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Epilepsy is a complex clinical condition characterized byepeated spontaneous seizures.
Seizures have been linked to multiple drivers including DNAamage accumulation.
Investigation of epilepsy physiopathology in humans impa&s ethical and practical
limitations, for this reason model systems are mostly prefeed. Among animal models,
mouse mutants are particularly valuable since they allow cgoint behavioral, organismal,
and genetic analyses. Along with this, since aging has beenssociated with higher
frequency of seizures, prematurely aging mice, simulatinguman progeroid diseases,
offer a further useful modeling element as they recapitulataging over a short time-
window. Here we report on a mouse mutant with progeroid trai that displays repeated
spontaneous seizures. Mutant mice were produced by reducig the expression of the
gene Ftl (AKTIPin humans).In vitro, AKTIP/Ft1 depletion causes telomere aberrations,
DNA damage, and cell senescence. AKTIP/Ftl interacts withaimins, which control
nuclear architecture and DNA function. Premature aging detts of Ft1 mutant mice
include skeletal alterations and lipodystrophy. The epiic behavior of Ft1 mutant
animals was age and sex linked. Seizures were observed in 18 utant mice (23.6%
of aged 21 weeks), at an average frequency of 2.33 events/mouse. Tiendistribution
of seizures indicated non-random enrichment of seizures @r the follow-up period, with
75% of seizures happening in consecutive weeks. The analysof epileptic brains did not
reveal overt brain morphological alterations or severe neodegeneration, however, Ftl
reduction induced expression of the in ammatory markers It6 and TGF-h. Importantly,
Ft1 mutant mice with concomitant genetic reduction of the guarian of the genome, p53,
showed no seizures or in ammatory marker activation, imptiating the DNA damage
response into these phenotypes. This work adds insights it the connection among
DNA damage, brain function, and aging. In addition, it furter underscores the importance
of model organisms for studying speci ¢ phenotypes, along vith permitting the analysis
of genetic interactions at the organismal level.
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Burla et al. p53-Sensitive Epilepsy in Ft1 Mutant Mice

