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SUMMARY

Chromatin organization plays a crucial role in tissue homeostasis. Heterochromatin relaxation and consequent

unscheduled mobilization of transposable elements (TEs) are emerging as key contributors of aging and aging-

related pathologies, including Alzheimer’s disease (AD) and cancer. However, the mechanisms governing het-

erochromatin maintenance or its relaxation in pathological conditions remain poorly understood. Here we

show that PIN1, the only phosphorylation-specific cis/trans prolyl isomerase, whose loss is associated with

premature aging and AD, is essential to preserve heterochromatin. We demonstrate that this PIN1 function

is conserved from Drosophila to humans and prevents TE mobilization-dependent neurodegeneration and

cognitive defects. Mechanistically, PIN1 maintains nuclear type-B Lamin structure and anchoring function

for heterochromatin protein 1a (HP1a). This mechanism prevents nuclear envelope alterations and heterochro-

matin relaxation under mechanical stress, which is a key contributor to aging-related pathologies.

INTRODUCTION

Heterochromatin (HC) plays a crucial role in eukaryotic cell func-

tions, and its alteration has been proposed as a key mechanism

in aging and aging-related diseases, including Alzheimer’s

disease (AD) and cancer (Zhang et al., 2020). In almost all higher

eukaryotes, including humans, HC mainly comprises satellite

repeats and transposable elements (TE), classified as retrotrans-

posons (class I TEs) and DNA transposons (class II TEs). Retro-

transposons, whose mobilization requires reverse transcription

by a self-encoded reverse transcriptase, comprise endogenous

retrovirus (ERV; harboring long terminal repeats [LTRs]) long

interspersed nuclear element (LINE) and short interspersed nu-

clear element (SINE) families. In humans, TEs occupy more

than half of the genome, and about 100 LINE L1 copies are full

length and competent for mobilization (Payer and Burns, 2019).

TE mobilization is a source of genetic variation with the

potential to contribute to evolution but also to generate harmful

mutations (Payer and Burns, 2019; Specchia et al., 2010). Un-

scheduled TE expression and mobilization, accompanied by

DNA damage, have been associated with manifestations of phys-

iological and premature aging, including neuronal and retina

degeneration and reduced fertility, and have been shown to

contribute to aging-related diseases, such as AD and cancer (Li

et al., 2013; Kaneko et al., 2011; Zamudio and Bourc’his, 2010;

Guo et al., 2018; Sun et al., 2018; Payer and Burns, 2019).

In concert with DNA methylation and transcriptional and post-

transcriptional silencing by small interfering RNA (siRNA) and

piwi-interacting RNA (piRNA) pathways (mainly active in somatic

tissue and the germline, respectively), HC is crucial to restrain TE

expression and mobilization (Allshire and Madhani, 2018a). HC

organization involves multiple mechanisms, including protein
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post-translational modifications (PTMs) and tethering to the nu-

clear envelope (NE) (Hildebrand and Dekker, 2020), a doublemem-

brane structure stabilized by a meshwork of Lamin proteins. Lam-

ins are connected to the cytoskeleton and the extracellular

environment through the linkerofnucleoskeletonand cytoskeleton

(LINC) complex. This allows sensing and adaptation of NE struc-

ture/function, chromatin organization, and gene expression to me-

chanical cues (Kirby and Lammerding, 2018), and recent evidence

has shown that cells protect the genome from mechanical chal-

lenge impinging on the nucleus (Cho et al., 2019; Kidiyoor et al.,

2020; Kumar et al., 2014; Nava et al., 2020). At the NE, HC forms

Lamin-associated domains (LADs), enriched in HC protein 1a

(HP1a) bound to di/trimethylated K9 histone H3 (H3K9me2/3), so

that genes and TEs in these regions are transcriptionally repressed

(Guelen et al., 2008; Pindyurin et al., 2018). LADs are, in fact, en-

riched in and essential for the repression of L1s (Vazquez et al.,

2019).

Interestingly, in AD, dysfunctional TAU protein has been

shown to cause mechanical stress altering the NE (Frost et al.,

2016), HP1a reduction (Frost et al., 2014), and TE hyperactivity

(Guelen et al., 2008; Sun et al., 2018). This suggests that HC

maintenance in response to mechanical cues may prevent TE

deleterious effects. However, how mechanisms of HC organiza-

tion at the NE are regulated and how mechanical cues affect TEs

remains largely unknown.

PIN1 is the only known enzyme that cis-trans isomerizes pro-

lines within the phosphorylated Ser/Thr-Pro (pS/T-P) motif. This

results in substrate conformational changes affecting stability,

interactions, localization, and function. In this way, PIN1 regu-

lates multiple cellular processes, including some associated

with TE regulation, such as chromatin state, transcription, and

DNA damage repair (Zannini et al., 2019). Several diseases

have been associated with altered PIN1 function. Although

increased PIN1 levels are frequent in cancer and correlate to a

poor prognosis (Girardini et al., 2014; Rustighi et al., 2009,

2014; Zhou and Lu, 2016), reduced PIN1 expression and activity

are associated with AD (Lu et al., 1999; Pastorino et al., 2006),

and Pin1 knockout mice (Pin1!/!) display premature aging phe-

notypes, including neurodegeneration, retina degeneration and

reduced fertility (Atchison et al., 2003; Liou et al., 2002, 2003).

Similar phenotypes have been associated with unscheduled

TE expression and mobilization (Kaneko et al., 2011; Zamudio

and Bourc’his, 2010; Guo et al., 2018; Sun et al., 2018).

Here we show that PIN1 is essential to preserve HC, a function

that prevents TE mobilization-dependent neurodegeneration

and cognitive defects. We provide evidence that PIN1 maintains

nuclear type-B Lamin structure and anchoring function for HP1a

and that this mechanism prevents NE alterations and HC relax-

ation under mechanical stress, an emerging contributor to ag-

ing-related diseases.

RESULTS

Dodo/PIN1 preserves tissue homeostasis in Drosophila

To study the role of PIN1 in regulating TEs, we used Drosophila

melanogaster as a model organism in which silencing mecha-

nisms of TE activity have been established (McCullers and

Steiniger, 2017). All experiments, unless otherwise stated, were

performed in 4-day-old adult flies. In wild-type (WT) brain and

ovaries, in which TE silencing is crucial for tissue homeostasis,

protein expression of the PIN1 ortholog Dodo was ubiquitous

and partially overlapped with type B Lamin Dm0 (LamB) in the nu-

cleus (Figures S1A–S1C). In the WT brain, Dodo protein levels

declined slightly with age (Figure 1A), whereas cells positive for

Terminal deoxynucleotidyl transferase dUTP nick end labeling

(TUNEL) accumulated (Figure 1B). To assess the role of Dodo in

tissue homeostasis, we used dodo mutant (harboring the P

element insertion dodoEY03779) and dodoRNAi-expressing flies,

which both displayed a strong reduction of Dodo protein levels

in the brain and ovaries compared with controls (Figures 1A and

S1C–S1E). Neuron-specific dodoRNAi accelerated TUNEL-posi-

tive cell accumulation (Figure 1B), accompanied by cognitive (Fig-

ure 1C) and motor (Figure S1F) defects, and dodo mutant flies dis-

played similar cognitive defects (Figure 1C). Furthermore, a

reduction of Dodo protein levels was associated with retina

degeneration (Figure S1G) and reduced fertility (Figure S1H), as

also observed in Pin1!/! mice (Atchison et al., 2003; Liou et al.,

2002). We also generated transgenic flies expressing human

PIN1 (hPIN1) (Figure S1I), which suppressed neurodegeneration

(Figure 1B) and motor defects (Figure S1F) caused by dodoRNAi.

These results demonstrate that Dodo has a fundamental role

in preserving tissue function.

