
Stem Cell Reports

Article
Intrinsic neural stem cell properties define brain hypersensitivity to genotoxic
stress

Argyro Kalogeropoulou,1 Maria Mougkogianni,1,6 Marianna Iliadou,1,6 Eleni Nikolopoulou,1

Stefanos Flordelis,1 Alexandra Kanellou,2 Marina Arbi,2 Sofia Nikou,3 Jadwiga Nieminuszczy,4

Wojciech Niedzwiedz,4 Dimitrios Kardamakis,5 Vasiliki Bravou,3 Zoi Lygerou,2 and Stavros Taraviras1,*
1Department of Physiology, School of Medicine, University of Patras, Basic Medical Sciences Building, 1 Asklepiou Str., University Campus, 26504, Rio,

Patras, Greece
2Department of General Biology, School of Medicine, University of Patras, Patras, Greece
3Department of Anatomy-Histology-Embryology, School of Medicine, University of Patras, Patras, Greece
4The Institute of Cancer Research, London, UK
5Department of Radiation Oncology, School of Medicine, University of Patras, Patras, Greece
6These authors contributed equally

*Correspondence: taraviras@med.upatras.gr

https://doi.org/10.1016/j.stemcr.2022.04.018
SUMMARY
Impaired replication has been previously linked to growth retardation and microcephaly; however, why the brain is critically affected

compared with other organs remains elusive. Here, we report the differential response between early neural progenitors (neuroepithelial

cells [NECs]) and fate-committed neural progenitors (NPs) to replication licensing defects. Our results show that, while NPs can tolerate

altered expression of licensing factors, NECs undergo excessive replication stress, identified by impaired replication, increasedDNA dam-

age, and defective cell-cycle progression, leading eventually to NEC attrition and microcephaly. NECs that possess a short G1 phase li-

cense and activate more origins than NPs, by acquiring higher levels of DNA-bound MCMs. In vivo G1 shortening in NPs induces

DNAdamage upon impaired licensing, suggesting that G1 length correlates with replication stress hypersensitivity. Our findings propose

that NECs possess distinct cell-cycle characteristics to ensure fast proliferation, although these inherent features render them susceptible

to genotoxic stress.
INTRODUCTION

Precise genome duplication is essential for the mainte-

nance of genome integrity. DNA replication is tightly regu-

lated by two consecutive processes, licensing and initiation

of replication origins (Symeonidou et al., 2012). In

mammalian cells, licensing is completed during the G1

phase with the recruitment of theMCM2–7 helicases (min-

ichromosome maintenance) to the DNA resulting in thou-

sands of competent origins of replication. During the S

phase, replication initiates from a subset of the licensed

origins, which are activated to establish a bidirectional

replication fork. Over- or underlicensing causes slowing

or stalling of the replication fork, which impedes DNA

replication. This condition is described as replication stress

and is associatedwith persistent DNAdamage and chromo-

somal breaks fueling genomic instability (Petropoulos

et al., 2019).

Maintaining genome stability is crucial for organismal

growth and development and a prerequisite for tissue ho-

meostasis in adult organisms. Replication stress-induced

genomic instability has been widely associated with cancer

(Gaillard et al., 2015), while recently, defective replication

has also been implicated in developmental syndromes (Ka-

logeropoulou et al., 2019). Among the common symptoms

of these syndromes is the smaller size of the head, a condi-
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tion known as microcephaly, which is mainly attributed to

incomplete formation of the cerebral cortex. Whereas

microcephaly has been linked to a number of genetic fac-

tors implicated in cellular proliferation and maintenance

of genomic stability (Jayaraman et al., 2018), themolecular

mechanism underlying microcephaly upon impaired DNA

replication remains elusive.

Cortical development begins very early in vertebrate

embryogenesis, with the induction of the dorsal telenceph-

alon from the most anterior region of the neural tube (Uz-

quiano et al., 2018). The dorsal telencephalon is populated

by neuroepithelial cells (NECs), which perform rapid self-

renewing divisions to establish the initial stem cell popula-

tion of the developing cortex. With the onset of neurogen-

esis, NECs acquire a longer cell cycle and are gradually

transformed into glial neural progenitors (NPs). NPs repre-

sent a fate-restricted population undergoing mainly asym-

metric differentiative divisions to maintain their popula-

tion but also to supply the cortical plate with neurons.

An elongation of the G1 phase, which coincides with the

establishment of NPs, plays a critical role in the switch to

differentiation (Salomoni and Calegari, 2010).