INTRODUCTION nuclear architecture and lamins could play a role into epilepsy
(Frost, 201R However, the hierarchy and range of events
Epilepsy comprises a family of disorders characterized byonnecting nuclear architecture, molecular DNA functioa t
enduring predisposition to generate spontaneous seizure§ileptic behavior is still to be dissected, along with thenelets
(Scharfman, 2007; Fisher et al., 2)Beizures are underpinned exacerbating this pathology in aging.
by multiple mechanisms and their clinical outcome varies DNA damage aects genome near to randomly, but some
widely (Scharfman, 2097Regardless of their outcome, seizuresshromosomal regions, such as telomeres, are more prone to DNA
arise from disruption of mechanisms that create a balancgstability. In mammals, telomeric DNA is composed of double-
between neuronal excitation and inhibition. Factors Cqm]il]g stranded short tandem repeats of TTAGGG sequence forming
this balance result from alterations at di erent levels ofior higher-order DNA structures b|nd|ng a specia]ized protein
function, from ion channels to receptors, and neuronal citsu complex, known as shelterini¢ Lange, 2005We identi ed a
(Stafstrom and Carmant, 20).%Epilepsies are often associatedtelomere-associated protein named AKTIP in humans (and Ftl
with morphological brain abnormalitiesSrtram, 201 but at  jn mouse), which interacts with the shelterin members TRFd an
least one-third have non-structural etiologieSuerrini et al.,  TRF2 @urla et al., 201)5 AKTIP/Ft1 reduction causes telomere
2019. In the last years, concomitantly with human population gherrations, DNA instability and cell senescengeira et al.,
demographic changes, high incidence of epileptic disordess hao15. In vivo, the genetic reduction oFtl causes premature
been associated with aging, whose specic pathophysiology 4gjing defects including skeletal alterations and lipodysty (_a
under investigationl(eppik and Birnbaum, 2030 Torre et al., 2018 AKTIP/Ftl interacts with laminsHurla et al.,
Understanding the mechanistic path to disease is complexo16a,), pivotal elements for the control of nuclear architecture
in humans due to ethical issues, unavailability of cont@i&l and DNA function, including DNA repair, replication and
high costs of human research. As a result, studies mosihorel  transcription Qittmer and Misteli, 201). Importantly, Ft1
the use of models, including human 3D cultures and stem celytant mice share similarities with lamin mutant animals, @i
based system&(minucci et al., 2006; Simao et al., 2))16, for  are models of choice for human progeroid syndromes, linkire th
organismal analyses, genetically engineered rieeapan, 2007; Ft1model to premature aging and progeroid diseagesia et al.,
Saggio etal., 2014; Remoli et al., 2015; La Torre et al.).2DA8  2016a,b, 2038
of the way in which epilepsy has been modeled in mice is via Here we report thaEtl mutant mice are subjected to repeated
the inactivation of genes implicated in ion channel&u(et al.,  sejzures. We show that this trait is not linked to overt brain
2006; Baraban, 2007; Glasscock et al., 201 8f genes encoding  morphological alterations, but is age and in ammation limke
for neurotransmitter receptors{onck et al., 2005In addition, \We also demonstrate that this phenotype is sensitive to the
epileptic phenomena have been observed in mouse models &kpression of the guardian of the genopf&s pointing to a role
Alzheimer diseaseVogt et al., 2011; Ziyatdinova et al., 2011 of DNA function in the seizure phenotype.
However, no other genetic models of age related epilepsy have
been yet described. Prematurely aging mouse mutants, Whi(ﬁESULTS
recapitulate aging traits over a short time-windoBlgsco, 2005;
Stewart et al., 200,70 er a speci ¢ advantage to model diseasesSejzures in Ft1 Mutant Mice
caused or exacerbated by aging, including brain pathologies  Mice with reduced levels d¥tl were generated using the knock
An emerging cause for brain disease and for the aging braigut rst (kof) strategy based on the insertion into the tatge
is DNA damage l(angie et al., 207 DNA integrity poses a gene (referred as kof allele) of tigeok cassetteTesta et al.,
challenge for the nervous system as its development depends 9004, which traps and truncatetl nascent transcript reducing
a complex series of dynamic and adaptive processes associat@sl expression of the targeted genea(Torre et al., 2018
to DNA damage F/ckinnon, 2013. Unrepaired DNA lesions previous observations dft1kof=*f mice revealed that mutant
have detrimental e ects on the developing of a functionalanimals display signi cant reduction in body weight and lifes,
nervous system and neural progenitor cells rely on DNA repaitompared to controls. Twenty-one percent of the animals show a
systems during the developmental program. After completion oéevere body size reduction and early post-natal death (we refe
neurogenesis, DNA repair is still of paramount importance too these mice as severely a ectEt*f*°f mice, abbreviated
safeguard the genomé/@dabhushi et al., 20)Aespecially to with SA Ft1kofof or SA mutant mice). The leftovers, non SA
protect the neurons against reactive oxygen spetiesgje etal., Ftikof=of mice have a mild phenotype, with a median survival of
2017. DNA damage is also direct cause for cell senescence angi3 weeks, allowing adult phenotype observationTorre et al.,
for a related in ammatory responseC@mpisi, 2013; Lopez-Otin 2019,
etal., 2018 To investigate mutant mouse behavior, we worked on
Mouse mutants of DNA damage functions have opened thg cohort of animals aged 21 weeks non SAFtiof=of,
path to establish a link between DNA damage and the seizuig/e recorded spontaneous behavioral abnormalities in non
phenotype Ehen et al., 2010; Bianchi et al., 2DFor example, SA Ft1kof*of mice including episodes of motor tremors
the inactivation of XRCC1, a central factor in the DNA Singleand COﬂVU'SiOﬂS, fast runs, jumpS, and excessive salivation
strand break repair pathway, leads to profound neuropathologyrigure 1 and Supplementary Movies 43). Dissection of
involving behavioral phenotypes consistent with epilepsye( video recordings indicated that non SKtIo™f displayed
et al., 200p Data based on studies idrosophilasuggest that sudden movements followed by facial twitching, violent hind
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limbs shaking and falling, back arching, short jerks in masc in the seizure positive mutantg-igure 2B). Time distribution
of the hind limbs and forelimbs extension, Straub tail andof seizures for each mutant animal experiencing more than one
incontinence, followed by short jerks and fast breathingseizure indicated non-random enrichment of seizures over t
(Figure 1A and Supplementary Movies 43). Eventually, follow-up period, with 75% of seizures happening in consecutive
animals stood up and returned to normal activity; after fewweeks Figure 20).
minutes switched to post-ictal phase characterized by short | .
periods of complete immobility, interrupted by short intersal S€izures of Ft1 Mutant Mice Are Age and
of movement Supplementary Movies 46). Recording showed Gender Linked
moving rhythmical up-down or left-right, stroking mouth wit To analyze the distribution of seizures during aging, we
forepaws, in a repetitive motion, and appearing to be chewingubdivided mouse lifespan in three major intervals: young (3
and grooming Figure 1A and Supplementary Movies 46). weeks 20), juvenile (21 weeks 60), and adult (61
Temporal evaluation of the data indicated that non BA°/*°f  \eeks 100). We monitored, for each age interval, the fraction
mice display a behavioral repertoire corresponding in qualityof mice exhibiting seizures for the rsttimd={gure 3A). None of
and duration to epileptic phenotypegigure 1B), as described young non SAFt1€fof mice (1 D 189) displayed seizures, while
for other mouse modelsghabrol et al., 2010; Robie et al., 2017 seizures were observed in juvenile and adult mice, in 16 b68o
Over a total of 260 animals (includingt1®=C, Fti®¥*°f,  and 2 out of 8, respectively.
and Ftikof=of) = 18 Frikof=of exhibited at least one seizure We previously reported that non SAt1<f°f mice display
manifestation Figures 2A,B. No seizure episodes were growth defects, which start within the juvenile interval dan
observed in heterozygotEt1®™°f or wt mice Figure2A). become prominent through aging & Torre et al., 2098 We
The frequency of seizures reached a maximum of one seizutken asked whether the seizure phenotype was paralleled by
episode per week. Of 18 seizure positive mutants, 7 exhibited oage-associated growth impairment. We considered the di eeenc
seizure-like manifestation during their follow-up periodhile  between the average body weight of wi) 6) and sex-matched
the leftover displayed more than one seizure. On average, vgeizure positive mutant mica D 8) (1 body weight), and plotted
observed 2.33 0.14 seizures during the entire follow-up period it against the number of seizures observed in each mutambahi

