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Capicua (Cic) proteins are conserved HMG-box transcriptional repressors that control
receptor tyrosine kinase (RTK) signaling responses and are implicated in human neuro-
logical syndromes and cancer. While Cic is known to exist as short (Cic-S) and long
(Cic-L) isoforms with identical HMG-box and associated core regions but distinct N
termini, most previous studies have focused on Cic-S, leaving the function of Cic-L
unexplored. Here we show that Cic-L acts in two capacities during Drosophila oogene-
sis: 1) as a canonical sensor of RTK signaling in somatic follicle cells, and 2) as a regula-
tor of postmitotic growth in germline nurse cells. In these latter cells, Cic-L behaves as
a temporal signal that terminates endoreplicative growth before they dump their con-
tents into the oocyte. We show that Cic-L is necessary and sufficient for nurse cell
endoreplication arrest and induces both stabilization of CycE and down-regulation of
Myc. Surprisingly, this function depends mainly on the Cic-L–specific N-terminal
module, which is capable of acting independently of the Cic HMG-box–containing
core. Mirroring these observations, basal metazoans possess truncated Cic-like proteins
composed only of Cic-L N-terminal sequences, suggesting that this module plays
unique, ancient roles unrelated to the canonical function of Cic.
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The HMG-box protein Capicua (Cic) has emerged as an important developmental reg-
ulator with key roles in human neurological syndromes and cancer (1–11) (reviewed in
refs. 12, 13). Cic functions antagonistically to the receptor tyrosine kinase (RTK)-Ras-
MAPK signaling pathway: it represses RTK-induced genes in the absence of signaling
and is in turn phosphorylated and inhibited upon RTK activation, which thus releases
repression of Cic targets (4, 14–16). Studies in Drosophila and mammalian systems
have revealed the salient features of Cic activity and regulation, including its ability to
bind specific DNA sequences through the HMG-box and a C-terminal auxiliary
domain called C1 (17, 18), and respond to RTK control via MAPK docking sites (14,
19). Notably, these studies have also shown that in all these species, Cic exists as short
(Cic-S) and long (Cic-L) isoforms with different N-terminal regions (12, 20). How-
ever, the function(s) of Cic-L and its conserved N terminus has remained virtually
unknown. Here we show that the Cic-L N terminus is an ancient protein module with
unique functional properties unrelated to the canonical RTK–Cic switch.
To study Cic-L, we have focused on Drosophila oogenesis as a model system. Oogen-

esis is the process that provides the oocyte with maternal factors and organelles that are
essential for totipotency and successful development into the next generation. In species
ranging from Hydra to mammals, oocytes develop in association with auxiliary cells
that both supply the oocyte with such materials and control its development and matu-
ration (21–24). In Drosophila, two types of oocyte-associated cells are present: nurse
cells (NCs) and follicle cells (FCs). There are 15 germline NCs born together with the
oocyte after four mitotic divisions of a primary cystoblast. Due to incomplete cytoki-
nesis during these divisions, the 16 cells remain connected forming a cyst, which per-
mits the transfer of cytoplasmic components from the NCs to the oocyte. The NCs
are highly biosynthetically productive due to a program of DNA endoreplication
cycles (endocycles), in which NCs successively replicate their genome without divi-
sion, thus becoming large polyploid cells (25–27). The NCs then feed the oocyte in
two differentiated phases: an early, slow phase of cytoplasmic transfer concurrent with
NC growth (stages 2 through 10A), and a late phase in which the NCs rapidly
“dump” all their cytoplasmic contents into the oocyte and die (stages 10B through
14) (21, 28–30). On the other hand, the somatic FCs form an epithelium that sur-
rounds each NC-oocyte cyst. The FCs exchange intercellular signals with the oocyte
to regulate the body axes of the future embryo (31, 32), secrete eggshell layers that
protect the mature egg, and contribute to eliminate residual NC corpses once dump-
ing is completed (28).
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Here we demonstrate that Cic-L functions redundantly with
Cic-S in FCs during the establishment of embryonic dorsoven-
tral (DV) polarity, a process regulated by canonical RTK–Cic
interactions (14, 33, 34). In addition, Cic-L acts individually in
NCs by inducing NC endocycle exit and enabling cytoplasmic
dumping into the oocyte. This exclusive function is mediated,
at least in part, through stabilization of cyclin E (CycE) and
down-regulation of Myc, two key regulators of endoreplicative
growth (35–38). Surprisingly, Cic-L–specific activity does not
critically depend on its DNA-binding HMG-box and C1
domains but instead is exerted by its unique N-terminal region.
Mirroring these structural requirements, we also note that trun-
cated Cic-like proteins composed only of Cic-L N-terminal
sequences are present in basal metazoan phyla, namely sponges
and placozoans. Our findings thus expand the functional scope
of Cic family proteins beyond their canonical roles as DNA-
binding transcriptional repressors connected to RTK signaling.

