression was still present in the presumptive R8 cell
(J and K), although apical sections revealed that the nuclei were mislocalized.

Fig. 4. Defects in cell cycle progression and om-
matidial assembly caused by lack of DPP signal-
ing. (A) hh is expressed in differentiated cells and
activates dpp transcription in the MF. DPP may
diffuse anteriorly and induce cells to enter M
ahead of the furrow, possibly by modulating the
transcription or activity of a gene involved in G,-M
progression. rux prevents cells in G, from enter-
ing the S phase prematurely (7). (B) Tangential
section of an adult eye that contained a tkv clone,
identified by the lack of pigment cells (79). Normal
ommatidia have eight photoreceptor cells, which
contain rhabdomeres or rhodopsin-rich apical
surfaces, seven of which are visible in each clus-
ter in this section. The clone occurs in the middle
of the eye along the dorsal-ventral midline or
equator. In the clone, several ommatidia are
missing photoreceptor cells (arrowheads). One
ommatidia that consists of mostly wild-type tis-
sue also contains abnormalities (arrow).
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main 1 (Fig. 3, A and B). Nuclei were also
mislocalized when the clone was within the
MF and posterior to it (Fig. 3, C through H).
Nuclei were underrepresented in apical sec-
tions where mitotic figures are normally
present (Fig. 3, A through C and G and H)
and were overrepresented in basal sections
(Fig. 3D). Although nuclei were mislocalized
in these clones, cell fate specification was
mostly unaffected, as revealed by the expres-
sion of the HH-inducible gene atonal, a pro-
neural gene required for retinal precursor cell
8 (R8) determination (Fig. 3, I through K)
(16), and of the antigen recognized by
monoclonal antibody 22C10 (17). Because
atonal expression was maintained in tkv
clones, hh must not act through dpp to in-
duce its expression, and thus dpp only medi-
ates a subset of hh functions in the MF (Fig.
4A). Tangential sections through adult eyes
confirmed that some ommatidia were disor-
ganized in tkv clones and lacked the full
number of photoreceptor cells (Fig. 4B).
Therefore, DPP signaling in the MF appears
to be required for cell cycle synchronization
and the assembly of ommatidia but not for
the specification of cell fate.
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Activation of Interferon-y Inducing Factor
Mediated by Interleukin-13 Converting Enzyme

Yong Gu, Keisuke Kuida, Hiroko Tsutsui, George Ku,
Kathy Hsiao, Mark A. Fleming, Nobuki Hayashi,
Kazuya Higashino, Haruki Okamura, Kenji Nakanishi,
Masashi Kurimoto, Tadao Tanimoto, Richard A. Flavell, Vicki Sato,
Matthew W. Harding, David J. Livingston, Michael S.-S. Su*

The interleukin-13 (IL-1B) converting enzyme (ICE) processes the inactive IL-13 pre-
cursor to the proinflammatory cytokine. ICE was also shown to cleave the precursor of
interferon-v inducing factor (IGIF) at the authentic processing site with high efficiency,
thereby activating IGIF and facilitating its export. Lipopolysaccharide-activated ICE-
deficient (ICE™") Kupffer cells synthesized the IGIF precursor but failed to process it into
the active form. Interferon-y and IGIF were diminished in the sera of ICE~~ mice exposed
to Propionibacterium acnes and lipopolysaccharide. The lack of multiple proinflamma-
tory cytokines in ICE™~ mice may account for their protection from septic shock.