A seizure post-seizure

N =
1 '“# i |

B seizure post-seizure
loss of postural
equilibrium | e——
convulsions
and jerks | ==

straub tail o E——

chewing

67751671520 25 30 0 5 10 15 20
t(s)

FIGURE 1 | Frikof=of mice exhibit seizures.(A) Representative movie frames from non sat1kof=of mice recording during and post seizure. Starting from left othe
seizure panel group: loss of postural equilibrium, archingf the back, Straub tail (third picture, white arrow) and inentinence (third picture, black arrow), recovery of
the postural equilibrium. Frames from the movie also show ntor automatisms in the post seizure panel group, as chewingr@st picture) and grooming (second
picture). (B) Progression of behavior of twoFt1kof=of mice  during and post seizure events, each represented by adrizontal bar. The length of each bar indicates the
duration of the relative motor type. In turquoise seizure amgsis of mouse ID #13489, and in purple the same analysis of mae I1D #16247.
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FIGURE 2 | Seizure frequency inFt1kof=of mice. (A) Percentages of mice that exhibited seizure; no seizures werobserved in wt (*p < 0.01 $2 test) or in
heterozygous Ft1C7of mice (**p < 0.001 $2 test). (B) Total number of seizure experienced by wt andrt1kof=of mice, each dot represents one mouse. Line
indicates average seizure number considering alt1kof=of: gashed line indicates average seizure number (2.33 0.14) consideringFtlkOf:kOf which experienced
seizures (p < 0.05 Student's t-test). (C) Temporal seizure distribution for eaclFt1kof=of mouse which experienced more than one seizure. Each dot repsents a
seizure episode. n, total number of analyzed mice.

