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Mutational analysis of the Drosophila CMG helicase reveals 
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The CMG (Cdc45-MCM-GINS) complex is a conserved helicase that plays an essential DNA unwinding function at replication forks. Here, 
we analyzed the mitotic phenotypes caused in Drosophila by knockdown of Cdc45, Mcm5, and the four GINS genes (Sld5, Psf1, Psf2, and 
Psf3). Silencing of these genes resulted in virtually identical mitotic phenotypes. Brain cells from mutant and RNAi larvae showed severe 
defects in chromosome condensation, chromosome breakage, and frequent polyploid mitotic figures. In addition, mutant cells showed 
reduced Cid (Cenp-A) incorporation at centromeres and strong alterations in spindle and centrosome structures. Our cytological and 
genetic analyses suggest that replication-related DNA damage and Cid-dependent centromere/kinetochore defects trigger the spindle 
assembly checkpoint (SAC) that arrests the cells in a prometaphase-like stage. The arrested cells undergo mitotic slippage accompanied 
by Cyclin B degradation and eventually return to G1 giving rise to polyploid cells. Our analyses further suggest that during the prolonged 
prometaphase arrest both the centrosomes and the spindles undergo severe structural degeneration and that the spindle defects are not 
the consequence of the aberrant centrosome behavior. Most studies on mitotic slippage have been carried out in cells exposed to anti- 
microtubule agents and could not address the behavior of the spindle. Conversely, our results illuminate the complex consequences of 
replication stress and reveal what happens to the mitotic apparatus during the prolonged spindle assembly checkpoint–induced mitotic 
arrest. Because prolonged mitosis is a common event in human cancers, our results could provide useful information for studies on can
cer etiology and therapy.

Keywords: CMG complex; replication stress; chromosome condensation; chromosome breakage; spindle checkpoint; spindle 
morphology; centrosome behavior; mitotic slippage; Drosophila; Meier–Gorlin syndrome

Received on 15 April 2025; accepted on 19 June 2025
© The Author(s) 2025. Published by Oxford University Press on behalf of The Genetics Society of America. All rights reserved. For commercial re-use, please 
contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the 
Permissions link on the article page on our site—for further information please contact journals.permissions@oup.com.

Introduction
Metazoan DNA replication is a highly conserved process that in

volves the coordinated action of several multiprotein complexes 

[reviewed in Martinez et al. (2017), Parker et al. (2017), and Attali 

et al. (2021)]. The replication start sites are first bound by the 

hetero-hexameric Origin Recognition Complex (ORC1-6), which 

associates with the Cdc6 protein and the Ctd1 chaperone. The 

ORC-Cdc6 complex mediates the sequential recruitment of 2 

MCM2-7 hexamers that encircle duplex DNA forming the prerepli

cation complex, which is already loaded onto the DNA during the 

G1 phase of the cell cycle but is inactive. MCM2-7 then binds 

the Cdc45 protein and the GINS tetrameric complex, forming 

the CMG (Cdc45-MCM-GINS) protein assembly that acts as a rep

licative helicase, playing a DNA unwinding function at replication 

forks (Moyer et al. 2006; Ilves et al. 2010).
In the CMG complex, the 4 GINS proteins (Psf1, Psf2, Psf3, and 

Sld5, in Drosophila; GINS 1–4 in humans) physically interact with 

Cdc45 and the MCM2-7 proteins in all pairwise associations. It 

has been suggested that this interaction might result in allosteric 

changes in MCM2-7 that trigger the helicase activity of the entire 

complex (Ilves et al. 2010). It has been also reported that the GINS 
complex is not only necessary for initial DNA unwinding (Pacek 
et al. 2006) but also for normal progression of DNA replication 
(Gambus et al. 2006).

Several studies have shown that individual proteins of the CMG 
and ORC complexes are required for mitotic condensation and in
tegrity of Drosophila chromosomes. Mutations in the Orc2, Orc3, 
and Orc5 genes cause abnormal chromosome condensation and 
chromosome breakage in larval brains (Gatti and Baker 1989; 
Loupart et al. 2000; Pflumm and Botchan 2001). A similar chromo
somal phenotype has been found in larval brain cells of Mcm4 mu
tants (Pflumm and Botchan 2001; Crevel et al. 2007) and in S2 cells 
subjected to RNAi against either Mcm3 or Mcm7 (Somma et al. 
2008). Defective chromosome condensation and chromosome 
fragmentation have been also observed in cultured Kc cells de
pleted of Orc2, Cdc45, Mcm2, or Mcm5 by RNAi (Christensen 
and Tye 2003). Thus, these studies collectively indicate that 
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depletion of components of the ORC and MCM complexes disrupts 
chromosome condensation and integrity in Drosophila cells, but is 
currently unclear whether the observed phenotypes are fully 
comparable.

Studies on Cdc45 and the GINS complex proteins suggest that 
they might have different roles on mitotic chromosome conden
sation and stability. RNAi-based studies showed that the chromo
somes of cells depleted of Cdc45 exhibit lateral condensation 
defects and breakage just like those of cells lacking Orc2, Mcm2, 
or Mcm5 (Christensen and Tye 2003). In contrast, the analysis of 
brains from larvae heterozygous for an Sld5 null mutation re
vealed a defect in the longitudinal condensations of the chromo
somes and frequent telomere–telomere fusions (Gouge and 
Christensen 2010). Abnormally elongated chromosomes were 
also described in brains heterozygous for a Psf2 null mutation, 
but this condensation defect was not accompanied by telomeric 
fusions (TFs) (Chmielewski et al. 2012). To the best of our knowl
edge, the chromosomal phenotypes caused by loss of either Psf1 
or Psf3 have never been investigated.

Cdc45 and the genes encoding the subunits of the GINS and 
MCM complexes are highly conserved in metazoans, and defining 
the phenotypic consequences of mutations in these genes in the 
Drosophila model might be relevant for human health. Indeed, 
the human homolog of Psf1, GINS1, is responsible for immunodefi
ciency 55, an autosomal recessive primary immunodeficiency 
characterized by intrauterine and postnatal growth retardation 
and lack of natural killer cells (Bernard et al. 2004). Mutations in 
the homologs of Cdc45, Psf2, and Psf3 (CDC45, GINS2, GINS3 in hu
mans) cause the Meier–Gorlin syndrome (MGORS), also character
ized by intrauterine and postnatal growth retardation, and 
microcephaly (Ting et al. 2020; McQuaid et al. 2022; Nabais Sa 
et al. 2022). Interestingly, MGORS is also caused by mutations in 
ORC1, ORC4, and ORC6 (Bicknell et al. 2011), as well as by muta
tions in MCM3, MCM5, and MCM7 (Vetro et al. 2017; Knapp et al. 
2021).

The apparently inconsistent phenotypic data on the Drosophila 
Psf2 and Sld5 genes and the implication of these genes in human 
syndromes prompted us to reexamine the chromosomal pheno
types elicited by RNAi or mutations in Psf2 and Sld5. We also ana
lyzed the mutant and/or RNAi phenotypes of Psf1 and Psf3, as well 
as those of Cdc45 and Mcm5. We found that for all these genes the 
loss-of-function phenotypes in larval brain cells are virtually 
identical. They consist of severe defects in chromosome conden
sation, chromosome breakage, defects in spindle and centrosome 
structure, and the presence of numerous polyploid mitotic fig
ures; we did not observe TFs in any of the mutant or RNAi animals. 
Our results suggest that replication-dependent DNA damage trig
gers the spindle assembly checkpoint (SAC) and that a prolonged 
SAC-mediated prometaphase arrest leads to spindle and centro
some degeneration.

