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Introduction

Understanding aging is crucial to improving human health, and a contributor to aging is Cel­

lular Senescence (CS), a state of irreversible cell cycle arrest [15]. CS exacerbates aging

through the secretion of proteins that regulate inflammation, including interferons (IFN) and

interleukins (IL), called the Senescence Associated Secretory Phenotype (SASP). Senes­

cent cells accumulate with the progression of age and are thus implicated in contributing

to age­associated diseases through SASP [5]. The senescence phenotype can be induced

in multiple ways. The first observed was replicative senescence (RS), in which cells are

passaged to telomeric exhaustion [15]. It can also result from activation of an oncogene

such as Ras in oncogene induced senescence (OIS), or from DNA damage in DNA damage

induced senescence (DDIS) [20].

Senescent cells show changes in the nucleus when compared to proliferating cells such as

chromatin remodeling. This includes the formation of senescence­associated heterochro­

matin foci (SAHF) in OIS [17, 20], senescence­associated distention of satellites (SADS)

[24], histone depletion, heterochromatin loss, dissociation of chromatin from the nuclear

lamina [23], and increased accessibility of lamin associated domains (LADs) [11].

Chromatin conformation capture technologies include 3C, 4C, 5C, ChIA­PET, andHi­C and

can be used to investigate the three­dimensional organization of chromatin [1, 11, 19, 23].

Hi­C in particular can be used to create heatmaps of the contacts between loci across the

entire genome. These heatmaps demonstrate first chromosome territories, in which each

chromosome has more contacts with itself than with other chromosomes (Fig. 1a). At low

resolutions, two compartments, A and B, are visible on these heatmaps with more intra­

compartment than inter­compartment contacts (Fig. 1b). Compartment A is more active

and gene­dense, while compartment B is more heterochromatic. At higher resolutions,

these can be split into subcompartments A1­A2 and B1­B4, each characterized by a dif­
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ferent enrichment for particular chromatin marks, lamin associated domains, and nucleolus

associated domains..

Also at high resolutions, topologically associating domains (TADs) and chromatin loops

can be identified (Fig. 1c­d), with TADs being areas of 40 kilobases to 3 megabases with

more contacts within the region than to other regions, and loops being two loci with in­

creased contacts relative to the surrounding region [19]. Loops have been associated with

contacts to enhancers and promoters and thus are a possible means of gene regulation. In

three dimensions, loops have two anchor points, the regions of increased contacts which

are often anchored by CTCF, with the chromatin between them extruded, forming the loop

[19].

Many TAD callers have been developed, each with its strengths and weaknesses. These

callers take a variety of approaches, including linear scoring, clustering, statistical model­

ing, and use of network features. Some call TADs with gaps between and some without.

Some call disjoint TADs, while others call nested and overlapping TADs. Because there is

no true set of TADs against which to compare the performance of TAD callers, callers must

be compared against each other for assessment. Further, the TAD boundaries called may

not line up with compartment boundaries called separately [28].
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Figure 1. Hi­C data shows genome organization at multiple levels. At the lowest resolu­

tions, contacts are concentrated into chromosome territories (a, chromosomes labeled on axes).

Within intra­chromosomal heatmaps, the checkerboard pattern delineates compartments (b).

TADs are visible as regions of increased contacts at a higher resolution (c), and loops can be

identified as points of enriched contacts between two loci compared to the surrounding area

(d). Heatmaps are shown for proliferating LF1 cells.
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Between proliferating and senescent states, compartments have been observed to switch

from A to B and B to A, though B to A switches occur more often [16]. On the domain

scale, TADs switch between compartments during senescence [7]. Here, we call TADs,

loops, subcompartments, and compartments for our 3 kilobase resolution Hi­C maps of

proliferating and senescent lung fibroblasts to investigate in high resolution the changes to

genome organization in RS on a global scale, and we identify regions relevant to senes­

cence, including cell cycle genes, SASP genes, and L1 elements, that have local changes in

chromatin architecture in RS.

Methods

Cell Culture

LF1 human diploid fibroblasts were cultured in HAMS F­10 mediumwith 15% fetal bovine

serum, penicillin, streptomycin, and glutamine. Cells for proliferating samples were har­

vested for Hi­C. Remaining cells were cultured to replicative exhaustion and maintained

for 4­5 months after reaching senescence for senescent samples for Hi­C. Senescence was

determined by staining for senescence­associated β­galactosidase [8].

Hi­C

Hi­C of proliferating and RS human diploid fibroblasts was done using the Arima Hi­C kit.

The resulting data was aligned to the hg19 reference genome and processed using Juicer

software tools [10]. Reads were filtered such that the mapping quality value MAPQ was

greater than or equal to 30, and the RS matrix, which had more contacts than the prolifer­

ating matrix, was downsampled to match the proliferating. Heatmaps were generated with
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a resolution of 3000 bp.