Dodo restrains the activity of TEs

To unveil transcriptional alterations underlying the observed phe-

notypes, we performed RNA sequencing (RNA-seq) in fly heads.

dodo mutation was associated with altered RNA levels of mem-

brane remodeling (in particular components of the endosomal

sorting complex required for transport - ESCRT - III complex),

innate immunity, and translation genes (Figures 2A and S2A;

Table S1), and especially of several TEs, mostly upregulated

LTRs and LINE-like retrotransposons, according to locus-specific

(Figure 2A; Table S1) and consensus analyses (Figure S2B; Table

S1). Upregulation of representative TE RNAs was validated by

qPCR in dodo mutant (Figure S2C) and dodoRNAi-expressing fly

heads (Figure2B),and similar resultswere obtained inovaries (Fig-

ure S2C). Also, hPIN1 expression suppressed TE RNA upregula-

tion in dodoRNAi fly heads (Figure 2C). These results prove that

Dodo is a negative regulator of TE expression. This function was

independent of the microtubule-associated protein dTAU, whose

human ortholog (hTAU) is regulated by PIN1 (Liou et al., 2003) and

linked to TE induction (Guelen et al., 2008; Sun et al., 2018),

because dTAURNAi did not modify TE expression in dodoRNAi fly

heads (Figures 2B and S2D).

Importantly, neurological defects caused by Dodo reduction

were associated with increased genomic copy numbers of

representative TEs (Figure 2D) and with DNA damage in the

brain, as shown by COMET assay (Figure 2E) and gH2Av quan-

tification (Figure 2F). These phenotypes, including TUNEL-posi-

tive cell appearance and cognitive defects, were suppressed by

feeding flies the reverse transcriptase inhibitor 3TC (also known

as lamivudine) (Figures 2D and 2F–2H), a drug reported previ-

ously to impair retrotransposon mobilization (Sun et al., 2018).

These results demonstrate that Dodo has a fundamental func-

tion in restraining TE activity, preserving brain neuron survival

and cognitive performance.
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Dodo maintains HC

We next assessed whether loss of Dodo could lead to TE

expression through HC alteration. We mapped genes and

TEs, differentially expressed in dodo mutant versus WT fly

head RNA-seq, on chromatin states, using genome coordi-

nates from DamIDseq (DNA adenine methyltransferase identi-

fication-sequencing) experiments that identified constitutive

and facultative HC loci in fly brain neurons (Marshall and

Brand, 2017). According to these experiments, genes and

TEs are distributed across all chromatin states, including

repressive HP1a (the ortholog of HP1a), a key factor in HC for-

mation (James and Elgin, 1986), and Polycomb group (PcG),

active Tritorax group (TrxG), and Black (lacking common his-

tone modifications or known histone-code readers/writers)

chromatin. Statistical analysis highlighted that genes and TEs

upregulated in the dodo mutant were overrepresented in the

Figure 1. Dodo maintains brain neurons healthy aging

(A) Western blot analysis of Dodo in WT control, dodoEY03779/+ heterozygous, and dodoEY03779 homozygous flies. Actin was used as reference for quantifications,

showing mean values ± SD of n = 3 biological replicates. ***p < 0.001 by two-way ANOVA with Tukey correction.

(B) TUNEL in cryosections of control (Elav-GAL4) flies and flies expressing dodo RNAi (Elav > dodoKK108535) or dodo RNAi and hPIN1 (Elav > dodoKK108535 >

hPIN1). Nuclei are stained with Hoechst. Quantifications show mean values ± SD of n = 3 individuals (200–400 cells/individual). ***p < 0.001, *p < 0.05 by two-way

ANOVA with Tukey correction. In the bottom right panel, fly brain regions sampled (dashed squares), central brain and optic lobe are indicated. Scale bars, 5 mm.

(C) Learning (left panels) and memory (right panels) assays in 2-week-old control (Elav-GAL4) and dodo RNAi (Elav > dodoKK108535) (top panels) and in 2-week-old

WT control and dodoEY03779 mutant (bottom panels) flies. For learning assays, values represent mean ± SD of n = 5 groups (n = 20 individuals/group). For each

group, flies positive for phototaxis were iteratively trained five times (test n. 1–5) for the ability to associate light with a negative stimulus (0.1 M quinine solution,

bitter taste) that inhibits phototaxis (aversive learning). For each test, the fractions of individuals positive (unlearned) and negative (learning) for phototaxis were

calculated. ***p < 0.001, **p < 0.01 by two-way ANOVA with Tukey correction. For short-term memory assays, values represent mean ±SD of an n = 20 individuals

group. Single groups of trained flies were left for 5 h at 25"C and re-tested. The fractions of individuals positive (memory defective) and negative (memorizing) for

phototaxis were calculated. ***p < 0.001 by two-tailed unpaired Student’s t test.

See also Figure S1.
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Figure 2. Dodo restrains TE activity in Drosophila brains

(A) RNA-seq heatmap (#1–3, triplicates of 4-day-old WT control and dodoEY03779 mutant flies). TE locus-specific expression was analyzed by SQuIRE (Software

for Quantifying Interspersed Repeat Expression). See also Table S1.

(B) qPCR analysis of TE expression in 4-day-old flies expressing dodo RNAi (Elav > dodoKK108535), dodo RNAi and dTAU RNAi (Elav > dodoKK108535 >

dTauTRiP.HM05101), and dTAU RNAi (Elav > dTauTRiP.HM05101) relative to control flies (UAS-dodoKK108535).

(C) qPCR analysis of TE expression in 4-day-old flies expressing dodo RNAi (Elav > dodoKK108535) and dodo RNAi and hPIN1 (Elav > dodoKK108535 > hPIN1) relative

to control flies (UAS-dodoKK108535).

(D) qPCR quantification of TE genomic copy number (relative to control), by copy number variation (CNV) assay, in 4 days old wt control, dodoEY03779 mutant and

100 mM 3TC-fed dodoEY03779 mutant flies.

(legend continued on next page)
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HP1a state (Figure S3A), suggesting that loss of Dodo could

lead to derepression of HP1a-targeted HC.

To validate the effect of loss of Dodo on HC, we selected a

representative group of HP1a-targeted LTR (ZAM) and LINE-

like (IVK and TAHRE) TEs upregulated in the dodo mutant and

HP1a target genes upregulated strongly (Toll-9 and CG33926,

with logarithmic fold change log2FC > 7) or mildly (CG40006

and Nipped-A, log2FC = 0.3–0.5) in the dodo mutant (Table

S1). For these targets, we performed chromatin immunoprecip-

itation (ChIP)-qPCR for the HP1a-associated repressive mark

H3K9me3 and the active transcription mark H3K9ac, in dodo

mutant and WT fly heads. For all targets, we observed decreased

H3K9me3 and increased H3K9ac in the dodo mutant (Figures 3A

and S3B). H3K9me3 was also reduced in the HP1a-targeted HC

region H23 (Figure 3A), which is deficient in TEs and genes (Sal-

vany et al., 2012), suggesting a broad effect of Dodo loss leading

to HC relaxation.

Furthermore, we selected a representative group of PcG

target genes strongly upregulated (Ets21C, Fbp1, and

CG10814, log2FC = 2–4) or not differentially expressed (exex

and Antp) in the dodo mutant (Table S1). For these targets, we

performed ChIP-qPCR for the PcG-associated facultative HC

mark H3K27me3 in dodo mutant and WT fly heads. We observed

decreased H3K27me3 and increased H3K9ac for upregulated

genes but no changes for those not differentially expressed

(Figure S3B).

These findings suggest that loss of Dodo exerts a broad effect

on HC, mainly affecting HP1a-dependent HC.

Next we investigated the mechanisms underlying the associa-

tion of Dodo and HP1a functions. In the dodo mutant brain, HP1a

foci were strongly reduced compared with WT flies (Figures 3B

and 3C). Furthermore, in the head, neuron-specific dodoRNAi

was associated with reduced HP1a protein levels, which were

rescued by hPIN1 expression (Figure 3C). A similar HP1a reduc-

tion was observed in dodo mutant ovaries (Figure S3C). A

decrease in HP1a protein levels in dodoRNAi fly heads also corre-

lated with a strong reduction in H3K9me3 protein levels (Fig-

ure 3D), which were rescued by HP1a and hPIN1 overexpression

(Figures 3D, S3D, and S3E), demonstrating that Dodo main-

tained repressive HC through HP1a. This epistatic relationship

was further supported by evidence showing that, in HP1a05/+

heterozygous mutant brains, HP1a protein level reduction (Fig-

ure S3F) did not affect Dodo protein levels and localization (Fig-

ures S3G and S3H) while being associated with H3K9me3

reduction (Figure S3I) and increased RNA levels of several of

the TEs upregulated by loss of Dodo (Figure S3J).