Results

The Cic-L N Terminus Is an Ancient Protein Module. Cic family
proteins are highly conserved from cnidarians to humans, shar-
ing a characteristic core region that includes the HMG-box and
C1 DNA-binding domains (12, 18). Cic-L proteins contain, in
addition, a unique ∼750- to 850-residue N-terminal extension
with at least two conserved domains, N1 (12, 20), and a
Tudor-like domain (39). While exploring the conservation of
these domains, we noted that they are present in two basal met-
azoans, the sponge Amphimedon and the placozoan Trichoplax,
but without an associated Cic core, which seems to be missing
altogether in those organisms (Fig. 1 A and B and SI Appendix,
Fig. S1). This was unexpected because this core is essential for
all known Cic functions in any system. Nevertheless, several lines
of evidence support the validity of these genome-based predictions.
First, we verified the structure of the Amphimedon N1-encoding
gene (LOC100637684) using deep RNA-sequencing (RNA-seq)
data from this species (40). Second, the structure of the Trichoplax
ortholog gene (designated TRIADDRAFT_56001 or TrispH2_
004367) has been confirmed after sequencing the genomes of
two independent Trichoplax lineages (41, 42). Third, concep-
tual translation of a 120-kb genomic fragment spanning the
TRIADDRAFT_56001 locus and several adjacent predicted
genes did not reveal sequences potentially encoding an HMG-
box or a C1-like domain. Together, these observations suggest
that these Cic-L–like proteins may represent extant orthologs
of a putative Cic ancestor that lacked the HMG-box and C1

domains, and we therefore refer to them as “Proto-Cic” (Fig.
1A). Furthermore, these Proto-Cic forms pointed to an intrin-
sic activity of Cic-L N-terminal domains that could confer
unique functional properties to the full-length protein. Consis-
tent with these ideas, vertebrate Cic-L predicted structures
identify N1 and Tudor-like as well-folded, potentially func-
tional domains (Fig. 1C and SI Appendix, Supplementary
Materials and Methods).

Cic-L and Cic-S Act Redundantly in Ovarian Follicle Cells. To
explore these potential unique properties, we have used Dro-
sophila as a model system. Because Cic-L had not been visual-
ized individually in Drosophila, we began by characterizing its
expression relative to that of Cic-S (see Materials and Methods
for a description of the isoforms studied here). To this end, we
generated a cic-LHA knockin line, which carries tandem HA
epitopes inserted into the unique cic-L coding region and is
phenotypically normal (Fig. 2A). We then combined this line
with a transgenic rescue construct expressing Cic-S tagged with
Venus (Fig. 2A) (1, 43) and compared the distributions of both
isoforms in different tissues. In particular, we found that both
isoforms are coexpressed throughout oogenesis (Fig. 2 B and
B 0), although with significant differences as described below.

First, Cic-L and Cic-S are both detectable in FCs from stage
2 onwards. This caught our attention because Cic functions in
FCs during midoogenesis to regulate embryonic DV polarity
downstream of EGFR/RTK signaling (14, 33, 34). Specifically,
Cic represses Mirror (Mirr) transcription factor expression in
ventral FCs, but not in dorsal FCs where Cic is down-regulated
by EGFR signaling (14, 33, 34, 44) (Fig. 2B 0 and SI Appendix,
Fig. S2A). We therefore reasoned that this setting would offer
the opportunity to analyze the relationship between Cic-L and
Cic-S.

To study Cic-L function in this context, we generated a
CRISPR-induced mutation, cic7, which bears a frameshift
lesion within the N1 domain and is a presumed null allele of
cic-L (Fig. 2A). In homozygosis, cic7 causes lethality during
larval and pupal stages, indicating that Cic-L is essential in
Drosophila. We then used cic7 and a cic-S–specific allele, cic5

(Fig. 2A), to examine the effects of each mutation on DV pat-
terning. In this system, loss of Cic function derepresses Mirr
expression and causes dorsalization of the future embryo (18,
33, 44, 45) (SI Appendix, Fig. S2A). When assaying each muta-
tion in trans to cic4, a strong hypomorph that maps to the Cic
core and impairs all known Cic functions (Fig. 2A, see also
below), we did not observe dorsalization defects, as monitored

Fig. 1. Structure and evolutionary conservation of the Cic-L N terminus. (A) Domain structure and phylogenetic relationships of Cic-L–related proteins from
Drosophila, Trichoplax, and Amphimedon. The N1 and Tudor-like domains are indicated. (B) Alignment of N1 amino acid sequences from Amphimedon queens-
landica (Aq), Trichoplax adhaerens (Ta), Drosophila melanogaster (Dm), human (Hs), and zebrafish (Danio rerio, Dr). Identical and similar residues are indicated
by dark and light shading, respectively. Note the abundance of basic residues and the presence of three closely spaced cysteine residues. Asterisks mark
selected residues that are highlighted in C. (C) Structure of N1 domain from zebrafish Cic-L as predicted by AlphaFold (76). The ribbon representation shows
three β-strands (red) and a single α-helix (green).
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by analysis of twist (twi) gene expression in ventral regions of
the embryo (SI Appendix, Fig. S2 B–D). This suggested that
neither isoform is individually essential for DV patterning. In
contrast, simultaneous inactivation of both isoforms using a
double frameshift allele (cic7B) (SI Appendix, Supplementary
Materials and Methods) resulted in severe dorsalization with loss
of twi expression (SI Appendix, Fig. S2E). These results show
that Cic-L and Cic-S act redundantly in FCs during DV pat-
tern specification.
Nevertheless, we were intrigued that, contrary to Cic-S (14,

33), Cic-L remains mostly nuclear in dorsal–anterior FCs where
EGFR signaling down-regulates Cic activity (Fig. 2B and SI
Appendix, Fig. S3 A and A0). While exploring the basis for this
difference, we found that constitutive activation of RTK signal-
ing via RasV12 overexpression enhanced the accumulation of Cic-L
in the cytoplasm (SI Appendix, Fig. S3B). This suggested that both
isoforms share qualitatively similar responses to RTK signaling,
although Cic-L requires higher input levels than Cic-S for localiz-
ing to the cytoplasm (SI Appendix, Fig. S3C). Supporting this
interpretation, we have identified a conserved nuclear localization
motif in the N-terminal region of Cic-L required for its nuclear
tethering in dorsal–anterior FCs (SI Appendix, Fig. S3 D and E,
compare with Fig. S3 A and A0).