To define the consequences of defective replication in

cortical development, we investigated the response of early

progenitors (herein referred to as NECs) and mid-neurogen-

esis progenitors (referred to as NPs) to impaired replication
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Figure 1. Impaired licensing of DNA replication in NECs results in severe microcephaly
(A) Lateral views of mouse embryos at different developmental stages. Note the marked decrease in the size of the telencephalic vesicles in
Gmn;Foxg1 embryos (indicated by the black asterisks). Scale bars: 1 mm.
(B) The diagram depicts the mean ± SD telencephalic vesicle area of the indicated genotypes for the different developmental
stages. Reduction in the telencephalic area of Gmn;Foxg1 embryos is statistically significant compared with control embryos (n = at least
4 mice/genotype and stage).
(C) Coronal brain sections of E9.5 embryos that carry a Rosa26Fl-STOP-Fl-YFP reporter cassette. The GFP fluorescence reports the efficient
Foxg1-Cre-mediated recombination.
(D) Coronal brain sections of mouse embryos at E9.5 stained against Sox2 (green). The boxes indicate higher-magnification images of
SOX2+ cells. Dotted lines delineate the cortical wall.
(E) The bar graph illustrates the number of SOX2+ cells in a 200-mm-wide column of the dorsal cortex. Mean ± SEM (n = 3/genotype).
(F) TUBbIII (red) in brain sections of E10.5 mouse embryos. Boxed areas indicate higher magnifications of representative cortical neurons.
(G) The graph shows the number of TUBbIII-expressing cells per 200-mm-wide column. Mean ± SEM (n = 3/genotype).

(legend continued on next page)
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licensingbydepletingGeminin (GMNN).GMNNisa known

inhibitor of DNA replication licensing that is expressed in

the proliferating neural stem and progenitor cells and is

downregulated upon cell-cycle exit and differentiation

(Spella et al., 2007). Previous studies have shown that sup-

pression of GMNN in cultured cells induces aberrant

licensing and incomplete genome replication (Huang et al.,

2015; Klotz-Noack et al., 2012; Melixetian et al., 2004). Our

results show that in vivo ablation of Gmnn from the rapidly

proliferatingNECs resulted in a severemicrocephalic pheno-

type, while no similar effect was observed upon deletion

from the fate-restricted NPs. In line with the phenotypic dif-

ferences, NECs exhibited excessive replication stress, in

contrast to NPs that remained unimpaired. To identify the

underlying cause of the increased sensitivity of the rapidly

proliferating cells to impaired licensing, we examined

intrinsic differences between early- andmid-cortical progen-

itors. Collectively, our data suggest that the duration of the

G1 and the distinct regulation of origin activity define two

inherent features of the rapidly proliferating NECs that pro-

mote replicative stress upon impaired licensing, providing a

mechanistic insight into the pathogenesis of replication-

stress induced microcephaly.
RESULTS

In vivo licensing defects lead to reduced proliferation

and apoptosis of NECs

To address the effect of impaired licensing during cortical

development, we conditionally inactivated GMNN in the

population of NECs. GMNN is a known regulator of DNA

replication that acts by preventing the aberrant formation

of the prereplicative complex and thus inhibits the un-

scheduled initiation of replication (Patmanidi et al., 2017).

To drive Gmnn depletion in NECs, mice homozygous for

the floxed allele (GmnnFl/Fl) were crossed with a mouse line

carrying one functional and one null allele for Gmnn as

well as the Foxg1-Cre transgene (GmnnWT/KO;Foxg1-Cre),

which induces efficient recombination from the seven-so-

mite stage (approximately embryonic day [E] 8.5–8.75).

The conditional GMNN mutants GmnnFl/KO;Foxg1-Cre

(herein referred to as Gmn;Foxg1) exhibited a tremendous

reduction in the size of the head and additional facial mal-

formations, reminiscent of the microcephalic phenotype

observed in humans (Figure 1A). Histopathological anal-

ysis revealed that the apparent reduction in head size was
(H) Immunofluorescent staining for CC3 was performed in brain sectio
presented in higher-magnification images.
(I) The bar graph depicts the number of CC3+ cells in a 200-mm-wide co
Hoechst (blue). Scale bars: 50 mm for fluorescence images of whole-bra
**p % 0.01, ***p % 0.001; t test. LV, lateral ventricle.
due to incomplete expansion of the telencephalon (Fig-

ure S1A). Based on the surface area of the telencephalic

vesicles, the cortex of the mutant embryos was decreased

almost by 60% at E9.5 compared with control littermates.

Further reduction at later developmental stages suggests

the delayed development of the cortex (Figure 1B).

Efficient Foxg1-Cre-mediated recombination at E9.5 was

confirmed by GFP fluorescence in a mouse line carrying

a Rosa26Fl-STOP-Fl-YFP reporter (Figure 1C). Additional anal-

ysis by western blot established the efficient depletion of

GMNN (Figure S1B). Importantly, the microcephalic

phenotype was not observed in heterozygous embryos

with or without Cre expression, which were used as con-

trols (Figure S1C).

To determine the origins of microcephaly, we examined

the expression of SOX2, one of the markers expressed by

the initial stem cell population of the cortex. Sox2-express-

ing cells were significantly reduced in Gmn;Foxg1 embryos

compared with control littermates (Figures 1D and 1E). An

evident destruction in the organization of the SOX2+ cells

was also observed in the cortex of the mutant embryos.

Moreover, intraperitoneal (i.p.) administration of the

thymidine analog CldU to the pregnant mice for 24 h re-

vealed the reduced ability of the remaining SOX2+ NECs

in the cortex of the Gmn;Foxg1 embryos to proliferate

(Figures S1D and S1E). In line with the reduced generation

of early NPs, formation of the early cortical neurons was

also impaired. Cells expressing the neuronal marker

b-tubulin III (TUBbIII) were identified in the basal surface

of the cortex in the control embryos, whereas very few pos-

itive cells were detected in Gmn;Foxg1 embryos (Figures 1F

and 1G).