Materials and methods
Fly stocks and genetics
The following mutant alleles and deficiencies were obtained from 
the Bloomington stock center (BDSC): Sld5c01719 (# 85955), Sld5A462 

(# 16124), Psf3A (# 57119), Psf3B (# 57118), Mcm5G3812 (# 63265), 
Df(2L)BSC295 (#23680), and Sas4s2214 (#12119); Psf2SH0805 was ob
tained from the Kyoto Stock Center (# 122087). The zw104 allele 
(formerly zw1065i20) is described in Williams and Goldberg 
(1994). For RNAi, we used the following stocks from the 
Bloomington and VDRC collections: Sld5 (BDSC # 54047), Psf1 
(v10229), Psf2 (v33040), Psf3 (v20849), Mcm5 (BDSC # 41871), and 

Cdc45 (v110478). In all cases, expression of the UAS-RNAi con
struct was induced with an Actin-GAL4 driver (BDSC # 4414). We 
note that larvae bearing the Psf3 (v20849) RNAi construct and 
the Actin-GAL4 driver are viable and that their brains do not 
show mitotic defects. In contrast, Sld5, Psf1, Psf2, Mcm5, and 
Cdc45 RNAi larvae are lethal and their brains display frequent mi
totic aberrations. Mutations and insertions on the second and 
third chromosome were maintained in stock using the CyO-TbA 
(Lattao et al. 2011) and TM6B balancers, both carrying the larval 
marker Tubby (Tb). X chromosome-linked mutations were kept ei
ther over the FM7-GFP or the FM7-TbA balancer (Lattao et al. 2011). 
To obtain Psf2SH0805/Df larvae, we crossed Psf2SH0805/CyO-TbA to 
Df(2L)BSC295/CyO-TbA flies and selected third instar larvae for 
the non-Tb phenotype. All flies were reared according to standard 
procedures and maintained at 25°C. The genetic markers and spe
cial chromosomes are described in detail in FlyBase (http://www. 
flybase.org).

Cytology and immunofluorescence
For immunostaining, larval brains were dissected in saline (0.7% 
NaCl) and fixed for 20 min in 3.7% formaldehyde according to 
Bonaccorsi et al. (2000). After several rinses in PBS, slides were incu
bated overnight with different combinations of the following pri
mary antibodies diluted in PBS: monoclonal anti-alpha tubulin 
(1:1,000; Sigma Aldrich); monoclonal anti-γ tubulin (1:50; 
Sigma-Aldrich); mouse anti-ɤH2Av (1:20;DSHB); rabbit anti-DSpd-2 
(1:3,000; Giansanti et al. 2008); rabbit anti-phospho-Histone3 
(PHH3; 1:250; EMD Millipore Corporation); rabbit anti-Cyclin B (Cyc 
B; 1:100; Lehner and O’Farrell 1990); and chicken anti-Cid (1:5000; 
Blower and Karpen 2001). Primary antibodies were detected by 1-h 
incubation at room temperature with FITC-conjugated anti-mouse 
IgGs (1:20; Jackson Laboratories), CY3-conjugated anti-rabbit IgG 
(1:300; Invitrogen), Cy3-conjugated anti-mouse IgGs (1:50, Jackson 
Laboratories), and Cy3-conjugated anti-chicken IgGs (1:50, Jackson 
Laboratories), all diluted in PBS. Immunostained preparations 
were mounted in Vectashield H-200 with DAPI (Vector Laboratories).

The mitotic index (MI) was calculated by determining the aver
age number of mitotic figures per optic field (100× Nikon objective) 
as described by Gatti and Baker (1989). The MIs reported in the fig
ures are the averages from at least 3 brains.

To analyze the morphology and integrity of metaphase chro
mosomes, brains from third instar larvae were dissected in saline 
(NaCl 0.7%), incubated for 1 h with colchicine (10−5M in saline), 
treated for 10 min with hypotonic solution (0.5% Na Citrate), 
squashed in 45% acetic acid, and immediately frozen in liquid ni
trogen. After flipping of the coverslip, squashed brains were 
mounted in Vectashield H-200 with DAPI (Vector Laboratories).

Microscopy
All cytological preparations, except those stained for either Cid or 
ɤH2Av, were examined using a Nikon Eclipse F600, equipped with 
a CCD camera (Photometrics CoolSnap MYO). Grayscale images 
were collected separately, pseudocolored, and merged. Cyc B 
fluorescence of mitotic cells was measured on photographs using 
the Image J software. Prometaphases were considered Cyc 
B-positive if their fluorescence intensity (number of pixels per 
unit area) was at least 2 times higher than that of neighboring 
interphase cells. Cid- and ɤH2Av-stained slides were examined 
using a Zeiss Axioplan fluorescence microscope equipped with 
an Axiocam 512 (Zeiss) monochromatic camera. ɤH2Av and Cid 
signals were quantified using Zen 2.5 Pro software (Zeiss, 
Germany). Image z-stacks were acquired using an Axiocam 512 
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(Zeiss) camera. Signals were considered positive starting from 3 
times the basal fluorescence.

qRT-PCR measurements of mRNA levels
RNA was extracted with the TRIzol reagent (Ambion), treated with 
RNase-free TM DNase I (Ambion), and then purified using a stand
ard phenol/chloroform protocol. One microgram of intact RNA 
was reverse transcribed using RevertAid H Minus First Strand 
cDNA Synthesis Kit (Thermo Scientific, EP0451) with random 
hexamers. Real-time PCR reactions were carried out using the 
SensiFASTTM SYBR No-ROX Kit, with QuantStudioTM 3 Real- 
Time PCR System. Relative quantification of gene expression 
was carried out using the 2−ΔΔCt method and the Rp49 gene for 
normalization. PCR data are from 3 biological replicates obtained 
using the primer pairs described in Supplementary Table 1.

Results
Mutations in Sld5 affect chromosome and spindle 
structure but not telomere stability
To define the phenotypes associated with loss of the GINS com
plex activity, we first analyzed mutants in the Sld5 gene. We 
used 2 mutant alleles obtained from the Bloomington stock cen
ter, Sld5c01719 and Sld5A462. Both alleles carry PBac elements in
serted in identical positions in the second exon of the gene and 
are predicted to lead to truncated gene products. Previous work 
reported that flies homozygous for either Sld5c01719 or Sld5A462 

die as embryos/first instar larvae and that Sld5c010719/+ and 
Sld5A462/+ heterozygotes are viable but show frequent TFs 
(Gouge and Christensen 2010). We first investigated whether in
deed heterozygosity for Sld5c010719 or Sld5A462 leads to the forma
tion of TFs. To this end, larval brains were incubated in saline 
supplemented with colchicine, subjected to hypotonic treatment, 
and then fixed and stained with DAPI (see Materials and methods
for details). Our previous work showed that this procedure yields 
well-spread metaphase chromosomes, which allow a reliable as
sessment of the presence of TFs [see for example Cenci et al. 
(1997, 2003)]. We examined the chromosomal phenotype of larval 
brains heterozygous for each of these 2 Sld5 mutations, but did not 
detect any TFs (200 cells scored from 3 brains in each heterozy
gous combination).

We confirmed that Sld5c01719 homozygotes and Sld5c01719/ 
Df(3R)BSC495 hemizygotes die as embryos/first instar larvae 
(Gouge and Christensen 2010). However, in contrast with previous 
work (Gouge and Christensen 2010), an examination of Sld5A462/ 
TM6B culture tubes revealed the presence of some third instar 
homozygous mutant larvae, which were easily recognized for 
their non-Tubby phenotype. Brain squashes from these mutant 
larvae were stained for both DNA and the phosphorylated histone 
variant H2Av (γH2Av; the Drosophila homolog of mammalian 
H2AX), a marker for defective DNA replication and the conse
quent DNA damage (Andreyeva et al. 2008; Fragkos et al. 2023). 
The nuclei of Sld5 mutant brains exhibited a 3-fold increase in 
γH2Av foci compared to control, suggesting that they had been 
subjected to high replication stress (Supplementary Fig. 1).