to generate a regression curviéigure 3B). The two variables dependent growth impairment and sex-linked defedts {[orre
were linked by positive correlatiomry D 0.60; p < 0.01 in etal., 201}
Pearson's R test).
Non SAFt1kof=*of male mice were previously shown to display Structure of Ft1 Mutant Brain
a stronger phenotype as comparedd °™=°f femalesi(a Torre  To de ne whetherFtl function impacted on brain structure we
etal., 201 We thus decided to explore gender di erences in the rstly measured skull and cranial length of non St1kof=kof
seizure trait. We analyzed a cohort of non 8@ animals mice by X-ray analysis F{gure 4. Mutant and age- and
aged 21 weeks including 37 males and 39 females. Seizusex-matched wt animals were monitored at 2, 4, 8, and 13
positive mutants were 37.8% among males and 10.3% among notonths. Length measures revealed a continuous increasegdur
SAFt1Kof=of female miceFigure 30). postnatal development in mutant mice as in controls, with adil
In order to verify whether aging would induce variations in alteration induced byrt1 reduction at the age of 8 weekg(<
Ft1 expression we monitored two cohorts Bf1“C mice by 0.05 in Students-test) Figures 4A-D). We then investigated
QPCR. Results indicate that there are no signi cant variatiorbrain morphology by histological analysis. We rstly evake
in Ft1 expression with agingSupplementary Figure 1A. In  the hippocampus, as hippocampal defects are often cause of
addition, the human counterpart of Ft1, AKTIP, is also expeess epilepsy. Nissl-staining of coronal sectionsFafk?™° prains
in brain cells Supplementary Figure 1B. did not highlight overt alterations of hippocampal organizati
Altogether these results indicate thktl reduction causes or gross lesions, such as cell loss, structural deformatiatars
seizures, and that this phenotype parallels overall organisméFigures 5A-B. By immuno uorescence, we further analyzed
alterations characteristic of non FA1°™f mice including age hippocampus  cytoarchitecture. Semi-quantitative ~analysis
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FIGURE 3 | Seizures inFt1kof=of mice are age, body weight and sex-linked(A) Percentage of Ftakof=kof mice exhibiting rst seizure clustered in three age interval
(young: 3 weeks 20; juvenile: 21 weeks 60; adult: 61 weeks 100). No seizures were observed in young animals @*< 0.01 and **p < 0.001 in $2 test).
(B) Correlation between the severity of growth defect and seize frequency (¢ D 0.60; **p < 0.01 in Pearson's R test). Each dot represents data from an tividual
animal: body weight differences 1 body weight) were obtained subtracting average body weighof Ftakof=of 1 the average weight of age and sex-matched wt
group. (C) Gender related differences in seizure behavior (%< 0.01 in $2 test). n, total number of analyzed mice.

of Parvalbumin-positive GABAergic interneurons showed an ammation and neurodegenerationQampisi, 2013; Lopez-
mild reduction in Ft1ko™of mjce as compared to controls Otin et al., 201} Given the progeroid traits observed in non SA
(Figure 5C and Supplementary Figure 2 Then we evaluated Ft1k7°f mice and the implication oftlin telomere metabolism
the somatosensory cortex cytoarchitecture: by Nisshistgi and DNA function we decided to monitor the level of two
and MAP2 immuno uorescence, we did not detect evidentcanonical, interrelated, in ammatory cytokines: IL-6 am@GF-b.
alterations, including cortical thinning and layering defs in  To get a full picture also on the connection with DNA damage,
Ft1kof=of prain compared to wt Eigures 6A—-Q. The density we explored this aspect in non S# 1Ko mice, expressing
of Parvalbumin-positive GABAergic interneurons in the et normal levels of the guardian of the genompg3and in mice
was non-signi cantly a ected byrtl reduction Figure 6D and  defective fop53expression due to heterozygaquis3inactivation
Supplementary Figure 3 Moreover, we did not observe any (Ft1kofof: p53=0) QPCR analysis showed signi cant higher
evident macroscopic alterations in the whole brain struetur levels of both IL-6 and TGB-in Ft1k™°f brains as compared
as for example shrinkage of specic cerebral regions, vdatricto age matched control micé&igures 7A,B p< 0.01). Indeed,
enlargement, corpus callosum thinning (data not shown)jn Ft1kof=of: p5E=*0 mytant mice IL-6 and TGFb activation

or in brain volume (wt 177.95 mm Ft1kof*°f 189 46 mm; was reversed. These results suggest that the activatioheof t
Supplementary Figure 4 Overall, these analyses did not reveaDNA damage response pivotal play@53 is a crucial event
robust dierences between non SA&t1KfXof and control in the organismal response tBtl reduction Figures 7A,B.
mice, thus in principle excluding the presence of severe braiAs expectedp53reduction did not impact onFtl expression,
degenerative processes. which remained signi cantly reduced iRt1<f=of: p53=0 55 in

Ftakof=of animals Figure 70).

Given the activation of the in ammatory cytokines and its
p53-Sensitive In ammatory Response in rescue by p53 reduction, we decided to explore the link between
Ft1 Mutant Brain p53, as an element directly associated with DNA function,
To investigate on molecular drivers for the seizure phenotypéo the seizure phenotype d#t1<™°f mice. To this purpose,
observed inFt1kof*°f mice we reasoned on studies in agingWe analyzed three cohorts of 21 weeks mice including
and progeroid models which link DNA damage to systemidFt1®=;p5& =, Ft1C0l p5E=0 andFikot=olpsEEo mice, as
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FIGURE 4 | Ft1 reduction does not affect skull development(A) X-ray analysis of craniofacial skeleton of wt angt1kof=of mice, (B) Schematic view of mouse skull
and description of landmarks used for the anterior-posteadr craniofacial skeleton length analysigC,D) Skull and cranium length analysis oFt1kof=of animals and
age-matched wt controls. Curves are not overall signi canyl different in Student'st-test (p D 0.225), the difference of the skull length betweerrt1k0fof and Ft1C=C
animals is signi cantly different at the age of 8 weeks < 0.05 in Student's t-test). n, total number of analyzed mice.

