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SUMMARY

Aging is an intricate process characterized by multiple hallmarks including stem
cell exhaustion, genome instability, epigenome alteration, impaired proteostasis,
and cellular senescence.Whereas each of these traits is detrimental at the cellular
level, it remains unclear how they are interconnected to cause systemic organ
deterioration. Here we show that abrogating Brap, a BRCA1-associated protein
essential for neurogenesis, results in persistent DNA double-strand breaks and
elevation of histone H2A mono- and poly-ubiquitination (H2Aub). These defects
extend to cellular senescence and proteasome-mediated histone H2A proteolysis
with alterations in cells’ proteomic and epigenetic states. Brap deletion in the
mouse brain causes neuroinflammation, impaired proteostasis, accelerated neu-
rodegeneration, and substantially shortened the lifespan. We further show the
elevation of H2Aub also occurs in human brain tissues with Alzheimer’s disease.
These data together suggest that chromatin aberrations mediated by H2Aub
may act as a nexus of multiple aging hallmarks and promote tissue-wide degener-
ation.

INTRODUCTION

Aging is a natural process that connects birth and death. The time-dependent decline in organ function

during aging is the major risk factor for many diseases including neurodegenerative disorders (NDs).

Yet, the etiology of aging is complex and multifactorial. It is associated with multiple cellular andmolecular

hallmarks, such as stem cell exhaustion, genome instability, epigenetic alteration, deregulated nutrient

sensing, mitochondrial dysfunction, cellular senescence, and loss of proteostasis (Lopez-Otin et al.,

2013). For neurodegeneration, additional hallmark defects in neuronal calcium homeostasis and neuronet-

work activity, as well as increased glial cell activation and neuroinflammation are also essential contributors

to the physical and functional deterioration of the brain (Mattson and Arumugam, 2018). Aging at the

tissue, organ, and system levels does not simply result from the dysfunction of any individual cellular or mo-

lecular process. To cause progressive and irreversible tissue- or organ-wide degeneration, multiple aging

promoting factors must act in concert. However, the mechanism underlying the interconnections among

various aging hallmarks is poorly understood, forming a major barrier to combating aging-associated

diseases.

Among various aging hallmarks, genome instability poses a lifelong threat to all living cells and can result in

increased somatic mutations that have been shown to accumulate with age in most organs (Lombard et al.,

2005; Soares et al., 2014; White and Vijg, 2016). Besides a clear link to carcinogenesis, a loss of genome

stability has also been implicated in neurodegeneration (Bushman et al., 2015; Madabhushi et al., 2014;

Mitra et al., 2019; Rulten and Caldecott, 2013; Shanbhag et al., 2019; Thadathil et al., 2019), and there is

long-established evidence for significant levels of DNA damage even in non-dividing cells, such as neurons

in the brain (Lodato et al., 2015; Lu et al., 2004; Rutten et al., 2007; Suberbielle et al., 2013). Recent whole-

genome sequencing analyses have further demonstrated that somatic mutations increase with age in both

bulk tissues and single neurons of the human brain (Hoang et al., 2016; Lodato et al., 2018). Moreover,

mutations of genes important for genome maintenance and DNA repair cause progeroid syndromes

and often manifest with both premature aging and neurodegeneration (Choy andWatters, 2018; Coppede

and Migliore, 2010; Kakigi et al., 1992; Weidenheim et al., 2009). Thus, genotoxicity is a universal insult that
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not only is concomitant with old age but also drives aging-associated diseases. Nevertheless, the

mechanism by which neuronal DNA damage non-autonomously affects many cells across the brain tissue

to promote neurodegeneration remains elusive.

A plausible mechanism for DNA damage to induce tissue-wide degeneration is via cellular senescence,

a stress response that occurs when cells experience telomere erosion, chronic oncogenic stimulation,

persistent DNA damage, oxidative and metabolic stresses, or mitochondrial dysfunction (Hayflick, 1965;

Hernandez-Segura et al., 2018; McHugh and Gil, 2018; Munoz-Espin and Serrano, 2014; Rodier and

Campisi, 2011). Although originally defined by a permanent replication arrest, cellular senescence is also

characterized by a set of distinctive phenotypes, including the activation of senescence-associated

b-galactosidase (SA-b-gal), expression of a cyclin-dependent kinase inhibitor (CKI) p16Ink4a, alterations

of global epigenetic and metabolic profiles, resistance to apoptosis, increases in autophagy, and imple-

mentation of a complex and multicomponent secretome known as the senescence-associated secretory

phenotypes (SASP) (Campisi and Robert, 2014; Coppe et al., 2008; Munoz-Espin and Serrano, 2014; Rodier

and Campisi, 2011). Through SASP, senescent cells produce a myriad of pro-inflammatory cytokines,

chemokines, growth factors, and proteases (Kuilman and Peeper, 2009; Lasry and Ben-Neriah, 2015). These

secreted molecules act through autocrine and paracrine signaling to not only reinforce the senescence

state, but also non-autonomously affect neighboring cells in the tissue. Remarkably, senescence-like

phenotypes have also been observed in neurons with tau aggregation and neurofibrillary tangles of the

Alzheimer’s disease (AD) brains (Musi et al., 2018). Therefore, it is possible that neurons, which are replica-

tion-incompetent by nature, can acquire the additional characteristics of senescent cells upon chronic DNA

damage to promote neuroinflammation and neurodegeneration.

BRAP/Brap is a BRCA1 interacting protein that controls BRCA1’s nuclear translocation (Li et al., 1998). We

also identified BRAP as a key partner of NDE1 (nudE neurodevelopment protein 1), an essential molecule

for human brain development and brain genome protection (Alkuraya et al., 2011; Bakircioglu et al., 2011;

Houlihan and Feng, 2014; Lanctot et al., 2013). In addition, BRAP is a Ras-responsive ubiquitin E3 ligase that

modulates the sensitivity of MAPK signaling (Matheny et al., 2004). Our previous studies showed that this

role of Brap in neural progenitor cells (NPCs) was context-dependent and that Brap E3 ligase could act on

both itself and other E3 ligases with wide nuclear substrates (Lanctot et al., 2013, 2017). These distinctive

features allow Brap to serve as a liaison between the cell’s microenvironment and cell nucleus to coordinate

cell signaling, differentiation, and genome stability. Moreover, the essential role of Brap goes beyond brain

development. In a recent genome-wide association study of 500,000 genotyped individuals along with in-

formation on their parents’ age and cause of death, the BRAP gene locus was linked to the human lifespan

(Timmers et al., 2019), suggesting an interplay between BRAP function and human aging.

By analyzing Brap null (Brap�/�) and cerebral cortical NPC Brap conditional knockout (BrapcKONPC) mice,

we have shown that Brap loss of function (LOF) selectively affected the neuronal fate restrictive cell cycle

of multipotent NPCs, exhibiting accelerated G1 phase, abrogated G1/S checkpoint, and prolonged S

and G2 phases. The skewed cell cycle kinetics impeded the neurogenesis of NPCs and resulted in the

reduced generation of cerebral cortical neurons (Lanctot et al., 2017). We now demonstrate that besides

attenuating neurogenesis, Brap LOF also results in cellular senescence, affecting both NPCs and neocor-

tical neurons. We show that senescence in Brap�/� and BrapcKONPC cells follows persistent DNA double-

strand breaks (DSBs) and elevation of Brca1 as well as histone H2A mono- and poly-ubiquitination

(H2Aub). Notably, the high H2Aub initiates proteasome-mediated H2A proteolysis, causing not only global

epigenetic alteration but also increased proteasome burden. In the cortical tissue of BrapcKONPC mice, the

backlog of polyubiquitinated proteins and SASP together results in neuroinflammation, neurodegenera-

tion, and midlife mortality. We also demonstrate that H2Aub, the hallmark phenotype of Brap LOF, is

elevated in cortical tissue of patients with AD. These results suggest that histone H2Aub is a key node

connecting multiple aging hallmarks, highlighting an essential impact of chromatin aberrations on NDs.
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RESULTS

Brap LOF results in accelerated cellular senescence with persistent DSBs

To understand the mechanism by which Brap LOF skews cell cycle kinetics and impedes the differentiation

of NPCs, we isolated NPCs from Brap�/� embryos (before embryonic lethality by E13.5) and studied them

in culture as neurospheres. Although Brap�/� NPCs grew at a rate comparable with their wild-type (WT)

counterparts in the first 4–5 days in vitro (div), they abruptly ceased proliferation after 7–8 days (Figure 1A).
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Figure 1. BRAP loss of function (LOF) results in accelerated cellular senescence

(A) Primary Brap�/� neural progenitor cells (NPC) cease growing in culture after 5–7 days in vitro (DIV). Shown are representative images of WT and Brap�/�

neurospheres as well as box and whisker plots (Median G Quartiles) of their diameter distribution at 4 and 8 DIV, respectively. p-values calculated by two-

way ANOVA are indicated.

(B) Cleaved caspase 3 (CC3) immunoblotting of total protein extracts of primary NPCs andMEFs, respectively. Lis1+/� and Nde1�/� cells were used for CC3+

control as these cells were known to have high levels of apoptosis.

(C) Representative Ki67 immunofluorescence images of WT and Brap�/� MEFs at P2. The % of Ki67 + cells (Mean G SD) is indicated.

(D) Senescence-associated b-gal assay of MEFs at P2, which indicates b-galactosidase activity (blue) in a higher fraction of Brap�/� cells. Cells were also

counter-stained with eosin to view cell density and cell shape. Note the enlarged cell body of b-gal + cells.

(E and F) Immunoblotting and quantification (Mean G SD) of G1/S CKIs in total protein extracts from MEFs at P1 (Passage 1) and P3, respectively. p-values

calculated by Student’s t test are indicated.
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Figure 1. Continued

(G) Representative Lamin B1 immunofluorescence images and percentage (MeanG SD) of Lamin B1+MEFs at P2. p-values calculated by Student’s t test are

indicated. Cells showing a significant reduction of nuclear Lamin B1 are indicated by arrowheads.

(H) Immunoblotting of total protein extracts, showing reduced Lamin B1 in Brap�/� relative to WT MEFs at both P1 and P3.

(I) Immunoblotting of total protein extracts from MEFs at P1 and P3, showing increased SASP molecules in Brap�/� MEFs at P3. Note the increased Mmps

and decreased Mmp substrate fibronectin (FN) in Brap�/� MEFs. Nuclear DNA was stained with Hoechst 33342. Bars: 100 um or as indicated.
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This growth arrest was not accompanied by increased apoptosis (Figure 1B), which suggested that the

mutant NPCs reached their replicative lifespan owing to cellular senescence.

To determine cellular senescence we turned to mouse embryonic fibroblast (MEFs) as they are better

established for senescence analyses. We isolated MEFs from Brap�/� and WT embryos and cultured

them following the 3T3 cell protocol (Todaro and Green, 1963). As expected, a greater fraction of

Brap�/� MEFs showed multiple essential characteristics of cellular senescence as early as passage 2

(P2). These include an enlarged cell body, high senescence-associated beta-galactosidase (SA-b-gal)

activity, loss of the Ki67 proliferation marker, and upregulation of p19Arf, a CKI encoded by the

p16Ink4a locus that is alternatively transcribed and can act together with p16Ink4a to induce cellular senes-

cence (Capparelli et al., 2012; Haber, 1997; Quelle et al., 1995) (Figures 1C–1F). We further validated the

senescence phenotype of Brap LOF by examining the loss of Lamin B1, another characteristic of cellular

senescence (Freund et al., 2010). Both immunofluorescence (IF) and immunoblotting (IB) analyses

demonstrated that Lamin B1 was downregulated much more rapidly in Brap�/� than WT MEFs from

P1 to P3 (Figures 1G and 1H). To acquire the ultimate proof of cellular senescence, we assessed several

known SASP molecules, including Mmp1, Mmp2, Serpin1 (Pai1), and Osteopontin/Spp1 (OPN) (Aoshiba

et al., 2013; Castello et al., 2017; Coppe et al., 2010; Flanagan et al., 2018; Ghosh and Capell, 2016; Pa-

zolli et al., 2012; Rao and Jackson, 2016; Vaughan et al., 2017). We found that all of them were elevated in

Brap�/� MEFs along with reduced Mmp substrate fibronectin and increased phosphorylation of NFkB

p65S536, a chief mediator for SASP (Salminen et al., 2012) (Figure 1I). The multiple essential features of

cellular senescence shown by Brap�/� cells demonstrate unambiguously that accelerated cellular senes-

cence is a consequence of Brap LOF. These data also suggest that a pro-senescence fate change is at

least partially responsible for impairing neuronal differentiation of Brap�/� NPCs in cortical

development.