To analyze mitosis, Sld5 mutant brains were stained for DNA, 
tubulin, and the anti-phospho-histone H3 antibody (PHH3) that 
marks mitotic chromatin (Wei et al. 1999). In mutant brains, 
most dividing cells were arrested in a prometaphase-like stage 
with disorganized spindles; metaphases with aligned chromo
somes were much less frequent than in controls (2.3% vs 17.2%; 
Fig. 1a and d), while anaphases and telophases were virtually ab
sent (0.9% vs 20.3%; Fig. 1d). In addition, in mutant brains, most 

mitotic cells displayed irregular chromosome condensation and 
frequent chromosome fragmentation (Fig. 1a–c); in some 
PHH3-positive cells, chromatin condensation was so abnormal 
that individual chromosomes were not recognizable (Fig. 1a–c). 
Finally, a large fraction (43.5%) of mutant cells were clearly hyper
ploid/polyploid (Fig. 1c–e).

Importantly, the spindles of most (87.2%) prometaphase cells 
were severely defective ranging from completely unstructured 
microtubule assemblies to morphologically irregular spindle-like 
structures (Fig. 1a and e). We define as morphologically irregular 
spindles those that have a bipolar structure but exhibit irregular
ities in the poles and/or structural differences between the 2 
halves of the spindle (see examples in Fig. 1). Eighty-two percent 
of polyploid prometaphase-like figures also displayed completely 
disorganized spindles (Fig. 1c and e). Of note, some unstructured 
prometaphase spindles were present also in controls, although 
at a much lower frequency than in the mutant (15.8% vs 65.4%; 
these frequencies are relative to the number of diploid prometa
phases). We believe that most of the control spindles we classified 
as “unstructured” are in fact perfectly normal spindles. They are 
usually relatively small spindles with MTs arranged in a star-like 
configuration. Most likely these spindles result from a squashing 
pressure applied in the same direction of spindle axis.

Mutant brains also showed a few diploid prometaphase-like 
cells with elongated spindles (PMLES; Fig. 1b and e). PMLES have 
been previously observed in S2 cells with centromere/kinetochore 
defects. They contain chromosomes comprised of both sister 
chromatids and high levels of Cyclin B, but are associated with 
elongated anaphase-like spindles (Somma et al. 2008; Renda 
et al. 2017; Pellacani et al. 2018; Pavlova et al. 2019 ). Thus, PMLES 
are prometaphase cells that are nevertheless undergoing spindle 
elongation as it normally occurs during anaphase.

Of note, the spindles of the Sld5 and the other mutants shown 
in Fig. 1 have different sizes. This is because Drosophila larval 
brains contain different types of dividing cells: type I neuroblasts 
(NBs) that divide asymmetrically generating another type I NB and 
a smaller ganglion mother cell (GMC) and type II NBs that divide 
asymmetrically producing another type II NB and an intermediate 
precursor (INP) cell, which also divides asymmetrically several 
times giving rise to INPs and a GMCs. GMCs divide symmetrically 
only once producing daughter cells that will differentiate in neu
rons or glial cells (Homem and Knoblich 2012). Although to the 
best of our knowledge the spindle sizes of these types of dividing 
cells have never been accurately measured, they are likely to 
be quite different, as suggested by the images shown in 
Supplementary Fig. 2. Our overall observations strongly suggest 
that in Sld5 and the other mutants examined, here all spindles 
are affected regardless of their size.

To further define the chromosomal phenotype of homozygous 
Sld5 mutants, we treated the brains with colchicine for 1 h and 
then subjected them to hypotonic treatment and fixation with 
acetic acid (see Materials and methods). This procedure allows a 
clear visualization of the chromosomes and a reliable assessment 
of chromosome integrity and condensation as well as chromo
some number. Analysis of preparations revealed that nearly all 
cells with an apparently diploid chromosome complement exhibit 
irregularly condensed and/or broken chromosomes (Fig. 2a and b). 
We also confirmed that approximately one half of the mitotic fig
ures in mutant brains are hyperploid/polyploid (Fig. 2b). We did 
not observe any clear case of telomere–telomere fusion.

The discrepancy between our study and previous work about 
the presence of TFs in Sld5 mutant brains is notable. We used 
the same mutant alleles used by Gouge and Christensen (2010)
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Fig. 1. Mutations in the CMG complex genes affect mitotic chromosome condensation and integrity and disrupt spindle organization. a) Mitotic 
phenotype of diploid cells of noncolchicine, nonhypotonic-treated brains from control (Ctrl, mutant/balancer), Sld5, Psf2/Df, Psf3, and Mcm5 mutant 
larvae. Cells were immunostained for tubulin (Tub) and the mitotic marker phospho-histone H3 (PHH3) and counterstained with DAPI. Prometaphase 
chromosomes of all mutants show defects in condensation and integrity. The Sld5 and Psf2/Df PMs shown in this figure exhibit “unstructured” spindles, 
while Psf3 and Mcm5 PMs have irregularly shaped (IR) spindles. Metaphase spindles are morphologically regular; anaphase spindles are also regular but 
show lagging chromosome fragments. b) Examples of PMLES with regular spindles. c) Examples of polyploid cells with unstructured spindles [see text for 
detailed explanations on a)–c)]. Scale bar, 10 μm. d) Quantification of the mitotic parameters of mutant brain cells. MI, mitotic index; see Materials and 
methods for MI calculation; PM, prometaphases; Meta, metaphases; Ana-telo, ana-telophases; R, regular; C/B, chromosome breakage and/or defective 
chromosome condensation; Poly, polyploid cells. (1) Percentages from diploid cells only. (2) Percentage from total cells scored. e) Quantification of defects 
in spindle morphology observed in brains of mutant larvae. R, regular; IR, irregular; PL, PMLES; U, unstructured spindles; Ab %, percent of diploid PMs with 
abnormal spindles, IR and U, but not PL have been considered abnormal. The frequencies of PM C/B, Tot PM, metaphases, ana-telophases, and polyploid 
cells d) and the frequencies of abnormal PM spindles (Ab) e) observed in the mutants are all significantly different from controls (P < 0.0001, χ2 

contingency test).
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and did not see any TF in both heterozygous and homozygous Sld5 
brains. In addition, we did not see TFs in Sld5 RNAi brains (see be
low). We believe this discrepancy is at least in part related to the 
fact that we examined colchicine-treated brains where TFs are 
easily recognizable, while Gouge and Christensen (2010) scored 
noncolchicine-treated brain squashes, where images are often 
unclear and difficult to interpret.

Mutations in Psf2 and Psf3 result in mitotic 
phenotypes very similar to those elicited by Sld5 
mutations
To ascertain whether the mitotic phenotypes caused by Sld5 mu
tations were a specific outcome of the knockout of this gene or 
were instead a general consequence of GINS complex inactiva
tion, we also analyzed the loss-of-function phenotypes of Psf2 
and Psf3. We did not examine Psf1 mutants, as no mutations in 
this gene were available in the Stock Centers.

We obtained 2 Psf3 mutant alleles from the Bloomington stock 
center: Psf3A and Psf3B. Psf3A carries a lethal missense mutation 
(FlyBase); Psf3B carries a G>A nucleotide change that results in a 
premature stop codon (FlyBase). Both Psf3A and Psf3B were ba
lanced over FM7-GFP; Psf3A/FM7-GFP and Psf3B/FM7-GFP females 
produced Psf3A/Y and Psf3B/Y third instar male larvae that never 
reached the adulthood. Analysis of fixed larval brains stained 
for DNA, tubulin, and PHH3 revealed that the 2 mutations cause 
comparable mitotic phenotypes. We focused on Psf3A because 
the Psf3A/FM7-GFP stock was healthier than Psf3B/FM7-GFP. 
γH2Av staining revealed that the Psf3A mutant brains exhibit a 
∼3-fold increase in γH2Av nuclear foci compared to control, 

indicating that they had been subjected to a replication 
stress similar to that suffered by the Sld5 mutant brains 
(Supplementary Fig. 1).