Because the microcephalic embryos exhibit deteriorated

cortical morphology and reduced cell density, we exam-

ined for the presence of apoptosis. A marked increase in

cells expressing the apoptotic marker cleaved caspase 3

(CC3) was identified in the cortex of Gmn;Foxg1 embryos

(Figures 1H and 1I). Collectively, these data show that the

initial pool of NECs is not efficiently formed in the

GMNN-deficient embryos due to defective proliferation

and apoptosis leading eventually to microcephaly.

Defective licensing in NECs leads to replication stress

and cell-cycle aberrations

Persistent replication stress leads to the formation of exces-

sive DNA damage and activation of the DNA damage

response pathways (Técher et al., 2017). To identify
ns of E9.5 embryos. White arrows indicate apoptotic cells, which are

lumn. Mean ± SEM (n = 3/genotype). DNA was stained with Draq5 or
in sections and 10 mm for higher-magnification images. *p% 0.05,
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whether GMNN depletion induces DNA damage in NECs,

we initially examined the phosphorylation of histone

H2AX (gH2AX) which marks the DNA at the site of dam-

age. In parallel, Sox2 was used to ensure that only the pro-

liferative NECs would be included in our analysis (Fig-

ure 2A). A significant increase in cells that displayed

discernible gH2AX foci, which are indicative of double-

strand breaks, was identified in the cortex of Gmn;Foxg1

embryos (Figure 2B). The formation of DNA lesions in the

Gmn;Foxg1 embryos was also confirmed by the recruit-

ment of the damage mediator protein 53BP1 in discrete

foci (Schultz et al., 2000) (Figures 2C and 2D). Additional

analysis showed that 53BP1+ foci largely colocalize with

gH2AX, indicating sites of DNA damage (Figure S2A). To

further establish the induced DNA damage, we evaluated

the expression of the phosphorylated form of ATR kinase

(pATR), which is recruited in replication-induced lesions

and orchestrates a coordinated cellular response (Saldivar

et al., 2017) (Figure 2E). Interestingly, ATR phosphoryla-

tion was increased by almost 2-fold in Gmn;Foxg1 em-

bryos, supporting a robust ATR activation (Figure 2F).

Taken together, our data suggest that defective replication

licensing in NECs drives excessive DNA damage and subse-

quent activation of DNA damage response mechanisms.

To study whether impaired replication is the main cause

of the DNA damage observed in GMNN-depleted NECs, we

performed DNA fiber analysis in cells derived from the

embryos’ cortexes. We observed shorter tracts in GMNN-

depleted NECs compared with controls, suggesting fork

slowing or stalling (Figure 2G). Moreover, the lengths of

the sister CldU tracts in replication forks displayed signifi-

cant asymmetry upon GMNN depletion, indicating fork

stalling (Figure 2H). In line with these findings, we

observed a mild increase in the initiation events when

GMNN was absent, suggesting a generalized response to

impaired licensing (Figure S2B). Taken together, these find-

ings indicate that depletion of GMNN in NECs results in
Figure 2. NECs undergo replication stress upon in vivo defective
(A) Coronal brain sections of mouse embryos at E9.5 immunostaine
restricted by the dotted lines. White boxes mark the higher-magnifi
positive cells. Note the gH2AX foci that are formed, representative o
(B) The graph depicts the gH2AX+ cells per 200-mm-wide area. Mean
(C) Expression of 53BP1 (green) in the cortical wall of embryos at
magnification images.
(D) The percentage of 53BP1-positive cells with >4 discernible
(n = 3/genotype).
(E) pATR (green) in brain sections of E9.5 embryos. The boxes indica
(F) The graph shows the cells that express pATR per 200-mm-wide co
(G) DNA fibers were spread from the cortexes of E10.5 embryos. The le
graph (n = 46 control, n = 39 Gmn;Foxg1; data derived from two inde
(H) The lengths of the green tracks in bidirectional forks were quantifi
graph (n = 14 control, n = 19 Gmn;Foxg1; data derived from two ind
10 mm. *p % 0.05, **p % 0.01; t test.
slowing and/or stalling of replication fork progression,

which is prone to collapse, leading eventually to increased

DNA lesions.

Excessive replication stress can lead to arrest of the cell

cycle, providing the cell time to restore DNA damage and

complete genome duplication before entering mitosis. To

that end, we examined different phases of the cell cycle.

A short (1 h) BrdU pulse was used for the identification of

S-phase cells. Expression of the proliferative marker

MKI67 was used in parallel to identify the cycling cells (Fig-

ure 3A). Gmn;Foxg1 embryos exhibited a significant reduc-

tion in the fraction of S-phase cells (BrdU+MKI67+)

compared with controls (Figure 3B). We next examined

the mitotic entry of NECs. Based on the cell-cycle-depen-

dent phosphorylation of histone 3 (pH3) (Hendzel et al.,

1997), and the characteristic morphology of an interphase

or a mitotic nucleus, we scored cells in G2 phase or in

mitosis (Figure 3C). Gmn;Foxg1 embryos exhibited an in-

crease in G2 cells, whereas mitotic cells were reduced by

half compared with the control littermates (Figure 3D).

