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Scientific backgroundFigure 2. TAD formation. (Yao, Berman et al., 2015)
Figure 1. 3D epigenome. Adopted from (Mukherjee, Twyman et al., 2015)

Figure 1. The 3D epigenome. Adopted from (Mukherjee, Twyman et al., 2015)

Aging increases the risk of numerous chronic diseases, with a marked concomitant decline in physiological function and increased frailty, thus placing an economic burden on individuals, society, and the healthcare system. While many prior and ongoing studies have sought to thoroughly explore the genetic architecture of the biology of aging and aging-related processes, the study of aging epigenetics is in its infancy. Epigenetics factors, which are acquired or heritable changes in genomic function or phenotypes that are not associated with a change in DNA sequence, have emerged as important regulators of gene expression and of age-related disease risk, frailty, and physiological deterioration. The most thoroughly studied epigenetic modifications, which include cytosine methylation and post-translational histone modifications, constitute just one layer of epigenetic information associated with multiple genomic processes that lead to age-related functional decline. Recently, landmark studies of the spatial organization of the genome have highlighted the central role of this organization as a determinant of genomic function and a hub that integrates genetic and epigenetic information. Establishing the changes in the genomic structure associated with age will help to better clarify the effects of age-related chromatin reorganization on the human aging process. DNA methylation and histone modifications can affect the epigenetic state of chromatin, controlling the density of nucleosome packing (and thus accessibility to enzymes and transcription factors) and regulating gene expression (Figure 1). These effects manifest as physical changes in three-dimensional (3D) patterns of genome organization (captured by Hi-C mapping).,   that can alter genomic function and thereby influence health outcomes. Figure 2. TAD formation. (Yao, Berman et al., 2015)

Chromosome conformation capture and Hi-C: Hi-C is a recently developed method, which allows an unprecedented view of three-dimensional organization of the DNA within the nucleus by utilizing high throughput genome-wide sequencing of chromatin loci, which are in spatial proximity (4). In recent years, Hi-C has led to several key discoveries (5) in a wide range of biological systems, including novel chromatin structures and novel epigenetic mechanisms of gene regulation such as genomic compartments and topologically associated domains (TADs). Interestingly, TADs have been proven, in several studies (6), to possess a regulatory function on gene expression.Figure 43. Disruption of TAD structure cause congenital disease. (Lupianez, Spielmann et al., 2016)

Hi-C experiments have emphasized three major sub-chromosomal levels of organization in mammals, each closely linked to biological function.  First, Genomic Compartments (GC), these elements are sets of large-scale chromosomal domains that interact with each other in correlation with their activity status. GCs are cell-type specific and are associated with epigenetic marks and gene expression. Second, Topologically Associating Domains (TAD) these structures are smaller chromosomal domains that are largely invariant between cell types. TADs (Figure 2) potentially define regulatory microenvironments for cis enhancer-promoter interactions (further described below). Finally, p. Point interactions are localized interactions that may represent long-range regulatory loops between genomic elements, such as  trans enhancer-promoter interactions.
What are TADs? TADs are functional regions in the genome characterized by two main features: genomic regions within a TAD are more frequently associated with one another (self-association), while genomic regions from different TADs associate less frequently (insulation) (Dixon, Gorkin et al., 2016). TADs are also thought of as fundamental structures that guide regulatory elements to their target promoters (Lupianez, Spielmann et al., 2016). When mutations occur within a TAD they may have minimal effect on gene expression, unless they occur in a coding region. However, when mutations alter TAD boundaries, gene expression of the neighboring TADs is affected and can lead to pathological outcomes. For example, F syndrome (acropectorovertebral dysgenesis) is a rare dominant skeletal disorder characterized by syndactyly of the first and second fingers in which an inversion mutation changes the location of the TAD boundary in proximity to WNT6, causing pathological development of the hand (Figure 3). Adult-onset demyelinating leukodystrophy, which is a rare neurological disorder characterized by progressive central nervous system (CNS) demyelination, is caused by LMNB1 overexpression due to a 600 kb deletion of a genomic region including 2 genes and a TAD boundary upstream of LMNB1, thus allowing it to be overexpressed. Mesomelic dysplasia is a rare congenital disorder characterized by altered bone formation caused by the deletion of an entire TAD, both of its boundaries, and part of its downstream TAD resulting in misexpression in the developing limb.
Figure 4. Schematic view of the project. Circled numbers at the top left corner of the colored box represent Objectives.
Figure 34. Schematic overview of the proposed project. Circled numbers in the top left corner of each colored box represent Aims, ISD- Informative Structural Domains.