For the phenotypic analysis of Psf2 mutants, we used the 
Psf2SH0805 allele that carries a P-element insertion in the second 
exon of the gene. Previous work reported that flies homozygous 
for Psf2SH0805 die as embryos/first instar larvae, while Psf2SH0805/+ 
heterozygotes are viable but show defective longitudinal condensa
tion of the chromosomes (Chmielewski et al. 2012). We found that 
Psf2SH0805/+ heterozygotes are fully viable and fertile but we were 
not able to detect the presence of gross defects in chromosome con
densation in their larval brains. We confirmed that Psf2SH0805 

homozygous mutant larvae do not reach the third instar stage. 
However, we were able to isolate some Psf2SH0805/Df(2L)BSC295 
(henceforth Psf2/Df) hemizygous third instar larvae.

The brains of Psf3A/Y and Psf2SH0805/Df larvae displayed strong 
mitotic defects extremely similar to those seen in homozygous Sld5 
mutants: an abundance of prometaphase-like figures with disorga
nized spindles, very low frequencies of metaphases and anaphases/ 
telophases, and many hyperploid/polyploid prometaphase-like fig
ures (Fig. 1a–e). Nearly all dividing cells also showed defects in 
chromosome condensation ranging from cells with moderately 
swollen chromosomes to cells where the individual chromosome 
morphology was no longer distinguishable (Fig. 1a–e). Also in 
colchicine-treated brains of Psf3 and Psf2 mutants, we observed a 
chromosomal phenotype very similar to that seen in Sld5 mutants, 
consisting in combinations of 3 phenotypic traits: irregularly con
densed chromosomes, broken chromosomes, and hyperploid/ 
polyploid figures (Fig. 2a and b).

Fig. 2. Mutations in the CMG genes result in defective chromosome condensation and chromosome aberrations (CABs). a) Examples of metaphases from 
colchicine-treated brains (c-metaphases) of control (Ctrl, mutant/balancer), Sld5, Psf2, Psf3, and Mcm5 mutants. Cells were hypotonically swollen, fixed, 
and stained with DAPI. The c-metaphases show defective chromosome condensation and CABs. The control cell (Ctrl) carries the Sdl5 mutation balanced 
over TM6B, which has a submetacentric structure (arrow). The Psf3 mutant cell at the bottom is tetraploid and exhibits multiple chromatid exchanges 
and breaks. Scale bar, 5 μm. b) Quantification of cells with defective chromosome condensation and/or CABs (C/B), and hyperploid/polyploid cells. (1) 
Percentages from diploid cells only. (2) Percentage from total cells scored; all polyploid cells showed defects in chromosome condensation and integrity. 
The frequencies of C/B diploid cells and hyperploid/polyploid cells observed in mutant brains are both significantly different from those of control 
(P < 0.0001, χ2 contingency test).
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The Mcm5 knockout phenotype is fully 
comparable to those observed in mutants for the 
GINS genes
The common phenotypes observed in the GINS mutants led us to 
wonder whether they reflect a specific role of this subcomplex, or 
whether they are a general consequence of the replication stress 
caused by loss of the CMG helicase activity. To address this ques
tion, we examined the phenotype caused by mutations in Mcm5 
that encodes another component of CMG complex.

Previous work showed that larval brain cells from Mcm4 mu
tants exhibit abnormal chromosome condensation and chromo
some breakage (Pflumm and Botchan 2001). RNAi against Mcm2 
or Mcm5 in Kc tissue culture cells also resulted in chromosomes 
with defective lateral condensation and chromosome fragmenta
tion (Christensen and Tye 2003), and a similar phenotype was ob
served in S2 cells depleted of either Mcm3 or Mcm7 by RNAi 
(Somma et al. 2008). Here, we focused on the effects of Mcm5 mu
tations in larval brains, a phenotypic analysis not previously per
formed. We analyzed the effects of the Mcm5G3812 mutation that 
carries a P{EP} element inserted into the first exon of the gene. 
Flies homozygous for Mcm5G3812 were lethal but some mutant lar
vae survived till third instar, allowing cytological analysis. Here 
again, we stained Mcm5G3812 mutant brains for γH2Av and found 
that they exhibit a ∼3-fold increase in foci compared to controls, 
similarly to the Sld5 and Psf3 mutant brains (Supplementary 
Fig. 1). Consistent with these results, brains from Mcm5G3812 

homozygotes stained for DNA, PHH3, and tubulin displayed a 
mitotic phenotype indistinguishable from that observed in Sld5, 
Psf2, and Psf3 mutants (Fig. 1). In addition, colchicine-treated 
Mcm5G3812 mutant brains showed abnormally condensed and bro
ken chromosomes just as those observed in brains from of Sld5, 
Psf2, and Psf3 mutants (Fig. 2).

RNAi against Psf1, Ccd45, Mcm5, Sld5, or Psf2 
results in similar mitotic phenotypes
To expand our cytological analyses of the consequences of 
the CMG complex inactivation, we decided to examine the 
loss-of-function phenotype of the Psf1 and Cdc45 genes, for which 
no mutations were available. We thus performed RNAi against 
these genes in living flies and analyzed the resulting mitotic 
phenotype in larval brains. For comparison, we also analyzed 
RNAi brains for Sld5, Psf2, or Mcm5. We generated flies bearing 
an appropriate RNAi construct and the actin-GAL4 driver. All 
these flies died at the larval/pupal stage allowing cytological 
analysis of larval brain mitotic phenotype. qRT-PCR analysis of 
RNAi larval brains revealed substantial decreases in the Sld5, 
Psf1, Psf2, Mcm5, and Cdc45 mRNAs levels compared to control 
(Supplementary Fig. 3).

Preparations from all RNAi brains displayed mitotic defects 
that were qualitatively similar to those of the mutants, although 
they were milder and more variable in intensity (Supplementary 
Fig. 4a–d). For example, in all cases, the frequency of cells in pro
metaphase was significantly higher than in wild-type controls, 
while the frequencies of metaphases and anaphases were 
significantly lower than in controls (Supplementary Fig. 4c). In 
addition, mitotic cells from all RNAi brains displayed the same 
types of spindle defects as those seen in the mutants (Fig. 1; 
Supplementary Fig. 4a and d).

Preparations from colchicine-treated RNAi brains also dis
played chromosomal phenotypes comparable to those observed 
in the mutants. In all cases, in addition to cells showing nor
mal or almost normal chromosome condensation, we observed 

cells with irregularly condensed and broken chromosomes 
(Supplementary Fig. 5a and b), but we never found TFs. In con
trast with the mutant brains, in which most cells have multiple 
breaks, several cells in RNAi brains showed a limited number of 
breaks, allowing mapping of the breakpoints along the chromo
somes. The analysis of diploid cells with normal or almost normal 
chromosome condensation revealed that in Sld5, Psf1, Psf2, Ccd45, 
and Mcm5 RNAi brains the isochromatid breaks (chromosome 
breaks involving both sister chromatids at the same locus) are 
preferentially located in the heterochromatin or at the junction 
between euchromatin and heterochromatin (henceforth, we des
ignate both as heterochromatic breaks) (Supplementary Fig. 5a
and c). Previous studies showed that X-ray-treated wild-type cells 
and mutants in mei-9 and mei-41 display 40–50% heterochromatic 
breaks, while mutants in mus-109 exhibit 81% heterochromatic 
breaks (Gatti et al. 1974; Gatti 1979; Baker et al. 1982) (see 
Supplementary Fig. 5c). mei-9 and mei-41 encode proteins homolo
gous to the ERCC endonuclease and the ATR kinase, respectively 
[reviewed by Sekelsky (2017)] while mus-109 encodes the Drosophila 
ortholog of the highly conserved DNA2 helicase/nuclease (Mitchell 
et al. 2022). These data and our current results collectively suggest 
that Drosophila heterochromatin is particularly sensitive to DNA 
damage induced by replication stress.