These findings suggest that the NECs accumulate in G2

phase, being unable to successfully complete their cell cy-

cle. Defects in cell-cycle progression were further assessed

by a double pulse-chase experiment in which CldU and

IdU were sequentially i.p. administered to the pregnant

mice (Figures S2C–S2E).

To evaluate further the observed cell-cycle defects, we

examined the mitotic progression of NECs. Whole telence-

phalic vesicles were dissected at E10.5 and subjected to

whole-mount immunofluorescence using antibodies that

recognize pericentrin, a centrosome marker, and b-catenin

or a-tubulin to mark cell boundaries or spindle microtu-

bules, respectively. In line with our previous findings, the

mitotic cells that were identified in the apical surface

of the cortex were reduced in the Gmn;Foxg1 embryos.

Moreover, dividing cells with multipolar spindles were

identified in Gmn;Foxg1 embryos, indicated by the
licensing
d with anti-gH2AX (red) and anti-Sox2 (green). Cortical walls are
cation images shown on the right. The demarcated cells represent
f DNA damage.
± SEM (n = 3/genotype).
E10.5. The arrows indicate positive cells demarcated in higher-

foci per nucleus is presented in the bar graph. Mean ± SEM

te higher magnifications shown on the right.
lumn. Mean ± SEM (n = 3/genotype).
ngths of individual tracks were quantified and are presented in the
pendent litters).
ed in DNA fibers and the ratio of the sister forks is presented in the
ependent litters). DNA is stained with Hoechst (blue). Scale bars:
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multiple centrosomes within cell nuclei (Figure 3E). Inter-

estingly, multipolar divisions can occur as a consequence

of mitotic delay, which has been associated with perturbed

DNA replication (Hut et al., 2003). Together, our findings

suggest that the GMNN-depleted NECs experience severe

cell-cycle defects impeding their proliferation.

NPs are resilient to combined deregulation of licensing

factors

NECs constitute the initial population of stem cells in the

cortex until �E11.5, when they are gradually replaced by

NPs that remain in the ventricular zone (VZ) until the

end of the neurogenic phase (Mukhtar and Taylor, 2018).

Previous studies by our group and others have shown

that depletion of GMNN from NPs affects their cell-fate

commitment but is not sufficient to cause gross brain aber-

rations (Schultz et al., 2011; Spella et al., 2011). To examine

whether NPs experience basal levels of replication stress

andDNA damage in the absence of GMNN, a previously es-

tablished Nestin-Cre mouse line was used to drive GMNN

depletion in NPs by E11.5 (Spella et al., 2011). In accor-

dance with previous work, the GemininFl/KO;NestinCre

(referred to as Gmn;Nestin) embryos are indistinguishable

from control embryos, with no evident expression of

gH2AX or CC3 in the cortexes of embryos at E14.5.

GMNN acts as an inhibitor of origin licensing by binding

to the licensing factor CDT1 and thus preventing its associ-

ation with chromatin during replication. Therefore, it is

suggested that the relative levels of these two factors are

critical for the maintenance of genomic integrity (Patma-

nidi et al., 2017). We hypothesized that CDT1 overexpres-

sion in GMNN-deficient NPs would compromise replica-

tion licensing and promote replication stress. To that

end, we performed in utero electroporation to overexpress

CDT1-GFP in NPs. CDT1 overexpression was confirmed

in the transfected cells, identified as GFP+, by immunoflu-

orescence (Figure 4C). We show that CDT1 overexpression

could not affect the distribution of the transfected cells

along the radial organization of the cortex, which is indic-
Figure 3. Impaired cell proliferation due to cell-cycle defects is
(A) BrdU (green) and MKI67 (red) staining in brain sections of embryo
represented as higher-magnification images. White arrows point to d
(B) The graph presents the percentage of MKI67+ cells that incorpora
(C) pH3 (green) staining in coronal brain sections derived from E9.5
higher magnifications of positive cells. Note the spotted pattern of pH
G2 cells (box 1) and the nuclear staining observed in condensed nuc
(D) The bar graph depicts the number of pH3+ cells in a 200-mm-wide c
± SEM (n = 4/genotype).
(E) Whole telencephalic vesicles of embryo brains immunostained with
(green). Arrows point to the multiple centrosomes of one mitotic nucl
and the percentage of mitoses with more than two centrosomes. n rep
from two independent litters. DNA is stained with Hoechst or Draq5 (
ative of NP differentiation and migration toward the

cortical plate (Figure 4D), and that the GFP+ cells were

not expressing gH2AX in Gmn;Nestin or in control em-

bryos, suggesting the absence of DNA lesions (Figure 4E).