Multiple lines of evidence point to a functional role for changes in chromatin conformation in the processes of aging and senescence. For example, senescence-associated heterochromatin foci  (SAHF) are observed in certain types of senescent cells (Narita, Nunez et al., 2003). The tethering of chromatin to the nuclear lamina plays a central role in defining the heterochromatin state and associated gene expression. Chromatin dissociation from the nuclear lamina is observed in the context of aging and senescence, and also occurs in Hutchinson-Gilford Progeria Syndrome (HGPS), which is a rare disease in which patients exhibit symptoms of rapid aging. HGPS is caused by a mutation in Lamin A that leads to the dissociation of the chromatin from the lamina, thus disrupting the 3D organization of the genome due to a loss of genomic compartments and nuclear distortion (Scaffidi & Misteli, 2006; McCord, Nazario-Toole et al., 2013). The mechanisms underlying HGPS have been proposed to apply to physiological aging as well (Scaffidi & Misteli, 2006). Additional Hi-C studies have shown that both oncogene-induced senescent cells (Chandra, Ewels et al., 2015) and cells in a state of replicative senescence (Criscione, De Cecco et al., 2016) exhibit global changes in 3D genomic organization. However, no studies to date have examined the 3D organization of the genome in the context of physiological aging.
Research objectives & expected significance
					 While levels of cytosine hypermethylation levels and histone modification at specific sites appear to change with age, the impact of such changes on genomic organization remains poorly studied. To bridge this gap, we propose to use a recently developed molecular method called Hi-C, which can provide unprecedented insight into 3D genomic organization through the comprehensive genome-wide measurement of pairs of chromatin loci that are in spatial proximity (Prof. Noam Kaplan of the Technion is an expert of this technique (11, 12), letter of collaboration is attached). Recent Hi-C-based studies have revealed that higher-order genomic organization and plasticity play a fundamental role in determining genomic function and gene regulation. Given that chromatin reconstruction is a hallmark of aging (13), these findings may thus be a key aspect of the aging process. In the proposed study, we will use Hi-C method to measure the 3D organization of the aging genome, as well as its variation within populations (cross-sectional variation) and over time (longitudinal variation) in humans and in a mouse model.. To this end, we will use the Israeli multi-ethnic centenarian study (I-MECS) cohort an assembly of Exceptional Long Lived Individuals (ELLI)  to investigate the hallmarks of healthy aging. These data will be analyzed by assessing the occurrence of age-related diseases and physiological functional decline, their interactions with supportive or adverse environments (i.e. epigenetic influence), and the associated effects on 3D genomic organization. This study will provide a robust foundation for more specific functional studies, as previously exemplified by several genetic studies,  (ref) and will lead to a better understanding of aging biology. Understanding the interplay of genetic and epigenetic mechanisms underlying healthy aging may lead to the future development of treatments and interventions capable of promoting healthier agingaging with grace. 	Comment by Editor: This is rather vague and I am not sure it adds meaningfully without more concrete examples.	Comment by Editor: While this term sounds very pleasing, I might suggest something a bit more concrete (such as optimal aging or healthy aging).
Establishing the mutual dependence of genetics on the environment on the one hand (Through  our HI-C, methylome and RNAseq), and the occurrence of age-related diseases and physiological functional decline on the other will be the main impact of this study. The proposed study will attempt, for the first time, to coherently integrate these effects. As a pioneering effort to measure and integrate Hi-C data on this scale through analyses of healthy centenarians, our work will ultimately provide an exceptional resource to the scientific society. In addition, we expect our study to benefit not only the study of the mechanisms of aging but also the study of the fundamental mechanisms underlying epigenetics and genetic regulation (Figure 34). To address these objectives, we propose the following specific objectives:

What are TADs? Topologically Associated Domains (TADs) are functional regions in the genome characterized by two main features: genomic regions within a TAD are more frequently associated with one another (self-association), while genomic regions from different TADs associate less frequently (insulation) (Dixon, Gorkin et al., 2016). TADs are also thought of as fundamental structures that guide regulatory elements to their target promoters (Lupianez, Spielmann et al., 2016). When mutations occur within a TAD they may have minimal effect on gene expression, unless they occur in a coding region. However, when mutations alter TAD boundaries, gene expression of the neighboring TADs is affected and can lead to pathological outcomes. For example, F syndrome (acropectorovertebral dysgenesis) is a rare dominant skeletal disorder characterized by syndactyly of the first and second fingers in which an inversion mutation changes the location of the TAD boundary in proximity to WNT6, causing pathological development of the hand (Figure 4). Adult-onset demyelinating leukodystrophy, which is a rare neurological disorder characterized by progressive central nervous system (CNS) demyelination, is caused by LMNB1 overexpression due to a 600 kb deletion of a genomic region including 2 genes and a TAD boundary upstream of LMNB1, thus allowing it to be overexpressed. Mesomelic dysplasia is a rare congenital disorder characterized by altered bone formation caused by the deletion of an entire TAD, both of its boundaries, and part of its downstream TAD resulting in misexpression in the developing limb. Figure 4. Disruption of TAD structure cause congenital disease. (Lupianez, Spielmann et al., 2016)


Our specific objectives are: 	Comment by Editor: Generally, I suggest stating an overall goal for your study immediately before presenting specific Aims (and then saying something like “to address these objectives, we propose the following specific aims:”)
Specific AimObjective #1: Obtain a systematic cross-sectional view of the three-dimensional genomic organization of an aging cohort using Hi-C. Hypothesis 1: We hypothesize that we will observe distinct 3D genomic organization (Hi-C) when comparing our two cohorts (centenarians and controls from the I-MECS cohort). These differences may be linked to genetic variation and epigenetic modifications between these groups, and with both age and disease status.  