We then assessed whether Dodo reduction could perturb tis-

sue function through HC relaxation. In aged WT fly brains, HP1a

protein levels decreased, and those of gH2Av increased (Fig-

ure 3E), alterations that were accelerated in dodoEY03779 homo-

zygous but not dodoEY03779/+ heterozygous mutants (Figures

3E and 1A), suggesting that drop of Dodo function under a crit-

ical threshold unleashes HC relaxation. Furthermore, in the

brains of flies expressing neuron-specific dodoRNAi, all alter-

ations associated with loss of Dodo (TE derepression, DNA dam-

age, neurodegeneration, and cognitive and motor defects) were

suppressed by HP1a overexpression (Figures 3F–3J and S3K).

These results demonstrate that, by maintaining HP1a protein

levels and HC, Dodo restrains TE activity and preserves tissue

function.

Dodo stabilizes HP1a in complex with LamB in a

phosphorylation-dependent manner

Loss of Dodo did not alter HP1a mRNA levels (Figure S4A) but

caused HP1a protein degradation because treating dodo mutant

or dodoRNAi-expressing fly brains with the proteasome inhibitor

MG132 restored HP1a protein to levels similar to the WT (Figures

S4B and 4A). In human cells, HP1a degradation has been shown

to depend on the E3 ubiquitin ligases HECW2, RNF123, and

FBXW10 (Chaturvedi and Parnaik, 2010; Chaturvedi et al.,

2012; Krishnamoorthy et al., 2018). In WT fly brains, treatment

with the PIN1 catalytic inhibitor KPT6566 (Campaner et al.,

2017) was associated with reduction of HP1a protein levels,

which was rescued by knockout of Hecw (Figure 4B), the

Drosophila ortholog of HECW2 (Fajner et al., 2021). Furthermore,

HP1a was ubiquitinated by Hecw, as shown by in vitro assays

(Figure S4C), and in the brain, Hecw overexpression reduced

HP1a protein levels (Figure S4D).

In human epithelial cell lines, HP1a protein levels are regulated

by Lamin A/C, which inhibits HECW2-dependent HP1a degrada-

tion (Chaturvedi and Parnaik, 2010; Chaturvedi et al., 2012;

Krishnamoorthy et al., 2018). However, fly brain neurons express

LamB and much less Lamin C (LamC) (Lenz-Böhme et al., 1997),

whose further reduction did not alter HP1a protein levels, as

(E) Alkaline COMET assay in 4-day-old WT control, dodoEY03779 mutant, and 5-Gy g-irradiated (IR) WT fly brains. Quantification shows mean tail and olive

momentum values ± SD of grouped n = 20 individuals (n = 60–150 cells/group). ***p < 0.001, **p < 0.01, *p < 0.05 by one-way ANOVA with Tukey correction.

(F) Western blot analysis of gH2Av in 4-day-old WT control and dodoEY03779 mutant flies and in 100 mM 3TC-fed, 4-day-old WT control and dodoEY03779 mutant

flies. Actin was used as reference for quantification, showing mean values ± SD of n = 3 biological replicates. ***p < 0.001 by one-way ANOVA with Tukey

correction.

(G) TUNEL in cryosections of control flies (Elav-GAL4), flies expressing dodo RNAi (Elav > dodoKK108535), and 100 mM 3TC-fed flies expressing dodo RNAi. Nuclei

are stained with Hoechst. Quantifications show mean values ± SD of n = 4 individuals (200–400 cells/individual). *p < 0.05 by one-way ANOVA with Tukey

correction.

(H) Learning and memory assays in WT control, dodoEY03779 mutant, and 100 mM 3TC-fed dodo mutant flies. For learning assays, values represent mean ± SD of

n = 5 groups (n = 20 individuals/group). For each group, flies positive for phototaxis were iteratively trained five times (test n. 1–5) for the ability to associate light

with a negative stimulus (0.1 M quinine solution, bitter taste) that inhibits phototaxis (aversive learning). For each test, the fractions of individuals positive

(unlearned) and negative (learning) for phototaxis were calculated. ***p < 0.001 by two-way ANOVA with Tukey correction. For short-term memory assays, values

represent mean ± SD of an n = 20 individuals group. Single groups of trained flies were left for 5 h at 25"C and re-tested. The fractions of individuals positive

(memory-defective) and negative (memorizing) for phototaxis were calculated. ***p < 0.001 by 001 by one-way ANOVA with Tukey correction.

For qPCR, rp49 (B and C) and DMRT1C (D) were used as references for quantifications, showing mean values ± SD of n = 3 biological replicates. ***p < 0.001,

*p < 0.05 by one-way ANOVA with Tukey correction. In (B), p values versus control are reported. Scale bars, 5 mm. See also Figure S2.
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shown in lamCCB04957/+ and lamCG00158/+ mutants (Figure S4E).

In contrast, LamB reduction in lamBK2/+ and lamB04643/+ mutants

was associated with decreased HP1a protein levels (Figure S4F),

in line with previous reports (Frost et al., 2016), whereas HP1a

mRNA and Dodo protein levels were not reduced (Figures S4F

and S4G). In lamBK2/+ heads, HP1a protein levels were restored

by Hecw knockout and MG132 treatment (Figures S4H and S4I).

These results indicate that, like Dodo, LamB is required to pre-

vent Hecw-dependent HP1a degradation.

Nuclear Lamin proteins anchor HP1a to the NE (Poleshko

et al., 2013; Solovei et al., 2013), stabilize Lamin-interacting pro-

teins (Johnson et al., 2004), and organize LADs (Guelen et al.,

2008). HP1a anchoring to type B Lamin has been proposed to

involve the LamB receptor (LBR) (Kourmouli et al., 2000; Ye

and Worman, 1996; Ye et al., 1997), however LBRRNAi did not

alter HP1a protein levels in fly heads (Figure S4J), suggesting

that it was not required for LamB-dependent HP1a stability.

PIN1/Dodo is a phosphorylation-specific cis-trans prolyl isom-

erase that promotes substrate conformational changes relevant

for protein interactions (Liou et al., 2011; Rustighi et al., 2009;

Zacchi et al., 2002). Moreover, Dodo is enriched at the NE (Fig-

ures S1A and S1B); therefore, we wondered whether it could

favor HP1a-stabilizing interaction with LamB. In WT fly heads,

HP1a formed a protein complex with LamB, an interaction that

was strongly decreased in the dodo mutant (Figure 4C), whereas

total LamB levels were unaltered (Figure S4K). Similar results

were obtained in brains treated with the PIN1 inhibitor

KPT6566 (Figure 4D), suggesting that Dodo isomerase activity

was required for LamB/HP1a interaction.

Regulation of protein complex formation by PIN1 involves

recognition of the pS/T-P motif, and, indeed, LamB/HP1a inter-

action was phosphorylation dependent because treating WT fly

head lysates with l-phosphatase strongly reduced the amount

of LamB co-immunoprecipitating with HP1a (Figure S4L). In-

spection of LamB and HP1a amino acid sequences revealed

that only the former harbors phosphorylatable S/T-P sites, sug-

gesting that LamB could be the substrate of Dodo. Indeed, in fly

brains, Dodo co-immunoprecipitated with (Figure 4E) and bound

in situ LamB (as shown by proximity ligation assay [PLA]; Fig-

ure S4M). In interphase nuclei, LamB phosphorylatable S/T-P

sites have been proposed to be targeted by CDK5 (Machowska

et al., 2015). To assess whether CDK5 was required for Dodo/

LamB protein interaction, we treated WT fly brains with the

CDK5 inhibitor roscovitine (Meijer et al., 1997), which strongly

decreased the amount of LamB co-immunoprecipitating with

Dodo and HP1a (Figures 4F and 4G), and reduced HP1a but

not Dodo protein levels (Figure 4H).

These results suggest that Dodo is essential for anchoring

HP1a to LamB in a phosphorylation-dependent manner, main-

taining HP1a protein stability (Figure 4I).