compared to genetically and age matched controls. None of thdamage, along with cell senescenBer(a et al., 2015, 2016a
mice with thep53=° mutation displayed seizures, suggesting orAKTIP/Ftl is linked to nuclear architecture through the
one side thap53reduction alone does not cause seizures, andjiochemical interaction occurring with A- and B-type lamins,
on the other side, that it rescues the seizure phenotype oFtlr the main components of the nucleoskeleton, which, in turn, is

mutant mice Eigure 7D). a pivotal element for the control of DNA functionOjttmer
Altogether these results establish a link amofRty, p53 and Misteli, 2011; Burla et al., 2018ice with reducedFtl
in ammatory parameters and seizure behavior. expression display a segmental phenotype including reduced
subcutaneous fat, growth and skeletal defects. Theses trait
DISCUSSION partly recapitulate the premature aging phenotypes observed

in progeroid mice generated by mutations of lamins or DNA

Epilepsy is a complex disorder codied by the concept ofmaintenance gene8{asco, 2005; Stewart etal., 2007; Burla et al.,
predisposition to generate spontaneous seizures. Studies 2619, and are exacerbated in adult individuals as compared to
interpret seizure etiology are complex in humans, indeed manjuvenile. Given the connection of AKTIPf1 with both lamins
open guestions remain about its causes and mechanisms. Amd DNA function, Ft1 mutant mice represent an attractive
important tool to understand and interpret epileptic phenomenamodel for investigating how these connections may impact on
comes from model systems. Mutant mice in particular have beethe organismal phenotype and on di erent tissues and organs.
instrumental for the identi cation of genes and gene-deténed We report here that~tl mutant mice exhibit spontaneous
molecular processes generating brain dysfunction and epileptseizures. Digital movies document the seizure manifestati
phenotypes Fonck et al., 2005; Yu et al., 2006; Baraban, 200highlighting typical traits, as loss of postural equilibriutimb
Loscher, 2011; Glasscock et al., J0li2this work we report on  jerks, and convulsions, as in other epileptic mouse modeis
the epileptic behavior of a mouse mutant obtained by gendyicalet al., 2007; Minkeviciene et al., 2009; Chabrol et al., 2010;
reducing the expression of the telomeric gafd (AKTIP in  Glasscock et al., 2012; Simeone et al., ROSgizures were
humans) and present data supportive of a link between DN/bserved after the 20th week of age suggesting age-dependent
damage and epileptic behavior. degenerative changes. Seizures also correlated with growth

As a consequence to its biological function, AKTFBI  impairment, which, inFt1kof°f mice, is exacerbated with aging
mutant cells display DNA replication defects, DNA and telomer (La Torre et al., 2018 The frequency of seizures was higher
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with molecular alterations, rather than with macroscopiaior
structure defectsGuerrini et al., 201%

On the basis of this hypothesis, we investigated on putative
molecular culprits for the seizure phenotype. Telomeres and
cell senescence have been implicated in disease and aging.
In particular, the secretion of a panel of inammatory
signals (Senescence Associated Secretory Phenotype, SASP)
is considered a pivotal element in the alteration of tissue
homeostasis contributing to pathological stat@xpisi et al.,
2001; Campisi, 20)3 Given the function of AKTIPFtl in
telomere protection along with its importance in preventing
cell senescence and DNA damageuifa et al., 2015; La
Torre et al., 2018 we hypothesized that ifrtl mutant mice
accumulation of damage and consequent senescence would
provoke in ammatory cytokine production, which, in turn, cddi
be implicated into the epileptic phenotype.