[bookmark: _Hlk117166096]We will develop a comprehensive cross-sectional genomic organization (Hi-C) reference for the participants of the I-MECS cohort (ELLI and +70YO) and middle aged controls (age 45-55YO). In parallel, we will compile the physiological characteristics of these individuals including known disease states, health conditions, and family health history. We will survey (using R package such as HiCeekR (14), TADCompare (15), covNorm (16), HiCcompare (17)) the interaction maps and genomic compartments in search for a link between the unique 3D ELLI genome structure and their highly maintained physiology. This will be achieved via comparison between the three groups (ELLI, elderly, and middle aged) which will highlight the aging effect.We will then establish a link between the unique 3D genomic structure of centenarians and their highly excellent longevity and preserved physiological function.	Comment by Editor: You are more or less just saying these exact three statements for your sub-aims, so I am not sure there is any reason to include this paragraph. Maybe just include a short sentence here leading into the sub-aims.
1a. We will develop a comprehensive cross-sectional genomic organization (Hi-C) reference for the participants of the I-MECS cohort and middle age controls. We will utilize Hi-C in a centenarian cohort, which is a unique segment of the human population (roughly 1 in 3,000 individuals, U.S. Census Bureau estimate 2013). Our Israeli centenarian cohort consists of 400 200 centenarians and 800 controls. The majority of the centenarians are disease-free or suffering from only mild diseases.
1b. Compile the physiological characteristics of these individuals including known disease states, health conditions, and family health history of both cohorts. We will implement a structured interview (details in the methods section) that will be supplemented with various physical conditions, anthropomorphic measurements, and lab tests that will aid in the assessment and classification of disease-related conditions (this data was already obtained). 	Comment by Editor: I’m not suer what you mean by this.
1c. Establish a link between the unique 3D genomic structure of centenarians and their highly excellent longevity and preserved physiological function. We will analyze and compare 3D genomic organization between different phenotypes with the goal of not only generating large amounts of data but also accurately interpreting and quantifying the nature of the organizational changes observed across the measured loci with respect to physiological changes, disease occurrence, anthropomorphic measurements and lab test..
Objective #2: Establish a cross sectional unprecedented aging view of the three-dimensional organization of mice genomes using Hi-C. 
We will develop a comprehensive cross-sectional genome organization (Hi-C) reference using a mouse model (i.e. mice at 4, 9, 12, 18 and 24 month). We will sacrifice 20 animals at each age group and study them physiologically, biologically and molecularly. We will establish a link between the 3D genome structure of each age group and their physiology. Comparison between the five groups (i.e. mice at 4, 9, 12, 18 and 24 month) will be performed to highlight interaction changes and genomic compartment rearrangements associated with age.
As mice serve as an animal model for almost any biological aspect in humans, the data established will be relevant and translatable to humans. The three-angled comparison of Aging + Hi-C, Animal model + Hi-C and ELLI Hi-C will provide us with markers of decelerating aging processes and return to homeostasis that can be used for further investigation of possible therapeutic avenues to achieve homeostatic maintenance and slowing of aging. 
Specific Aim objective #3 (prospective study): Longitudinally monitor three-dimensional genomic reorganization to explore the epigenetic mechanisms underlying environmental adaptations that delay age-associated disease onset. 
We will monitor each cohort via whole genome methylation and Hi-C profiling, together with annual physiological assessments, over a 3-year period. We will then compare changes in all analyzed measures between and within subjects to the 3D genome and methylome (whole-genome methylation profile) reference available from previous work performed in the Atzmon lab in order to follow genomic changes that are differentially manifested with age. This analysis will allow us to distinguish between individual 3D genomic reorganization and age-associated health decline or methylome changes that result from the aging process. 
2a3a. Longitudinally follow two groups of elderly subjects. We will monitor 200 offspring of centenarians and 200 control subjects for five years through epigenomic and Hi-C profiling, together with a physiological assessment that will be performed every other year (at baseline upon recruitment, at the end of year 1, and at the beginning of year 3 and year 5). 	Comment by Editor: The timetable here is not consistent with the prior paragraph. Here you say five years.	Comment by Editor: Are these really “every other year”? I would just delete the “every other year” statement and list the three collection time points outside of parentheses.
2b3b. Compare observed changes in 3D genomic organization to baseline organization at years 1, 3 and 5 (objective 1 for control and separately for the offspring) in order to follow genomic changes that are differentially manifested with age. This analysis will enable us to distinguish between individual changes in 3D genomic organization and those that result from the aging process.	Comment by Editor: I’m not sure I understand this correctly. Baseline and year 1 are presented as distinct timepoints in Aim 2a.	Comment by Editor: I’m not sure why this is here or what it is intended to mean. I suggest replacing it with a statement of what will be done in this Aim.
Detailed description of the proposed research
Working Hypothesis
Hypothesis 1: We hypothesize that we will observe distinct 3D genomic organization (Hi-C) when comparing our two cohorts (centenarians and controls from the I-MECS cohort). These differences may be linked to genetic variation and epigenetic modifications between these groups, and with both age and disease status.  
 Hypothesis 2: We hypothesize that we will observe different 3D genomic organizational patterns (Hi-C) among our two cohorts (offspring of centenarians and controls from the I-MECS cohort), as offspring acquired the beneficial physiology of their extremely long-lived parents and tend to be healthier compared with their age-matched controls. These differences may be linked to genetic variation and epigenetic modification between the groups and with both age and disease status.  
Hypothesis 3: Offspring of ELLI tend to be healthier compared to their age-matched controls. We hypothesize that offspring of ELLI will display 3D genomic organization that is similar to ELLI and different from age-matched and middle age controls. 