Dodo protects NE structure and HC under mechanical

stress

Lamin proteins are major contributors of NE structure, and their

assembly and function are regulated by phosphorylation (Ma-

chowska et al., 2015; Milbradt et al., 2016). In fly brains, lamBK2/+

mutation was associated with LamB invaginations (Figure S5A), a

hallmark of NE structural defects (Frost et al., 2016). This promp-

ted us to assess whether phosphorylation-dependent regulation

of LamB by Dodo affected NE structure. In the fly brain, dodoRNAi

was associated with LamB invaginations, which were not pre-

vented by HP1a overexpression (Figure 5A) nor observed in

HP1a05/+ mutant flies (Figure S5B), suggesting that they were

not linked with HC status. In dodo mutant fly brains, NE and chro-

matin morphometry revealed a statistically significant but modest

reduction of nuclear circularity (Figure S5C) without nuclear size

change (Figures S5D and S5E) compared with WT flies, suggest-

ing that loss of Dodo affects nuclear deformability.

Figure 3. Dodo restrains TE activity by maintaining HP1a-dependent HC in the Drosophila brain

(A) Chromatin immunoprecipitation (ChIP)-qPCR with anti-H3K9me3 and anti-H3K9Ac antibodies or protein A/G-Agarose as a negative control in 4-day-old WT

control and dodoEY03779 mutant flies. The abundance of each histone mark within the indicated genomic regions was quantified by calculating the percentage of

input chromatin bound, by qPCR. Values represent mean ± SD of n = 4 biological replicates. elav and rp49 were used as control genes constitutively expressed in

Drosophila brain neurons.

(B) Immunofluorescence analysis of HP1a protein in 4-day-old WT control and dodoEY03779 mutant brain cryosections.

(C and D) Western blot analysis of HP1a (C) and H3K9me3 (D) in 4-day-old control flies (UAS-dodoKK108535) and flies expressing dodo RNAi (Elav > dodoKK108535),

dodo RNAi and hPIN1 (Elav-GAL4 > dodoKK108535 > hPIN1; C), or dodo RNAi and HP1a (Elav > UAS-dodoKK108535 > HP1a; D).

(E) Western blot analysis of HP1a and gH2Av in WT control, dodoEY03779/+ heterozygous, and dodoEY03779 homozygous flies. The experiment also included

analysis of Dodo (Figure 1A).

(F) qPCR analysis of TE expression in 4-day-old flies expressing dodo RNAi (Elav > dodoKK108535) and dodo RNAi and HP1a (Elav > UAS-dodoKK108535 > HP1a)

relative to control flies (UAS-dodoKK108535).

(G and H) Western blot analysis of gH2Av (G) and TUNEL cryosections (H) in 4-day-old control flies (UAS-dodoKK108535) and flies expressing dodo RNAi (Elav >

dodoKK108535) or dodo RNAi and HP1a (Elav > UAS-dodoKK108535 > HP1a).

(I and J) Learning (I) and memory (J) assays in control flies (UAS-dodoKK108535) and flies expressing dodo RNAi (Elav > dodoKK108535) or dodo RNAi and HP1a

(Elav > dodoKK108535 > HP1a). For learning assays, values represent mean ± SD of n = 5 groups (n = 20 individuals/group). For each group, flies positive for

phototaxis were iteratively trained five times (test n. 1–5) for the ability to associate light with a negative stimulus (0.1 M quinine solution, bitter taste) that inhibits

phototaxis (aversive learning). For each test, the fractions of individuals positive (unlearned) and negative (learning) for phototaxis were calculated. ***p < 0.001 by

two-way ANOVA with Tukey correction. For short-term memory assays, values represent mean ± SD of an n = 20 individuals group. Single groups of trained flies

were left for 5 h at 25"C and re-tested. The fractions of individuals positive (memory-defective) and negative (memorizing) for phototaxis were calculated. ***p <

0.001 by one-way ANOVA with Tukey correction.

For immunofluorescence and TUNEL, nuclei were stained with Hoechst. Actin (western blots) and rp49 (qPCR) were used as references for quantification,

showing mean values ±SD of n = 3 biological replicates. ***p < 0.001, **p < 0.01, *p < 0.05 by two-way (E) and one-way (C, D, and G) ANOVA with Tukey correction

and two-tailed paired (A) and unpaired (F) Student’s t test. For TUNEL, quantification shows mean values ± SD of n = 4 individuals (200–400 cells/individual).

***p < 0.001 by one-way ANOVA with Tukey correction. Scale bars, 5 mm. See also Figure S3.
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Figure 4. Dodo anchors to LamB and stabilizes HP1a protein in a phosphorylation-dependent manner

(A) Western blot analysis of HP1a in 4-day-old control (UAS-dodoKK108535) and dodo RNAi-expressing (Elav- > dodoKK108535) fly brains treated with DMSO vehicle

or 25 mM MG132 (3 h, room temperature). Actin was used as reference for quantification, showing mean values ± SD of n = 3 biological replicates. **p < 0.01, *p <

0.05 by two-way ANOVA with Tukey correction.

(B) Western blot analysis of Hecw and HP1a in 4-day-old WT control and HecwKO fly brains treated with DMSO vehicle or the PIN1 inhibitor KPT6566 (5 mM, 3 h,

room temperature). Actin was used as reference for quantification, showing mean values ± SD of n = 3 biological replicates. ***p < 0.001, **p < 0.01 by two-way

ANOVA with Tukey correction.

(C) Protein co-immunoprecipitation (coIP) in 4 day-old WT and dodoEY03779 mutant fly head lysates. WT and dodoEY03779 samples containing equivalent HP1a

amounts were immunoprecipitated with anti-HP1a C1A9 antibody, loaded on polyacrylamide gels, and analyzed by western blot.

(D) Protein coIP in 4-day-old WT fly brains treated (3 h, room temperature) with DMSO or the PIN1 inhibitor KPT6566 (5 mM). Samples containing equivalent HP1a

amounts were immunoprecipitated with anti-HP1a C1A9 antibody, loaded on polyacrylamide gels, and analyzed by western blot.

(E) Protein coIP in 4 days old wt fly head.

(F and G) Protein coIP in 4-day-old WT fly brains treated (6 h, room temperature) with DMSO or 50 mM roscovitine (Rosc). Samples containing equivalent Dodo (F)

or HP1a (G) amounts were immunoprecipitated with anti-PIN1 and anti-HP1a C1A9 antibodies, loaded on polyacrylamide gels, and analyzed by western blot.

(H) Western blot analysis of HP1a and Dodo in 4-day-old fly brains treated (6 h, room temperature) with DMSO or 50 mM Rosc.

(legend continued on next page)
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The Lamin nucleoskeleton, through the LINC protein

complex, controls how mechanical stimuli are linked to chro-

matin regulation (Kirby and Lammerding, 2018). By controlling

LamB conformation, Dodo could maintain NE structure and

function upon mechanical stress, preventing HC relaxation and

gene expression alteration. To test this hypothesis, we used

jasplakinolide, a drug that causes mechanical stress through

actin hyperpolymerization (Holzinger, 2009). This treatment

induced LamB invaginations in dodoEY03779/+ heterozygous

and enhanced LamB invaginations in dodoEY03779 homozygous

mutants but did not alter LamB structure in WT neurons (Fig-

ure 5B), correlating with upregulation of HP1a-targeted TE

RNA levels (Figure 5C).

Because jasplakinolide also directly affects nuclear actin, which

is required for HC dynamics (Mahmood et al., 2020; Xie et al.,

2018a, 2018b), we generated a genetic model of mechanical

stress based on cytoplasmic F-actin hyperpolymerization by

Actin capping protein-b (Cpb) knockdown. In fly brains, neuron-

specific cpbRNAi caused cytoplasmic F-actin hyperpolymerization

(Figure 5D), and, similar to knockout of its ortholog Capzb in mice

(Pocaterra et al., 2019), was associated with actomyosin hyper-

contraction, as shown by phosphorylation of Spaghetti squash

(Sqh; the ortholog of MLC-2 [myosin light chain-2]) (Figure S5F),

leaving Dodo protein levels unaffected (Figure S5G). cpbRNAi did

not alter HP1a and H3K9me3 levels unless Dodo function was

reduced by dodoEY03779/+ heterozygosity (Figure 5E).

Mechanical stress has been reported to induce CDK5 activity

(Gallazzini et al., 2011; Sharma and Sicinski, 2020; Xu et al.,

2011), and we observed that, in WT fly brains, treatment with

the CDK5 inhibitor roscovitine caused LamB invaginations (Fig-

ure 5D) and reduced HP1a protein levels (Figure 5F). Treatment

with the PIN1 catalytic inhibitor PIB (Uchida et al., 2003) caused

similar LamB defects (Figure S5H). Hence we assessed whether,

upon mechanical stress, phosphorylation by CDK5 was required

for maintenance of LamB protein structure and function by

Dodo. In fly brains, cpbRNAi did not cause LamB invaginations

(Figure 5D) or reduced HP1a protein levels (Figure 5F) unless

LamB phosphorylation was inhibited by roscovitine (Figures 5D

and 5F).