Our findings show that depletion of GMNN alone or

concomitant with CDT1 overexpression is not sufficient

to induce DNA damage in NPs. In NECs, however, replica-

tion stress and DNA damage are identified very soon

after GMNN depletion. Taken together, these data indicate

that NECs and NPs respond differently to impaired

licensing and demonstrate the sensitivity of rapidly prolif-

erating cells to licensing defects comparedwith amore fate-

restricted population.

NECs utilize more origins than NPs during DNA

replication

Eukaryotic cells can dynamically regulate initiation of DNA

replication at spatial and temporal levels by the selective

activation of replication origins (Fragkos et al., 2015). We,

therefore, questioned whether cell-intrinsic differences in

origin usage during DNA replication support the differen-

tial response between NECs and NPs to genotoxic stress.

The density of activated origins was examined in DNA

fibers prepared from freshly isolated cortexes of wild-type

(WT) embryos at E10.5 or E14.5 to study the early popula-

tion of NECs or NPs, respectively (Figure 5A). Importantly,

the labeling of the nascent DNA strand was performed

in vivo by i.p. injection of the two thymidine analogs to

the mother, to avoid stress-induced artifacts during pri-

mary cell culture.

The interorigin distance (IOD), which decreases when

more origins are activated, was 61.5 kb at E10.5, while it

increased to 79.9 kb by E14.5, suggesting that NECs acti-

vate more origins compared with NPs (Figure 5C).

To further investigate origin usage, we examined the

amount of chromatin-associated MCM2–7 complexes.

Immunofluorescence against MCM2 was performed in

non-ionic detergent-treated brain slices from embryos at

E10.5 or E14.5, to allow the specific visualization of
observed in NECs upon aberrant licensing
s at E9.5. Dotted lines demarcate the cortical walls. Boxed areas are
ouble-positive cells.
ted BrdU. Mean ± SEM (n = 3/genotype).
embryos. Dotted lines delineate the cortical walls. Boxes indicate
3 staining and the characteristic interphase nuclei representative of
lei representative of mitotic cells (box 2).
olumn assigned as G2 or M (mitotic) according to pH3 pattern. Mean

antibodies for pericentrin (red) and b-catenin (green) or a-tubulin
eus. The table shows the percentage of mitotic cells (mitotic index)
resents the number of cells analyzed per genotype. Data are derived
blue). Scale bars: 10 mm. *p % 0.05, **p % 0.01; t test.
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chromatin-bound proteins, based on a novel experimental

approach (Mougkogianni et al., 2021). A short EdU labeling

was performed in parallel to distinguish different cell-cycle

phases. In non-extracted tissues MCM2 marks all prolifer-

ating cells (Figure S3A) (Stoeber et al., 2001). Post extrac-

tion, however, MCM2 staining represents licensed origins

in G1 cells (MCM2+EdU�) or cells undergoing S phase

(MCM2+EdU+) (Figure 5D). Quantification of MCM2 fluo-

rescence in G1 cells showed that NECs contain more chro-

matin-bound MCM2 than NPs (Figures 5E, S3B, and S3C).

Together, our results suggest that NECs utilize more origins

than NPs to complete DNA replication faithfully.

Forced G1 shortening elicits sensitivity to impaired

licensing

Studies in in vitro systems have shown that the mechanism

that mediates origin licensing is regulated according to the

length of the G1 phase (Matson et al., 2017). Interestingly,

NECs and NPs differ significantly in the duration of their

G1, with the former exhibiting a shorter G1 relative to their

cell cycle (Borrell and Calegari, 2014). Toward that direc-

tion, we questioned whether the increased sensitivity of

NECs to genotoxic stress relates to their short G1 phase.

To induce the selective modification of G1 phase in NPs

in vivo, we overexpressed CyclinE1-GFP through in utero

electroporation. It is known that CyclinE1 is rate limiting

for the G1/S transition and it has been shown to force G1

shortening upon overexpression (Pilaz et al., 2009). Over-

expression of CyclinE1 was confirmed in GFP+ cells

2 days post electroporation (Figure S4A) and G1 shortening

confirmed by the increase in GFP+BrdU+ cells, representing

the transfected S-phase cells, at 14 h after electroporation

with the CyclinE1-GFP plasmid (Figures 6A and 6B). To

assess whether the shortening of the G1 is sufficient to

induce replication stress in GMNN-depleted NPs, we exam-

ined DNA damage through immunofluorescence for

gH2AX (Figure 6C). Our analysis showed a significant in-

crease in the fraction of transfected cells that exhibited

gH2AX foci in Gmn;Nestin embryos (Figure 6D), suggest-

ing that a short G1 phase correlates with the sensitivity

of neural precursors upon impaired licensing of DNA repli-

cation in vivo.
Figure 4. DNA damage is not induced in NPs upon impaired licen
(A and B) Coronal brain sections of E14.5 embryos immunostained wit
lines demarcate the apical side of the cortical walls, and the white b
(C) Embryos electroporated at E13.5 with a CDT1-GFP plasmid and isol
(red). The white boxes mark the higher-magnification images.
(D) The bar graph presents the percentage of transfected cells in each
cells. Mean ± SEM (n = 3/genotype). Not significant; t test.
(E) GFP (green) and gH2AX (red) in brain sections 2 days post electrop
by the white boxes. DNA is stained with Hoechst or Draq5 (blue). Sca
intermediate zone.
The link between G1 length and replication stress was

also investigated in an inducible hTert-RPE1-CyclinE1 cell

line (Figures S4B–S4F). Of note, DNA damage was further

increased in CyclinE-overexpressing cells when GMNN

was absent (Figures S4G and S4H). Overall, our findings

support that cells with a short G1 are susceptible to defec-

tive DNA replication licensing and are in line with our

observations from the two animal models.
DISCUSSION

Excessive replication stress is considered a source of

genomic instability promoting malignant transformation.