Whereas senescence is essentially a stress response to a variety of insults, we found that cellular senes-

cence caused by Brap LOF follows persistent DNA damage responses (DDRs). First, we detected significant

elevation of phospho-p53, -Atm, -Atr, and 53BP1 in Brap�/� MEFs before senescence was evident at P1

(Figures 2A–2C). In addition, a large fraction of Brap�/� MEFs showed persistent DNA damage foci with

high levels of gH2A.X, the hallmark of DNA DSBs, and 53BP1, a marker for DSB repair (Panier and Boulton,

2014; Thiriet and Hayes, 2005) (Figures 2D–2F). Notably, the large gH2A.X and 53BP1 foci were in both

proliferating (Ki67+) cells and cells that had ceased dividing (Ki67-) (Figures 2D and 2E, high magnification

panels), indicating that DSBs occurred in Brap�/� cells both before they entered the senescent state and

after they underwent replication arrest. Furthermore, we found that the persistent DSBs and rapid progres-

sion to senescence of Brap�/� MEFs coincided with increased levels of gH2A.X ubiquitination (Figure 2F).

Whereas mono-ubiquitination of histone H2A is a DNA damage response, the ubiquitinated moiety of

gH2A.X has been shown to mark non-apoptotic DSBs induced by oxidative DNA damage (Luczak and Zhit-

kovich, 2018). Consistent with this, we found that ubiquitin-modified gH2A.X (gH2A.Xub) in Brap�/� cells

was further enhanced by H2O2 (Figure 2F), suggesting that gH2A.Xub is an apoptosis-evading and senes-

cence-prone DNA damage response of Brap LOF.

Cellular senescence resulting from DSBs in cerebral cortical tissue underlie shortened

lifespan of BrapcKONPC mice

We subsequently found accelerated cellular senescence resulting from DSBs can also occur in the brain,

causing shortened lifespan of mice in which Brap was conditionally ablated in NPCs of the dorsal telen-

cephalon by the Emx1-Cre. In these Brap conditional knockout (cKO) mice (Brapflox Emx1Cre+, referred to

as BrapcKONPC hereafter), Cre-mediated deletion results in Brap LOF in glutamatergic neurons, astroglia,

and oligodendrocytes of the cerebral cortex (Gorski et al., 2002). We followed a cohort of adult BrapcKONPC

mice (n = 46) and their Brapflox/WT or Brapflox/flox Cre-control littermates (n = 29) over 12 months. We found

that most BrapcKONPC mice die between four and eight months with a median lifespan of six months (Fig-

ure 2G), whereas the average lifespan of mice is 2 years. The mutant mice lost weight, became lethargic,
4 iScience 25, 104519, July 15, 2022
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Figure 2. Increased DSB and DDR are associated with cellular senescence in BRAP-deficient cells and cerebral cortices

(A) Representative images of phospho-p53 immunofluorescence staining of WT and Brap�/� MEFs at P2.

(B) Immunoblotting of total protein extracts from WT and Brap�/� MEFs at P1 and P3, respectively.

(C) Immunoblotting of DNA damage response (DDR) proteins in WT and Brap�/� MEFs at P1.

(D) Representative images of double immunofluorescence staining of WT and Brap�/� MEFs at P3 with antibodies against Ki67 (red) and 53BP1 (green).

(E) Representative images of double immunofluorescence staining of WT and Brap�/� MEFs at P3 with antibodies against Ki67 (green) and gH2A.X (red).

(F) Immunoblotting analyses of histone extracts of MEFs at P1 or P3, showing increased gH2A.X and gH2A.X mono-ubiquitination in Brap�/� MEFs.

(G) Kaplan–Meier curve shows significantly shortened lifespan (p < 0.0001 by log rank test) of BrapcKONPCmice (n = 46) relative to their littermate control mice

(n = 29).

(H) Representative images of senescence-associated b-gal analysis of cerebral cortical sections from BrapcKONPC and control mice at three months of age.

Note the pyramidal neuronal morphology of some SA-b-gal + cells (red arrows) in high magnification views.

(I) RT-qPCR shows an increased expression of p16Ink4a and Pai-1 (plasminogen activator inhibitor-1/Serpine1) in three-month-old BrapcKONPC cortices

(Mean G SD; n = 4 biological replicates). p-values calculated by Student’s t test are indicated.

(J) Immunoblotting of cerebral cortical total protein extracts, demonstrating higher levels of senescence and SASP-like changes in the cortical tissue of

BrapcKONPC relative to littermate control mice.

(K and L) Immunoblotting of histone extracts from cortical tissue of three-month-old BrapcKONPC and control mice, showing elevated gH2A.X as well as the

presence of mono- and poly-gH2A.X ubiquitination in BrapcKONPC mice (boxed bands). K and L are the same immunoblot that was first probed by anti-

gH2A.X, stripped, and re-probed by anti-ubiquitin.

(M) Immunoblotting of total protein extracts from cortical tissue of BrapcKONPC and control mice, showing persistent elevation of 53BP1 in BrapcKONPC

cortices from P8 (postnatal day 8) to 12M (12 months).

(N) Representative images of gH2A.X-NeuN double immunohistological staining of cerebral cortical sections from 4-month oldWT or BrapcKONPC mice. The

presence of gH2A.X immunoreactivity in BrapcKONPC neurons is indicated by arrows.

(O) Immunoblotting of total protein extracts from cortical tissue of BrapcKONPC or control mice at various ages, showing that Brap LOF does not increase

cleaved caspase 3, an apoptosis marker. Embryonic Lis1+/� and Nde1�/� cortical tissues were used as positive controls for the presence of apoptosis.

Nuclear DNA was stained with Hoechst 33,342. Bars: 50 um or as indicated.
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and showed slow or labored breathing when death became imminent. Therefore, Brap LOF in the cerebral

cortex can accelerate aging and shorten the lifespan.

With midlife mortality, BrapcKONPC mice showed high levels of cellular senescence in the cerebral cortical

tissue. We first examined SA-b-gal activity in cortical sections. We found it was not only higher in

BrapcKONPC than in control mice but also shown by many mutant cells with pyramidal neuron morphology

(Figure 2H, arrows). This suggested that, despite being replication-incompetent, neurons can undergo

additional senescence-associated changes owing to Brap LOF. Further corroborating the increased

cellular senescence, the cortical tissue of BrapcKONPC mice showed upregulated p16Ink4, decreased Lamin

B1, and elevation of SASP factors including Serpin1 (Pai-1), Mmp2, Ssp1 (OPN), and phospho-NFkB

(Figures 2I and 2J).

Similar to the observations in Brap�/� MEFs, increased cell senescence in BrapcKONPC cortical tissue was

associated with DSBs. We found that gH2A.X was not only elevated in the cortical tissue of BrapcKONPC

compared with control mice but also mono- and poly-ubiquitinated, showing a dominant pool of approx-

imately 60 kDa that is equivalent to the molecular weight of gH2A.X with Penta-ubiquitin conjugations

(Figures 2K and 2L). Such histone posttranslational modifications (PTM) with dual phosphorylation and

poly-ubiquitination of H2A.X has not been reported before but appears to be characteristic of

BrapcKONPC cortical tissue in response to DSBs. Coinciding with increased gH2A.X, BrapcKONPC cortical

tissues also showed higher levels of 53BP1 (Figure 2M). Our immunohistological (IH) analysis further

demonstrated that gH2A.X immunoreactivities were restricted to the nucleus of cortical neurons

(NeuN+) but absent in glia (NeuN-) of BrapcKONPC brains (Figure 2N). Given that we did not observe tumors

or elevated apoptosis in the brain BrapcKONPC mice (Figure 2O), cellular senescence is likely the main

consequence of persistent DSBs and accounts for the premature mortality of BrapcKONPC mice.

Transcriptomic profiles of BrapcKONPC cortices reveal SASP candidates, immune activation,

and impaired synaptic signaling

Compared with apoptosis, senescence following unsuccessful DSB repair is more deleterious in vivo, as

senescent cells are stably viable and can chronically influence neighboring cells by secreting soluble

molecules or by altering cell surface and extracellular matrix (ECM) proteins. The senescence-associated

secretome varies with tissue and pathophysiological context but has not been investigated in the brain.

We thus assessed the cerebral cortical SASP profile by identifying genes upregulated by Brap LOF. RNA

sequencing (RNA-seq) was carried out with cerebral cortical total transcripts of BrapcKONPC and littermate
6 iScience 25, 104519, July 15, 2022
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control mice three months old. We identified 811 differentially expressed genes (DE-Gs) between the

BrapcKONPC and the control group, and of these, 373 genes were significantly upregulated by Brap LOF

(Figure 3A and Table S1: RNA-seq Data Table). Consistent with the pro-inflammatory feature of cellular

senescence, we found that 67 of the upregulated genes encode molecules associated with cells of the im-

mune system and/or regulators of the innate immunity (Figure 3B). The upregulation of these genes indi-

cates inflammatory responses in themutant brain tissue. Moreover, 80 upregulated genes encode secreted

molecules, which represent the cerebral cortical secretome of BrapcKONPC mice. Increased expression of

these molecules can pose non-cell autonomous tissue-wide effects. These SASP candidate genes include

not only immune active molecules and proteases but also diverse neuropeptide neurotransmitters and

peptide hormones with potent activities in neural networking and cerebrovascular regulation (Figure 3C).

An additional 83 upregulated genes encode plasma membrane and ECM proteins that interface cells with

their environment (Figure 3D). Increased expression of these genes can alter intercellular communication

and tissue homeostasis. The most significantly upregulated genes in BrapcKONPC cortices also include

regulators for neurotransmitter metabolism, fatty acid and cholesterol metabolism, protein synthesis

and sorting, as well as calcium homeostasis (Figure 3A and Table S1: RNA-seq Data Table). These molec-

ular activities can have large effects, resulting in a global alteration in brain immunity and neural function.

Brap LOF also resulted in decreased expression of 438 genes in the cortical tissue (Table S1: RNA-seq Data

Table). Notably, the most significant downregulation occurred in genes that play key roles in regulating

energy homeostasis, neuronal activity, synaptic plasticity, neuronal excitatory-inhibitory balance, Wnt

signaling, retinoid metabolism, as well as the production, secretion, and activity control of neuropeptides

or neurotransmitters (Figure 3A). We performed Gene Ontology (GO) enrichment analysis of the 50 most

significantly downregulated genes in BrapcKONPC cortices. The GO terms identified in the BP category

include impaired biological functions mainly in synaptic transmission as well as in cellular responses to

stimuli and neuronal morphogenesis (Figure 3E), suggesting declining neuronal activity and plasticity.