We therefore hypothesized that, despite its preferential
nuclear localization, Cic-L is functionally inactivated by EGFR
signaling in dorsal–anterior FCs (SI Appendix, Fig. S3 A and
F). Consistent with this idea, we found that clonal overexpres-
sion of Cic-L in those cells does not repress Mirr expression (SI
Appendix, Fig. S3G), whereas expression of a Cic-L mutant
lacking the C2 MAPK docking site, which should therefore
escape EGFR-dependent down-regulation (14), efficiently does
so (SI Appendix, Fig. S3 F and H and see Discussion).

Cic-L Plays Unique Essential Roles in NCs. Our expression anal-
yses also revealed that Cic-L and Cic-S are coexpressed in NC
nuclei, but with different temporal profiles: Whereas Cic-S is
present from stages 3 to 10, Cic-L is only detectable from stage
8 onwards (Fig. 2 B and B 0; see also below). These results raised
the possibility that Cic-L and Cic-S could have different functions
or regulation in NCs.

To test this idea, we first generated mosaic females carrying cic7

germline clones (GLCs) (SI Appendix, Supplementary Materials
and Methods). These females were fully sterile and laid very few
collapsed eggs unable to develop. Upon dissection, their ovaries
showed a dramatic “dumpless” phenotype in which NCs had failed
to transfer their cytoplasm to the oocyte (Fig. 2 C, D, and L).

Fig. 2. Cic-L activity in NCs relies on its distinctive N-terminal domain. (A) Modular structure of Cic isoforms and Cic-L mutant derivatives showing their com-
mon and unique domains and the position of selected cic mutations. Frameshift mutations are marked with asterisks and the cic4 deletion is indicated by
a thick line. The Venus and HA tags used in this study are also indicated. (B) Ovariole expressing Cic-LHA and Cic-SVenus and stained with anti-HA (B) and
anti-GFP (B0) antibodies. Asterisks in B0 mark expression of Cic-SVenus, but not Cic-LHA, in stage-5 to stage-7 NCs. G, germarium. Arrowhead in B0 points to
cytoplasmic relocalization of Cic-S, but not Cic-L, in dorsal–anterior FCs exposed to EGFR signaling. (C) Stage-14 wild-type egg chamber stained with
rhodamine–phalloidin (F-actin) and DAPI (DNA) shows complete elimination of NC nuclei. (D–G) Late-stage egg chambers of the indicated genotypes stained
as in C. Note the strong dumpless phenotypes caused by cic7 (D) and cic8 (G), but not cic5 (E) alleles. F shows a stage-14 cic7 egg chamber rescued by the cic-L
transgene. (H) Mutant Cic8 protein expression in a stage-10 egg chamber stained with anti-HA antibody. (I) Late-stage cicQ474X GLC egg chamber shows
almost complete elimination of NCs after dumping. (J) Transgenic expression of Cic-LNter-HA protein in a stage-10 egg chamber stained with anti-HA antibody.
(K) Stage-14 cic8 egg chamber rescued by the cic-LNter-HA transgene shows significant elimination of NCs (compare with G). (L) Bar chart showing percentages
of phenotypic classes for the indicated genotypes. A diagram illustrating complete (wild-type [WT]), partially affected (D1), or severely compromised (D2)
dumping is shown above.
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In contrast, the cic-S–specific allele cic5, though fully sterile in
homozygosis due to the requirement of Cic-S in the blastoderm
embryo (1, 45, 46), did not cause any dumpless phenotypes
(Fig. 2 E and L), showing that Cic-S is dispensable for NC
dumping. Thus, Cic-L plays a unique role in the transfer of NC
cytoplasmic components into the oocyte.
We then tested the extent to which the Cic-L N terminus

contributes to the above unique function. To this end, we gen-
erated two deletion alleles that remove either most of the Cic-L
N-terminal region (cic8) or the N1 and Tudor-like domains
simultaneously (cic9) (Fig. 2A). We found that both mutant
alleles produced semilethal females that were fully sterile and
displayed qualitatively similar phenotypes to those observed in
cic7 GLCs (Fig. 2 D, G, and L). Moreover, the mutant Cic8

protein, which carries HA epitopes in place of the Cic-L N ter-
minus (Fig. 2A), displayed the same accumulation in NCs as
the normal Cic-LHA protein (compare Fig. 2 B and H), indicat-
ing that the cic8 phenotype directly results from loss of the Cic-L
N terminus and not from indirect effects on protein stability or
localization. These results show that the Cic-L N-terminal mod-
ule is critical for NC dumping.
We verified that these phenotypes result from selective inac-

tivation of Cic-L using a cic-L transgene that rescued the lethal
and oogenesis phenotypes caused by the cic7 mutation (Fig. 2 F
and L and SI Appendix, Supplementary Materials and Methods).
Consistent with these results, we found that cic7 GLC egg
chambers display normal accumulation of Cic-S, suggesting
that this isoform remains present and functional in this back-
ground and does not contribute to the observed phenotypes (SI
Appendix, Fig. S4). Moreover, since we noted that these pheno-
types resemble those uncovered by bullwinkle (bwk) mutations
that map near or within the cic locus (47, 48), we verified that
the original bwk mutation indeed represents a cic-L allele (SI
Appendix, Fig. S5). All these results show that Cic-L has unique
functions in oogenesis that require its N-terminal region.