Inherited disorders caused by defective DNA replication

present multiple developmental abnormalities in addition

to increased cancer risk, suggesting that genomic insta-

bility is the underlying cause of the clinical features (Cham-

peris Tsaniras et al., 2014; Petropoulos et al., 2019).

Whereas the molecular basis of replication stress-induced

genomic instability has been studied in the light of carcino-

genesis (Champeris Tsaniras et al., 2018; Muñoz et al.,

2017), this link remains poorly understood with respect

to organismal development. Here, we provide evidence

that defective licensing leads to replication stress and

excessive DNA damage in NECs, causing destruction of

brain development and microcephaly. Whereas our find-

ings clearly support the idea that the replication stress

induced by the depletion of GMNN is the primary cause

of the microcephalic phenotype, a possible effect of

GMNN absence and Foxg1 heterozygosity, induced by

the specific Cre driver used in this study, cannot be

completely excluded, and future studies are required to

address this point.

We also show that the rapidly proliferating NECs

display a marked sensitivity to impaired licensing

compared with NPs, which represent a population of

fate-restricted progenitors. Whereas NECs displayed repli-

cation defects and a marked increase in DNA damage

upon GMNN depletion, leading to cell-cycle defects and

eventually to apoptosis, neither deletion of GMNN nor

concomitant deletion of GMNN and Cdt1 overexpression
sing of replication
h anti-gH2AX (red) (A) and anti-caspase 3 (CC3, green) (B). Dotted
oxes indicate the higher magnifications shown in the insets.
ated at E15.5. Brain sections were stained for GFP (green) and Cdt1

layer of the developing cortex over the total number of transfected

oration. The insets present higher-magnification images, indicated
le bars: 10 mm. VZ, ventricular zone, SVZ, subventricular zone, IZ,

Stem Cell Reports j Vol. 17 j 1395–1410 j June 14, 2022 1403



Figure 5. NECs utilize more origins than NPs to complete DNA replication
(A) The scheme shows the sequential incorporation of IdU (red) and CldU (green) in a fired origin. Representative images of DNA fiber
spreads derived from WT embryos at E10.5 and E14.5 are shown. White arrowheads indicate structures of DNA replication origins activated
during the first pulse.
(B and C) Schematic representation of DNA fiber structures showing two adjacent DNA replication origins. The distance between two
adjacent origins is marked as the interorigin distance (IOD) (B). Interorigin distances in DNA fibers were quantified and are depicted in the
graph (C). Data were obtained from two independent experiments (�30 pairs of consecutive origins/condition; five embryos per condition
in each experiment). Mean ± SEM. *p % 0.05; Mann-Whitney.
(D) Vibratome sections of embryo brains at E10.5 and E14.5 were subjected to a pre-extraction protocol and immunofluorescent staining
with antibodies against MCM2 (red) and EdU (green). White arrowheads point to cells in G1 identified as MCM2+EdU�. DNA was stained with
DAPI (blue).
(E) The graph shows the intensity of MCM2 per cell in vibratome sections. The line represents the mean value for each group. Data from one
representative experiment are presented in the graph (�100 cells/condition). **p % 0.01; Mann-Whitney. Two more independent ex-
periments were performed and the data are presented in Figure S3C. Scale bars: 10 mm.
in NPs were sufficient to induce DNA damage. The

absence of replication stress in NPs upon the combined

deregulation of both factors, which is known to induce

re-replication in a variety of cellular systems (Li and

Blow, 2005; Nishitani et al., 2001; Stathopoulou et al.,

2012), demonstrates that NPs can efficiently respond to

impaired licensing. Our data propose that the accumula-
1404 Stem Cell Reports j Vol. 17 j 1395–1410 j June 14, 2022
tion of CDT1 upon GMNN absence is not the sole cause

of the differential response between NECs and NPs, as

this would cause at least a moderate effect in GMNN-

depleted NPs after CDT1 overexpression. However, we

cannot rule out the possibility that NPs rely on alternative

pathways for Cdt1 regulation (Li et al., 2003; Nishitani

et al., 2006).



Figure 6. A short G1 phase elicits increased DNA damage upon aberrant initiation of DNA replication
(A) A CyclinE1-GFP (CCNE1-GFP) construct or an empty GFP vector was introduced through in utero electroporation into the lateral ventricle
of embryos at E14.5. BrdU was i.p. injected into females for 1 h before sacrifice. White boxes indicate the higher-magnification images. GFP
(green) and BrdU (red) staining in brain sections at 8 or 14 h post electroporation is shown. Scale bars: 10 mm.
(B) The percentage of BrdU+GFP+ cells over the total number of transfected cells is presented in the bar graph. Mean ± SEM (n = 3/embryos
per condition).