Overall, our transcriptomic data provide additional support for the impact of neuronal DSBs and cellular

senescence on neuroinflammation and neural dysfunction of BrapcKONPC mice.
Neuroinflammation and neurodegeneration in BrapcKO brains

Inflammatory reactions in the cortical tissue are not only characteristics of cellular senescence but also

contributors to neurodegeneration. We thus asked whether neurodegeneration is an outcome of DSBs

and cellular senescence in BrapcKONPCmice. As expected, neuroinflammatory and neurodegenerative phe-

notypes were readily detectable in BrapcKONPC cortices starting at three months and progressing rapidly

with age. First, hyperphosphorylation of the microtubule-associated protein tau became significantly

increased in the cortical tissue of BrapcKONPC mice at three months and was further elevated as the mutant

mice grew older (Figures 4A and 4B). Increased tau phosphorylation in BrapcKONPC cortices was found on

multiple residues including T181, S202/T205, T217, T231, S396, and S416 (Figure 4A). The hyperphosphor-

ylation of these residues is known to be associated with insoluble tau aggregates and neurodegenerative

diseases (Augustinack et al., 2002). At the ages of six months or older, IH analysis with a phospho-tau T231

antibody revealed intense phospho-tau aggregates in the soma of some cortical neurons of BrapcKONPC

mice, and mutant neurons with this high soma phospho-tau T231 accumulation also frequently displayed

deformed and/or eccentric nuclei (Figures 4C and S1A). As both T217 and T231 are considered early bio-

markers for human AD and the phospho-tau T231 antibody labels all stages of neurofibrillary tangles (NFT)

in human AD (Augustinack et al., 2002; Jicha et al., 1997; Suarez-Calvet et al., 2020), the presence of these

human tauopathy-like changes in BrapcKONPC mice suggested neurodegenerative brain dysfunction.

We further found astrogliosis and microgliosis were markedly elevated in BrapcKONPC cortical tissue in an

age-dependent fashion. Increased expression of glial fibrillary acidic protein (Gfap), which represents

astrocyte activation, was undetectable in the cerebral cortex of BrapcKONPC mice until about three months

of age, and it then further progressed and became remarkably high as the mutant mice aged rapidly

(Figures 4D, 4E and S1B). Parallel to astrogliosis was the strong increase in microgliosis in BrapcKONPC

cortices. As the brain’s resident innate immune cells, microglia remain in a ramified resting state in healthy

brains and are activated by injury or pathological processes. Analyses with pan-microglia marker Iba and

activated phagocytic microglia marker CD68 both showed that microglia in BrapcKONPC cortices were

de-ramified, amoeboid-like, and activated (Figure 4F). To confirm neuroinflammation, we examined the

expression of several key inflammatory molecules implicated in human NDs and our RNA-seq data

(Dewachter et al., 2002; Frost et al., 2019; Newcombe et al., 2018; Sarlus and Heneka, 2017), including
iScience 25, 104519, July 15, 2022 7



Figure 3. Differential gene expression caused by BRAP LOF reveals increased immune activities, SASP profiles, and compromised synaptic

function in the cerebral cortical tissue

(A) Volcano plot shows differentially expressed genes (DE-Gs) between BrapcKONPC and control cortical tissues.

(B) Circos plot presentation of upregulated genes associated with immune cells and innate immunity regulations in BrapcKONPC relative to control cerebral

cortices.

(C) Heatmap shows increased expression of genes encoding secreted molecules in BrapcKONPC relative to control cerebral cortices.

(D) Heatmap shows increased expression of genes encoding plasmamembrane and extracellular matrix molecules in BrapcKONPC relative to control cerebral

cortices.

(E) Gene ontology (GO) enrichment analysis of the top 50 down-regulated genes (by the adjusted p-value) in BrapcKONPC relative to control cortical tissues.

Shown are dot plots of biological processes affected by Brap LOF. Note that synaptic signaling, transmission, and cellular response are significantly

compromised in BrapcKONPC cortices.
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Figure 4. BRAP LOF in cerebral cortical NPCs results in neuroinflammation and accelerated neurodegeneration

(A) Immunoblotting of cerebral cortical total protein extracts from three-month-old BrapcKONPC and control mice with various anti-phospho-tau antibodies.

(B) Immunoblotting of cortical total protein extracts shows age-dependent progression of tau hyperphosphorylation (on S396) in BrapcKONPC cortices.

(C) Double immunohistological staining with anti-phospho-tau T231 (green) and anti-NeuN (red) antibodies shows marked increase in phospho-tau in the

cerebral cortex of BrapcKONPC mice at 11 months. Shown are representative images. Note the co-occurrence of intense phospho-tau aggregates in the soma

and the deformed nuclei of mutant cortical neurons at higher magnifications.

(D and E) Gfap immunoblotting and immunohistological analyses show the age-dependent progression of astrogliosis in BrapcKONPC cortices.

(F) Double immunohistological staining with anti-Iba (green) and anti-CD68 (red) antibodies shows marked increase in microglia activation in BrapcKONPC

cortices at three months. Representative images are shown.

(G) RT-qPCR analyses of selected neuroinflammatory genes in three-month cortical tissues (Mean G SE; n = four to eight biological replicates). p-values

calculated by Student’s t test are indicated.

(H) Representative images and quantification (Mean G SD) of Golgi-cox analyses, showing significantly reduced density of dendritic spines in cortical layer

2/3 pyramidal neurons of BrapcKONPC mice at six months. p-values calculated by Student’s t test are indicated.

(I) H&E stained brain sections of 10-months-old BrapcKONPC and control mice, showing spongiform encephalopathy in BrapcKONPC cortical gray matter.

(J) A representative NeuN immunohistological image shows a reduced neuronal density and dystrophic or distorted neurons adjacent to spongiosis

(positions of vacuoles are marked by asterisks).

(K) Immunoblotting of cortical total protein extracts, demonstrating decreased NeuN in BrapcKONPC cortices at six months.

(L) Representative Gfap (green) and CD68 (red) double immunohistological images, showing increased astrogliosis and microgliosis surrounding the

spongiform vacuoles (positions of vacuoles are marked by asterisks). Nuclear DNA was stained with Hoechst 33342. Bars: 100 um or as indicated. See also

Figure S1.
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C1q, TNFa, TGFb1, and Trem2. All of them were upregulated significantly in the cortical tissue of three-

month-old BrapcKONPCmice relative to that of control mice (Figure 4G). The strong astrocyte andmicroglial

activation along with increased inflammatory cytokines in BrapcKONPC cortical tissue were in line with RNA-

seq data, and they together demonstrate the neuroinflammatory and neurodegenerative brain dysfunction

of BrapcKONPC mice.

To ascertain Brap LOF leads to neurodegeneration, we examined the brain structure of BrapcKONPC mice

that survived to six months or older. We first performed a Golgi-Cox stain to reveal the morphology of

cortical neurons. Whereas neurons in BrapcKONPC brains were grossly normal in dendritic and axonal

morphology, the density of their apical dendritic spines was significantly decreased in cortical layer II/III

pyramidal neurons compared with those in wild type or control mice, whereas changes in dendritic spine

density were insignificant in mutant mice of younger ages (Figure 4H). These results fully agreed with the

impaired synaptic transmission and neuronetwork activities in BrapcKONPC mice revealed by RNA-seq,

further supporting an age-dependent decline in cortical neuronal functions.

To assess whether there is an age-dependent neuronal loss in BrapcKONPC mice, we examined H&E-stained

brain sections of a set of BrapcKONPC mice (n = 12) that survived to six months or older. We found all mutant

brains showed spongiform encephalopathy in the cortical gray matter (Figure 4I). The spongiform changes

were widespread, resulting in striking neuronal soma deformation and vacuolization (Figures 4J and S1C).

Whereas spongiform encephalopathy is characteristic of prion diseases, it was absent in younger

BrapcKONPC mice or control littermates, not accompanied by the accumulation of the prion protein Prp

(Figure S1D), but was associated with a loss of cortical neurons (Figure 4K). These indicated that it was a

non-infectious neurodegenerative lesion. Many spongiform vacuoles in BrapcKONPC cortices were

surrounded by reactive astrocytes and microglia (Figure 4L), suggesting their association with chronic

neuroinflammation in promoting neurodegenerative pathology.

As DSBs in BrapcKONPC mice are neuronal-specific, we tested whether this neuronal defect accounts for the

multitude of phenotypes involving both neurons and glia in BrapcKONPC mice. We generated a Brap

neuronal conditional knockout line by abrogating Brap in neurons of the postnatal cortex and hippocam-

pus with a Thy1-Cre driver (Dewachter et al., 2002) (Brapflox Thy1Cre+; referred to as BrapcKONeuron), and asked

whether Brap LOF in neurons could recapitulate the phenotype of Brap LOF in NPCs. About half of the

BrapcKONeuron mice (33 out of 63) were found dead by six months of age. Analyses of BrapcKONeuron brains

revealed phenotypes indistinguishable from those of the BrapcKONPC mice with respect to increased DSBs,

gH2A.Xub, cellular senescence, tau hyperphosphorylation, astrogliosis, and microgliosis (Figures S1E–

S1J). This indicated that the astroglia and microglia activation in BrapcKONPC mice were non-cell-autono-

mous responses to damaged neurons. The phenocopy of BrapcKONeuron and BrapcKONPC mice strongly

supports the notion that sustained DSBs and senescence of cortical neurons can be a main source of

neuroinflammation to induce neurodegeneration.
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Figure 5. Cellular senescence in BRAP�/� MEFS was associated with histone H2A ubiquitination and UPS-mediated proteolysis

(A) Immunoblotting analyses of MEF total protein extracts, showing a progressive reduction of Lamin B1 and core histones with increased culture

senescence.

(B) Representative immunofluorescence images of histone H3 (red) and Lamin B1 (green) double stained MEFs at P3, showing the presence of cytoplasmic

Lamin B1 and histone in Brap�/� MEFs (boxed area at higher magnification).

(C) Immunoblotting analyses of autophagy markers LC3B and p62, as well as 20S proteasome catalytic b2 subunit, showing increased autophagy flux without

alteration of proteasome abundance in Brap�/� relative to WT MEFs at both P1 and P3.

(D) Quantification (Mean G SD) of p62, LC3BII, and 20Sb2 levels in WT and Brap�/� MEFs at P1 and P3, respectively. n = 3–5 biological replicates. p-values

calculated by Student’s t test are indicated.

(E–G) Representative immunofluorescence images of WT and Brap�/� MEFs at P3. Antibodies against p62 (red) or LC3B (green) were used to identify

autophagosome and co-stained with anti-histone H2A (green) or anti-histone H3 (red). Note that in Brap�/� MEFs, the reduction in nuclear histones

coincides with the presence of cytoplasmic histone particles and increased p62 and LC3B but there is little cytoplasmic histone-autophagosome co-

localization (boxed area at higher magnification of G).

(H and I) Representative immunofluorescence images of MEFs treated with UPS blocker MG132 or lysosome blocker chloroquine (CQ), showing that

cytoplasmic H2A-p62 or H3-LC3B co-localization is enhanced by MG132 but not by CQ (boxed area at higher magnification).
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Figure 5. Continued

(J) Immunoblotting analyses of histone extracts from MEFs at P2, showing Brap LOF caused elevated histone H2A mono- and poly-ubiquitination. The level

of poly-H2Aub was further increased by MG132 but not by CQ, indicating UPS-mediated histone H2A proteolysis.

(K) Immunoblotting analyses of MEFs total protein extracts, demonstrating increased levels of polyubiquitinated proteins in senescent Brap�/� MEFs.