Methodology for Specific Aim Objective 1: 
[bookmark: OLE_LINK41][bookmark: OLE_LINK42]1a. Study subjects and design: The proposed approach will use the resources of the I-MECS cohort, of which I am one of the coordinators. I-MECS recruits and phenotypes over 3000 people over the age of 95 residing in Israel through a detailed and thorough questionnaire with lab tests and medical history (available for all participants). Of this participant pool, we will analyze 150 in this study. An additional group of 700 younger (5545-85 years of age) unrelated subjects (offspring of people with typical survival and no history of longevity, with both parents having died before the age of 85 will serve as a control population. Of these control subjects, we will include 100 in this study. The odds of an 80-year-old becoming a centenarian is 1:40 for females and 1:100 for males (Roland Rau, 2013). We will also recruit offspring of ELLI where at least one of the parents is 95 or older. All subjects (i.e. centenarians, unrelated younger subjects) are from multi-ethnic groups in Israel (Jews, Arabs, Druze, and other ethnic groups). Subjects will be required to be cognitively competent to provide written informed consent for inclusion in the study. We propose to enroll 400 subjects of advanced age that will serve as both cases and control. Subjects will be excluded if they have history of traumatic brain injury, meningitis, encephalitis, significant motor dysfunction due to stroke, active malignancy, substance abuse, current manic episode or psychotic disorders, chest pathology, incompatibility with pressure changes (including active asthma), inner ear disease, claustrophobia or inability to provide informed consent. 
Recruitment of centenarians:  For logistical purposes, fresh blood will be required to complete these analyses. In order to recruit 200 subjects, we need to reach out to at least 270 potential participants. Of those who agree to participate, we estimate that at least 25% will not meet the inclusion criteria, will refuse to sign the informed consent, or will refuse to undergo the required blood draw. Therefore, we need to make 270 home visits to reach the desired sample size. 

Blood collection: Two 10 mL samples of each subject’s blood will be drawn into vacutainer tubes containing K3EDTA as an anticoagulant (Magenta top tubes). 

[bookmark: OLE_LINK44][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Hi-C method: Hi-C will be performed as described previously (Belaghzal, Dekker et al., 2017) in the Atzmon lab, where we will create high-quality, high-resolution Hi-C libraries. Briefly, Hi-C consists of cross-linking cells with formaldehyde, followed by cell lysis (Figure 5) and digestion with the DpnII restriction endonuclease. Next, restriction overhangs are filled with nucleotides including biotinylated dATP, and the blunt ends are ligated. Then, DNA is purified, sonicated, and size-selected, followed by the pulldown of the biotinylated ligation junctions using streptavidin beads. Finally, sequencing adapters are added, and the library is amplified and sequenced via paired-end sequencing. Hi-C will be performed on neutrophils isolated from the blood samples using the EasySep Direct Human Neutrophil Isolation kit (STEMCELL Tech.). We note that Hi-C has been performed on several cell types including neutrophils.  Neutrophils are the most abundant type of white blood cells, are recruited to the site of injury within minutes following trauma, and are hallmarks of acute inflammation. The nuclei of neutrophils consist of 3-5 connected lobes. We have already successfully performed Hi-C analyses of primary neutrophils in our lab (joint work by Atzmon and Kaplan labs; figure 6preliminary results).	Comment by Editor: Does the genomic organization of neutrophils coincide with that of other cell populations? If not, some age-related justification for focusing on them may be needed. 	Comment by Editor: Neutrophils are also challenging to work with since they must be used almost immediately after collection, unlike lymphocytes which you can freeze for later analysis. If you are collecting blood during home visits, will you be able to get it back to the lab with neutrophils remaining functionally intact? That is an important consideration, particularly given the tendency of neutrophils to expel their DNA In the form of NETs when they become stressed or otherwise activated.Figure 7. Primary neutrophil Hi-C interaction map for a segment of chromosome 1 at 1024 kb resolution. The normalized number of contacts between every pair of loci is represented by pixel intensity.
Figure 6. Quality control gel of five Hi-C libraries prepared from samples of five elderlies. Each line presents a step in the process (3 per person) first line is 1kb DNA ladder.
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Figure 5. DAPI staining of neutrophils. a. After magnetic separation, b. Cross-linked. c. Neutrophil nuclei following cell lysis.  