(legend continued on next page)
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Previous studies have established that DNA replication is

dynamically regulated among different cell types and

developmental stages to ensure the complete error-free

duplication of the genome (Buckley et al., 2015; Hiratani

et al., 2008). Here, we show that NECs possess more

MCM2–7 complexes on their chromatin and activate

more origins to complete DNA replication compared with

NPs. In accordance with our findings, undifferentiated em-

bryonic stem cells (ESCs) license and activate more origins

than fate-restricted NPs (Ge et al., 2015; Rausch et al.,

2020), suggesting that the increased usage of origins is an

inherent feature of multipotent stem cells that is abrogated

upon fate commitment.

Our work suggests that the activation of more origins in

NECs could, possibly, contribute to the susceptibility of

these cells to licensing defects. Mammalian cells preserve

a reservoir of licensed origins, namely dormant, which

are activated upon perturbed replication to cover unrepli-

cated segments (Ge et al., 2007; Ibarra et al., 2008). We hy-

pothesize that the increased activation of origins in NECs

consequently results in limited backup origins as well as

restricted replication building blocks (Poli et al., 2012;

Toledo et al., 2013) and thus, the completion of DNA repli-

cation is prevented under perturbed conditions, leading to

excessive replicative stress. Accordingly, NPs, which physi-

ologically use fewer origins, possess a sufficient backup of

origins to complete genome duplication upon replication

impairment. In linewith our hypothesis, it has been shown

that limiting origin licensing in vitro causes aberrant DNA

replication and DNA damage in NSCs (neural stem cells)

(Ge et al., 2015). Of note, similar effects have also been

observed in the hematopoietic system, where the decrease

in licensed origins promotes replication stress in hemato-

poietic stem cells and not in committed progenitor popula-

tions, suggesting that excess origin licensing is also essen-

tial for other tissue-specific stem cells (Alvarez et al.,

2015; Pruitt et al., 2007).

Accumulating evidence proposes that origin licensing,

G1 duration, and multipotency are interlinked cellular fea-

tures (Coronado et al., 2013; Matson et al., 2017). We have

shown here that NECs and NPs differ in the number of or-

igins that activate during DNA replication. Moreover, early

andmid-NPs exhibit significant differences in the duration

of their G1, which lasts�9 h in early progenitors and�12 h

in mid-progenitors (Calegari et al., 2005; Takahashi et al.,

1995). By inducing G1 shortening in vivo, we show here

that a short G1 phase is a feature that can compromise

genome integrity upon exposure to genotoxic stress. In
(C) GFP (green) and gH2AX (red) in brain sections at 2 days post elect
Scale bars: 50 mm in lower-magnification and 10 mm in higher-magni
(D) The bar graph presents the percentage of gH2AX+GFP+ over the t
stained with DAPI. *p % 0.05; t test.
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fact, it has been proposed that some oncogenes promote

genomic instability by forcing the shortening of G1 phase

(Costantino et al., 2014; Macheret and Halazonetis, 2018).

Whereas GMNN plays a critical role in the regulation of

DNA replication licensing, it is also implicated in cell-fate

commitment by modulating the chromatin state and the

transcriptional activation of lineage-specific genes (Del

Bene et al., 2004; Karamitros et al., 2015; Kroll et al., 1998;

Luo et al., 2004; Patterson et al., 2014; Seo et al., 2005; Yell-

ajoshyula et al., 2011). Interestingly, previous in vivo studies

in the hematopoietic system (Karamitros et al., 2010, 2015)

and in the adult brain (Sankar et al., 2017; Schultz et al.,

2011) support the idea that GMNN functions depend on

the cellular context. Here, by using two distinct transgenic

animal models, we describe the differential response of

NECs and neurogenic NPs to GMNN depletion. In line

with our previous work by Spella et al. (2011), our findings

point out that GMNN exerts diverse roles across brain devel-

opment, as it is indispensable for the regulation of DNA

replication licensing inNECs, while it regulates proliferation

and differentiation decisions in NPs.

NSC elimination due to proliferation defects or cell death

is a common feature of several microcephalic mouse

models (Marjanovi�c et al., 2015; Marthiens et al., 2013).

Our data here propose that impaired licensing and the sub-

sequent replication stress-induced DNA damage inGMNN-

deficient NECs is the primary cause of the observed micro-

cephaly. Intriguingly, mutations in GMNN and other

licensing factors have been linked tomicrocephaly or other

brain malformations in humans, pointing out the impor-

tance of faithful genome duplication during cortical devel-

opment (Burrage et al., 2015; de Munnik et al., 2012; Rav-

indran et al., 2021; Vetro et al., 2017).

In conclusion, our analysis supports the differential

susceptibility between NECs and NPs to licensing de-

fects, pointing out the vulnerability of rapidly prolifer-

ating stem cells to intrinsically induced genotoxic stress.