Nuclear DNA was stained with Hoechst 33342. Bars: 10 um. See also Figure S2.
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Cellular senescence is associated with histone H2A ubiquitination and histone proteolysis

DSBs, if unsuccessfully repaired, can lead to several alternative consequences including oncogenesis,

apoptosis, and cellular senescence. To understand the mechanism by which DSBs selectively cause cellular

senescence, we looked into gH2A.Xub, the unique DDR of Brap LOF (Figures 2F and 2K). gH2AX, formed by

phosphorylation of the Ser-139 residue of the histone variant H2A.X, is an early response to DSBs, whereas

mono-ubiquitination of histone H2A can also be a DDR that mediates DNA repair and transcriptional

silencing (Uckelmann and Sixma, 2017; Wang et al., 2004). Thus, the co-occurrence of phosphorylation

and ubiquitination of H2A.X, especially the poly-gH2A.Xub in Brap-deficient cells and tissues suggested

a possibility of ubiquitin-mediated histone degradation, as global histone loss has been shown in aging

and cellular senescence (Feser et al., 2010; Hu et al., 2014; Ivanov et al., 2013). In agreement with this pos-

sibility, we found all major histones were progressively depleted as MEFs underwent senescence, whereas

Brap�/� MEFs lost histones more rapidly than the WT MEFs (Figure 5A). This rapid histone loss can

decrease nucleosome occupancy and lead to global chromatin reconfiguration that may be necessary

for Brap�/� cells to enter and persist in the state of senescence.

The loss of nuclear histones corresponded with the detection of cytoplasmic histone particles in Brap�/�

MEFs. These cytoplasmic histone particles often did not contain DNA, but frequently co-occurred with

the extrusion of Lamin B1 from the nucleus to the cytoplasm, whereas the nuclear envelope remained intact

(Figures 5B and S2A–S2C). Lamin B1’s cytoplasmic extrusion and clearance by the autophagy lysosome

pathway (ALP) have been shown to mediate cellular senescence (Dou et al., 2015). Indeed, the autophagic

flux was elevated in Brap�/� MEFs, as evidenced by the significantly higher level of autophagy markers

LC3BII and p62/SQSTM1 in Brap�/� than in WT MEFs (Figures 5C and 5D). We also found that cells

presenting stronger p62 and/or LC3B immunoreactivities were precisely those that showed reduced

nuclear histones and cytoplasmic histone particles. However, immunoreactivities of cytoplasmic histone

particles and p62 and/or LC3B showed little overlap (Figures 5E–5G), raising a possibility that histone clear-

ance in Brap�/� MEFs was through the ubiquitin proteasome system (UPS) as suggested by the increased

poly-gH2A.Xub.

To test UPS-dependent histone proteolysis, we blocked the proteasome activity with GM132 and re-exam-

ined the cytoplasmic histone particles. We found MG132 treatment enhanced the co-localization of cyto-

plasmic histone with p62 and LC3B in Brap�/� MEFs, whereas the lysosome inhibitor chloroquine (CQ) did

not have this effect (Figures 5H and 5I). Therefore, the cytoplasmic histone particles in senescent Brap�/�

MEFs were destined for UPS clearance. To verify the UPS-dependent histone proteolysis, we extracted

histones from Brap�/� and WT MEFs and analyzed their UPS- or ALP-dependent ubiquitination state.

We found that Brap LOF resulted in a specific increase in both mono- and poly-ubiquitinated histone

H2A (mono- or poly-H2Aub). Inhibition of UPS, but not the lysosome, resulted in a simultaneous decrease

in mono-H2Aub and an increase in poly-H2Aub (Figure 5J). This coupled reduction of mono-H2Aub with an

elevation of poly-H2Aub suggested that mono-H2Aub in Brap�/� cells is destined for poly-H2Aub and pro-

teasomal degradation. Therefore, UPS is primarily responsible for histone H2A proteolysis in Brap�/� cells,

in which mono-H2Aub acts as a primer that may further progress to poly-H2Aub and histone degradation.

Whereas H2Aub elevation was accompanied by the degradation of other histone molecules in Brap�/�

MEFs, we did not detect ubiquitin-modifications histones H2B, H3, H4, and H1 (Figure S2D). Although it

is possible that the levels of ubiquitin-modified H2B, H3, H4, and H1 were too low to be detected by

antibodies against their native forms, these findings suggest other histones are degraded either alongside

H2Aub without their own ubiquitin modifications or via UPS-independent mechanisms.

Histones are among the most abundant proteins in eukaryotic cells, and their increased proteolysis via UPS

is likely to overwhelm the proteasome’s capacity, decreasing the clearance of other UPS substrates while

stimulating the autophagic flux. Supporting an increased UPS burden in Brap�/� MEFs, we found that the

level and activity of proteasome 20S catalytic core complex were not significantly altered by Brap LOF

(Figures 5C, 5D, and S2E), but there was a remarkable buildup of polyubiquitinated proteins as Brap�/�

MEFs progressed to senescence (Figure 5K). Therefore, the depletion of histones and the accumulation
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of polyubiquitinated cellular proteins in Brap�/� MEFs can together lead to the global epigenetic and

metabolic alterations underlying the stable expression of a multitude of phenotypes that reinforce the

senescence state.

H2A ubiquitination and BRCA1 activation are the hallmark phenotypes of Brap LOF

Because H2Aub is pivotal for initiating histone H2A proteolysis, we further evaluated whether it is a primary

and early defect of Brap LOF by examining multiple tissues and ages of Brap mutant mice. We found

H2Aub was significantly elevated in Brap�/� and BrapcKONPC mice relative to their wild type and control

counterparts regardless of cell types and ages (Figures 6A and S3A). Therefore, increasing the level of

H2Aub is a hallmark phenotype of Brap LOF.

The ubiquitin modification of histone H2A is mediated by three major types of ubiquitin E3 ligases

including the RNF168 and RNF8 RING-type E3 ligase, the Ring1A/B-Bmi1 polycomb repressive complex

1 (PRC1), and the BRCA1-BARD1 complex. These H2A E3 ligases modify H2A in a site-specific manner

to facilitate DNA repair and promote chromatin compaction (Horn et al., 2019; Kalb et al., 2014; Mattiroli

and Penengo, 2021; Tamburri et al., 2020; Uckelmann and Sixma, 2017). As BRAP interacts with BRCA1

directly and acts as a cytoplasmic docking protein to regulate BRCA1’s nuclear-cytoplasmic balance (Li

et al., 1998), we tested whether increased H2Aub in Brap-deficient cells and tissues was associated with

altered Brca1. As expected, we found Brca1’s abundance in Brap�/� MEFs, NPCs, embryos, and cortical

tissues of BrapcKONPC mice was consistently increased in comparison with WT and control cells or tissues

(Figure 6B). In addition, we found the nuclear pool of Brca1 was much higher in Brap�/� than in WT cells

(Figure 6C). The high level of nuclear Brca1 was also shown by cortical neurons of the BrapcKONPC mice

(Figures 6D and S3B). These data not only indicated that increasing Brca1’s nuclear abundance is another

hallmark phenotype of Brap LOF but also suggested that the Brca1 ubiquitin E3 ligase activity is at least

partially responsible for the increased H2Aub resulting from Brap LOF.

The BRCA1 E3 ligase activity, though it may act independently of DSB repair, is integral to BRCA1’s role in

tumor suppression (Wu et al., 2009). The substrate of BRCA1 E3 ligase includes both canonical H2A and

H2A variants (Kim et al., 2017). In the cortical tissue of BrapcKONPC mice, we found H2A.X and H2A.Y

were also ubiquitinated at higher levels relative to that of the control mice (Figures 6E and S3C). This pro-

vided additional support for Brca1 as a key player in increasing H2Aub in Brap-deficient cells and tissues.

The ubiquitination of H2A by BRCA1 is thought to be at the C-terminal tail on K125/127/129 (Uckelmann

and Sixma, 2017). As antibodies for these site-specific modifications are lacking, we performed IBs with

an available ubiqutyl-H2A monoclonal antibody, which reportedly recognizes H2Aub at K119 (Jullien

et al., 2017; Taherbhoy et al., 2015). H2Aub on K119 is the most prevalent form of H2Aub. This is predom-

inantly catalyzed by PRC1 that mediates chromatin compaction, polycomb gene repression, and plays a

role in neurodegeneration (Abdouh et al., 2012; El Hajjar et al., 2019; Liu et al., 2014; Srivastava et al.,

2021; Wang et al., 2004). The H2AubK119 antibody showed significantly higher immunoreactivity to his-

tones from cortical tissue of BrapcKONPC mice than those from control mice after one month of age, yet

the degree of upregulation in BrapcKONPC cortical tissue revealed by pan-H2A antibodies was greater

than was shown by the H2AubK119 antibody (Figures 5J, 6A, and S3A). This suggested that H2A in

Brap-deficient cells and tissues is likely to be ubiquitinated at multiple sites. Although an altered level

and nuclear localization of Ring1B, the catalytic component of the PRC1, were not detected in Brap�/�

MEFs (Figure 6C), we observed a subtle-to-moderate elevation in the abundance of Ring1B and Bmi-1

of the PCR1 complex in older BrapcKONPC than in control cortices (Figure S3D). As BRAP is a ubiquitin E3

ligase capable of modulating other E3 ligases with multiple downstream nuclear targets (Lanctot et al.,

2017), it remains possible that Brap LOF affects H2Aub through both Brca1 and the PRC1 complex.

H2Aub is coupled with the loss of proteostasis in cerebral cortical tissue and is elevated in AD

To determine whether increased histone H2Aub can drive brain aging and promote neurodegeneration,

we further examined the histone content, ubiquitinated protein levels, and protein homeostasis in cortical

tissues of BrapcKONPC mice. Reminiscent of senescent Brap�/� MEFs, increased mono-H2Aub in

BrapcKONPC cortices was accompanied by poly-H2Aub buildup and nuclear histone reductions in a subpop-

ulation of cells (Figures 6F and 6G). We found cells showing weaker nuclear histone immuno-reactivity were

surrounded by reactive astrocytes, supporting the notion that histone proteolysis stabilizes the senescent

chromatin state and mediates the senescence-associated neuroinflammation. Also similar to what was
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Figure 6. Histone H2A ubiquitination accompanied by BRCA1 activation is the hallmark phenotype of BRAP LOF

(A) Immunoblotting of histone extracts from NPCs as well as from embryonic, neonatal, adult cerebral cortical tissues, and quantification (Mean G SD) of

increases in histone H2Aub (total H2Aub and H2AubK119, respectively) resulted from Brap LOF. n = 3–6 biological replicates. p-values calculated by

Student’s t test are indicated.

(B) Immunoblotting of Brca1 in various cells and tissues, showing that Brap LOF results in increased Brca1 abundance.

(C) Immunoblotting of nuclear vs cytoplasmic fractions of MEFs at P1, showing increased nuclear localization of Brca1 in Brap�/� cells.

(D) Brca1 (red) and NeuN (green) double immunohistology images of cerebral cortical sections of BrapcKONPC and control mice at four months of age.

Representative images are shown. Note the increased intensity and density of Brca1 puncta in the nuclei of BrapcKONPC cortical neurons (NeuN+).

(E and F) Immunoblotting analyses of histone extracts from cerebral cortical tissues of three-month-old mice, showing increased ubiquitination of H2A

variants targeted by Brca1 (E) along with total histone H2A ubiquitination (F).

(G) Double immunohistology staining of cortical sections of 4-month old WT or BrapcKONPC mice with antibodies against Gfap (green) and histone H3 (red),

showing reduced nuclear histones in cells surrounded by reactive astrocytes (circles) in BrapcKONPC cortical tissues. Representative images are shown.