Hi-C analysis: Hi-C reads will be mapped and processed using the Dekker cMapping pipeline, which was co-written by Dr. Kaplan (letter of collaboration is attached). These will be binned into interaction matrices and normalized using the Mirny cooler pipeline,  in order to produce multi-resolution *.cool format matrices (standard format established by the NIH 4D Nucleome initiative) (Figure 7). Differences between and with-in groups will be highlighted and annotated using TopDom algorithm in HiCeekR packages (14) for analysis and visualization of Hi-C data. 
 
Recruitment of centenarians:  For logistical purposes, fresh blood will be required to complete these analyses. In order to recruit 150 subjects, we need to reach out to at least 400 potential participants. Of those who agree to participate, we estimate that at least 25% will not meet the inclusion criteria, will refuse to sign the informed consent, or will refuse to undergo the required blood draw. Therefore, we need to make 400 home visits to reach the desired sample size. 
1b. After participants provide consent, a structured interview will be conducted based on a standardized questionnaire. The interview will include questions about family history of longevity and morbidity, sociodemographic factors, health-related quality of life (SF-12), psychological well-being (Ryff & Keyes, 1995), levels of optimism (Scheier & Carver, 1985), self-reported physical function (Modified Barthel Index), cognitive function (Standardized Mini-Mental State Examination-SMMSE), typical levels of physical and sedentary activity (Yale Physical Activity questionnaire), smoking status, alcohol consumption, and past and present medical history including medication regimen. If the participant is bedridden, self-reported measures will be obtained. The total time for the interview will be limited to approximately 2 hours so as not to overburden the participants. Written informed consent will be obtained in accordance with the policy of the Committees on Clinical Investigation of Rambam Medical Center.
1c. Hi-C interaction patterns (cis/trans interactions, average distance-dependent interactions, genomic compartments, and TADs) will be detected using standard techniques which have been outlined in (Lajoie, Dekker et al., 2015). In addition, we will use specialized models of genomic compartments and TADs developed in the Kaplan lab (Technion, Israel) which they have kindly shared with us based on previous and continued collaboration (letter attached), which allow for the high-resolution detection and quantification of these genomic features from sparse low-coverage data. Effectively, this collection of techniques converts features of the interaction matrix into 1D genomic tracks, which can then be compared between samples and with other genomic datasets. We will use this approach to compare the 3D genomic organizational patterns of the analyzed cohorts. In addition, we will pool several interaction matrices of the same cohort together to form an ultra-deep high-resolution Hi-C map, and compare these high-resolution Hi-C maps between cohorts. Finally, we will characterize genetic variation (single-nucleotide polymorphisms [SNPs]) and associate these with variation in 3D genomic organization.
Methodology for Objective 2:  
Animal models- For the animal model we will use mice that will be provided by the Envigo (Jerusalem, Israel). Mice blood samples will be sampled from the facial vein of 100 C57BL/6J females for the studies  at the indicated ages (i.e. mice at 4, 9, 12, 18 and 24 month). Mice will be kept under specific pathogen free conditions, with free access to standard chow diet and water. Mice will be housed in cages (6 mice per cage) and subjected to a standard photoperiod (12L:12D) at Bar Ilan facilities. A day before each time point collection, we will randomly choose 20 animals from selected age and house them individual. At time of harvest we will draw their blood (for the Hi-C method). We will then sacrifice the selected mice using pentobarbital sodium (60 mg/kg body weight), and quickly open their abdomen, fat pads, liver, heart and intestine will be weighed, snap froze in liquid nitrogen and stored at −80°C for further mechanistic studies.
To decipher the mechanistic view of the 3D genome organization, we will sacrifice 20 animals at each step (mice at 4, 9, 12, 18 and 24 month) and search for associations between 3D organization and physiological changes at each age group. The data established (e.g. TADs associated with physiological phenomenoun) will be translated to humans. The mice will be handled and sacrificed at Prof. Haim Cohen’s lab at Bar-Ilan university (Letter of collaboration is attached). We will preserve tissues (liver, intestine, muscle, skin, brain etc.) from the dissected mice for biochemical and pathological analysis (also performed by Prof. Cohen’s group) which will then be linked to TADs and genomic compartments to highlight differences between age groups and physiological conditions. Tissues will be stored at -80oc prior to processing. The preserved tissues will be serve for: (a) qPCR detection of changes in de novo lipogenesis, TG biogenesis, gluconeogenesis, and glycolysis, and tissue differentiation including those related to adipocyte and muscle differentiation. (b) TG content in tissues by BODIPY493/503 staining, (c) hematoxylin/eosin stains and quantifications of adipocyte/myocyte size in eWAT, and mixed-fiber muscle, e.g., gastrocnemius, (d) insulin signalling/levels of phosphorylated Akt/mTOR in explants in response to insulin for 15min.  Inflammation will be measured in liver and eWAT by F4/80 staining and qPCR for pro-inflammatory (M1 macrophage-derived) and anti-inflammatory (M2 macrophage) genes. Proportion of distinct macrophage pools will be determined by FACS. We will use FACS to characterize in eWAT sub-populations of T-cells, which are known to be important for fat inflammation. We propose to use our tissue collection for all participants to conduct a preliminary exploration of functionality of the top 200 candidate TADs validated in objectives 1 and 2.

[bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK20]Methodology for Specific Aim Objective 2: 
Study subjects and design. We will assess 3D genomic organization changes in study groups comprised of the offspring of centenarians and unrelated controls 5545-85 years of age. We predict that the control and the offspring groups will exhibit significant structural chromatin changes as a result of the aging process. Given the exceptional longevity of centenarians and the strong heritable component associated with longevity corroborated by the exceptional performance of the offspring (e.g. they tend to be healthier), we assume that our controls (5545-85-year-old individuals) are individuals with typical longevity who will not exhibit the longevity-associated structural chromatin pattern. Utilizing the offspring of centenarians will allow us to dissect the inherited structural chromatin differences from the acquired significant chromatin structures that occur differentially between centenarians and controls (Aim Objective 1). In addition, a thorough demographic and epidemiological questionnaire is available for each subject in the study including medical charts to assist with the association between differentially methylated loci and diseases among controls and the offspring of centenarians.
Hi-C and Capture Hi-C assays. We will apply the same method outlined in Aim Objective 1 for our Hi-C analysis. Then, we will define a subset of regions that exhibit the greatest variation within our Hi-C datasets. In other words, we will search for an optimal set of loci that captures the maximal amount of variance in the data (akin to standard dimensionality reduction techniques). This analysis will be performed both on the bulk data and between the cohorts to detect loci that maximize the variance between cohorts and minimize the variance within cohorts. This set of loci will be followed longitudinally using Capture Hi-C(25), , a targeted version of Hi-C. Briefly, this experiment consists of adding an additional step to the Hi-C workflow in which a library of synthesized oligos is used to select a subset of the sequences, thus enriching for specific regions of interest. This approach provides a cost-effective means of studying loci of interest at high resolution over several samples. We will study the structural chromatin hallmarks of healthy aging in a population of subjects between the ages of 60 45 and 100 Years old. This assay is available through the I-MECS. We will follow the selected loci in our initial groups of 100 200 Controls (group A: 50 100 subjects who are 60 years old; group B: 50 100 subjects who are 80 years old)  and 200 offspring of ELLI (group a-100 60YO subjects and group b- 100 80YO subjects) for 3 5 years. These subjects are ready for the initial analysis to establish the Hi-C profile at baseline. We will follow the same groups (100 200 controls and 100 200 offspring) at two three additional sampling points (end of year 1 and beginning of year 3 and year 5) which will allow us to establish a longitudinal dataset over a 35-year period. 	Comment by Editor: What assay are you refering to? Do you mean this target population?	Comment by Editor: “Are already enrolled and ready for..”?
Preliminary resultsa
b
c
Figure 5. DAPI staining of neutrophils. a. after magnetic separation, b. cross linked. c. neutrophils nuclei following cell lysis.  