The Cic-L N Terminus Is a Functionally Autonomous, Chromatin-
Associated Module. Inspired by the structure of Proto-Cic
variants (Fig. 1A), we then considered the possibility that a
truncated version of Cic-L lacking the Cic core region might
still be functional in Drosophila. To explore this idea, we first
examined the cicQ474X allele (SI Appendix, Supplementary
Materials and Methods), a lethal mutation that introduces a pre-
mature stop codon upstream of the HMG-box and abolishes all
known functions of Cic (Fig. 2A). Remarkably, we found that
GLCs homozygous for cicQ474X showed much weaker defects in
oogenesis than those observed with cic7, cic8, or cic9 alleles:
Dumping was clearly less affected and females laid relatively
normal eggs (Fig. 2 I and L). In line with these results, the cic4

allele, a semilethal deletion of four conserved residues in the C1
domain that severely impairs DNA binding (Fig. 2A), showed
no effects on dumping (Fig. 2L). These results suggested that
the HMG-box and C1 domains, which are generally critical for
Cic function, are instead largely dispensable for dumping. Con-
firming this idea, a genomic construct expressing the Cic-L
N-terminal fragment alone (Cic-LNter) (Fig. 2A) rescued the
cic8 dumpless phenotype (Fig. 2 J–L) and even partially restored
female fertility in cic9 females carrying deletions of the N1 and
Tudor-like domains (to a hatching rate of 22%; n = 300).
Together, these results indicate that Cic-L–specific activity in
oogenesis is mediated primarily by its unique N-terminal region.
To further explore the function of Cic-L and its isolated

N-terminal fragment, and compare them with Cic-S, we exam-
ined their nuclear distributions and potential associations with

chromatin in vivo. To visualize chromatin in NCs, we depleted
them of Condensin II, thereby preventing the transition from
polytene to dispersed polyploid chromosome organization that
normally begins at stage 5 (49). In this background, endoge-
nous Cic-L is localized at numerous sites on polytene chromo-
somes at stage 10 (Fig. 3A); these sites appear weakly stained
with DAPI, indicating that Cic-L preferentially associates with
decondensed chromatin domains (Fig. 3, AIII and AIV). In con-
trast, Cic-S exhibits a more dispersed, looser association with
polytene chromatin in those cells (Fig. 3, AV and AVI), suggest-
ing that the Cic-L N terminus confers robust binding to chro-
matin. Indeed, removal of the Cic-L N terminus (Cic8 mutant,
Fig. 2A) caused substantial disengagement from chromatin
(Fig. 3B), whereas Cic-LNter was still clearly bound to multiple
chromatin sites with low DAPI signal (Fig. 3C). These results
indicate that the Cic-L N terminus has an intrinsic chromatin-
binding activity that may be critical for Cic-L regulatory func-
tion in NCs.

A related, relevant question to ask is whether Cic-L and its
N-terminal region are regulated by RTK signaling in NCs. For
example, the late expression pattern of Cic-L in these cells
might reflect a posttranscriptional switch from high to low
RTK activity allowing Cic-L accumulation from stage 8. Argu-
ing against this idea, however, is the finding that Cic-S, which
is clearly sensitive to RTK-mediated control in other contexts,
does not show the same pattern of expression and is already

Fig. 3. Cic-L is tightly localized to NC chromatin. (A) Subnuclear localization
of Cic-LHA and Cic-SVenus in a stage-10 NC nucleus made polytenic by deple-
tion of the Condensin II subunit Cap-H2. Cic-L and Cic-S proteins were
detected by anti-HA (magenta, AII, AIII, and AVI) and anti-GFP (green, AV and
AVI) immunostaining, respectively. Chromosomes are stained with DAPI
(white, AI). Note that Cic-L is more tightly bound to chromatin than Cic-S
(compare AII with AV). AIV shows intensity profiles of Cic-L (magenta) and
DAPI (white) signals along a chromosomal segment (black line) correspond-
ing to the boxed area in AIII. Cic-L is concentrated in DAPI interbands.
(B and C) Subnuclear distributions of Cic8 (B) and Cic-LNter (C) proteins (Fig. 2A)
assayed as in A. Only Cic-LNter retains clear association to chromosomes.
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detectable at earlier stages (Fig. 2B0). Also, the cic-LNter trans-
gene, which lacks the C2 MAPK docking site, recapituales the
endogenous expression of Cic-L leading to high levels of pro-
tein at stage 10 (Fig. 2J). Additionally, we did not find con-
served potential MAPK docking sites within Cic-LNter, and
below we provide evidence that its function is unaffected by
high levels of constitutive Ras activity. These observations
together suggest that Cic-L function in NCs is likely indepen-
dent of RTK regulation.