Nuclear DNA was stained with Hoechst 33342. Bars: 50 um or as indicated. See also Figure S3.
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Figure 7. Impaired proteostasis resulting from BRAP LOF in cerebral cortical tissue overlaps with proteopathy of neurodegenerative disorders

(A and B) Ubiquitin immunoblots (total ubiquitination or K48-linked polyubiquitination) of cortical tissue total protein extracts from BrapcKONPC and litter-

mate control mice, demonstrating age-dependent accumulation of poly-ubiquitinated proteins in the mutant cortical tissues.

(C) 20S proteasome activities in the cortical tissue of BrapcKONPC and control mice at one, three, and six months of age (Mean G SD). p-values calculated by

Student’s t test are indicated.

(D) Heatmap of relative protein abundance shows selected proteins accumulated in aging BrapcKONPC cortical tissue that are also implicated in proteopathy

of human neurodegenerative disorders. ND, neurodegenerative disease; AD, Alzheimer’s disease; PD, Parkinson’s disease; HD, Huntington’s disease; ALS,

Amyotrophic lateral sclerosis; PD, Prion disease.

(E) Dot plot of signaling pathways altered by Brap LOF in aging cerebral cortical tissues. Shown were results of IPA of significantly altered proteins revealed

by TMT analysis of BrapcKONPC vs control cortical proteome.

(F) Box and whisker plots (Median G Quartiles) of selected results of the TMT analysis, showing significant elevation of multiple histone H2A variants in

BrapcKONPC relative to control cortical tissues. p-values calculated by two-way ANOVA are indicated.

(G) Immunoblotting of histone extracts from postmortem cortical tissues of seven AD patients (AD1–AD7) and five age matched normal controls (C1–C5).

Each blot was probed sequentially by various anti-histone antibodies including pan-H2A, H2AubK119, H3, H4, H2B, and H1. Shown were representative

results of four technical replicates. AD3* denotes the AD3 isolate that was partially degraded. The frozen cortical tissue from this case was examined by

multiple technical replicates and more representative results were shown by immunoblots on right panels and those on Figure S4 when degradation was

minimized.
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Figure 7. Continued

(H) Quantification (MeanG SD) of the relative abundance of ubiquitinated histones H2A normalized to that of histone H3. p-values calculated by Student’s t

test are indicated. The demonstrates significant elevations in the level of histone H2A mono-ubiquitination detected by an antibody for H2AubK119 and the

overall level of H2A ubiquitination (H2Aub1+ub5) detected by the pan-H2A antibodies in AD cortical tissues in comparison with the age-matched controls.

See also Figure S4.
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observed in Brap�/�MEFs, increasedmono- and poly-H2Aub was accompanied by substantial elevation of

the overall level of poly-ubiquitinated proteins in the BrapcKONPC cortical tissue. Notably, in the cortex of

BrapcKONPC mice, the abundance of polyubiquitinated proteins was not obviously altered during

embryonic and neonatal development, but started to elevate at young adult ages, then further built up

progressively with age, and became remarkably high by six months of age (Figures 7A, 7B, S4A and

S4B). Despite the substantial backlog of poly-ubiquitinated proteins, we did not detect decreased

proteasomal activities in the mutant cortical tissues. Instead, aging BrapcKONPC mice showed a tendency

toward elevating the catalytic activity of 20S core proteasomal complex (Figure 7C). This demonstrates

clearly that the age-dependent loss of proteostasis in BrapcKONPC cortices was not owing to reduced

UPS function but rather caused by the overproduction and backlog of polyubiquitinated proteins, among

which H2Aub was the primary target resulting from Brca1-mediated DDR, whereas other polyubiquitinated

proteins were owing to UPS overflow.

Because the progressive decline in proteostasis is a prominent hallmark of aging and a common

pathological feature of neurodegeneration, we assessed the altered cortical proteome in aged

BrapcKONPC mice to evaluate whether it may resemble the proteopathy of NDs. We performed tandem

mass tags (TMT) quantitative proteomics analysis of whole cortical proteins from six-month-old

BrapcKONPC and control mice. Out of the total 4,708 quantified proteins, the abundance of 903 proteins

was significantly altered by Brap LOF (Table S2 TMT Proteomics Table). Notably, many toxic proteins asso-

ciated with AD, Parkinson’s disease (PD), Huntington’s disease (HD), and Amyotrophic lateral sclerosis

(ALS) were found to have accumulated in the BrapcKONPC relative to the control cortical tissues (Figure 7D),

which suggested overlapping pathogenesis between Brap LOF and human NDs. We further analyzed the

alteration in proteomic profiles resulting from Brap LOF by testing their association with biological pro-

cesses. In addition to aberrant protein ubiquitination and quality control, Ingenuity Pathway Analysis

(IPA) showed that the cerebral cortex of BrapcKONPC mice had altered glucose and fatty acid metabolism,

deregulated nutrient sensing, as well as declines in numerous cell signaling pathways and neuronal

network activities (Figure 7E). Notably, both long-term depression (LTD) and long-term potentiation

(LTP) were significantly decreased in BrapcKONPC cortices, indicating diminished synaptic plasticity and

impaired cognition of the mutant brain (Figure 7E). These data demonstrated that the brain function of

BrapcKONPC mice was impaired at multiple levels before they die of premature brain aging and

neurodegeneration.

With the remarkable proteomic alteration, multiple components of the 19S proteasome regulatory

particles were significantly upregulated in BrapcKONPC relative to control cortices (Figure S4C). The 19S

complex recognizes ubiquitinated proteins, then deubiquitinates, unfolds, and translocates them to the

20S catalytic complex for degradation. The elevation of 19S molecules along with the tendency of

increasing 20S activities in BrapcKONPC mice suggested a compensatory attempt of the mutant to combat

the increased UPS burden. Besides increased ubiquitination of canonical H2A, the abundance of multiple

histone H2A variants, including H2A.X, H2A.Y, H2A.Z, H2A.W, and H2A.2B, was also significantly higher in

BrapcKONPC than in control cortices (Figure 7F). The significant changes in H2Aub and multiple histone H2A

variants reflect the substantial chromatin remodeling in the BrapcKONPC brain. They also support the notion

that alterations of histone H2A and H2A variants can promote aging and neurodegeneration.

The overlapping transcriptomic and proteomic alterations between BrapcKONPC mice and NDs prompted

us to determine whether the brain defect caused by Brap LOF may underlie human brain aging and

neurodegeneration, as there is an urgent need for animal models to uncover the origin and recapitulate

the progression of NDs. To test whether our findings were applicable to human conditions, we examined

postmortem brain samples of seven AD patients along with five age-matched normal controls (Table S3:

Human Brain Tissue Table) to study their histone levels and histone H2A ubiquitination states. Considering

the heterogeneity among the human postmortem specimens, differences in their protein solubility, and

technical variation in histone extraction and IB detections, we looked at the levels of both mono- and

multi/poly-histone H2A ubiquitination with pan-H2A antibodies and an antibody for H2AubK119. Our
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analysis of the human tissue samples demonstrated that, compared with histone H2A, H2B, H3, H4, or H1,

the level of combined mono- and penta-ubiquitinated H2A (H2Aub1+H2Aub5) was significantly higher in

the cortical tissue of the AD group than in that of the control group (Figures 7G, 7H, and S4D). Besides an

overall increase in ubiquitinated H2A shown by pan-H2A antibodies, a significant increase in the immuno-

reactivity of the H2AubK119 antibody was also found in AD relative to control brains. Similar to our obser-

vations of BrapcKO mice, the elevation of histone H2Aub in the AD brains was not associated with a

decrease in 20S proteasome activity (Figure S4E). The close resemblance in histone ubiquitination states

between AD and BrapcKO mice supports the relevance of our data to human NDs. It also suggests that

H2Aub is a common epigenetic modification associated with brain aging and neurodegeneration, and

that the BrapcKO mouse model can be useful for studying AD and NDs.

DISCUSSION

In this study, we show that Brap LOF causes accelerated aging at the cellular, tissue, and organismal levels,

resulting in significant lifespan shortening in mice. This finding is consistent with the results of recent large-

scale GWAS that identified the association of the BRAP locus with human lifespan. They together suggest

that a better understanding of BRAP’s gain and loss of function would provide insight into the molecular

determinants for aging and longevity. Moreover, our studies of the cerebral cortical NPC- and neuron-spe-

cific Brap conditional knockout mice reveal a histone H2Aub-based mechanism that connects multiple

aging hallmarks to neurodegeneration, serving as a new model for aging-associated diseases.

The interconnection of multiple aging hallmarks underpins the complex etiology of aging-

associated diseases

Aging is an inevitable natural process driven by numerous molecular and cellular events that act synergis-

tically to cause an irreversible functional decline of the organs involved. Through the model of Brap LOF,

we have learned that the abnormal increase in histone H2Aub can serve as a nexus for multiple aging accel-

eratingmechanisms. Histone H2Amono-ubiquitination has been implicated as an evolutionarily conserved

aging biomarker from an ubiquitylome study of long-lived Drosophila proteins. It was shown to increase in

an age-dependent manner not only in Drosophila but also in the brain of mice, non-human primates, and

humans (Yang et al., 2019). Our data now echo this study, and we further demonstrate that the gained

H2Aub in the aged BrapcKO mouse and AD brains may include both mono and multi/poly ubiquitin

modification that could occur at multiple sites of histone H2A and H2A variants. Moreover, we show that

mono-H2Aub can progress to poly-H2Aub and promote UPS-mediated H2A degradation. Such histone

proteolysis not only changes chromatin structure but also increases the UPS burden, leading to proteop-

athy and an irreversible senescent state in cells being affected.

Increased ubiquitination of histone H2A in Brap mutants appears to occur predominantly at the C-terminus

on sites modified by Brca1 and/or PRC1, which induces ubiquitin-mediated H2A degradation and

nucleosome destabilization. In histone octamers, H2A sits on the edges with the flexible C-terminus tail

protruding from the globular nucleosome particle at the DNA entry/exit site. This structure makes the

C-terminus of H2A spatially permissive to accommodate the bulky multi- or poly-ubiquitination. The

histone H2A family contains numerous isoforms and variants, among which the highest degree of

diversification is in their C-termini. It is intriguing that many histone H2A variants were increased along

with H2Aub in the aging BrapcKONPC brain. This could reflect the compensation for the loss of canonical

H2A or alterations in the turnover of H2A variants, but the end result is a global chromatin structure change.

Additional insights on the altered nucleosome structure as well as on the genomic loci involved in these

H2A modifications and variants will allow a better understanding the chromatin state that drives

senescence and aging.

It is especially intriguing that the overall level of H2Aub is increased in the cortical tissue of AD. Although

the terminal brain pathology of AD is characterized by the accumulation of amyloid-b and hyperphosphory-

lated tau proteins, the cause of idiopathic AD remains elusive, though aging is known as the major risk fac-

tor. Our finding here suggests that histone H2Aub is a potential biomarker for AD, as the level of H2Aub

may mark cells’ or organs’ pathophysiological age instead of chronological age by connecting chromatin

aberration to cellular senescence and proteinopathy. Whereas H2Aub-mediated epigenetic and proteo-

mic changes cause profound cell-intrinsic phenotypes, the senescence-associated autocrine and paracrine

signaling can induce tissue-wide changes and immune-activation, leading to brain deterioration at

multiple levels. Therefore, epigenetic aging may underlie NDs and other aging-associated diseases.
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BRAP modulates BRCA1’s cytoplasmic-nuclear shuttling in a context-dependent manner

BRAP/Brap is a multifunctional protein cloned originally through its ability to bind the nuclear localization

signal (NLS) of the BRCA1 tumor suppressor and retain BRCA1 in the cytoplasm (Li et al., 1998). BRAP is also

shown to act as a Ras-responsive ubiquitin E3 ligase that undergoes auto-ubiquitination to limit the acti-

vation of MAP kinase cascade (Matheny et al., 2004). In the developing CNS, Brap regulates MAPK

signaling differentially according to the spatial position of NPCs (Lanctot et al., 2013). Brap E3 ligase can

also regulate the turnover of other E3 ligases that modify many nuclear proteins (Lanctot et al., 2017). These

make BRAP a versatile, yet powerful, molecule capable of connecting incoming signals that cells receive to

cells’ functional outputs governed by chromatin states.