We thus measured in ammatory factors in the brain along
with exploring the implication of DNA function in in ammation
In the brain of Ft1 mutant mice we detected the activation
of IL-6 and TGFb. Both these factors are related with
in ammation (Coppe et al., 20)0IL-6 activation is assigned
to the SASP group of factors linked to cell senescence and
has been de ned as a senescence biomarker in niizife
et al.,, 2010; Hudgins et al., 2018he cytokine TGHs, in
association with IL-6, is a further in ammatory stimuluSénjabi
et al., 200p Altogether these data suggested a connection
between seizures and in ammation in the brain Bf1kof=of

mice.
To further investigate on the causative cascade of pathologi
FIGURE 5 | Ftl reduction does not overtly affect hippocampal organizatio. events occurring in ml(_:e frantl mutation to seizures, V_Ve
(A) Nissl-stained coronal sections ofFt1c™ and Ft1kfof mouse brains generatedrtl mutant mice with a heterozygous ko mutation
(upper panels), and higher magni cation of the anterior hippcampus (bottom in p53 p53 is a pivotal element in the DNA damage response

panels), at about Bregma 1.22 mm. (B) Nissl-stained hippocampus of and we have demonstrated that p53 is activated in AKTIP
Ft1C=C and Ft1kof=of mice, at about Bregma 2.18 mm. (C) Confocal

images showing parvalbumin-positive interneurons (PARW) red) at the reduced_ prim_ary hum_an C?”S’ which contributes to bIOCking
hippocampal level; cell nuclei are labeled by DAPI stainin@ blue). Scale bars: cell proliferation and inducing senescendeu(la et al., 2015;
(A) 500 mm (upper panel),(A) 200 mm (bottom panel),(B) 400 mm, (C) (merge) La Torre et al., 2018 Interestingly p53 loss was shown
160 mm, (C) (DAPI/PARV) 200rm. to rescue aging traitsin vivo, by releasing DNA damage-
induced checkpoints and cell senescencerdla et al., 2005
In addition, p53 regulated senescence has been dened as a
in male mice, in line with the overall impact dftl reduction pivotal element in generating the SASP phenotype. Consistently
observed in our model(a Torre et al., 2018 reduction of p53 expression rescues SASP related aging traits
Along with behavioral descriptions, the importance of mousgBaar et al., 20)7 In Ft1 mutant mice, p53 reduction
models resides in the fact that they allow investigatingigast  not only reversed back the expression of IL-6 and TGF-
events to behavioral phenotypes, which, in humans, is compldx but also rescued the seizure phenotype. These results,
to explore. We thus exploited these animals to analyze th&ken together, induce to speculate that the path to seizures
pathophysiological path to seizures in an attempt to contributeggenerated by Ftl reduction could start with DNA damage,
to establish experimentally proven links between DNA fungtio including telomere dysfunction, followed by p53 activation
and brain alterations. cell senescence, and SASP. The latter could eventuallyanduc
The analysis of brain morphology and cytoarchitecture in norbrain seizures, through a mechanism that remains to be
SA epilepticFt14of=°f mice did not highlight overt defects nor elucidated.
macroscopic neurodegeneration. These results were obtéine This interpretation of the data is interesting for investiga
analyzing restricted brain areas and cell subtypes, and weto on seizure causative events in basal physiological condithmurt
exclude the possibility of other or more subtle brain altesat  also in aging. In fact, aging is characterized by the exadtien
escaping our analysis. However, given the data, we hypogtkesizof the alteration of the biological pathways which we haverake
that molecular, rather than overt structural aberrationsuld  into consideration, including senescence, genomic inktahnd
underpin the epileptic behavior. This interpretation would Ioe i telomere fragility (6pez-Otin et al., 20)3These factors act on
line with the fact that many types of epilepsy have been assakiataging in a cell intrinsic way and through extrinsic mechanss
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FIGURE 6 | Ft1 reduction does not affect somatosensory cortex cytoarchiecture. (A) Nissl-stained coronal sections, showing somatosensory cdex of Ft1°=C and
Ft1kof=of mice brains. (B) MAP2-positive neurons (green) located in the cortical supgranular layers I-1I-1ll angC) in the infragranular layer V; cell nuclei are labeled b
DAPI staining (in blue)(D) Confocal images showing parvalbumin-positive interneurts (PARYV, in red) and DAPI-positive nuclei (in blue). Scalerba(A) 100 nm, (B,C)
55nmm, (D) 160 nm.

(Lopez-Otin et al., 2096 as secretion of SASP factogoppe MATERIALS AND METHODS

et al., 201pand chronic in ammation, profoundly altering tissue  ,. .
. ; : Mice and Ethical Statements
microenvironment Fulop et al., 201)7 which, we would suggest, . o . .
Eulop b7 9d Mice were maintained and bred in a 12 h light/12 h dark cycle,

could impact also on brain function. . h f it of th imal h iol d
In conclusion, this work adds new insights into the conneanti In a pathogen free unit of the animal house at B'9 ogy an
Biotechnology Department, Sapienza University. Animals were

among DNA damage, brain function, and in ammation. In ) )
addition, it further underscores the importance of mode| Noused and treated in accordance with protocol 355/2017-PR