NCs Exit the Endocycle before Dumping. To characterize the
cic-L dumpless phenotype, we first analyzed a major cytoskeletal
reorganization that takes place in NCs just prior to dumping
(stage 10B). This is the formation of an actin cable array that
extends from each NC cortex toward the nuclei and holds them
in place as the cytoplasms flow into the oocyte (SI Appendix, Fig.
S6A). These actin bundles were severely reduced or absent in cic7

GLC egg chambers (SI Appendix, Fig. S6 B–D), indicating that
Cic-L is necessary for their initial assembly.
These results, together with the fact that Cic-L is already

expressed ∼16 h before dumping, led us to consider the possi-
bility that Cic-L might act at a predumping step to regulate the
late stages of NC growth, perhaps as a prerequisite for dump-
ing. How NCs transit from their growth phase to dumping is
not known, but dumping is necessary for the elimination of
NCs and is associated with other events that are characteristic
of both apoptosis and senescence (e.g., nuclear membrane per-
meabilization), processes generally preceded by cell cycle arrest
(50–53).
Initially, we examined the relationship between endoreplica-

tion and dumping by analyzing the temporal distributions of
two key endoreplication factors, namely CycE and Double
Parked (Dup)/Cdt1, in relation to actin bundle formation.
During NC endocycles, CycE levels oscillate asynchronously
in different NC nuclei, acting at high levels to promote
CycE:Cdk2 kinase activity and entry into S phase before disap-
pearing by the end of DNA replication (25, 26, 36). These
pulses are critical for periodic control of endoreplication, and
thus, forced CycE expression has been shown to block endo-
cycle progression in other systems (25, 26, 54–58). On the
other hand, Dup/Cdt1, which regulates replication licensing,
accumulates during G phase (when the activity of CycE:Cdk2
kinase complexes is low) and is degraded once cells enter the S
phase (59, 60) (Fig. 4A). We first confirmed that both CycE
and Dup/Cdt1 exhibit asynchronous oscillations during NC
growth from stages 2 through 9 (Fig. 4 B and C). However,
clearly different patterns emerge from stage 10 onwards:
Whereas Dup/Cdt1 still displays different levels among NC
nuclei, CycE becomes stabilized in all nuclei (Fig. 4 D, E, and
G and Materials and Methods). Using a temporal marker
expressed in follicle cells, we confirmed that this stabilization is
already visible at stage 10, before actin cable formation (SI
Appendix, Fig. S7). These results suggest that CycE oscillations
are subject to a mechanism of stabilization that likely leads to
NC endoreplication exit at stage 10, just before the initiation
of dumping. On the other hand, Dup/Cdt1 does not seem to
immediately respond to this control since it remains present at
different levels in NCs that have stopped cycling at stage 10.

Cic-L Is Necessary and Sufficient for NC Endoreplication Arrest
and CycE Stabilization. We then asked whether CycE stabiliza-
tion at stage 10 would be compromised in cic-L ovaries. We
found that CycE is not synchronously stabilized in cic7 GLC egg
chambers, since by stage 10B they still exhibit individual nuclei

with either high or low levels of CycE (Fig. 4 F and G). These
results suggest that Cic-L is required for NCs to exit endoreplica-
tion precisely at stage 10.

This requirement of Cic-L during stage 10 parallels its pro-
gressive accumulation in NC nuclei starting at stage 8, thus
raising the possibility that Cic-L might function as the signal
for endocycle termination. Hence, we tested whether Cic-L
could be sufficient to induce NC growth arrest when expressed
prematurely during oogenesis (Fig. 4H). To this end, we used
the Gal4/UAS system directed by the mat-tub-Gal4 driver,
which is active in the germline from stage 2 to 3 onwards (61).
Forcing early Cic-L expression yielded a dramatic phenotype in
which NC growth became instantly arrested at stage 3, thus
resulting in serial accumulation of tiny follicles (compare Fig. 4
I with J; see also Fig. 4K). The occasional presence of escaper
NCs that grew larger correlated with lower levels of ectopic
Cic-L expression (see below), thus confirming that Cic-L effi-
ciently blocks NC growth. Staining of these follicles for CycE
showed uniform accumulation in all NC nuclei, instead of the
characteristic asynchronous fluctuations observed during nor-
mal endocycles (Fig. 4K 0). In contrast, Dup/Cdt1 did not
become either uniformly distributed or uniformly degraded in
the arrested NCs (Fig. 4K 00), which is in keeping with its per-
sistent differential accumulation among normal stage-10 NCs
that have already exited the endocycle (Fig. 4D). Therefore,
Cic-L is sufficient to induce endocycle arrest and specific CycE
stabilization. Moreover, premature expression of the Cic-L
N-terminal region alone also blocks NC growth and stabilizes
CycE (Fig. 4 L and L0), supporting the notion that this protein
fragment is sufficient for Cic-L activity during oogenesis.

In addition, the ability of the Cic-L N-terminal module to
arrest NC growth offered a useful assay to test whether its activ-
ity was modulated by RTK signaling (see above). We found
that coexpression of oncogenic RasV12 did not modify this
effect of the Cic-L N terminus (SI Appendix, Fig. S8), support-
ing our view that this fragment is unaffected by RTK signaling.