Ourdatanowsuggest BRAPactbetweenRas andBRCA1andcan subsequently regulateBRCA1’s cytoplasmic-

nucleus shuttling based on cell type and cell state. Variations in BRCA1’s nuclear vs cytoplasmic localization

have a strong correlation with aggressive tumor features and prognosis (Chen et al., 1995; Scully et al., 1996;

Wilson et al., 1999), though the function of cytoplasmic BRCA1 remains elusive. Brap LOF appears to

create a condition in which Brca1’s cytoplasmic pool is reduced, whereas Brca1’s nuclear pool dominates in

the context of sustained genome instability. In this condition, the higher levels of nuclear Brca1 and histone

H2Aub are associated with impeded neurogenesis, cellular senescence, and accelerated aging. Notably,

cellular senescence and impaired neural stem/progenitor cell function are also phenotypes of Brca1 null mu-

tation and conditional deletion in neural progenitors, respectively (Cao et al., 2003; Pulvers and Huttner,

2009). Therefore, the shared phenotype between cells with full Brca1 absence and cells with low cyto-

plasmic-highnuclear Brca1owing toBrapdeficiency suggests that the cytoplasmicpool of Brca1maybeessen-

tial for maintaining stem cell function and suppressing senescence. Besides amajor function in DSB repair, the

ubiquitin E3 ligase activity is an integral element of nuclear BRCA1 in tumor suppression (Reid et al., 2008; Wu

et al., 2008; Zhu et al., 2011). The high nuclear Brca1 in Brap�/� and BrapcKO cells is associated with sustained

DSBs, increased H2Aub, and accelerated senescence. This raises a possibility that the BRCA1 E3 ligase may

contribute to tumor suppression by directing cells with irreparable DSBs to senescence, though this would

be at the expense of exhausting stem cells and speeding up the aging of those cells or organs with increased

genome instability as seen in the Brap LOFmodel. Therefore, as a cytoplasmic docking protein, BRAP’s regu-

lation of BRCA1 could be dependent on the level of BRAP in a context-dependentmanner: in stemand healthy

somatic cells with high levels of BRAP, the cytoplasmic BRAC1 is maintained for cell proliferation, differentia-

tion, and survival, whereas in cells with constitutive Ras activation or severe genomic lesions, the level of BRAP

decreases by auto-ubiquitination and nuclear BRCA1 increases, promoting either DNA repair or H2Aub-medi-

ated senescence. However, further studies of the physiological and pathological conditions by which BRAP

differentially controls BRCA1’s nuclear and cytoplasmic homeostasis remain necessary to delineate the diverse

roles of BRCA1 in development, aging, and oncogenesis.
The senescent states are diverse and can apply to cortical neurons

Cellular senescence, defined traditionally as a cell that can no longer divide, is essentially a stress response

to reactive oxygen species, DNA damage, and protein misfolding or aggregation. However, cellular senes-

cence presents many acquired characteristics beyond cell cycle arrests, such as chromatin remodeling,

metabolic activation, and SASP. Although NPCs and MEFs with Brap deficiency undergo canonical cellular

senescence in culture, the senescent phenotype in cortical tissues of BrapcKO mice is more complex.

Despite increases in bona fide senescencemarkers of SA-b-Gal and p16Ink4a, there was no replication arrest

of any type of brain-resident cells in the cerebral cortex of BrapcKONPC mice. Because the age-dependent

neuroinflammation, proteopathy, brain structural deterioration, and midlife mortality were linked to Brap

LOF in neurons showing DSBs, it suggests that cellular senescence is dictated by the chromatin state. Such

chromatin state not only entails the permanent cessation of propagating cells with irreparable damage but

also elicits a multitude of damage responses, leading to the widespread transcriptome, metabolome, and

proteome alterations for cells to adjust their microenvironment and their interaction with neighboring cells.

Therefore, cellular senescence might be better defined by the distinctive chromatin state, metabolic

pattern, and SASP than by cell-cycle arrest alone. By this definition, neurons, which are intrinsically

postmitotic, can further progress to a senescent state if they harbor sustained DSBs, leading to brain-

wide metabolic and inflammatory changes.

Our RNA-seq with bulk cortical tissue identified 373 upregulated genes in BrapcKONPC mice, of which 80

encode secreted proteins. Whereas some of these transcripts could be from activated astrocytes, micro-

glia, and lymphocytes, many are expected to represent primary SASP of Brap-deficient cortical neurons
18 iScience 25, 104519, July 15, 2022
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with newly adopted epigenetic states. As the molecular responses of cellular senescence are context-

dependent, the molecular composition of SASP is expected to be heterogeneous and pleiotropic, which

can be both protective and destructive depending on the stage of phenotype progression. Further studies

to identify primary SASP molecules from Brap-deficient cortical neurons in young and aged mice, respec-

tively, will provide in-depth information on the initiation and progression of neuroinflammation and

degeneration.

Intrinsic sources of genome instability in cerebral cortical neurons

DNA damage, particularly DSBs, have been shown to increase in the brains of AD, PD, and ALS patients

(Kim et al., 2020; Mitra et al., 2019; Schaser et al., 2019; Shanbhag et al., 2019). Whereas genomic instability

is considered a contributor to the pathogenesis of NDs, the causes of neuronal DSBs and themechanism by

which DSBs induce the degenerative brain pathology remain to be defined. In the cerebral cortical tissue,

Brap LOF resulted in chronic DSBs specifically in neurons. Whereas this may be owing to neurons’ high

metabolic rate, potent generation of reactive oxygen species, and abundant polyunsaturated fatty acids

prone to peroxidation, our data demonstrate that aberrant chromatin remodeling in neuronal differentia-

tion could also lead to DSBs (Chomiak et al., 2021). During cortical neurogenesis, Brap acts synergistically

with Nde1 to facilitate the compaction and epigenetic repression of constitutive heterochromatin

composed of long tandem repetitive satellite DNA sequences. Brap LOF impairs constitutive heterochro-

matin remodeling and results in not only DSBs but also de-silencing of satellite DNA transcription and nu-

clear architecture aberrations in cortical neurons (Chomiak et al., 2021). Because of the repetitive nature of

satellite DNA, damages to these elements tend to perpetuate and are refractory to repair. As neurons lack

the ability of regeneration, the aberrant protection to constitutive heterochromatin is likely themain source

of vulnerability to genotoxic insults throughout neurons’ lifespan. Notably, chromatin immunoprecipitation

(ChIP) analyses have shown that BRCA1-mediated mono-H2Aub is enriched in the satellite regions of the

genome (Padeken et al., 2019; Zhu et al., 2011). Therefore, the persistently high level of histone H2Aub seen

in BrapcKONPC mice may not only mark the damaged loci but also alter the structure of constitutive hetero-

chromatin. Consequently, the broad change in chromatin state can alter gene expression and metabolism

to drive neurodegeneration.

The deep chromatin root of NDs and AD

Various NDs share common defects in the accumulation and aggregation of misfolded proteins despite the

fact that each of them presents unique pathological hallmarks, specific brain regional involvement, and

distinctive clinical symptoms. Tremendous effort has been made to target protein aggregates, especially

the amyloid plaques in AD, but the efficacy of these treatment regimens has been uncertain, suggesting

that the aggregated proteins are the terminally pathological manifestations rather than the original cause

of neurodegeneration. It is currently believed that AD, andmany other NDs, may have a long asymptomatic

or prodromal phase that lasts as long as decades, during which the diseases are frequently associated with

chronic neuroinflammation and brain vascular dysfunction. The complex etiology of NDs has also made it

difficult to establish proper animal models. None of the existing models of AD, PD, or ALS fully phenocopy

the human disease conditions and progression. It is thus extremely challenging to identify the early

diagnostic markers as well as the initial cellular and molecular defect that primes the progressive brain

tissue-wide deterioration.

We believe the BrapcKO mouse model will be invaluable for understanding the molecular mechanism and

early-phase pathogenesis of NDs and AD. The wide range of phenotypes presented by the BrapcKO mice is

well in line with the disease states of human NDs. Its molecular profiles of neuroinflammation as well as

gene expression and proteomic aberrations overlap substantially with hallmark pathologies of AD, PD,

HD, and ALS. Therefore, data obtained from BrapcKOmice are justified to serve as entry points for exploring

the deep roots and complex etiology of neurodegeneration. As suggested, there is a chromatin origin of

AD and NDs. Given that dynamic chromatin remodeling is an intrinsic need for neuronal plasticity, genome

instability, and epigenome aberrations are expected to have a constant and lifelong impact on neuronal

function and longevity. A better understanding of chromatin quality control holds promises for the identi-

fication of early and effective targets and therapeutic intervention for NDs.

Limitations of the study

The study is based on phenotype analyses of Brap LOF in mice. Brap is an essential gene for mammalian

development. It plays multifaceted roles in Ras signaling, cell cycle, ubiquitin-mediated protein turnover,
iScience 25, 104519, July 15, 2022 19



ll
OPEN ACCESS

iScience
Article
and nuclear import. Although increased histone H2Aub is a hallmark phenotype of Brap LOF, H2Aub is not

a direct catalytic product of Brap, and the E3 ligase(s) that links Brap and H2Aub is not fully defined.

Whereas Brca1 is likely one of the main players, molecules of the PRC1 complex are also likely to be down-

stream of Brap. The site-specific regulation of H2Aub by Brap is limited by the availability of site-specific

antibodies against histone H2A and the complexity of the brain tissue.
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D.P., Goldstein, J., Nelson, P.S., Desprez, P.Y.,
and Campisi, J. (2008). Senescence-associated
secretory phenotypes reveal cell-
nonautonomous functions of oncogenic RAS and
the p53 tumor suppressor. PLoS Biol. 6, e301.
https://doi.org/10.1371/journal.pbio.0060301.

Coppede, F., and Migliore, L. (2010). DNA repair
in premature aging disorders and
neurodegeneration. Curr. Aging Sci. 3, 3–19.
https://doi.org/10.2174/1874609811003010003.

Dewachter, I., Reversé, D., Caluwaerts, N., Ris, L.,
Kuipéri, C., Van den Haute, C., Spittaels, K.,
Umans, L., Serneels, L., Thiry, E., et al. (2002).
Neuronal deficiency of presenilin 1 inhibits
amyloid plaque formation and corrects
hippocampal long-term potentiation but not a
cognitive defect of amyloid precursor protein
[V717I] transgenic mice. J. Neurosci. 22, 3445–
3453. https://doi.org/10.1523/jneurosci.22-09-
03445.2002.