Dysfunctional hTAU has been shown to act as a physiopatho-

logical mechanical stress, leading to LamB invaginations

through LINC complex alteration and HC relaxation and TE upre-

gulation in fly brains (Frost et al., 2014, 2016; Sun et al., 2018).

Under these conditions (Figure S6A), Dodo protein levels were

strongly reduced (Figure S6B) compared with control flies, and

Dodo level restoration (Figure S6B) suppressed all hTAU-depen-

dent alterations; namely, LamB invaginations, HP1a and

H3K9me3 protein reduction, TE upregulation, neurodegenera-

tion, and fly motor defects (Figures S6C–S6H).

These results suggest that Dodo regulates LamB structure

and function in a phosphorylation-dependent manner, safe-

guarding NE structure and HC against mechanical stress.

PIN1 impairment is associated with NE dysfunction, TE

toxicity, and pro-inflammatory mechanisms in mammals

Recent evidence suggests that NE stress and cytosolic accumu-

lation of reverse-transcribed TEs induce the pro-inflammatory

cGAS/STING/IFN (Cyclic GMP-AMP synthase/Stimulator of

interferon genes/interferon) pathway and senescence (De Cecco

et al., 2019; Earle et al., 2020). We investigated whether PIN1

impairment, causing NE weakening and TE hyperactivity, led to

cGAS/STING/IFN induction and neurodegeneration. We treated

mouse neocortical primary neurons with PIB and observed nu-

clear LamB1 invaginations (Figure 6A), HP1a proteasomal

degradation (Figure 6B), and H3K9me2 reduction (Figure 6C).

This correlated with increased TE RNA levels (Figure 6D), induc-

tion of cGAS/STING/IFN transcriptional signature (Figure 6D),

and cell death that was suppressed by 3TC (Figure 6E).

Furthermore, adult Pin1!/! mouse brain neurons displayed NE

structure alterations, as shown by LamB1 and LamC invagina-

tions (Figures 6F, S7A, and S7B); decreased LamB1/HP1a pro-

tein interaction, as shown by PLA (Figure 6G); reduced HP1a

protein (but not mRNA) levels (Figures 6H, S7C, and S7D);

decreased H3K9me2 (Figures 6I, 6J, and S7B); enhanced TE

expression (Figure 6K); DNA damage, as shown by gH2AX,

pChk1, and 53BP1 staining (Figure 6L); and IFNB1 RNA induc-

tion (Figures 6K and S7E).

These results suggest that PIN1 has a fundamental function,

conserved from Drosophila to mammals, in maintaining NE

structure and HC, preventing TE aberrant mobilization, induction

of pro-inflammatory pathways, and loss of homeostasis at the

cell and tissue levels.

PIN1 reduction is associated with NE dysfunction and TE

deregulation in AD

In several aging-related diseases, including AD, neuroinflam-

mation has been documented by different approaches,

including transcriptomics (Blalock et al., 2004, 2011; Humph-

ries et al., 2015; Roy et al., 2020). We investigated whether

impairment of PIN1 function in regulation of NE and HC could

be associated with AD. A somatic protein-destabilizing PIN1

mutation has been found in individuals with AD and shown to

correlate with brain pathology (Park et al., 2019). We analyzed

the affected tissue and observed that PIN1 protein level reduc-

tion correlated with LamB1 invaginations and H3K9me2 reduc-

tion (Figure 7A).

Furthermore, we assessed whether PIN1 dysfunction and TE

upregulation were associated in AD by analyzing PIN1 mRNA

levels in available datasets of brains of individuals with AD shown

previously to display TE upregulation (Guelen et al., 2008; Sun

et al., 2018). In two independent cohorts from the Mayo and Reli-

gious Orders Study and Memory and Aging Project (ROSMAP)

studies, PIN1 mRNA levels were reduced significantly (Figure 7B)

compared with controls. Analysis of PIN1 and TE RNA level cor-

relation in the Mayo study showed that PIN1 expression anti-

(I) Model of phosphorylation- and Dodo-dependent regulation of LamB function in anchoring and maintaining the stability of HP1a protein. The outer nuclear

membrane (ONM) and inner nuclear membrane (INM) are indicated.

For coIP, anti-HA antibody was used as negative control, and quantifications show mean values ± SD of n = 3 biological replicates. ***p < 0.001, **p < 0.01 two-

tailed paired (Student’s t test). (E) is representative of n = 2 biological replicates. In western blots, bands indicated by asterisks correspond to non-specific signal

(B) and the light chains of the antibody used for IP (D and G). See also Figure S4.
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Figure 6. Impairment of PIN1/HP1a is associated with IFN induction in mice

(A–E) Immunofluorescence analysis of Lamin B1 (LamB1) protein (A), western blot analyses of HP1a (B) and H3K9me2 (C), qPCR analysis of TE expression (D),

and TUNEL (E) in mouse primary neurons treated with DMSO vehicle, 5 mM PIB (48+48 h double hit), 1 mM MG132 (16 h, B) and 100 mM 3TC (48 h, E). In (A),

neurons are marked by anti-bIII-tubulin antibody, and quantification of LamB1 invaginated nuclei (arrowheads) shows mean values ± SD of n = 3 biological

replicates (400–700 cells/condition), with ***p < 0.001 by two-tailed unpaired Student’s t test. In (E), arrowheads indicate TUNEL-positive nuclei. Nuclei are

stained with Hoechst. Quantification shows mean values ± SD of 5–8 fields (50–100 cells/field), with *p < 0.05 by one-way ANOVA with Tukey correction.

(F–L) Immunohistochemistry analyses of LamB1 (F, left panels); H3K9me2 (I); gH2AX, pChk1, and 53BP1 (L) proteins; LamB1-HP1a proximity ligation assay (PLA;

G); immunofluorescence analysis of LamB1 protein (F, right panels), western blot analyses of HP1a and PIN1 (H) and H3K9me2 (J); and qPCR analysis of

TE expression (K) in Pin1!/! mice and WT littermates. In (F), arrowheads indicate LamB1 invaginated nuclei (left panels, inset). Nuclei are stained with

Hoechst (right panels). For quantification of LamB1 deformation, the nuclear fractal measure was computed as the ratio between area and perimeter (circularity)

of each structure, showing mean values ± SD of n = 3 individuals (5 fields/individual), with **p < 0.05 by two-tailed unpaired Student’s t test. In (G) and (L),

quantifications show mean values ± SD of 5 fields/individual (n = 1 WT and n = 2 Pin1!/! individuals), with ***p < 0.01, **p < 0.05 by two-tailed unpaired Student’s

t test.

Actin (western blot) and GAPDH (qPCR) were used as references for quantifications, which show mean values ± SD of n = 3 biological replicates (B–D) or in-

dividuals (H, J, and K), with ***p < 0.001, *p < 0.05 by two-way ANOVA with Tukey correction (B) and two-tailed unpaired Student’s t test (C, D, H, J, and K). Scale

bars, 15 mm. See also Figure S7.
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lus, K., and Percipalle, P. (2018a). b-Actin-dependent global chromatin orga-

nization and gene expression programs control cellular identity. FASEB J.

32, 1296–1314.

Xie, X., Jankauskas, R., Mazari, A.M.A., Drou, N., and Percipalle, P. (2018b).

b-actin regulates a heterochromatin landscape essential for optimal induction

of neuronal programs during direct reprograming. PLoS Genet. 14, e1007846.

Xu, J., Tsutsumi, K., Tokuraku, K., Estes, K.A., Hisanaga, S., and Ikezu, T.

(2011). Actin interaction and regulation of cyclin-dependent kinase 5/p35 com-

plex activity. J. Neurochem. 116, 192–204.

Yang, W.R., Ardeljan, D., Pacyna, C.N., Payer, L.M., and Burns, K.H. (2019).

SQuIRE reveals locus-specific regulation of interspersed repeat expression.

Nucleic Acids Res. 47, e27.