Following detailed protocol established in Prof. Noam Kaplan’s lab we started to develop, our own segments of data on our long-lived cohort. In figure 4 a DAPI staining of neutrophil cells is presented. Neutrophil cells are our main input for the Hi-C method to map 3D genome arrangement. In the left panel of figure 5 we see the collection of cells soon after the magnetic bead separation from other blood cell types. These selected cells were then cross-linked with paraformaldehyde to covalently bond physically adjacent DNA molecules in nuclei (middle panel) and the nuclei remain intact after cell lysis, enabling further library production for TAD and genomic compartment mapping. We divided our 3-day protocol into milestones which we used to assess the quality of our samples. In figure 6 we can see a number of libraries prepared for the final step of next generation sequencing. As can be appreciated, the majority of the smears are spread between the 100-400 bp line representing short fragments that were sequenced. Finally, these short sequences were used to determine genomic interactions by analyzing pairs of loci from the same (Figure 7) and different chromosomes. This stage (chromosome interaction and organization) is the most critical step in the Hi-C method and the core asset of the understanding disease/phenotype/aging occurrence. Once these maps are ready for downstream analyses, we will select the top TADs associated with longevity (2000 in Objective 1) Selection will be made for the top 200 TADs to  follow with our mice cross-sectional studies that will be associated with a physiological assessment and gene expression to decipher the mechanistic view of the genome organization impact on the biology of aging. (Objective 2). We will select the top 20 TADs that are associated with healthy aging to be follow longitudenaly using our offspring of ELLI and controls (Objective 3). Figure 7. Primary neutrophil Hi-C interaction map for segment of chromosome 1 at 1024kb resolution. The normalized number of contacts between every pair of loci is represented by pixel intensity.
Figure 6. Quality control gel of five Hi-C libraries prepared from samples of two elderlies. Each line presents a step in the process (3 per person) first line is 0.5kb DNA ladder.

Power calculation
	Table 1. power calculation for objective 1

	Proportion in group 1 (ELLI)
	Proportion in group 2 (Control)
	Power

	0.5
	0.25
	0.837

	0.6
	0.34
	0.849

	0.7
	0.45
	0.808

	0.8
	0.56
	0.832

	0.9
	0.69
	0.847

	0.95
	0.77
	0.843

	0.99
	0.85
	0.836


	Table 2. power calculation for objective 2

	Proportion in group 1 
(Long lived mice )
	Proportion in group 2 
(Control mice )
	Power

	0.5
	0.28
	0.808

	0.6
	0.37
	0.833

	0.7
	0.47
	0.849

	0.8
	0.59
	0.822

	0.9
	0.72
	0.829

	0.95
	0.80
	0.815

	0.99
	0.87
	0.858


 Table 1 provides the power of discovering longevity protective TADs between the ELLI and the controls for objective 1. The power was calculated for the ELLI of comparing proportions of two independent populations, based on equal sample size of 200 per group. The alpha per comparison was set to 0.05/2000=0.000025, for controlling type I error per comparison of 0.05. This alpha is required by the conservative adjustment of Bonferroni. Power calculations are displayed in table 1. Power of tests was calculated by SAS software, version 9.4 using PROC POWER. 
 For Objective 2, The power was calculated for the mice study of comparing proportions of the five age groups, based on equal sample size within each group of 20 per group. We will priorities 200 
	Table 3. power calculation for objective 3

	Proportion in group 1 (Offspring of ELLI)
	Proportion in group 2 (Control)
	Power

	0.5
	0.31
	0.806

	0.6
	0.40
	0.841

	0.7
	0.51
	0.811

	0.8
	0.62
	0.832

	0.9
	0.75
	0.827

	0.95
	0.82
	0.829

	0.99
	0.90
	0.827


comparisons (that are overlapped between the two Hi-C maps (Humans and mice)), as described above, the alpha per comparison was set to 0.05/200=0.00025. Power calculations are displayed in table 2. 
For Objective 3, The power was calculated for the longitudinal study of comparing proportions of the two age groups (Offspring of ELLI and control), based on equal sample size within each group of 200  per group. where 20 comparisons are conducted, the alpha per comparison was set to 0.05/20=0.0025. Power calculations are displayed in table 3.
 Expected outcomes, pitfalls, and alternative approaches (some previously discussed). In Objective 1 we expect to identify candidate TADs associated with healthy and long life span. We expect to identify these TADs by classical and novel association analyses, monotonic age-trend analysis, and age x TADs interaction analysis. We do expect that some of those resulted TADs will overlap between analyses. We will also be able to make our findings more revealing by studying TADs longitudinally described in Objective 2. Because there is no lack of disease TADs among healthy elderly, it is quite likely that the healthy elderly phenotype is mediated by a combination of TADs. We will test for this ‘combination’ hypothesis in our study by exploring interactions and TADs combinations in individual 3D genome organization identified by other large studies of specific diseases (CVD (27), T2DM (28) etc.), and our longevity TADs. It is possible that longevity TADs will be missed because some of them may not be significant at genome-wide level, or could be false negatives. It is also possible that longevity TADs will be missed because coverage of 2000 TADs may not be adequate. For this reason, we are confident that longitudinal studies (Objective 2) will be more informative and will lead to functional discovery. Moreover, longitudinal studies will be helpful for assessment of functionality. In Objective 3, we hope to explore the functionality of our candidate epiloci by studying the 3D genome organization of mice; limitations have been discussed before. However, in case we fail to observe functional performance with our candidates, we allocated both time and money to pursue more epiloci, however, given that genomic reconstruction is known to occur with age, we believe this is unlikely to happen. Further, given that this study will generate large amounts of phenotypic and genomic data, we expect it to be hypothesis generating and serve as a base for future investigations by us and others who will be interested.  