ICE is a member of the growing family of
ICE-like cysteine proteases (caspases) with a
substrate specificity for aspartate (I). ICE
(caspase-1) was identified on the basis of its
proteolytic activity for cleaving the inactive
IL-1B precursor into the 17-kD mature cyto-
kine (2). ICE-deficient mice are impaired in
their production of mature IL-13 (3), which
establishes the physiological role of ICE in
the processing and export of IL-13. In con-
trast to IL-1B—deficient mice (4), [CE# mice
also have less IL-1a, tumor necrosis factor—o
(TNF-a), and IL-6 and are resistant to septic
shock induced by endotoxin (3), which sug-
gests that ICE may have additional functions
in the regulation of the immune system.
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IGIF, an ~18-kD polypeptide that stimu-
lates production of interferon-y (IFN-v) by T
cells (5), is synthesized as a polypeptide pre-
cursor (prolGIF) devoid of a conventional
signal sequence (6). The precursor of IGIF is
cleaved after Asp®® (6), which suggests that
an aspartate-specific protease may be in-
volved. Two families of proteases with sub-
strate specificity for aspartate have been iden-
tified; these include the ICE family of cysteine
proteases and granzyme B, a serine protease
involved in cytotoxic lymphocyte-mediat-
ed cell killing and activation of ICE-like
cysteine proteases (7, 8). Therefore, we
investigated whether one or more of the
ICE-family proteases or granzyme B may be
involved in the processing of prolGIF and
investigated the role that such a cleavage
may have in the function of IGIF.

We first used transient coexpression in
COS cells (9) to determine whether pro-
IGIF could be processed by some of the
known ICE-family proteases (Fig. 1A). Coex-
pression of prolGIF with ICE or its homolog
TX (caspase-4) (10) resulted in the cleavage
of prolGIF into a polypeptide similar in size to
the naturally occurring 18-kD IGIF. Single
point mutations of the catalytic cysteine res-
SCIENCE o

VOL. 275 = 10 JANUARY 1997

were defective. The defective ommatidia contained
from four to six retinal cells. The identify of the missing
cell varied, although the altered shape of the clusters
did not always permit the identify of the missing cell or
cells to be established.
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idues that inactivate ICE and TX (II)
blocked cleavage. Coexpression with CPP32
(caspase-3), a protease involved in pro-
grammed cell death (apoptosis) (12), resulted
in the cleavage of prolGIF into a ~14-kD
polypeptide, whereas CMH-1 (caspase-7), a
homolog of CPP32 (13), did not appreciably
cleave prolGIF. Thus, ICE and TX could
cleave prolGIF into a polypeptide similar to
the naturally occurring IGIF.

We examined the cleavage of prolGIF by
these proteases in vitro with the use of puri-
fied recombinant (His).-tagged prolGIF as
a substrate (14). ICE cleaved the 24-kD pro-
IGIF into two polypeptides of ~18 and ~6
kD (Fig. 1B). The 18-kD polypeptide comi-
grated with recombinant mature IGIF upon
SDS—polyacrylamide  gel electrophoresis
(PAGE) and contained the same amino acid
residues (Asn-Phe-Gly-Arg-Leu) at its NH,-
terminus as did the naturally occurring mu-
rine IGIF, indicating that ICE cleaved pro-
IGIF at the authentic processing site (Asp*°-
Asn®®) (6). This cleavage was specific with a
catalytic efficiency (k_ /K, , where K is the
Michaelis constant) of 1.4 X 107 M ¢!
(K, =06=01uM;k, =86=03s")
(15) and was inhibited by the specific ICE
inhibitors Ac-Tyr-Val-Ala-Asp-aldehyde (2)
and Cbz-Val-Ala-Asp-[(2,6-dichloroben-
zoyl)oxy|methyl ketone (16). Recombinant
(His),-tagged human prolGIF was also
cleaved by ICE with a similar specificity.
Although prolGIF had no detectable IFN-y—
inducing activity, ICE-cleaved prolGIF was
active in inducing IFN-vy production in T
helper type 1 (T(1) cells (Fig. 1C) (17). TX
also cleaved prolGIF into polypeptides of
similar size; however, its catalytic efficiency
was about two orders of magnitude lower than
that of ICE. In a manner consistent with the
observation from' the COS cell experiments,
CPP32 cleaved prolGIF at a different site
(Asp®-11e™) and the resulting polypeptides
had little IFN-y—inducing activity, whereas
CMH-1 and granzyme B did not cleave prol-
GIF. Thus, both in COS cells and in vitro,
ICE can process the inactive IGIF precursor
at the authentic maturation site to generate
the biologically active form of IGIF.