Ye, Q., and Worman, H.J. (1996). Interaction between an integral protein of the

nuclear envelope inner membrane and human chromodomain proteins homol-

ogous to Drosophila HP1. J. Biol. Chem. 271, 14653–14656.

Ye, Q., Callebaut, I., Pezhman, A., Courvalin, J.C., and Worman, H.J. (1997).

Domain-specific interactions of human HP1-type chromodomain proteins

and inner nuclear membrane protein LBR. J. Biol. Chem. 272, 14983–14989.

Young, A.M., Gunn, A.L., and Hatch, E.M. (2020). BAF facilitates interphase

nuclear membrane repair through recruitment of nuclear transmembrane pro-

teins. Mol. Biol. Cell 31, 1551–1560.

Zacchi, P., Gostissa, M., Uchida, T., Salvagno, C., Avolio, F., Volinia, S., Ronai,

Z., Blandino, G., Schneider, C., and Del Sal, G. (2002). The prolyl isomerase

Pin1 reveals a mechanism to control p53 functions after genotoxic insults. Na-

ture 419, 853–857.

Zamudio, N., and Bourc’his, D. (2010). Transposable elements in the mamma-

lian germline: a comfortable niche or a deadly trap? Heredity 105, 92–104.

Zannini, A., Rustighi, A., Campaner, E., and Del Sal, G. (2019). Oncogenic Hi-

jacking of the PIN1 Signaling Network. Front. Oncol. 9, 94.

Zerbino, D.R., Achuthan, P., Akanni, W., Amode, M.R., Barrell, D., Bhai, J., Bil-

lis, K., Cummins, C., Gall, A., Girón, C.G., et al. (2018). Ensembl 2018. Nucleic

Acids Res. 46 (D1), D754–D761.

Zhang, L., and Ward, R.E., 4th. (2011). Distinct tissue distributions and subcel-

lular localizations of differently phosphorylated forms of the myosin regulatory

light chain in Drosophila. Gene Expr. Patterns 11, 93–104.

Zhang, Y.J., Guo, L., Gonzales, P.K., Gendron, T.F., Wu, Y., Jansen-West, K.,

O’Raw, A.D., Pickles, S.R., Prudencio, M., Carlomagno, Y., et al. (2019). Het-

erochromatin anomalies and double-stranded RNA accumulation underlie

C9orf72 poly(PR) toxicity. Science 363, eaav2606.

Zhang, W., Qu, J., Liu, G.H., and Belmonte, J.C.I. (2020). The ageing epige-

nome and its rejuvenation. Nat. Rev. Mol. Cell Biol. 21, 137–150.

Zhou, X.Z., and Lu, K.P. (2016). The isomerase PIN1 controls numerous can-

cer-driving pathways and is a unique drug target. Nat. Rev. Cancer 16,

463–478.

Cell Reports 36, 109694, September 14, 2021 17

Article
ll

OPEN ACCESS

http://refhub.elsevier.com/S2211-1247(21)01141-4/sref64
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref64
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref65
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref65
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref65
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref65
http://refhub.elsevier.com/S2211-1247(21)01141-4/opt7Qqmbn5K7t
http://refhub.elsevier.com/S2211-1247(21)01141-4/opt7Qqmbn5K7t
http://refhub.elsevier.com/S2211-1247(21)01141-4/opt7Qqmbn5K7t
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref66
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref66
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref67
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref67
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref67
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref67
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref68
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref68
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref68
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref68
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref69
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref69
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref69
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref70
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref70
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref71
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref71
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref71
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref71
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref72
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref72
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref72
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref72
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref73
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref73
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref73
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref73
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref74
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref74
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref74
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref74
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref75
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref75
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref75
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref75
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref76
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref76
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref76
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref77
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref77
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref77
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref78
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref78
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref79
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref79
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref79
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref79
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref80
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref80
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref80
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref81
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref81
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref81
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref81
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref82
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref82
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref82
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref82
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref83
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref83
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref83
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref84
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref84
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref84
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref84
https://doi.org/10.1093/nar/gkz519
https://doi.org/10.1093/nar/gkz519
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref86
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref86
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref86
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref86
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref87
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref87
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref87
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref88
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref88
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref88
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref89
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref89
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref89
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref90
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref90
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref90
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref91
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref91
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref91
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref92
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref92
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref92
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref93
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref93
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref93
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref93
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref94
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref94
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref95
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref95
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref96
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref96
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref96
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref97
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref97
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref97
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref98
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref98
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref98
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref98
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref99
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref99
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref100
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref100
http://refhub.elsevier.com/S2211-1247(21)01141-4/sref100


STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-hPIN1/Dodo G. Del Sal lab (Zacchi et al., 2002) N/A

Mouse anti-HP1a C1A9 DSHB Cat#C1A9; RRID: AB_528276

Rabbit anti-HP1a W11 S.C.R. Elgin N/A

Mouse anti-HA 12CA5 Boehringer Mannheim N/A

Mouse anti-LamB DSHB Cat#ADL67.10; RRID: AB_528336

Mouse anti-LamC DSHB Cat# lc28.26; RRID: AB_528339

Mouse anti-gH2Av DSHB Cat#UNC93-5.2.1; RRID:AB_2618077

Rat anti-Elav DSHB Cat#7E8A10; RRID: AB_528218

Mouse anti-Hecw S. Polo lab (Fajner et al., 2021) N/A

Rabbit anti-Actin Sigma-Aldrich Cat#A2066; RRID: AB_476693

Rabbit anti-H3K9me3 Diagenode Cat#C15410056

Guinea pig anti-Sqh1P R.E. Ward (Zhang and Ward, 2011) N/A

Rabbit anti-LamB1 Abcam Cat#ab16048; RRID: AB_443298

Mouse anti-LamB1 Abcam Cat#ab8982; RRID: AB_1640627

Mouse anti-LamA/C Santa Cruz Cat#sc-7292; RRID: AB_627875

Mouse anti-HP1a Millipore Cat#05-689; RRID: AB_11213599

Rabbit anti- HP1a Abcam Cat#ab109028; RRID: AB_10858495

Mouse anti-Ubiquitin ZTA10 S. Polo lab N/A

Rabbit anti-Histone H3 Abcam Cat#ab1791; RRID: AB_302613

Rabbit anti-H3K27me3 Diagenode Cat#C15410195, RRID: AB_2753161

Rabbit anti-H3K9ac Millipore Cat#07-352; RRID: AB_310544

Goat anti-LamA/C Santa Cruz Cat#sc-6215; RRID: AB_648152

Rabbit anti-TAU Gene Tex Cat#GTX112981

Rabbit anti-gH2AX Abcam Cat#ab11174; RRID: AB_297813

Rabbit anti-pChk1 Abcam Cat#ab58567; RRID: AB_10563825

Rabbit anti-53BP1 Novus Cat#NB100-304; RRID: AB_10003037

Mouse anti-H3K9me2 Abcam Cat#ab1220; RRID: AB_449854

Mouse anti-Lamin B1 Clone G-1 Santa Cruz Cat#sc-373918; RRID: AB_10945297

Rabbit anti-HP1a, Clone EPR5777 Abcam Cat#ab109028. RRID: AB_10858495

Mouse anti-bIII-Tubulin N/A N/A

Goat anti-mouse Alexa Fluor 488 Life Technologies Cat#A-11001; RRID: AB_2534069

Goat anti-mouse Alexa fluor 568 Life Technologies Cat#A-11004; RRID: AB_2534072

Donkey anti-mouse Alexa fluor 647 Life Technologies Cat# A-31571; RRID:AB_162542

Goat anti-rabbit Alexa Fluor 488 Life Technologies Cat#A-11008; RRID:AB_143165

Goat anti-rabbit Alexa Fluor 568 Life Technologies Cat#A-11011; RRID: AB_143157

Chicken anti-rabbit Alexa fluor 647 Life Technologies Cat#A-21443; RRID: AB_2535861