As a whole, our analyses indicate that the Psf1 and Cdc45 RNAi 
phenotypes are very similar to those induced by RNAi against Sld5, 
Psf2, or Mcm5. This suggests that all these phenotypes are caused 
by the same primary DNA replication defect due to reduced CMG 
helicase activity.

Mutations in Sld5, Psf3, and Mcm5 cause 
centrosome defects in larval brain cells
We have shown that silencing of genes that encode components of 
the CMG complex results in highly abnormal spindles. However, 
the mechanisms underlying the formation of these spindles are 
unclear. To address this issue, we focused on Sld5, Psf3, and 
Mcm5 mutants, which exhibit the highest frequencies of both de
fective spindles and hyperploid/polyploid figures in larval brains. 
Because previous work on mammalian cells showed that the SLD5 
and MCM5 proteins localize to the centrosomes and affect centro
some structure and/or behavior (Ferguson and Maller 2008; Kaur 
et al. 2018), we first analyzed mutant brains for centrosome integ
rity and number. Sld5, Psf3, and Mcm5 mutant brains were fixed 
and stained for DNA, tubulin, and the Spd2 centrosomal marker 
(Giansanti et al. 2008). Spd2 is a highly conserved centrosomal 
component, which forms a scaffold-like structure that recruits 
the pericentriolar material (PCM) and is therefore required for 
MT nucleation (Conduit et al. 2014). In control brains stained for 
Spd2, 98.5% of mitotic cells (n = 214) showed 2 centrosomes, cells 
with a single centrosome were only 1.5%, and cells without cen
trosomes were not observed. In contrast, in mutant brains, most 
diploid mitotic cells displayed centrosome aberrations (Fig. 3). 
Importantly, these aberrations were qualitatively similar in the 
3 mutants examined. In diploid cells, the most frequent defect 
was the complete absence of detectable centrosomes (Fig. 3a 
and c; Supplementary Table 2). We also observed cells with a sin
gle centrosome, which was usually larger than a normal centro
some and often showed a noncompact and granular appearance 
(Fig. 3a and b; Supplementary Table 2). In addition, some of the 
diploid cells devoid of organized centrosomes or with a single 
centrosome displayed several Spd2 positive granules, suggesting 
that the PCM was disintegrating (Fig. 3a). Finally, about 30% of hy
perploid/polyploid cells were not associated with any recogniz
able centrosome, while 30–40% of these cells displayed 
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fragmented centrosomes or a single large and noncompact 
centrosome (Fig. 3a, bottom panels; Supplementary Table 2). In 
both diploid and polyploid cells, the centrosome fragments and 
many of the single, and often large, centrosomes did not show 
any clear MT nucleating activity. Immunostaining for both Spd2 
and γ-tubulin revealed that the 2 types of centrosomal signals 
were both present and overlapping in virtually all cells (at least 
50 dividing cells examined per mutant). Based on these observa
tions, we hypothesize that the centrosomes of both diploid and 
polyploid cells arrested in prometaphase undergo a degeneration 
process that starts with centriole disengagement (Karki et al. 2017; 
Wilhelm et al. 2019) and PCM fragmentation and might end up 
with complete centrosome disappearance. We further speculate 
that when only one of the 2 centrosomes disintegrates, the result
ing fragments can associate with the remaining centrosome, lead
ing to the formation of an enlarged centrosome.

Mutations in Sld5, Psf3, and Mcm5 mutants affect 
Cid recruitment at centromeres and trigger 
the SAC
Our results clearly show that mutations in Sld5, Psf3, or Mcm5 lead 
to an arrest of mitotic cells in prometaphase, suggesting that 
these cells might be unable to satisfy the SAC. This result is not 
surprising as previous work has shown that DNA damage and/or 
replication stress trigger the SAC. There is also ample evidence 
that the DNA damage response (DDR) and the SAC proteins inter
act and cooperate to prevent cells from entering anaphase 
(Su 2011; Luna-Maldonado et al. 2021). Previous studies have 

shown that in both Drosophila embryos and cultured cells, Cid 
(the Drosophila homolog of the centromere protein CENP-A) deple
tion causes a block in prometaphase and a mitotic delay and that 
this phenotype is rescued by mutations (or RNAi) that abrogate 
the SAC (Blower et al. 2006; Pauleau et al. 2019). We therefore asked 
whether loss the CMG activity affects Cid recruitment at kineto
chores. We made preparations from noncolchicine-treated larval 
brains of Sld5, Psf3, and Mcm5 mutants and stained them for DNA, 
tubulin, and Cid. We examined late prophases and prometa
phases of diploid cells and found that in mutant brains the num
ber of Cid signals per cell is significantly reduced compared to 
control (Fig. 4). This finding agrees with the observation that mu
tant brains exhibit some diploid PMLES (Fig. 1b and e), which are a 
characteristic outcome of centromere/kinetochore defects 
(Somma et al. 2008; Renda et al. 2017; Pellacani et al. 2018; 
Pavlova et al. 2019). Collectively, our results suggest that loss of 
CMG activity causes incomplete DNA replication, DNA damage, 
and defective Cid recruitment at centromeres and that these con
ditions cooperate to trigger a strong SAC response that arrests the 
cells in prometaphase.

Previous studies in mammalian cells have shown that during 
the prolonged SAC-induced mitotic arrest there is a slow but con
tinuous Cyclin B (Cyc B) degradation. When Cyc B falls below a 
critical threshold, mitotic cells undergo the “slippage” process 
and enter G1 without chromosome segregation (Brito and Rieder 
2006; Brito et al. 2008). We thus assayed whether and to which ex
tent diploid prometaphase cells of Sld5, Psf3, and Mcm5 mutant 
brains retain Cyc B. Examination of preparations stained for Cyc 

Fig. 3. Mutations in the CMG genes cause centrosome aberrations. a) Examples of centrosome aberrations found in CMG mutants. Noncolchicine, 
nonhypotonic-treated brain squashes were immunostained for the centrosome marker Spd2, tubulin, and counterstained with DAPI. Ctrl PM, Ctrl Meta, 
and insets: control prometaphase and metaphase showing compact centrosomes; Sld5-1 and insets: 2 diploid PMs showing partial centrosome 
fragmentation; Psf3-1 and inset: PM with a single noncompact centrosome with MT nucleation ability; Psf3-2: diploid PM with a single centrosome with no 
apparent MT nucleation ability; Psf2/Df: diploid PM showing centrosome fragmentation; Mcm5, Sld5-2 and insets: polyploid cells showing a single 
noncompact centrosome with no apparent MT nucleation ability. Scale bar, 5 μm. b and c ) Frequencies of diploid mitotic cells (±SEM) with a single and/or 
fragmented centrosome (1c/Fc; b), or devoid of centrosomes (Nc, c). The dots represent frequencies observed in individual brains from 3 different 
experiments. Significance was assessed by ANOVA and Tukey multiple comparison; ****, ***, and **: P < 0.0001, 0.001, and 0.01, respectively. See 
Supplementary Table 2 for detailed information on centrosome and spindle structure.
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B, tubulin, and DNA revealed that 98.8% prometaphase figures of 
control brains were strongly stained by anti-Cyc B antibodies. 
Most (90%) control metaphases were also stained for Cyc B, while 
virtually none of the anaphase and telophases were Cyc 
B-positive. In contrast, in Sld5, Psf3, and Mcm5 mutant brains, 
the prometaphases strongly stained by anti-Cyc B antibodies 
were 44.4, 61.2, and 62.2%, respectively; the remaining prometa
phases were either weakly stained or completely unstained. The 
few anaphases found in the mutants were all Cyc B-negative 
(Fig. 5; Supplementary Table 3). This result indicates that diploid 
mutant cells arrested in prometaphase are undergoing a gradual 
Cyc B decline that will eventually lead to their slippage to G1. 
Our data further suggest that many of these 4N G1 cells undergo 
an additional round of DNA replication giving rise to polyploid mi
totic figures.