Dou, Z., Xu, C., Donahue, G., Shimi, T., Pan, J.A.,
Zhu, J., Ivanov, A., Capell, B.C., Drake, A.M.,
Shah, P.P., et al. (2015). Autophagy mediates
degradation of nuclear lamina. Nature 527,
105–109. https://doi.org/10.1038/nature15548.
El Hajjar, J., Chatoo, W., Hanna, R., Nkanza, P.,
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STAR+METHODS

KEY RESOURCE TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Cyclin A Santa Cruz Biotechnology Cat# sc-751; RRID:AB_631329

P19 Arf Novus Biologicals Cat# NB200-169

p21 Cip1 Millipore Cat# MAB88058; RRID:AB_11212534

p27 Kip1 Millipore Cat# 06-445; RRID:AB_310121

p27 Kip ( Clone DCS-72.F6) ThermoFisher Cat# MS-256-P0

p27Kip (F8) Santa Cruz Biotechnology Cat# sc-1641; RRID:AB_628074

NFkB p65 Cell Signaling Technology Cat# 4764; RRID:AB_823578

phospho-NF-kB p65 (Ser365) (93H1) Cell Signaling Technology Cat# 3033; RRID:AB_331284

Cyclin A Santa Cruz Biotechnology Cat# sc-751; RRID:AB_631329

P19 Arf Novus Biologicals Cat# NB200-169

Ki67 Novo CASTRA Cat# NCL-Ki67p

Ki67 eBioscience Cat# 14-5698

Phospho-p53 (Ser15) Abcam Cat# ab1431; RRID:AB_301090

Phospho-p53 (Ser15) (D4S1H) Cell Signaling Technology Cat# 12571; RRID:AB_2714036

Phospho-p53 (Ser15) (16G8) Cell Signaling Technology Cat# 9286; RRID:AB_331741

Phospho-ATM(Ser1981) Novus Biologicals Cat# AF1655

Phospho-ATR (Ser 428) Cell Signaling Technology Cat# 2853; RRID:AB_2290281

53 BP1 Novus Biologicals Cat# NB100-304

Brca1 Santa Cruz Biotechnology Cat# sc-642; RRID:AB_630944

Brca1 Novus Biologicals Cat# MAB22101

Brca1 (clone 8F7) Novus Biologicals Cat# NBP1-41186

LC3B (G-9) Santa Cruz Biotechnology Cat# sc-376404; RRID:AB_11150489

LC3B Cell Signaling Technology Cat# 2775; RRID:AB_915950

LC3B Novus Biologicals Cat# NB100-2220

p62SQSTM1 Novus Biologicals Cat# MAB8028

p62SQSTM1 GeneTex Cat# GTX100685; RRID:AB_2038029

Fibronectin BD Biosciences Cat# 610077; RRID:AB_2105706

Phospho-Tau (Thr181) 5H9L11 Thermo Fisher Cat# 701530; RRID:AB_2532491

Phospho-Tau (Ser202/Thr205) mAb (AT8) ThermoFisher Cat# MN1020; RRID:AB_223647

Phospho-Tau (Thr231) ThermoFisher Cat# 44-746G; RRID:AB_2533742

Phospho-Tau (Ser416) D7U2P Cell Signaling Technology Cat# 15013; RRID:AB_2728782

Phospho-Tau (Thr 217) GenScript Cat# A00896; RRID:AB_2622113

Phospho-Tau (Ser396) GenScript Cat# A01387; RRID:AB_1575880

Tau (Tau 46) Santa Cruz Biotechnology Cat# sc32274; RRID:AB_628327

Tau (A10) Santa Cruz Biotechnology Cat# sc-390476

Tau (TAU-5) Santa Cruz Biotechnology Cat# sc-58860; RRID:AB_785931

Prp (6D11) Santa Cruz Biotechnology Cat# sc-58581; RRID:AB_1128724

Histone H1.0 Active Motif Cat# 61417; RRID:AB_2793627

Histone H1 Active Motif Cat# 39707; RRID:AB_2793314

Histone H1 (AE-4) Santa Cruz Biotechnology Cat# sc-8030; RRID:AB_675641

Histone H2A (D6O3A) Rabbit mAb Cell Signaling Technology Cat# 12349; RRID:AB_2687875

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Histone H2A II Cell Signaling Technology Cat# 2578; RRID:AB_2118804

Histone H2A, Clone C10037 MBL Cat# D210-3

Histone H2A C-terminal antibody (pAb) Active Motif Cat# 39591; RRID:AB_2793270

Histone H2A GeneTex Cat# GTX129418; RRID:AB_2885986

Ubiquityl-Histone H2AK119 Cell Signaling Technology Cat# 8240; RRID:AB_10891618

Ubiquityl-Histone H2A Clone E6C5 Millipore Cat# 05-678; RRID:AB_11214408

Histone H2A.X Active Motif Cat# 39689; RRID:AB_2728764

Histone H2A.Z Cell Signaling Technology Cat# 2718; RRID:AB_659840

phospho-Histone H2A.X (Ser139), clone

JBW301

Millipore Cat# 05-636; RRID:AB_309864

phospho-Histone H2A.X (Ser139) Cell Signaling Technology Cat# 2577; RRID:AB_2118010

phapho-Histone H2A.X (Ser139) Active Motif Cat# 39117; RRID:AB_2793161

phospho-Histone H2A.X (Ser139) Bethyl Laboratories Cat# IHC-00059-3

phospho-Histone H2A.X (Ser139) Clone 2F3 Biolegend Cat# 613401; RRID:AB_315794

H2A.Y/macroH2A.1 Cell Signaling Technology Cat# 8551; RRID:AB_2797647

H2A.Y/macroH2A.1 Clone 866416 Novus Biologicals Cat# MAB8318

Histone H2B Active Motif Cat# 39125; RRID:AB_2793163

Ubiquityl-Histone H2B K120 Active Motif Cat# 39623; RRID:AB_2793279

Histone H3 Active Motif Cat# 61799; RRID:AB_2793771

Histone H3K9me3 Abcam Cat# ab8898; RRID:AB_306848

Histone H3 (1G1) Epigentek Cat# A68386

Histone H3 Cell Signaling Technology Cat# 9715; RRID:AB_331563

Histone H3.3 Novus Biologicals Cat# NBP2-24697

Histone H4 Active Motif Cat# 39269; RRID:AB_2636967

Histone H4 GeneTex Cat# GTX129560; RRID:AB_2886030

Lamin B1 Abcam Cat# ab16048; RRID:AB_443298

Lamin B1 (M20) Santa Cruz Biotechnology Cat# sc-6217; RRID:AB_648158

Lamin A/C Cell Signaling Technology Cat# 4777; RRID:AB_10545756

Lamin A/C BD Biosciences Cat# 612162; RRID:AB_399533

Ring1B (D22F2) Cell Signaling Technology Cat# 5694; RRID:AB_10705604

RNF168 Santa Cruz Biotechnology Cat# sc-101125

RNF168 Millipore Cat# ABE367; RRID:AB_11205761

MMP1 GeneTex Cat# GTX100534S; RRID:AB_10724220

MMP2 GeneTex Cat# GTX104577; RRID:AB_1950932

MMP2 Proteintech Cat# 66366-1; RRID:AB_2881746

OPN Novus Biologicals Cat# AF808

Pai1 Proteintech Cat# 13801-1-AP; RRID:AB_2186881

CD68 (KP1) Abcam Cat# ab955; RRID:AB_307338

CD68 (FA-11) Abcam Cat# ab53444; RRID:AB_869007

Iba Wako Cat# 019-19741; RRID:AB_839504

GFAP Abcam Cat# ab7260; RRID:AB_305808

GFAP Dako Cat# GA52461-2

GFAP (GA5) Novus Biologicals Cat# NBP2-29415

NeuN Cell Signaling Technology Cat# 24307; RRID:AB_2651140

NeuN, Clone A60 Millipore Cat# MAB377; RRID:AB_2298772

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Cleaved Caspase-3 Cell Signaling Technology Cat# 9661; RRID:AB_2341188

Cleaved Caspase-3 Cell Signaling Technology Cat# 9664; RRID:AB_2070042

Ubiquitin, Clone Ubi-1 Millipore Cat# MAB1510; RRID:AB_2180556

Ubiquitin (Ubi-1) Novus Biologicals Cat# NB300-130

Ubiquitin Millipore Cat# AB1690; RRID:AB_2180744

Multiubiquitin Chain, Clone FK1 Cayman Chemical Cat# 14219

Multiubiquitin Chain, Clone FK2 Cayman Chemical Cat# 14220

Ubiqutin K48 linkage specific Millipore Cat# 05-1307; RRID:AB_1587578

Ubiqutin K63 linkage specific Millipore Cat# 05-1313; RRID:AB_1587585

Ubiqutin K11 linkage Millipore Cat# MABS107-I; RRID:AB_2713901

20S Proteasome alpha 2 (B4) Santa Cruz Biotechnology Cat# sc-377148

20S Proteasome beta 2 (D8) Santa Cruz Biotechnology Cat# sc-515066

Nucleoporin p62 BD Biosciences Cat# 610497; RRID:AB_397863

Smc1 Novus Biologicals Cat# NB100-204

GAPDH Sigma Cat# G9295; RRID:AB_1078992

Actin Sigma Cat# A2668; RRID:AB_258014

Tubulin, alpha, clone B-5-1-2 Sigma Cat# T6074; RRID:AB_477582

Vinculin Sigma Cat# V9131; RRID:AB_477629

Biological samples

Human postmortem cerebral cortical tissue

samples

See Table S3: Human Postmortem AD and

Control Brain Tissue Specimen Table.

Chemicals, peptides, and recombinant proteins

Formaldehyde, EM grade Ted Pella Cat# 18505

Glutaraldehyde, EM grade Ted Pella Cat# 18421

X-Gal ThermoFisher Cat# R0404

N-Ethylmaleimide Pierce Cat# 23030

Iodoacetamide Sigma Cat# I1149

TRIzol Reagent Invitrogen Cat# 15596018

Leupeptin ThermoFisher Cat# 78435

Pepstatin A ThermoFisher Cat# 78436

Aprotinin Sigma Cat# A6103

Benzamidine Sigma Cat# 434760

Phenylmethanesulfonyl fluoride Sigma Cat# P7626

cOmplete�, Mini, EDTA-free Protease

Inhibitor Cocktail

Roche Cat# 11836170001

Chloroquine Sigma Cat# C6628

MG-132 selleckchem Cat# S2619

FD Rapid GolgiStain kit FD NeuroTechnologies Cat# PK401

Antigen unmasking solution Vector Lab Cat# H-3300

DAB substrate Kit Vector Lab Cat# SK-4100

Critical commercial assays

20S Proteasome Assay Kit Millipore Cat # APT280

FD Rapid GolgiStain kit FD Neuro Technologies Cat # PK401

Deposited data

RNA-Seq Data GEO GSE183383

(Continued on next page)
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Experimental models: Organisms/strains

Brap knockout mice generated in house

(Lanctot et al., 2013)

https://www.sciencedirect.com/science/

article/pii/S1534580713002177

Brap floxed mice generated in house

(Lanctot et al., 2017)

https://www.sciencedirect.com/science/

article/pii/S2211124717309713?via%3Dihub

Emx1-Cre mice JaxMice Cat# 005628

Thy1-Cre mice JaxMice Cat# 006143

Oligonucleotides

qPCR primers IDT See Table S4 for a list of sequences of qRT-PCR

primers

Software and algorithms

Image-Pro Premier Media Cybernetics https://www.mediacy.com/support/

imagepropremier

Image J ImageJ https://imagej.nih.gov/ij/

GraphPad Prism GraphPad https://www.graphpad.com/scientific-

software/prism/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Yuanyi Feng (yuanyi.feng@usuhs.edu)
Material availability

This study did not generate new unique reagents. All unique/stable reagents used in this study are avail-

able from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

RNA-seq data set deposited on GEO: GSE183383. This paper does not report original code. Any additional

information required to reanalyze the data reported in this paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Brap knockout (Brap�/�) and Brap floxed (Brapflox/flox) mice were generated by conventional mouse embry-

onic stem cell-based gene targeting (Lanctot et al., 2013, 2017). BrapcKONPC mice were generated by

crossing Brapflox/flox mice with the Emx1-Cre mice purchased from JaxMice (stock # 005628).