In line with our findings, previous studies have shown

that adult neural stem cells are more prone to malignant

transformation induced by tumor suppressor loss

compared with more differentiated cells (Alcantara Lla-

guno et al., 2019). Elucidating the distinct regulation of

licensing in rapidly proliferating cells and the conse-

quences of impaired licensing in these populations will

undeniably pave the way toward our understanding of

genomic instability diseases and will provide new

grounds of research in the design of cancer stem cell-tar-

geting therapies.
roporation. White boxes indicate the higher-magnification images.
fication images.
otal number of GFP+ cells. Mean ± SEM (n = 3/genotype). DNA was



EXPERIMENTAL PROCEDURES

Mouse knockout strains
Gemininflox/flox, Gemininflox/flox;Rosa26fl-STOP-fl-YFP, GemininWT/KO;

Foxg1-Cre, and GemininWT/KO;NestinCre inbred mouse lines and WT

mice used for this study were housed in the animal house of

the University of Patras (EL-13-BIOexp04). All animal-related pro-

cedures were conducted in strict accordance with EU directives

and approved by the Veterinary Administrations of the Prefecture

of Achaia, Greece, and by the Research Ethics Committee of the

University of Patas, Greece. For details inmice husbandry and geno-

typing see the supplemental experimental procedures.
Incorporation and detection of thymidine analogs
For in vivo labeling of the S phase the mice were injected with

100 mg of BrdU (B9285, Sigma) per gram of the animal’s weight

or with 100 mg of EdU (A10044, Invitrogen) and sacrificed 1 h

later. For double labeling, 100 mg of CldU (C6891, Sigma) and of

IdU (I7125, Sigma) per gram of the animal’s weight was injected

i.p. into the mice, separated by 23 h from each other. For the

detection of BrdU, CldU, and IdU the samples were treated with

2NHCl for 30min at 37�C and subsequently processed for immu-

nofluorescent staining. EdU was detected by click chemistry ac-

cording to the manufacturer’s instructions (Baseclick), followed

by immunofluorescence.
In utero electroporation
In utero electroporation was performed at E14.5 as previously

described. Mice were sacrificed 48 h after surgery to collect the em-

bryos. More details of the protocol and a list with the constructs

used in this work are provided in the supplemental experimental

procedures.
Immunohistochemistry
Whole embryos or embryonic brains were dissected at the

appropriate gestation day depending on the experimental pro-

cedure. Embryos were defined as E0.5 on the morning of the

day of the vaginal plug. Details on tissue preparation and stain-

ing protocols are provided the supplemental experimental

procedures.
Dissection and immunofluorescence of cortical

explants
Telencephalic vesicles were dissected from E10.5 embryos in

room temperature 13 PBS as described previously (Rujano

et al., 2015). Dissected vesicles were treated with 0.1% Triton

X-100 for 3 min followed by fixation with 4% paraformaldehyde

(PFA) for 1 h at room temperature. Subsequently, the tissues were

incubated in 1% Triton X-100 for 5 min and blocked in 3% BSA,

1% normal goat serum, and 0.3% Triton X-100 in PBS for 1 h. In-

cubation with the primary or secondary antibodies (dilution

1:1,000) was performed overnight at 4�C. DNA was stained

with Draq5 (Biostatus). Following staining, the dorsal part of

the telencephalic vesicles was carefully isolated, exposing the api-

cal surface, and mounted on a glass coverslip using Mowiol 4-88

(Calbiochem).
Pre-extraction and immunofluorescence of brain

slices
Preparation of acute brain slices was performed as previously

described (Mougkogianni et al., 2021). Images were acquired in a

confocal microscope with a step size 0.7 mm and a total z volume

of 7.608 mm3. Fluorescence intensity was measured with the Im-

ageJ software and depicted in arbitrary units. The rolling ball algo-

rithm was used to subtract the background before quantification.

DNA fiber assay
For DNA fiber analysis, pregnant mice were subjected to i.p. injec-

tion of 20mM IdU (10 mL/g body weight) followed by an i.p. injec-

tion of 100mMCldU (10 mL/g bodyweight) after 20min. Themice

were sacrificed after 10 min and the embryos were isolated and

placed in ice-cold PBS. The dorsal cortex from E10.5 embryos or

the ventricular/subventricular zones from E14.5 embryos were iso-

lated, and single-cell suspensions were prepared (7 3 102 cells/mL

for E10.5 embryos and 22 3 102 cells/mL for E14.5 embryos). For

the DNA fibers from the conditional knockout embryos and the

respective controls, cortexes were dissected and cultured with

each thymidine analog sequentially. DNA fiber spreads were pre-

pared and stained as previously described (Nieminuszczy et al.,

2016). Details on the microscopy analysis performed on DNA fi-

bers are provided in the supplemental experimental procedures.

Data analysis
The significance of the difference between the examined popula-

tions was determined by unpaired two-tailed t test or Mann-Whit-

ney test. Differences were regarded as significant by p value. All sta-

tistical analyses and graph preparation were performed in

GraphPad Prism 6. Additional information on microscopy ana-

lyses performed in this work is provided in the supplemental

experimental procedures.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.04.018.
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