Mutations in zw10 substantially modify the 
spindle phenotype of Sld5 mutants
To further explore the SAC contribution to the mutant pheno
type, we constructed males homozygous for Sld5 and carrying 
a mutation in the X-linked zw10 gene. zw10 specifies an essen
tial component of the SAC machinery [reviewed by Karess 
(2005)], and previous studies have shown that mutations in 
this gene release cells from the SAC-dependent mitotic block 
(Basto et al. 2000; Pellacani et al. 2018). The zw10/FM7, Tb; 
Sld5/TM6B, Tb females produced only a few double mutant 
male larvae that reached the early third instar. The brains of 
these larvae were very small and characterized by an extreme
ly low MI, but showed frequencies of metaphases and 

anaphases significantly higher than those of Sld5 homozy
gotes. In addition, they showed substantial reductions in the 
frequencies of unstructured spindles and polyploid cells com
pared with Sld5 mutant males that were proficient for zw10. 
Finally, double mutant males displayed fewer and milder 
centrosome defects than Sld5 homozygotes (Fig. 6; 
Supplementary Tables 4–6). A likely reason for the very low MI 
in zw10; Sld5 double mutant brains is that the loss of the zw10 func
tion permits mutant cells with abnormally condensed and broken 
chromosomes to enter anaphase in a relatively early stage of brain 
development. This event would lead to daughter cells with highly 
unbalanced chromosome complements that would stop dividing 
or die. Thus, most of the dividing cells that we see in the double mu
tant are unlikely to be the descendants of cells that had suffered a 
prometaphase arrest. They would instead be cells produced by a 
relatively regular mitotic division, which divide again in the absence 
of SAC activity. These results support the hypothesis that a substan
tial fraction of the aberrant spindles observed in the Sld5, Psf2, Psf3, 
and Mcm5 mutants represent different stages of spindle degener
ation that follow the long SAC-dependent prometaphase arrest.

The centrosome defects observed in the CMG 
mutants are not the cause of the aberrant spindle 
morphology
As mentioned above, previous work on mammalian cells showed 
that the SLD5 protein localizes to the centrosomes and that its de
pletion affects centrosome integrity and duplication, leading to 
centrosome-dependent defects in spindle formation and morph
ology (Kaur et al. 2018). In the CMG mutants examined here, we 

Fig. 4. Mutations in the CMG genes affect Cid recruitment at centromeres. a) Examples of diploid prophases (top panels) and metaphases/prometaphases 
(bottom panels) from control (Ctrl) and Sld5 mutant brains stained for Cid (CENP-A), tubulin (Tub), and counterstained with DAPI. b) Scatter plots showing 
the distribution of mitotic cells (prophases, metaphases, and prometaphases) with different numbers of Cid signal in Sld5, Psf3, and Mcm5 mutants. Scale 
bar, 5 μm. The plots and the statistical analysis were made using the GraphPad Prism Software 10.4.1. Significance was assessed by ANOVA and Tukey 
multiple comparison; ****P < 0.0001. The numbers of cells examined, in each case selected from 3 different brains, are as follows: Ctrl, 73; Sld5, 58; Psf3, 53; 
and Mcm5, 60.
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did not observe diploid cells with multipolar spindles, suggesting 
that centrosome fragmentation seen in these mutants does not 
give rise to this type of spindles (Figs. 1 and 3). In addition, the un
structured spindles without centrosomes observed in our mu
tants are unlikely to result from lack of centrosome activity. 
This conclusion is suggested by previous studies on mutants in 
genes that encode essential centrosomal components and lack 
functional centrosomes. The larval brain cells of these mutants 
form anastral but morphologically regular spindles that have 
full ability to mediate mitotic division and support development 
to the adulthood (Bonaccorsi et al. 2000; Megraw et al. 2001; Basto 
et al. 2006; Giansanti et al. 2008), reviewed by Gatti et al. (2012).

To provide support to this view, we generated Psf3; Sas4 double 
mutants that are devoid of centrosomes due to lack of Sas4 func
tion (Basto et al. 2006). The larval brain cells of Sas4 mutants, des
pite the absence of centrosomes, form morphologically regular 
and functional anastral spindles and survive to the adulthood 
(Basto et al. 2006). We confirmed that Sas4 mutants exhibit anas
tral but otherwise regular spindles. We also found that Psf3; 
Sas4 double mutant brains exhibit highly irregular spindles fully 
comparable to those seen in Psf3 single mutants (Fig. 7; 
Supplementary Table 7). These results rule out the possibility 
that the aberrant spindles observed in Psf3 mutants are generated 
by centrosomal abnormalities. They further suggest that in Psf3 
mutants, as well as in the other mutants in CMG genes, the 
spindle and centrosomal defects are largely independent conse
quences of a degeneration process caused by a prolonged 
SAC-mediated mitotic arrest.

Discussion
Inactivation of genes encoding different 
components of the CMG complex causes virtually 
identical phenotypes
We found that mutation in the CMG genes causes virtually identi
cal phenotypes in Drosophila larval brains, consisting in severe de
fects in chromosome condensation, chromosome breakage, and 
the presence of numerous hyperploid/polyploid mitotic figures. 
Notably, mitotic phenotypes very similar to those described here 
have been observed in Drosophila mutants for different ORC genes 
(Loupart et al. 2000; Pflumm and Botchan 2001). This suggests that 
these phenotypes are the consequence of a common primary de
fect in DNA replication and do not reflect direct roles of these 
genes in the control of centrosome and spindle structure. 
Severely defective chromosome condensation and possibly 
chromosome breakage have been also found in human cells de
pleted of ORC2 by RNAi (Prasanth et al. 2004). While the chromo
some breakage phenotype is easily attributable to defective DNA 
replication, the molecular mechanisms leading to aberrant 
chromosome condensation are currently unclear. Two possibil
ities have been considered. It has been proposed that DNA replica
tion directly contributes to a longitudinal contraction of the 
chromosome and that a partial block in the replication machinery 
leads to aberrant condensation (Pflumm 2002). The other possibil
ity is that defective DNA replication alters proper condensin re
cruitment to mitotic chromosomes (Prasanth et al. 2004). Our 
results do not allow discrimination between these 2 possibilities, 

Fig. 5. Cyclin B behavior in control and CMG mutants. a) Examples of control and mutant cells immunostained for Cyclin B (Cyc B), tubulin (Tub), and 
counterstained with DAPI. The control panel shows a Cyc B-positive prometaphase (PM) and a Cyc B-negative anaphase (AN). The other panels show Cyc 
B-positive and negative PM-like cells observed in the indicated CMG mutants. Scale bar, 10 μm. b) Frequencies (±SEM) of Cyc B-positive PM-like cells in the 
CMG mutants. The dots represent frequencies observed in individual brains from 2 experiments. Significance was assessed by ANOVA and Tukey 
multiple comparison; ****P < 0.0001. See Supplementary Table 3 for detailed information about Cyc B localization in mitotic cells of the CMG mutants.
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which are not mutually exclusive. We only note that larval brains 
from mutants in different condensin-coding genes exhibit chromo
some condensation phenotypes quite similar to those observed 
here in CMG mutants (Steffensen et al. 2001; Somma et al. 2003).