BrapcKONeuron mice were generated by crossing Brapflox/flox mice with Thy1-cre mice purchased from

JaxMice (Stock No: 006143). All mice used for this study were housed and bred according to the guidelines

approved by the IACUC committees of Northwestern University and Uniformed Services University of

Health Services in compliance with the AAALAC’s guidelines. Experiments were performed using litter-

mates or age and genetic background matched control and mutant groups in both sexes. Ages of study

were from embryonic day 12.5 (E12.5) to one year. For timed matings, the day of vaginal plug was consid-

ered E0.5.
Human postmortem cerebral cortical tissue samples

The postmortem brain tissues used in this study were obtained from the University of California Irvine Alz-

heimer’s Disease Research Center (UCI ADRC) and the Institute for Memory Impairments and Neurological

Disorders (UCI MIND) through a material transfer agreement. Information on the specimens being

analyzed in this study can be found in Table S3: Human Brain Tissue Table.
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METHOD DETAILS

Cell culture

Neural stem/progenitor cells were isolated from embryonic cortices at E12.5. Single cells were prepared

and cultured in DMEM/F12 with N2 and B27 supplements, Penicillin-Streptomycin, Glutamine, Heparin,

and growth factors (20 ng/mL EGF and 10 ng/mL FGF). Mouse embryonic fibroblasts (MEFs) were isolated

from embryos at E12.5, after removing head and liver. The embryos were minced and digested in 0.25%

trypsin-EDTA at 37�C with agitation for 10 min. Single cell suspensions were plated at a density of R

104/cm2, which is considered passage 0. The cells were then cultured according to the standard 3T3 cell

protocol in DMEM supplemented with 10% FBS and Penicillin-Streptomycin. To block UPS or lysosome,

10 uM MG132, or 25mM chloroquine were applied to MEF culture for 4–12 hours.
Immunoblotting

Immunoblotting of total cell or tissue proteins was performed by extracting with boiling 2x SDS PAGE

sample buffer (62.5 mM Tris-HCl, pH 6.8, 2.5% SDS, 0.7135 M b-mercaptoethanol, 10% glycerol, 0.002%

Bromophenol Blue) to fully dissolve the tissue proteins, heating at 95�C for 10 min to ensure protein dena-

turation, and passing through syringes with a 291/2 gauge needle three times to sheer nuclear DNA and

obtain homogenous extracts. 10–30 ug of total proteins were used for each immunoblotting analysis. Load-

ings were adjusted and normalized by the total protein content according to Coomassie blue stain of the

gel after SDS PAGE and by the level of housekeeping proteins.
Immunostaining, immunofluorescence, and immunohistological analyses

Immunofluorescence staining of cells was carried out by fixing the cells with either 4% formaldehyde or cold

methanol, blocking with 1% BSA and 5 mg/ml lysine, and immuno-staining in a buffer containing 25 mM

Hepes, pH 7.4, 250 mM Sucrose, 25 mM KCl, 25 mM Mg(CH3COO)2, 1% BSA, and 0.25% Saponin. For

immunofluorescence staining of mouse cortical tissue, mouse brains were fixed by transcardial perfusion

with PBS and 4% paraformaldehyde and then processed in 12 um cryosections or 5 um paraffin sections.

After treating with antigen unmasking solutions (Vector Labs), brain sections were blocked with 5% goat

serum and incubated with primary antibodies in PBS, 0.05% Triton X100, and 5% goat serum at 4�C over-

night, and followed by staining with fluorescence conjugated antibodies and Hoechst 33342. Epifluores-

cence images were acquired with a Leica CTR 5500 fluorescence, DIC, and phase contrast microscope

equipped with the Q Imaging Regita 2000R digital camera. For immunohistological (IHC) brain analysis,

paraffin sections of 5um thickness were treated with antigen unmasking solutions, blocked with 5% goat

serum for one hour, incubated with primary antibodies in PBS, 0.05% Triton X100, and 5% goat serum at

4�C overnight. Then the immunosignals were detected by HRP-conjugated secondary antibodies and

the DAB substrate using an ABC kit (Vector lab). IHC images were acquired with a Leica CTR 5500 fluores-

cence, DIC, and phase contrast microscope equipped a Leica DFC7000 T camera. Images were imported to

Adobe Photoshop and adjusted for brightness and black values.
Senescence-associated b-gal (SA-b-gal) staining

For identification of cellular senescence, cells were fixed with 2% formaldehyde and 0.2% glutaraldehyde

for 5 min at room temperature. Mouse brains were transcardially perfused and fixed with ice cold PBS fol-

lowed by 4% paraformaldehyde and 5 mMMgCl2 in PBS for 6–8 hours. The fixed brains were cryopreserved

and prepared as cryosections 16 um in thickness. Fixed cells or brain sections were stained with a staining

solution containing 5 mM Potassium Ferrocyanide, 5 mM Potassium Ferricyanide, 150 mM NaCl, 5 mM

MgCl2, 40 mM Citric acid-Na phosphate buffer pH 5.95, and 1 mg/mL X-gal at 37�C for 6–20 hours.
Golgi-Cox staining and dendritic spine analysis

Mice were euthanized with CO2; brains were quickly dissected, rinsed with deionized water, immersed in

impregnation solution, and processed using FD Rapid GolgiStain kit (FD NeuroTechnologies) according to

manufacturer’s instructions. Stained sections were examined under a Leica DM5000 light microscope. Py-

ramidal neurons in the cerebral cortex and hippocampus regions were imaged with a 40x objective and

photographed. For dendritic spine density analysis, 16–20 pyramidal neurons in neocortical layer II/III of

each mouse were randomly selected for assessment. The number of spines per 10 micrometers in

secondary apical dendrites (branched from primary dendrites arising from the soma) was scored using

the NIH Image J software.
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Histone extractions

Cell or tissues were re-suspended or homogenized and lysed in PBS containing 0.5% Triton X 100, 25 ug/ml

leupeptin, 10 ug/ml Pepstatin A, 5 ug/ml Aprotinin, 10 mM Benzamidine, 2 mM PMSF, 10mM N-Ethylma-

leimide (NEM), 10mM iodoacetamide (IAA), and 0.02% NaN3 at a density of �107 cells/ml. Nuclei were first

collected by centrifuge at 600 x g for 10 min at 4�C, washed once, and re-suspended in 0.2 N HCl at a den-

sity of 4 3 107 nuclei per mL to extract histones overnight at 4�C. After clearing debris by centrifugation at

16,000 x g for 10 min at 4�C, the histone containing supernatants were neutralized with 2 M Tris Base. Pro-

tein concentration was determined bymeasuring absorbance at 280 nm. Histone extractions were stored in

aliquots at �20�C.
Cytoplasmic-nuclear fractionation

Cells grown on culture dishes were trypsinized, collected in centrifuge tubes with DMEM and 10% FBS, and

washed with PBS. After complete removal of PBS, cells were first treated gently with hypotonic buffer

(10 mM Hepes, pH 7.9, 1.5 mM MgCl2, and 10 mM KCl) and protease inhibitors on ice for 10 min before

the addition of NP-40 to a final concentration of 0.1%. After gently mixing, cells were spun at 600 x g for

10 min at 4�C. Supernatants were collected and analyzed as cytoplasmic fractions either directly or precip-

itated by 10% TCA. Pellets were gently washed twice with the hypotonic buffer by spinning at 600 x g for

5 min before being analyzed as nuclear fractions.
RNA isolation and quantitative RT-PCR

Cerebral cortical tissue was homogenized in TRIzol reagent (Thermo Fisher) followed by total RNA

extraction according to the manufacturer’s protocol. 1ug RNA was reverse transcribed into first-strand

cDNA using Superscript III reverse transcriptase (Invitrogen). qRT-PCR reactions were performed using

Power SYBR Green PCR Master Mix on a Roche LightCycler 480 Real-Time PCR system. Primers used for

accessing gene expression were synthesized according to validated primer sequences from the MGH-

PGA PrimerBank, and are listed in Table S4: qRT-PCR primers. Expression was normalized to TATA-binding

protein (Tbp) as an internal control and results were analyzed using the 2-(DDCT) method.
RNA sequencing analysis of whole cerebral cortical transcriptome

Purified total RNA from whole cerebral cortical tissue of five BrapcKONPC and five control (Brapflox/floxCre�

and Brapflox/WTCre�) mice at 3 months of age were processed at the University of Chicago Genomics Facility

where RNA-seq library preparation was carried out. RNA libraries were sequenced using an Illumina HiSeq

4000 platform (13 50 bp single end and/or paired end sequencing). RNA sequencing files were transferred

to the Tarbell High-performance computing cluster of Center for Research Informatics at the University of

Chicago for analysis. The quality of raw sequencing data was assessed using FastQC v0.11.5. All RNA reads

were first mapped to the mouse reference genome (mm10) using STAR v2.5.2b release with default param-

eters. Picard v2.8.1 (http://broadinstitute.github.io/picard/) was used to collect mapping metrics. The

counted reads were filtered to exclude reads with identical library- and molecule barcodes. Differential

gene expression analysis was performed using the DESeq2 package. Significance was defined as FDR

<0.1 and absolute Fold Change R1.5.
10-Plex tandem mass tags (TMT) proteomic analysis

Five BrapcKONPC and five control (Brapflox/floxCre� or Brapflox/WTCre�) mice at 6 months of age were transcar-

dially perfused with ice cold PBS and protease inhibitors to remove high-abundant blood and serum pro-

teins. Cerebral cortical tissue was dissected on ice, flash frozen in liquid nitrogen, and sent to the Thermo

Fisher Center of Harvard Medical School where the samples were processed for 10-plex TMT analysis. MS2

spectra were searched using the SEQUEST algorithm against a Uniprot composite database derived from

Mouse proteome containing its reversed complement and known contaminants. Peptide spectral matches

were filtered to a 1% false discovery rate (FDR) using the target-decoy strategy combined with linear

discriminant analysis. The proteins were filtered to a <1% FDR. Proteins were quantified only from peptides

with a summed SN threshold of >100 and MS2 isolation specificity of 0.5.

Quantified protein were hierarchically clustered using the Euclidean distance, average linkage. Multiple

Sample tests (ANOVA) with Permutation-based FDR (FDR <0.05) were performed to see significant

changes among two study groups.
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20S Proteasome assay

Proteasomes were extracted from mouse cortical tissue in a lysis buffer containing 50 mM HEPES, pH 7.5,

5 mM EDTA, 150 mM NaCl and 1% Triton X-100, 1 uM DTT and 2 mM ATP. Proteasome activities were

determined using a 20S proteasome activity assay kit (Millipore APT280) according to manufacturer’s in-

structions. The amount of cleaved AMC fragment of Suc-LLVY-AMC was quantified using a CLARIOstar

Plus plate reader (BMG LABTECH) at excitation (EX) = 380/emission (EM) = 460. Reaction mixtures were

incubated with 10 mM lactacystin or MG132 before addition of fluorogenic substrates to ensure the

specificity of the assays.
QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to predetermine sample size, while all experiments were performed with

a minimum of three biological replicates and all cell counts were obtained from at least ten random fields.

The experiments were not randomized; the investigators were not blinded to the sample allocation and

data acquisition during experiments but were blinded in performing quantitative analyses of immunohis-

tological images using the NIH Image J software.

All statistical analyses were done using GraphPad Prism 9.0 software. Data were analyzed by one-way

ANOVA or unpaired two-tailed Student’s t tests for comparing differences between different genotypes.

Differences were considered significant with a p value < 0.05.
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