organisms for studying molecular path to speci ¢ phenotypes?‘pproved by the Italian Ministry of Health. Animals carryingeth
along with permitting the study of genetic interactions aeth knockout rst mutations in theFt1 gene Ft1 kof) were obtained
organismal level. These aspects are even more relevant af previously described Torre et al., 20)8In order to obtain
aging and brain research studies for which work in humans itl and p53mutant animalsFt1¥of were crossed witp53° 7
inaccessible due to time, ethical and sample accessisiiyes.  animals [kindly provided by G. Piaggio and S. Soddu IFO, jtaly
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FIGURE 7 | p53 reduction reverses in ammation and seizures ifft1€0f=of mice. (A—C) QPCR expression quanti cation of IL-6, TGFb and Ft1 in Ft1kof=of . pr3C=kof
Ft1kof=of in a wt or pSBC:ko background (*p < 0.05; **p < 0.01; **p < 0.001 Student's t-test). (D) Expected versus observed number of mice with seizures in
Frakof=kof. prjC=kof prykof=kof in 5 wi or p53C=C hackground. Expected seizure number was calculated consiering the seizure frequency irFt1k0f=0f age matched
cohort (seeFigure 2A). To note that none ofFtakof=kof mice with the pSBC:k(’ mutation displayed seizures. n, total number of analyzed mé.

(Jacks et al., 19%4subsequently doubly heterozygous mice wereX-ray and Cephalometric Measurements
intercrossed to obtain the desired genotypes. O spring wer&-ray images were taken using Faxitron MX-20 (Faxitron X-ray
weaned at 3 weeks and tail biopsies were used for genotypingorp.) at 24 kV for 6 s; images captured with Medical Imaging
When needed, mice were anesthetized by intramuscular Zoletilm HM Plus (Ferrania). Skull length and cranial length were
20 (Virbac S.A., France), or euthanized by asphyxiation wittmeasured by Image J software as previously describedden
carbon dioxide or cervical dislocation. etal., 201).

Genotyping _ _ Histological Analysis
Mice were genotyped as previously described (orre et al., Eight month-old mice were euthanized and brains were rerdove
2019. Briey genomic DNA was extracted from tail biopsies ;4 post xed in 4% PFA for 2h at €. Samples were then

digested 50C with a proteinase K/SDS solution using the;nerseqd in a solution containing 30% sucrose in phosphate
blackPREP Rodent Tail DNA Kit (Analytik Jena, Jena, Germanyau er 0.1M at 4 C for cryoprotection, embedded in cryostat

foIIov_vmg manufacturers mstrucn_ons. ) ) medium (Killik; Bio-Optica, Milan, Italy), and cut on the
Mice were PCR genotyped using the following primers: cryostat (HM 550; Microm) in serial transverse B thick
Ftl E4 F: BGTGAAGCAGAAGCTGCCAGGAGT 3% sections. Some brain sections (one section everyrif)0were
Ft1 E6 R: BAGCTCACCCGAGGTGGGATCAA 3° Nissl-stained to evaluate the gross cerebral morphologg:ybr
p53-X6 F: 8AGCGTGGTGGTACCTTATGAGC 3 sections were mounted on 2% gelatin-coated Superfrost slides
p53-Neol9 F: 5GCTATCAGGACATAGCGTTGGC 3% and air-dried overnight; slides were hydrated in distilledteva
p53-X7 R: BGGATGGTGGTATACTCAGAGCC 3 for 1 min before staining in 0.1% Cresyl violet acetate (Sigm
Aldrich, St. Louis, MO) for 10 min, dehydrated in an ascending
Seizure Observation series of ethanol, cleared in xylene and cover-slipped with

Seizures were observed during routine mouse handling. WhelEukitt (Bioptica, Milan, Italy). Sections were examined at a
indicated seizure and post-seizure events were video redord Nikon Eclipse 80i microscope Equipped with a Nikon DS-Fil
The movies were then analyzed for speci ¢ behavioral signs @mmera. Brain volume of wt aniit1°f*°f mice was calculated
previously described{habrol et al., 2010 considering Bregma 2.10 mm to Bregm&.54 mm segments
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in Nissl-stained serial sections reconstructed by Neuwiola TGFb F: CCCTATATTTGGAGCCTGGA;

software (MicroBrightField, Williston, VT, USA) and the TGFbR: CTTGCGACCCACGTAGTAGA;

volume (expressed in mth was obtained by NeuroExplorer  AKTIP F: TCCACGCTTGGTGTTCGAT;