Cic-L Induces Down-Regulation of Myc Independently of Its
Effects on CycE. Having established a role of Cic-L in NC
endoreplication control, we asked whether it might function
exclusively via CycE or by eliciting other responses as well. In
particular, we turned our attention to the Myc transcription
factor, as it promotes endoreplication and growth in multiple
Drosophila cells and tissues, including NCs (37, 38). First, we
reexamined the distribution of Myc during oogenesis and
found that it is present in NC nuclei throughout most of the
endoreplication period (stages 2 through 9) (Fig. 5A), but
decreases to background levels by stage 10 as NCs approach
dumping (Fig. 5B). To test whether this decline depends on
Cic-L, we examined Myc levels in cic7 GLC egg chambers and
found a significant increase relative to control egg chambers
(Fig. 5 B–D). Consistent with this effect, forced early expres-
sion of either Cic-L or its isolated N-terminal module leads to
complete down-regulation of Myc as early as stage 3 (Fig. 5
E–G). Moreover, we monitored the response of a Myc-lacZ
enhancer trap and found that its expression was negatively cor-
related with the levels of induced Cic-L (Fig. 5 E, H, and I),
suggesting that Myc down-regulation results, at least in part,
from transcriptional repression. Thus, Cic-L has opposite
effects on CycE and Myc protein levels that probably contrib-
ute to its ability to suppress endoreplicative growth.

That Cic-L controls NC endoreplication via Myc and CycE
is also consistent with the effects of Myc and CycE perturba-
tions on NC growth and dumping. First, we confirmed that
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Fig. 4. Cic-L induces CycE stabilization in NCs. (A) Diagram of endocycle phases and periodic activities of Dup and CycE. Dup is a component of the prerepli-
cation complex (pre-RC) that licenses replication origins for DNA synthesis and is subsequently degraded as replication initiates. CycE associates with and
activates Cdk2 kinase to drive progression through S phase and is down-regulated during G phase, thereby enabling assembly of the pre-RC in the next
cycle. (B) Stage-3 to stage-6 egg chambers expressing DupV5 protein and stained with anti-V5 antibody (B) and DAPI (B0). Variable levels of DupV5 among NC
nuclei are visible; arrowheads in this and subsequent panels point to selected nuclei devoid of protein. (C) Wild-type stage-3 to stage-6 egg chambers
stained with anti-CycE antibody (C) and DAPI (C0). (D) Transgenic DupV5 expression at stage 10B with DAPI staining shown in D0. Note the presence of DupV5

in some, but not all, NC nuclei. Inset in D shows DupV5 foci in follicle cell nuclei undergoing chorion amplification at stage 10B (59). (E and F) Stage-10B wild-
type (E) and cic7 GLC (F) egg chambers stained as in C. Uniform accumulation of CycE is observed in wild-type but not mutant NC nuclei. E0 and F0 also show
antibody staining against β-galactosidase expressed from the tsl-lacZ marker (see SI Appendix, Fig. S6). (G) Bar chart showing percentage of egg chambers
with either uniform or variable levels of either DupV5 or CycE proteins among NC nuclei (Materials and Methods). (H) Schematic of endogenous versus prema-
ture Gal4-driven expression of Cic-L during egg chamber development. (I) A wild-type ovariole stained with DAPI. (J) DAPI staining of an ovary expressing Cic-
LHA under the control of the mat-tub-Gal4 driver; all egg chambers are arrested at stage 3. G, germarium. (K) Egg chambers expressing full-length Cic-LHA

protein under the control of the mat-tub-Gal4 driver and carrying the dupV5 transgene and stained with anti-HA (K), anti-CycE (K0), and anti-V5 (K0 0) antibodies.
CycE, but not DupV5, shows premature stabilization in all Cic-LHA-expressing nuclei; arrowheads in K0 0 indicate nuclei with low or no DupV5 signal. (L) Egg
chambers expressing Cic-LNter-HA protein (Fig. 2A) under the control of the mat-tub-Gal4 driver, stained with anti-HA (L) and anti-CycE (L0) antibodies. Cic-LNter-

HA causes stabilization of CycE as seen with full-length Cic-LHA.
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depletion of Myc as well as overexpression of CycE at early
stages of oogenesis result in strong suppression of NC growth, as
observed upon overexpression of Cic-L (compare Fig. 4J with SI
Appendix, Fig. S9 A and B). On the other hand, consistent with
the phenotype of cic-L mutants, overexpression of Myc from
stage 3 onwards caused significant dumping defects in 72% of
egg chambers (n = 102) (SI Appendix, Fig. S9C). Although we
cannot formally rule out that this phenotype results from cumu-
lative defects in NC function starting at stage 3, it suggests that
excessive Myc activity perturbs the timely initiation of NC
dumping. Consistent with this idea, Myc overexpression also
causes incomplete stabilization of CycE in approximately half of
stage-10 egg chambers (54%; n = 35) (SI Appendix, Fig. S9D),
a phenotype again reminiscent of that seen in cic-L mutants. We
note that these effects on dumping and CycE dynamics are
clearly less penetrant that those seen in cic-L mutants, implying
that Cic-L controls both processes by more than just affecting
Myc. Indeed, Myc depletion in NCs does not by itself stabilize
CycE (SI Appendix, Fig. S9E) and, conversely, CycE overexpres-
sion does not significantly decrease Myc levels (SI Appendix, Fig.
S9F). Thus, taken together, our findings support a model in
which Cic-L accumulation during midoogenesis signals endo-
cycle exit and subsequent dumping via at least partly indepen-
dent effects on Myc and CycE.