We also found that brains from CMG mutants exhibit defective 
Cid recruitment at centromeres. This finding is consistent with 
the hypothesis that DNA replication acts as an error correction 
mechanism to specifically maintain CENP-A at centromeres. 

Fig. 6. Loss of the zw10 function affects the mitotic behavior of Sld5 mutant cells. a) Examples of dividing cells from zw10; Sld5 double mutant brains. Note 
that these cells exhibit rather regular centrosomes and spindles. Scale bar, 10 μm. b–h) Comparison between controls, Sld5 single mutants, and zw10; Sld5 
double mutants for the frequencies (±SEM) of diploid prometaphases, metaphases, and ana-telophases b–d), polyploid cells e), diploid cells with irregular 
spindles f), diploid cells with a single and/or fragmented centrosome g), or devoid of centrosomes h). For control (Ctrl) and Sld5 single mutants, the dots 
represent frequencies observed in individual brains from 3 experiments. To characterize the double mutant, we performed 6 different experiments and 
scored 3–4 brains per experiment; each dot represents the average frequency per experiment. Significance was assessed by ANOVA and Tukey multiple 
comparison; ****, ***, and **: P < 0.0001, 0.001, and 0.01, respectively. See Supplementary Table 3 for a detailed account of the data used for the comparison.
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In human cells, during G1 CENP-A is associated with many sites 
on the chromosome arms. However, when cells pass through 
the S phase, the noncentromeric pool of CENP A is selectively re
moved, whereas centromeres retain CENP-A exploiting the activ
ity of the CCAN complex (Constitutive Centromere Associated 
Network) (Nechemia-Arbely et al. 2019). Although our findings 
do not prove that the Cid phenotype observed in our mutants is 
a consequence of failures of a DNA replication-based error correc
tion mechanism, they are fully compatible with this possibility.

The fact that knockout of Psf2, Psf3, or Mcm5 results in virtually 
identical mitotic phenotypes and that these phenotypes are also 
very similar to those observed in mutants for different Drosophila 
ORC genes (Loupart et al. 2000; Pflumm and Botchan 2001) is con
sistent with the finding that mutations in the human orthologs of 
many of these genes cause the MGORS. Intriguingly, like the mu
tants in the Drosophila CMG and ORC genes that exhibit reduced 
larval brain growth, also MGORS is characterized by embryonic 
and postnatal growth retardation and microcephaly (Vetro et al. 
2017; Ting et al. 2020; McQuaid et al. 2022; Nabais Sa et al. 2022).

Impaired CMG activity blocks entry into anaphase
We have shown that in the larval brains of Sld5, Psf2, Psf3, and 
Mcm5 loss-of-function mutants, most dividing cells are in a 
prometaphase-like stage. In the same brains, the frequencies of 
metaphases with well-aligned chromosomes and the frequencies 
of anaphases were 3–7 times and 8–22 times lower than in con
trols, respectively (Fig. 1). Also in RNAi brains for these genes, as 
well as in Psf1 and Cdc45 RNAi brains, most dividing cells were 
in a prometaphase-like stage and the frequencies of metaphases 
and anaphases were significantly reduced compared to controls 
(Supplementary Fig. 4). These results indicate that the brain cells 
of mutants with compromised CMG activity and severely da
maged chromosomes are strongly delayed in the prometaphase 
to anaphase transition. A block in anaphase entry following 
DNA damage and/or replication stress has been previously 

observed in different Drosophila tissues (Fogarty et al. 1997; 
Garner et al. 2001; Su and Jaklevic 2001; Laurencon et al. 2003; 
Royou et al. 2005), cultured human cells (Smits et al. 2000; 
Mikhailov and Rieder 2002; Novais-Cruz et al. 2023), 
Caenorhabditis elegans (Lawrence et al. 2015) and Saccharomyces cer
evisiae (Kim and Burke 2008; Silva et al. 2014; Palou et al. 2017; Zhou 
et al. 2024). This block has been attributed to the DNA damage re
sponse (DDR) pathway (Fogarty et al. 1997; Smits et al. 2000; 
Laurencon et al. 2003), or the SAC pathway (Mikhailov and 
Rieder 2002), or more often to both pathways (Royou et al. 2005; 
Kim and Burke 2008; Silva et al. 2014; Lawrence et al. 2015; Palou 
et al. 2017; Novais-Cruz et al. 2023; Zhou et al. 2024). Cumulative 
evidence indicates that the DDR and SAC proteins interact to trig
ger the SAC response and prevent the anaphase onset [reviewed 
by Luna-Maldonado et al. (2021)]. Of particular interest in this con
text are studies on Drosophila larval brains showing that the block 
in anaphase entry caused by extensive X-irradiation is partially 
rescued by mutations in either grp/Chk1 or bubR1 that inactivate 
the DDR and SAC pathway, respectively (Royou et al. 2005).

Our phenotypic analyses strongly suggest that the multiple 
CABs and the incompletely replicated DNA resulting from the 
compromised CMG function trigger the DDR, which would in 
turn trigger the SAC. In addition, it is quite likely that the defective 
Cid recruitment at the centromeres of mutant chromosomes 
(Fig. 4) affects kinetochore assembly, generating the SAC response 
as previously observed in both embryonic and cultured Drosophila 
cells (Blower et al. 2006; Pauleau et al. 2019). Consistent with a 
SAC-mediated mitotic block, in Sld5, Psf3, and Mcm5 mutant 
brains, there were many (45–62%) prometaphase-like cells with 
low Cyc B contents and high frequencies of polyploid cells. In con
trast, in control brains, nearly all (99%) prometaphases had strong 
Cyclin B signals and polyploid mitoses were virtually absent. 
Similar observations were made on a variety of mammalian cells 
arrested in a prometaphase-like stage by the SAC activity. It has 
been proposed that the SAC-arrested cells undergo mitotic 

Fig. 7. Loss of Sas4 does not improve the spindle defects caused by mutations in Psf3. a) Examples of spindles from Sas4 single mutants and Psf3; Sas4 
double mutants. The early prometaphase (PM) of the Sas4 single mutant exhibits a split spindle pole, while the late PM and the anaphase show anastral 
but otherwise morphologically regular spindles. In contrast, the spindles of the prometaphases from Psf3; Sas4 double mutants are highly irregular. Scale 
bar, 5 μm. b) Frequencies of irregular spindles observed in control (Ctrl), Sas4, and Psf3 mutants and in Psf3; Sas4 double mutants. The dots represent 
frequencies observed in individual brains from at least 2 different experiments; error bar SEM. Significance was assessed by ANOVA and Tukey multiple 
comparison; **P < 0.01. See Supplementary Table 4 for a detailed account of the data used for the comparison.

Mitotic consequences of Drosophila CMG loss | 11
D

ow
nloaded from

 https://academ
ic.oup.com

/genetics/article/231/1/iyaf124/8176845 by universita' la sapienza user on 10 D
ecem

ber 2025

http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyaf124#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyaf124#supplementary-data


slippage, consisting in a gradual degradation of Cyc B that eventu
ally leads to mitosis exit and return to interphase; once in inter
phase, the cells can either die or replicate their DNA and 
become polyploid (Brito and Rieder 2006; Sloss et al. 2016).