software (MicroBrightField). For immuno uorescence, hrai AKTIP R: TCACCTGAGGTGGGATCAACT

sections were permeabilized with in PBS 0.3% Triton X-100 GAPDH F: TGGGCTACACTGAGCACCAG

at RT on a tilting plate for 20 min; then, to block unspecic  GAPDH R: GGGTGTCGCTGTTGAAGTCA

binding of the antibody, sections were incubated for 30 min o

at RT with 0.3% Triton X-100 and 10% normal donkeyStatistics

serum or normal goat serum (Sigma-Aldrich) in PBS (pH$2 test was applied for comparisons of the mouse cohorts.
7.4). Sections were then incubated aC4overnight with the Independent data sets were analyzed with the Studeneést
following antibodies: 1:7,500 anti-Parvalbumin (rabl§tyant); (unpaired, two-tailed). Correlation analyses were perfatnii
1:200 anti-MAP2 (mouse; Chemicon). Then, sections werBearson's R test.

incubated with appropriate uorochrome-conjugated secondar

antibodies, for 1h at RT: 1:400 Alexa Fluor 647, goaETHICS STATEMENT

anti mouse (Jackson ImmunoResearch Laboratories); 1:200

cyanine 3-conjugated secondary antibody, donkey antbitab This study was carried out in accordance with the
(Jackson ImmunoResearch Laboratories); 1:200 cyanine fcommendations of the European Directive 2010/63/EU
conjugated secondary antibody, donkey anti-mouse (Jacks®n the protection of animals used for scientic purposes.
ImmunoResearch Laboratories). Finally sections were iaméd The protocol was approved by the Italian Ministry of
with 4,6 Diamino-2 phenyindole Dilactate (DAPI; SigmaHealth (Ministero della Salute) with protocol number
Aldrich) in PBS 1:50 for 3min. Samples were washed and55/2017-PR.

coverslips were mounted with the anti-fade mounting medium

Mowiol. For double staining and 3D reconstructions, slidesAUTHOR CONTRIBUTIONS

were examined with a Leica TCS SP5 confocal laser scanning

microscope. RB, MLT, FDC, AV, and FV contributed to the design of the
experiments and to the writing of the manuscript. MLT, GZ, AB,
Cell Culture SDG, MB, and CM performed the experiments and analyzed the

Human foreskin primary broblasts (HPFs), HeLa (ATCC CCL- data. IS designed the experiments, analyzed the data ane wrot
2) and 293T (ATCC CRL-11268) cells were cultured in DMEMthe manuscript.

with 10% FBS. SH-SY5Y (ATCC CRL-2266) cells were cultured

in EMEM supplemented with 10% FBS. FUNDING

RNA Extraction and QPCR Analysis ) This work has been supported by Sapienza Ateneo grants to FV,
Cells were lysed using the TRIzol reagent (Invitrogen),s T and RB; by grants EU FP7 Brainvectors (n. 286071),

Brains were removed from euthanized mice and frozen ifrgjethon GEP15033 and PRF 2016-67 to IS. This work is in the
liquid nitrogen. RNA was extracted using the TRIzol reage”Fnemory of P. Bianco.

(Invitrogen) according to manufacturer. After DNasel ttegent

(Invitrogen) RNA from cells and brains was reverse transaib
into cDNA with oligo d(T) primer and OMNISCRIPT RT KIT ACKNOWLEDGMENTS
(Qiagen). QPCRs were performed as describi&gdréanti et al.,

2015 using the following primers: This work has been supported by Sapienza Ateneo grants to FV,

IS, ML, and RB; by grants EU FP7 Brainvectors (n. 286071),

Ft1 E3 F: AACCAGTCCTCCACGAAGTGCA; Telethon GEP15033 and PRF 2016-67 to IS. This work is in the
Ft1 E3 R: TAGGGCTTCGCTATGGGTAGAGCA, memory of P. Bianco.
Ft1 E6 F: CCGTCTTTCACCCACTAGTTGAT;
Ft1 E6 R: TTGCGAACGCTCTTTTCACA, SUPPLEMENTARY MATERIAL
MGAPDH F: GTGGCAAAGTGGAGATTGTTGCC,;
MGAPDH R: TGTGCCGTTGAATTTGCCGT; The Supplementary Material for this article can be found
IL-6 F: CTCTGGGAAATCGTGGAAAT; online at: https://www.frontiersin.org/articles/10.388)ene.
IL-6 R: CCAGTTTGGTAGCATCCATC 2018.00581/full#supplementary-material
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