Discussion

Studies in Drosophila and mammals have elucidated a unifying
model of Cic function as a default repressor of genes induced
by RTK signaling. However, this model has been overlooking
the fact that Cic exists in two conserved isoforms with alterna-
tive domains. How does each isoform contribute to Cic func-
tion in development and disease? Do they have different
functions or regulation? Here we have shown that Cic-L, the
less studied isoform, fulfills two very different functions in adja-
cent groups of cells in the Drosophila ovary: 1) it acts redun-
dantly with Cic-S downstream of EGFR signaling in FCs, and
2) it functions individually as an essential regulator of endo-
cycle exit in NCs Fig. 6. As discussed below, the deep evolu-
tionary conservation of Cic-L proteins strongly suggests that
mammalian Cic-L likely operates in a similar dual fashion.

Concerning the first function, we have demonstrated that
Cic-L and Cic-S act as redundant repressors inhibited by
EGFR signaling during embryonic DV polarity. These findings
clarify previously observed complex relationships among cic
alleles, including bwk alleles that we demonstrate are cic-L
alleles (33, 47, 48). In addition, the combined activities of
Cic-L and Cic-S suggest a similar scenario in mammals, where
both isoforms overlap across multiple tissues and organs (5, 20).

Fig. 5. Cic-L decreases Myc expression. (A and B) Distribution of Myc protein during the growth and predumping phases of NCs (stages 1 through 10A).
Note that Myc levels decline until they are barely detectable by stage 10A. The egg chamber in B is also stained for β-galactosidase expressed from the
tsl-lacZ marker (arrowheads, SI Appendix, Fig. S6). (C) Stage 10A cic7 GLC egg chamber stained as in B showing increased accumulation of Myc in NC nuclei.
(D) Mean signal intensity (SI) for Myc in individual NC nuclei from stage-10 wild-type and cic7 GLC egg chambers. Statistically significant differences were
determined using Student’s t test with Welch’s correction (****P ≤ 0.0001); error bars represent the SD. (E) Diagram illustrating different levels of NC mosai-
cism due to variable Gal4 expression from two mat-tub-Gal4 drivers, matα4-Gal-VP16V2H and matα4-Gal-VP16V37, inserted on chromosomes II and III, respec-
tively (SI Appendix, Supplementary Materials and Methods); the chromosome II insertion shows more variable activation than the driver on chromosome III. (F)
Egg chambers expressing full-length Cic-LHA protein under the control of the third chromosome mat-tub-Gal4 driver, and stained with anti-HA (F) and anti-
Myc (F0) antibodies and DAPI (F). An enlarged view of merged Cic-L and Myc signals from the boxed area in F is shown below. Egg chambers are arrested at
stage 3 and generally lack Myc protein (compare with egg chambers of the same stage in A). Note, however, that a few individual nuclei that have failed to
express Cic-L do exhibit detectable Myc protein and are of larger size than their neighbors (arrowheads). (G) Egg chambers expressing Cic-LNter-HA assayed
as in F. (H) Egg chamber expressing full-length Cic-LHA protein under the control of the chromosome II mat-tub-Gal4 driver and carrying a Myc-lacZ reporter.
Signals were detected as in F but using an anti–β-galactosidase antibody instead of anti-Myc antibody. Cic-LHA-expressing nuclei show weak or no Myc-lacZ
expression. Note the presence of four tiny NCs (asterisk in H) probably resulting from robust early activation of the driver. Note also that the Myc-lacZ
reporter exhibits perdurant β-galactosidase staining in stage 10. (I) Scatterplot representing SI values for Cic-L and Myc-lacZ in individual NC nuclei analyzed
as in H. Note the strong inverse correlation between both variables (Spearman’s correlation coefficient = �0.82; P ≤ 0.0001).
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Related to these redundant functions, our results also indicate
that Cic-S and Cic-L can be similarly down-regulated by RTK
signaling irrespective of whether or not their nuclear localization
is affected by the signal (SI Appendix, Fig. S3). These findings
are consistent with prior studies showing that RTK signaling can
rapidly inhibit Cic-S association with DNA before its nuclear
accumulation is affected (62, 63).
Unlike all previously characterized Cic functions as a sequence-

specific transcriptional repressor, the second Cic-L function
studied here represents a fundamentally different type of control.
This function does not critically depend on the prototypic Cic
core domains, including the HMG-box and C1 DNA-binding
domains and the C2 MAPK docking site. Instead, the Cic-L N
terminus is largely sufficient for Cic-L function during NC devel-
opment (Figs. 2 and 4). This fragment promotes strong binding
of Cic-L to NC chromatin, whereas Cic-S, which is also present
in NCs, shows a more diffuse distribution throughout the nucleo-
plasm. Therefore, Cic-L may promote changes in chromatin orga-
nization or metabolism that are essential for NC endocycle exit.
This seems plausible in light of increasing evidence that chroma-
tin transitions play critical roles in triggering or maintaining cell
proliferation arrest (64, 65).
The noncanonical Cic-L function also uncovers a previously

unidentified control in NCs that appears essential for their
transit from endoreplicative growth to dumping. Specifically,
our data support a model in which Cic-L controls NC endo-
cycle exit by promoting both stabilization of CycE and down-
regulation of Myc and suggest that these events are in turn
important for dumping. The effect on CycE, in particular, is
different from previously described mechanisms of cell cycle
arrest associated with CycE down-regulation (35, 66). Down-
regulation of CycE has also been proposed to account for endo-
cycle exit in two different developmental systems (67, 68).
Perhaps the steady accumulation of CycE in NCs during their
growth-to-dumping transition has a function beyond terminat-
ing CycE oscillations.
Contrarily, Cic-L does not induce endocycle exit in FCs (SI