The hypothesis that also in our mutants the SAC activity is the 
main cause of the delayed transition from a prometaphase-like 
stage to anaphase is strongly supported by the analysis of zw10; 
Sld5 double mutants, in which the SAC function is compromised 
by loss of the zw10 activity. Indeed, in the brains of these mutants, 
the frequency of anaphases is significantly higher than in those of 
Sld5 single mutants, while the frequency of polyploid figures is 
lower. Moreover, zw10; Sld5 double mutants showed fewer spindle 
and centrosome aberrations compared with Sld5 mutants that 
were proficient for zw10. These results support the hypothesis 
that many of these spindle and centrosome defects observed in 
the Sld5 single mutant represent different stages of spindle degen
eration that follow the SAC-dependent prometaphase arrest. In 
line with this interpretation, the few metaphases and ana
phases/telophases observed in CMG mutant and RNAi brains 
mostly exhibit regular bipolar spindles, indicating that cells that 
manage to escape the SAC and enter anaphase do not usually ex
hibit spindle disorganization.

Impaired CMG activity leads to centrosome and 
spindle defects
We have shown that mutations in the CMG genes cause a variety 
of centrosome defects, including centrosome fragmentation, the 
presence of a single and often large centrosome in both diploid 
and polyploid cells, and the complete absence of centrosomes. 
Strong effects of DNA damage and/or replication stress on centro
somes have been previously observed in different systems. Early 
studies on Drosophila embryos showed that mutations in genes in
volved in the DDR pathway, treatments with the DNA replication 
inhibitor aphidicolin and a variety of DNA damaging agents, all 
lead to dissociation of γ-tubulin ring components from mitotic 
centrosomes and concomitant defects in spindle structure and 
chromosome segregation (Sibon et al. 2000; Takada et al. 2003). 
Studies on mammalian cells showed that hydroxyurea-induced 
DNA replication stress and DNA damage lead to the formation 
of supernumerary centrosomes and spindle defects (Meraldi 
et al. 1999; Hut et al. 2003). Similar results were obtained with 
chicken DT40 cells bearing DNA damage induced by loss of 
Rad51 or by the combined action of ionizing radiation and Rad54 
deficiency. These cells, following a prolonged G2 arrest, formed 
supernumerary centrosomes that resulted in multipolar spindles 
(Dodson et al. 2004). More recent work has shown that the initial 
event that leads to centrosome amplification in cells with da
maged or incompletely replicated DNA, and/or arrested in prome
taphase by SAC activity, is premature centriole disengagement. In 
normal cells, centriole disengagement is mediated by separase 
and polo-like kinase 1 (PLK1) and normally occurs at mitotic 
exit, licensing centrosome duplication (Tsou et al. 2009). Human 
cells (hTERT-RPE1) exposed to mild aphidicolin-induced replica
tion stress showed premature centriole disengagement in G2, 
mediated by the ATR-Chk1 axis of the DDR (Wilhelm et al. 2019; 
Dwivedi et al. 2023). Similarly, RPE1 cells arrested in prometaphase 
by monastrol treatment and SAC activity displayed centriole dis
engagement and centrosome fragmentation (Karki et al. 2017). 
Interestingly, analysis of live cells showed that the separated 
centrosome fragments often reassociate within 25 min of monas
trol washout, a dynamic behavior that might explain why we ob
serve a variety of centrosome phenotypes in fixed larval brain 
cells of CMG mutants.

Previous work on mammalian cells showed that many proteins 
involved in DNA replication localize to the centrosomes and affect 
centrosome structure and/or behavior [reviewed by Knockleby 
and Lee (2010)]. Notably, depletion of some of these proteins mim
icked the phenotype observed in the CMG mutants examined 
here. For example, it has been shown that in HeLa cells, SLD5 lo
calizes to the centrosomes and that its RNAi-mediated depletion 
causes mitotic phenotypes quite similar to those we observed in 
Drosophila GINS mutants, namely, defective chromosome conden
sation, abnormal PCM recruitment and centrosome fragmenta
tion, arrest in a prometaphase-like stage with uncongressed 
chromosomes, and morphologically abnormal and multipolar 
spindles (Kaur et al. 2018). The same phenotypes were also ob
served in HeLa cells depleted of ORC2, which also localizes to 
the centrosomes (Prasanth et al. 2004). These phenotypes, al
though not always together, have been also observed in human 
cells depleted of other DNA replication proteins that localize to 
the centrosomes [reviewed by Knockleby and Lee (2010)]. 
Although the precise mechanisms leading to irregular spindle 
morphology after depletion of these proteins are currently un
clear, it has been generally proposed that the spindle defects are 
at least in part the consequence of aberrant MT nucleation caused 
by centrosome fragmentation/amplification (Prasanth et al. 2004; 
Hemerly et al. 2009; Knockleby and Lee 2010; Kaur et al. 2018).

In-depth studies on the possible localization of CMG proteins at 
the Drosophila centrosomes have never been performed. However, 
immunolocalization experiments suggest that Cdc45 does not ac
cumulate in the centrosomes (Loebel et al. 2000). In addition, 
proteomic analyses of isolated centrosomes from Drosophila em
bryos identified 251 proteins that included both Orc1 and Orc2 
but none of the components of the CMG complex (Muller et al. 
2010). It is therefore conceivable that, in contrast to mammalian 
cells, Drosophila centrosomes do not accumulate CMG proteins. 
Regardless a possible enrichment of CMG proteins in the centro
somes, our data strongly suggest that the mitotic phenotype ob
served in the mutants is not a consequence of a primary 
centrosome defect, but rather the result of progressive degener
ation processes affecting spindles and centrosomes, following a 
prolonged SAC-mediated mitotic arrest. This hypothesis is sup
ported by several findings. The centrosome phenotype observed 
in mutant brains is rather different from those observed in human 
cells subjected to replication stress and/or DNA damage or de
pleted of DNA replication proteins that localize to the centro
somes. We see cells with fragmented centrosomes, cells 
containing a single and often large centrosome, and, above all, 
cells without detectable centrosomes. We believe that these phe
notypes reflect a degeneration process that starts with centro
some fragmentation, progresses though various degrees of 
reaggregation of the fragments as observed in mammalian cells 
(Karki et al. 2017), and ends up with the complete disappearance 
of centrosomes. The centrosome fragmentation observed in the 
mutants is unlikely to affect the spindle structure, as most of 
the fragments do not appear to have MT nucleating ability and 
do not give rise to multipolar spindles. In addition, most of the sin
gle large centrosomes observed in both diploid and polyploid cells 
have little or no MT nucleating abilities. Most importantly, we 
found that Psf3; Sas4 double mutant brains that lack the centro
somes have the same spindle defects as Psf3 singly mutant brains. 
Thus, it appears that mutant cells arrested in prometaphase by 
the SAC undergo independent processes of centrosome and spin
dle degeneration.

In summary, to explain our observations, we propose the fol
lowing model (Fig. 8). After the replication stress caused by 
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loss-of-function mutations in the CMG genes, cells enter mitosis 
with incompletely replicated DNA, severe defects in chromosome 
condensation, extensive chromosome breakage, and reduced Cid 
incorporation at centromeres. All these conditions trigger the SAC 
that arrests the cells in a prometaphase-like stage. Some of the ar
rested prometaphases would manage to align the chromosomes, 
satisfy the SAC, and enter anaphase. However, many of these ana
phases would generate daughter cells with segmental aneuploi
dies that will probably die. Most arrested prometaphases would 
instead undergo a progressive degradation of Cyc B, and when 
Cyc B falls below a critical threshold, the cells would return to 
interphase, replicate their DNA, and become polyploid. During 
their prolonged stay in prometaphase, cells undergo independent 
and probably progressive processes of spindle and centrosome 
degradation that eventually lead to completely unstructured 
spindles and the absence of detectable centrosomes. We were 
able to propose this model because we made our observations 
on Drosophila larval brains in which the cells arrested in prometa
phase can survive for a relatively long time in a natural context. 
Thus, our model might also apply to vertebrate cells, and more 
specifically to human cancer cells, growing in the same conditions 
as those of Drosophila brains.

Data availability
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