Goat anti-rat Alexa fluor 647 Life Technologies Cat#A-21247; RRID: AB_141778

Goat anti-guinea pig 568 Life Technologies Cat#A-11075; RRID: AB_2534119

Goat anti-mouse HRP Bethyl Cat#A90-516P; RRID:AB_10631212

Goat anti-rabbit HRP Bethyl Cat#A120-201P; RRID:AB_67265

Donkey anti-goat HRP Bethyl Cat#A50-201P; RRID: AB_66756

Donkey anti-rabbit IgG Novex by Life Technologie N/A

Rabbit anti-mouse IgG Sigma-Aldrich N/A

(Continued on next page)

e1 Cell Reports 36, 109694, September 14, 2021

Article
ll

OPEN ACCESS



https://www.ebi.ac.uk/ena/browser/home
https://www.ebi.ac.uk/ena/browser/home
https://www.girinst.org/repbase/
http://www.ensembl.org//useast.ensembl.org/index.html?redirectsrc=//www.ensembl.org%2Findex.html
http://www.ensembl.org//useast.ensembl.org/index.html?redirectsrc=//www.ensembl.org%2Findex.html
http://www.ensembl.org//useast.ensembl.org/index.html?redirectsrc=//www.ensembl.org%2Findex.html
https://adknowledgeportal.synapse.org
https://adknowledgeportal.synapse.org
https://www.synapse.org/#!Synapse:syn8484987
https://www.synapse.org/#!Synapse:syn8484987


https://adknowledgeportal.synapse.org
https://adknowledgeportal.synapse.org
https://www.synapse.org/#!Synapse:syn3388564
https://www.synapse.org/#!Synapse:syn3388564
https://adknowledgeportal.synapse.org
https://adknowledgeportal.synapse.org
https://www.synapse.org/#!Synapse:syn23568549
https://www.synapse.org/#!Synapse:syn23568549
http://www.ensembl.org//useast.ensembl.org/index.html?redirectsrc=//www.ensembl.org%2Findex.html
http://www.ensembl.org//useast.ensembl.org/index.html?redirectsrc=//www.ensembl.org%2Findex.html
http://www.ensembl.org//useast.ensembl.org/index.html?redirectsrc=//www.ensembl.org%2Findex.html
http://www.ensembl.org//useast.ensembl.org/index.html?redirectsrc=//www.ensembl.org%2Findex.html


https://imagej.net/software/fiji/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.usadellab.org/cms/index.php?page=trimmomatic
http://www.usadellab.org/cms/index.php?page=trimmomatic
https://github.com/alexdobin/STAR
https://github.com/alexdobin/STAR
https://www.htslib.org/download/
https://github.com/arq5x/bedtools2
https://www.flyrnai.org/cgi-bin/DRSC_orthologs.pl
https://www.flyrnai.org/cgi-bin/DRSC_orthologs.pl
https://gatk.broadinstitute.org/hc/en-us/articles/360036882611-FilterSamReads-Picard
https://gatk.broadinstitute.org/hc/en-us/articles/360036882611-FilterSamReads-Picard
https://gatk.broadinstitute.org/hc/en-us/articles/360036882611-FilterSamReads-Picard
https://cometbio.org/
http://biorender.com
https://github.com/stardist/stardist
https://imagej.net/plugins/stardist#citation


RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Giannino

Del Sal (gdelsal@units.it).

Materials availability

Materials generated during this study are available from the Lead contact upon request, but we may require a payment and/or a

completed Materials Transfer Agreement if there is potential for commercial application.

Data and code availability

Data generated in this study are available within this paper and upon request from the Lead Contact. The RNaseq dataset generated

during this study are available at the European nucleotide archive (ENA): PRJEB41707, https://www.ebi.ac.uk/ena/browser/home.

The accession numbers for the publicly available datasets analyzed in this paper are listed in the Key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly stocks and treatments

The following Drosophila melanogaster stocks were used: w1118 (kind gift of V. Specchia, University of Salento), dodoEY03779

(BDSC#15677), UAS-dodo (Kang et al., 2015), UAS-dodoKK108535 (VDRC#110593), UAS-LuciferaseRNAi (BDSC#35788), lamBK2

and lamB04643 (kind gifts of D. Andrenacci, National Research Council, Bologna, Italy), lamCCB04957 and lamCG00158 (kind gifts of

D. Andrenacci, National Research Council, Bologna, Italy), UAS-HP1a (Larson et al., 2012) (kind gift of W. X. Li, University of Roches-

ter, USA), Elav-GAL4,UASsyt-GFP/FM7 (BDSC#6923), Rhodopsin1-GAL4;UAS-GFP (kind gift of B. Mollereau, École Normale

Supérieure de Lyon, France), HecwKO (Fajner et al., 2021), UAS-RFP::Hecw (Fajner et al., 2021), UAS-LBRGD2133 (VDRC#39468),

UAS-cpbGD9299 (VDRC#45668), dTauTRiP.HM05101 (BDSC#28891) and UAS-hTAU (UAS-hTAU0N4R, kind gift of P. Dourlen, University

of Lille, France). To generate UAS-hPIN1 transgenic flies, hPIN1 full cDNA EcoRI/XhoI restriction fragment was cloned in the pUAST

vector, and the contruct used for standard fly embryo microinjection by BestGene Inc. (USA). All Drosophila melanogaster lines were

cultured at 25"C on standard corn/yeast flyfood. Experiments were performed in age-matched 4, 14, 21 and 35 days old adult female

flies. For 3TC feeding, newborn flies were cultured on flyfood supplemented with 100 mM 3TC (Lamivudine, Sigma-Aldrich, L1295).

Primary cultures

Neocortices from E16.5 wt CD1 mouse embryos were collected, pooled and chopped to small pieces in ice-cold PBS, 0.6% glucose

buffer, supplemented with 0.1% DNaseI . The minced tissue was resuspended and incubated in 0.25 mg/ml trypsin, 4 mg/ml DNaseI

for 5 minutes at 37"C. Digestion reaction was stopped by adding R 1.5 volumes of DMEM-F12, 10% FBS medium. Tissues were

spun down and transferred to Neurobasal-A medium, supplemented with Glutamax (GIBCO), B27 (Invitrogen), 25 mM L-glutamate,

25 mM b-Mercaptoethanol, 2% FBS, 10 pg/ml fungizone (GIBCO). Undissociated tissue was sedimented, supernatant harvested and

living cells counted. 150,000-200,000 cells/cm2 were plated in 0.1 mg/ml poly-L-Lysine pre-treated plastic wells and cultured for

8 days, and treated with 5 mM PIB (Calbiochem, 529627) (48 hours single hit or 48+48 hours double hit), 1 mM MG132 (Sigma-Aldrich,

474790) for 16 hours, 100 mM 3TC (Lamivudine, Sigma-Aldrich, L1295) for 48 hours.

Mice

Procedures involving mice and their care were in conformity with national (D.L. 26/2014 and subsequent implementing circulars) and

international (EU Directive 2010/63/EU for animal experiments) laws and policies, and the experimental protocol was approved by the

Ethical Committee of the University of Trieste and the Italian Ministry of Health (Authorization n. 12/2017-PR). Wild-type and Pin1!/!

mice were maintained on a C57BL/6 background and genotyping was performed by polymerase chain reaction (PCR) analysis as

described (Girardini et al., 2014). Proximity ligation assay, western blot and qPCR experiments were performed in age-matched

8, 12 and 24 months old adult female mice. Immunohistochemistry experiments were performed in age-matched 8 months old adult

female and 24 months old adult male mice. Immunofluorescence experiments were performed in age-matched 24 months old adult

male mice.

Human brain tissues

Paraffin-embedded enthorinal cortex samples of male sex matched non-demented controls (#1997-143 and 2007-046) and AD pa-

tient (#2009-040) were obtained from the Netherlands Brain Bank (NBB), Netherlands Institute of Neuroscience, Amsterdm (https://

www.brainbank.nl/). All material has been collected from donors for or from whom a written informed consent for a brain autopsy and

the use of material and clinical information for research purposes had been obtained by the NBB.
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METHOD DETAILS

Drosophila organ dissection

Flies were ice-anesthetized, heads, brains and ovaries were dissected in Schneider’s Drosophila Medium (GIBCO, 21720024), sup-

plemented with 10% heat-inactivated FBS and 10 mg/L Insulin (Sigma-Aldrich, I2643).