Appendix, Fig. S3 G and H), which probably allows it to func-
tion in DV patterning (e.g., during stage 9) without interfering

with endocycle progression. Previous studies have shown that
FCs exit the endocycle during stage 10 through a combination
of signals and regulators that include the Tramtrack (Ttk) tran-
scription factor and the miR-318 microRNA (67, 69). Neither
of these regulators is expressed in late endocycling NCs (see
also ref. 70), indicating that these two cell types rely on differ-
ent mechanisms to terminate their endocycles. This is not
entirely surprising, given that NCs and FCs follow different
cellular programs after endocylce exit: Whereas NCs go into
dumping and die, FCs switch to amplification of chorion loci,
a process that still requires many of the components involved
in whole-genome endoreplication (71, 72). Nevertheless, both
exit processes are associated with down-regulation of Myc (ref.
67, and this work) and could share additional regulatory events,
such as those controlling cell cycle exit of diploid cells (73–75).

Finally, our findings suggest that the noncanonical function
of Cic-L has been broadly conserved during evolution. The
structure of Proto-Cic variants apparently predates the arche-
typal configuration of Cic proteins, suggesting that those var-
iants had a preexisting function before they combined with the
HMG-box. This, and the autonomous function of the Cic-L
N terminus in flies, strongly suggest that mammalian Cic-L
proteins also exert isoform-specific functions through their
N-terminal region. A reasonable hypothesis is that this region
could play a role in endocycle control or in a pathway modulat-
ing CycE or Myc function. Such a role could represent an
unknown requirement or underlie some of the known Cic-
associated phenotypes that have been described in mice and
humans. Thus, although it is clear that these phenotypes are
often related to the activity of Cic as a repressor that recognizes
TGAATGAA sites (3, 5, 10, 11), they could also involve alter-
native mechanisms mediated by the Cic-L N terminus. For
example, impaired Cic activity in the brain derepresses Pea3
genes as expected under the canonical model, but it also leads
to down-regulation of many other genes, including some
involved in neurobehavioral functions (9). This leaves open the
possibility that some aspects of the associated neurological
phenotypes could be due to an atypical Cic function akin to
that of Drosophila Cic-L. Moreover, the same study identified

Fig. 6. Summary of canonical and noncanonical functions of Cic-L during oogenesis. During early oogenesis (stages 1 through 8), ovarian follicles grow
through endoreplication of NCs, a process driven by oscillations in CycE/Cdk2 activity and the growth-promoting effects of Myc. At midoogenesis (stages
8 through 10), Cic-L begins to accumulate in NCs, where it induces endocycle exit through both stabilization of CycE and down-regulation of Myc (Left). This
function—which, unexpectedly, does not critically depend on the canonical DNA-binding activity of Cic—is in addition essential for NC dumping from stage 11. In
parallel to this germline requirment, Cic-L functions in somatic follicle cells by regulating canonical RTK-dependent responses redundantly with Cic-S (Right).
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human mutations that create premature stop codons affecting
mRNA stability and thus, potentially, the entire Cic protein
complement, including the Cic-L N terminus. All these obser-
vations make it reasonable to assume that the Cic-L N terminus
plays specific roles in human biology that might be disrupted
in a subset of Cic-related disorders.

Materials and Methods

Drosophila Genetics. The reference sequences used for Cic-S and Cic-L
correspond to Cic isoforms A (National Center for Biotechnology Information
[NCBI] reference sequence NP_524992.1) and D (NCBI reference sequence
NP_001247203.1) in FlyBase. The cic-LHA, cic7, cic7B, cic8, cic9, and cic10 alleles
were generated via CRISPR-Cas9. Nurse cell polytene chromosomes were
obtained by crossing the matα4-Gal-VP16V37 driver with the Cap-H2GL00635 RNAi
line. See SI Appendix, Supplementary Materials and Methods for more details on
alleles, transgenes, and genetic procedures used in this study.

Immunostaining and Histochemistry. Standard antibody staining and in
situ hybridization techniques were used. Nurse cell polytene chromosomes were
imaged using an Andor Dragonfly 505 confocal microscope. See SI Appendix,
Supplementary Materials and Methods for further details.

Fluorescence Signal Quantification. All quantitative image analyses were
performed on Fiji software. To determine the status of CycE and DupV5 periodic
oscillations in NC nuclei, the following scheme was implemented: First, we
determined the background level for each egg chamber as the average of three
mean gray values corresponding to cytoplasmic areas selected from different

focal planes. We then obtained mean gray values for a representative plane
of each NC nucleus and subtracted the background intensity calculated in the
egg chamber. Next, the average value of the two highest nuclear signals in a
given egg chamber was selected as a reference for the remaining nuclear
intensities. We then considered that an egg chamber displayed asynchronous
nuclear cycles in NCs when at least two nuclei had signals eight times lower
than the maximum reference value. Otherwise, an egg chamber was scored
as showing stabilized CycE or DupV5 patterns. Myc signals in wild-type and
mutant egg chambers were quantified as above and scored in parallel using
the same confocal microscope settings. No background subtraction was
applied in this case, as wild-type samples often showed higher cytoplasmic
than nuclear signals. Cic-LHA and Myc-lacZ (β-galactosidase) expression was
measured as for Myc. All data were analyzed and represented using Graph-
Pad Prism 5 software.

Data Availability. All study data are included in the article and/or supporting
information.
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