Specific Aim #3: Establishing a 3D yardstick comprised of a subset of genomic features that define a predictive signature of longevity. We will use the regulatory genomic regions established in Aims 1 and 2 (such as TADs and genomic compartments) together with data stratification based on different demographic and environmental characteristics  (such as lifestyle factors, place of residence, health conditions, ethnicity, etc.) to design a 3D yardstick in the form of a predictive model of longevity. This model will be validated in randomly selected groups with matching variables.
3a. Computationally search for a subset of genomic features that are predictive of longevity. This will be performed based on the data measured in the previous objectives. We would like to solve a classification problem by establishing a mathematical function that integrates Hi-C data in order to calculate and predict longevity. 
3b. Integrate methylation profiles into predictive analyses of longevity based on genomic organization and methylation data. After discovering features of genomic organization that are predictive of longevity, we will integrate our data with previously measured methylation data to create a combined 3D-epigenomic predictive yardstick for healthy longevity.
3c. Investigate the biological characteristics of the loci which are found to be predictive to gain insight into underlying biological drivers of aging. This may provide us with a way to perform a large-scale validation using a simpler experimental setup. Throughout these analyses, we will consider data stratification based on demographic and environmental factors (including lifestyle factors, place of residence, health condition, ethnicity, etc.).
Methodology for Specific Aim 3:
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]General strategy: In this project, we will use the Hi-C method as the primary measure to assess 3D genomic organization and to determine the yardstick of a healthy lifespan. This approach is novel, building on previous studies [e.g. Tang et al, 2011] which have shown that epigenetic information can be used as an index of health and functional status in older adults. Moreover, our preliminary first- and second-dimensional (whole genome and whole epigenome sequencing data) results show that there is a distribution of epigenetic factors with a DNA anchor (CpG sites and islands) and that it can be reliably measured in individuals aged 55 and older. The use of epigenetics and the genomic organization to define healthy, cognitively and emotionally preserved aging, presents a three-fold advantage: 1) It permits a parsimonious definition, 2) It offers excellent biomarker potential, which is particularly important given the goal of elucidating the biology of healthy aging, and 3) it provides a three-layer mechanism that can be translated and maneuvered to promote healthy aging. We will use the subjects assessed in our previous Objective aims to enable this assay design, dividing them into two groups. One group will serve as a test group (on which the yardstick will be tested and refined) and the other will be used for the validation of the established yardstick.
Model construction and validation: Due to the comparatively small size of the sampled individuals relative to the amount of data measured for each individual, it will be important to actively try to avoid overfitting the data. Utilizing models developed for Hi-C interpretation, we will translate Hi-C patterns (e.g. genomic compartments and TADs) into a small set of elementary signals and combine these with standard dimensionality reduction techniques, in addition to selecting features that are more likely to be meaningful (e.g. using evolutionary conservation data). We will restrict ourselves to simple and regularized classification models which are less prone to overfitting. For validation, we will leave out a number of samples while constructing the models and use these as a test set. 	Comment by Editor: More specificity is likely to your benefit.
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Specific Objective #3: Establish a 3D yardstick comprised of a subset of genomic features that define a predictive signature of longevity. We will use the regulatory genomic regions established in Objectives 1 and 2 (such as TADs and genomic compartments) together with data stratification based on different demographic and environmental characteristics  (such as lifestyle factors, place of residence, health conditions, ethnicity, etc.) to design a 3D yardstick in the form of a predictive model of longevity. This model will be validated in randomly selected groups with matching variables.
3a. Computationally search for a subset of genomic features that are predictive of longevity. This will be performed based on the data measured in the previous objectives. We would like to solve a classification problem by establishing a mathematical function that integrates Hi-C data in order to calculate and predict longevity. 
3b. Integrate methylation profiles into predictive analyses of longevity based on genomic organization and methylation data. After discovering features of genomic organization that are predictive of longevity, we will integrate our data with previously measured methylation data to create a combined 3D-epigenomic predictive yardstick for healthy longevity.
3c. Investigate the biological characteristics of the loci which are found to be predictive to gain insight into underlying biological drivers of aging. This may provide us with a way to perform a large-scale validation using a simpler experimental setup. Throughout these analyses, we will consider data stratification based on demographic and environmental factors (including lifestyle factors, place of residence, health condition, ethnicity, etc.).
Methodology for Specific Objective 3:
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