Drosophila ex-vivo brain culture

Retina was removed from dissected heads, and brains incubated in in Schneider’s Drosophila Medium (GIBCO,21720024), supple-

mented with 10% heat-inactivated FBS and 10 mg/L Insulin (Sigma-Aldrich, I2643). For drug treatments, medium was supplemented

with DMSO (Sigma-Aldrich, D4540) (control vehicle), 0.2 mM PiB (Calbiochem, 529627) (3h, room temperature), 5 mM KPT6566 (Bux-

boim et al., 2014) (3h, room temperature), 25 mM MG132 (Sigma-Aldrich, 474790) (3h, room temperature), 50 mM Roscovitine (Sigma-

Aldrich, R7772) (3-6h, room temperature), 1 mM Jasplakinolide (Santa Cruz, sc-202191) (3h, room temperature).

Drosophila organ whole mount TUNEL

Drosophila tissues were stained according to a standard protocol (Napoletano et al., 2017). Briefly, organs were fixed in 4% para-

formaldehyde (Sigma-Aldrich, 158127) in PBS 15 minutes at room temperature, washed in PBS, permeabilized in PBS 0.1% Triton

X-100, 100mM citrate 1 hour at 65"C, washed in PBS, incubated TUNEL reagent (In situ cell death detection kit, TMR red, Sigma-

Aldrich, 12156792910) 14-16 hours at 37"C, washed in PBS, incubated with HOECHST 33342 (Sigma-Aldrich, B2261, 2 mg/ml in

PBS) 10 minutes at room temperature, rinsed in PBS and H2O at room temperature, and mounted on glass slides with Prolong

Gold fluorescence anti-fading reagent (Invitrogen, P36930).

Drosophila organ whole mount immunofluorescence

Drosophila tissues were stained according to a standard protocol (Bertolio et al., 2019). Briefly, organs were fixed in 4% paraformal-

dehyde (Sigma-Aldrich, 158127) in PBS 15 minutes at room temperature, washed in PBS, permeabilized in PBS 0.1% Triton X-100 1

hour at room temperature, incubated with primary antibodies diluted in PBS 0.1% Triton X-100 14-16 hours at 4"C, washed in PBS

0.1% Triton X-100, incubated with secondary antibodies in PBS 0.1% Triton X-100 2 hours at room temperature, then washed in PBS

0.1% Triton X-100, incubated with HOECHST 33342 (Sigma-Aldrich, B2261, 2 mg/ml in PBS) 10 minutes at room temperature, rinsed

in PBS and H2O at room temperature, and mounted on glass slides with Prolong Gold fluorescence anti-fading reagent (Invitrogen,

P36930).

Primary antibodies used were: rabbit anti-hPIN1/Dodo 1:50 (G. Del Sal lab; Zacchi et al., 2002), mouse anti-HP1a C1A9 1:500

(DSHB; AB_528276), rabbit anti-HP1a W11 1:500 (Kind gift of S.C.R. Elgin), mouse anti-LamB ADL67.10 1:500 (DSHB;

AB_528336), rat anti-Elav 7E8A10 1:500 (DSHB; AB_528218), guinea pig anti-Sqh1P 1:100 (Kind gift of R.E. Ward; Zhang and

Ward, 2011).

Secondary antibodies used were: goat anti-mouse Alexa Fluor 488 A-11001 1:200 (Life Technologies; AB_2534069), goat anti-

mouse Alexa fluor 568 A-11004 1:200 (Life Technologies; AB_2534072), donkey anti-mouse Alexa fluor 647 A-31571 1:200 (Life

Technologies; AB_162542), goat anti-rabbit Alexa Fluor 488 A-11008 1:200 (Technologies; AB_143165Life), goat anti-rabbit Alexa

Fluor 568 A-11011 1:200 (Life Technologies; AB_143157), goat anti-rat Alexa fluor 647 A-21247 1:200 (Life Technologies;

AB_141778); goat anti-guinea pig 568 A-11075 1:200 (Life Technologies; AB_2534119).

F-Actin was stained with Phalloidin-Rhodamine R415 (Life Technologies; AB_2572408).

Drosophila tissue cryosections

Dissected flies heads were fixed in 4% paraformaldehyde (Sigma-Aldrich, 158127) in PBS 14-16 hours at 4"C, washed in PBS, equil-

ibrated in 30% sucrose 48-72 hours at 4"C, rinsed in PBS, then embedded in OCT medium (Bio Optica, W01030799) and frozen on

isopentane/liquid nitrogen bath. Embedded tissue was cryosectioned in 10 mm thick slices.

Drosophila tissue cryosection TUNEL

Tissue cryosections were permeabilised in PBS 0.1% Triton X-100 100mM citrate 1 hour at 65"C, washed in PBS, incubated TUNEL

reagent (In situ cell death detection kit, TMR red, Sigma-Aldrich, 12156792910) 14-16 hours at 37"C, washed in PBS, incubated with

HOECHST 33342 (Sigma-Aldrich, B2261, 2 mg/ml in PBS) 10 minutes at room temperature, rinsed in PBS and H2O at room temper-

ature, and mounted on glass slides with Prolong Gold fluorescence anti-fading reagent (Invitrogen, P36930).

Drosophila tissue cryosection immunofluorescence

Drosophila tissue cryosections were stained according to a standard protocol (Napoletano et al., 2011). Briefly, cryosections were

permeabilised in PBS 0.1% Triton X-100 100mM citrate 1 hour at 65"C, washed in PBS, incubated 2 hours at room temperature in 3%

Fetal Bovin Serum in PBS 0.1% Triton X-100, rinsed in PBS 0.1% Triton X-100, incubated with primary antibodies diluted in 3% Fetal

Bovin Serum in PBS 0.1% Triton X-100 14-16 hours at 4"C, washed in PBS 0.1% Triton X-100, incubated with secondary antibodies

diluted in 3% Fetal Bovin Serum in PBS 0.1% Triton X-100 2 hours at room temperature, then washed in PBS 0.1% Triton X-100,
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Ubiquitination assays were performed with full-length Hecw WT and C1394W mutant produced as GST fusion proteins. Reaction

mixtures contained purified enzymes (20 nM E1, 250 nM Ube2D3, 250 nM GST-Hecw), 1.2 mM substrate (NiNTA bound HP1a-His)

and 2.5 mM WT or mutant Ubiquitin in ubiquitination buffer (25 mM Tris-HCl, pH7.6, 5 mM MgCl2, 100 mM NaCl, 0.2 mM DTT, 2 mM

ATP) and were incubated 60 minutes at 30"C. Samples were then centrifuged to obtain pellets, containing ubiquitinated substrates,

and supernatants, containing the enzymes and the soluble Ubiquitin chains. Pellet was washed in 50 mM Tris-HCl pH7.4, 300 mM

NaCl, 0.1% Triton X-100, 5% glycerol, 1M UREA buffer and analyzed by SDS-PAGE gel.

After immunoblotting, Coomassie-stained membrane were used to control protein loads.

Oligonucleotides used in this study

List of oligonucleotides used in this study is included in Table S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments can be found in figure, figure legends and method section.

For quantification of LamB and LamB1 invaginations in Drosophila tissues and mouse brain neocortical primary neuronal cultures

images, the fraction of cells with LamB and LamB1 invaginations was manually scored and computed using the FIJI software (https://

imagej.net/software/fiji/). Quantification of nuclear envelope size, based on LamB staining, in the fly brain, was manually performed

using the FIJI software (https://imagej.net/software/fiji/). Quantification of nuclear circularity and area based on HOECHST staining in

the fly brain was performed through the StarDIST software (https://github.com/stardist/stardist; https://imagej.net/plugins/

stardist#citation) (MICCAI, 2018), in collaboration with the IFOM Imaging Unit (Milan, Italy).

Morphometric analyses of nuclear Lamin proteins in mouse and human tissue sections were performed thoursough a MATLAB-

developed methodology requiring about a second to segment a truecolor image of 1932*1460 pixels on a mid-range personal

computer, and based on the so-called trous algorithm (Guastella and Valenti, 2016), to extracts all main components and reduce

noise. The structures of the fifth wavelet plane, with at least 1600 pixels and 30% of blue relative to their areas, were considered.

These pre-defined values were determined on an extended experimental basis. The nuclear fractal measure was computed as

the ratio between area and perimeter (circularity) of each structure.

Quantifications of western blots were performed by densitometric analysis using Fiji software, and show mean values ±SD of N = 3

biological replicates.
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