RNA­sequencing

Bulk RNA­sequencing was done using proliferating, quiescent, early RS, and late RS hu­

man diploid fibroblast cells. Reads were aligned to hg19, and differential expression analy­

sis was done to compare the expression of each gene in each pair of conditions. Genes in the

IFN pathwaywere found using IPA (QIAGEN Inc., https://www.qiagenbioinformatics.com/

products/ingenuity­ pathway­analysis).

Compartment Calls

Compartments were identified at a resolution of 1 megabase using the Juicer Tools eigen­

vector approach. The data is first broken down into bins of a set size. Then, Pearson’smatrix

is computed from the Hi­C matrix as the correlation matrix of the Observed/Expected val­

ues. The eigenvector is the first principal component of this matrix, and for each bin, the

sign of the eigenvector indicates whether the bin is in the A compartment or the B com­

partment [10]. Whether the A or B compartment is associated with positive or negative

eigenvectors is not constant, and because each chromosome is analyzed separately, is not

consistent across chromosomes within a single Hi­C data set. Because compartment A is

more gene­rich than compartment B, the compartments can be identified for each chro­

mosome in each condition using the gene density of the negative and positive eigenvector

regions for that chromosome and condition:

gene density = # of genes in regions with sign
bp in regions with sign
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Subcompartment Calls

Subcompartments were called for proliferating and senescent LF1 Hi­C data and for pre­

existing data from another human diploid fibroblast strain, IMR90, based on inter­chromosomal

contacts at 50 kilobase resolution using SLICE, an unpublished subcompartment caller from

the Aiden lab.

IMR90 cells are more widely used than LF1 cells and have more available epigenetic data,

which is used to label the IMR90 subcompartments as A1, A2, B1, B2, and B3. The sim­

ilarity of subcompartment regions between IMR90 and proliferating LF1 cells (Fig. S2)

allows the labeling of LF1 subcompartments using the IMR90 calls.

Subcompartments were quantified by finding the percentage of the genome covered by the

regions in each subcompartment. Calls were compared between conditions and cell types

by taking the regions of overlap between calls for each pair of subcompartments across con­

ditions (A1 in proliferating and A1 in senescent, A1 in proliferating and A2 in senescent,

and so on) and calculating what percentage of the genome is covered by the overlap.

TAD Calls

Three TAD caller softwares were used to call TADs for proliferating and senescent cells

at 40 kilobase resolution: Juicer Tools’ Arrowhead, Insulation Score (IS), and TADbit

[10, 6, 21]. These use different computational approaches: arrowhead and IS use a linear

score, and TADbit uses a statistical model [28]. TAD calls are difficult to compare quanti­

tatively, as each set of TAD calls is a list of genomic regions which may or may not contain

overlaps, gaps, or nesting. Two TADs identified by different might have a large amount

of overlap but not share boundaries. Alternatively, a TAD from one set might be called as

multiple sub­TADs by another caller, but both boundaries of the large TAD may still be
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identified by both callers. Thus, there would be a tradeoff between amount of overlap and

conservation of boundaries. The calls, then, are best assessed and compared on a local scale.

Loop Calls

Loops were called for the proliferating and senescent data using the MAPQ30 heatmap at a

resolution of 40 kilobases with the Juicer Tools HiCCUPS algorithm [10]. Genes of interest,

including SASP genes from [3] and cell cycle genes from [22], were then examined on the

heatmap with expression data to investigate loop changes. Additionally, LINE1 elements

which are intact and are activated in RS [3] were viewed and assessed for changes in loops.

Cell cycle genes (Fig. S3), SASP genes (Fig. S4), and LINE1 elements (Fig. S5) with

differentially expressed RNA and visually observable loop changes in the Hi­C data were

noted, and regions were selected for further investigation based on the apparent strength of

the loop changes.

Visualization

Heatmaps and relevant data, including genes, expression data, compartments, TADs, and

loops, were visualized using Juicebox [9].

Results

Contact Distribution

We observe an increase in short­range contacts (< 20 kilobases) and a decrease in long­

range contacts (> 20 kilobases) in RS compared to proliferating LF1 cells (Fig. 2). This
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is consistent with previous work also using LF1 cells in deep RS [7]. However, early RS

cells show the opposite pattern, with more long­range contacts and fewer short­range con­

tacts in early senescence [27]. OIS models, which form SAHFs, also have an increase in

long­range contacts in senescence [4, 20, 18]. This indicates first a difference between RS

and OIS in the changes to long­range and short­range contact distribution, where OIS cells

consistently have an increase in long­range contacts in senescence. Secondly, the decrease

in long­range contacts in late RS seems to follow a period of increase in long­range contacts

in early RS.

Figure 2. Long range and short range contacts. There are slightly more short range contacts

and fewer long range contacts in the RSHi­C data than in the proliferating data, consistent with

previous Hi­C of late RS cells.

9



Compartments

On a low resolution scale, compartment differences between proliferating and senescent

cells can be observed. On the heatmap, visible large­scale differences can be seen as alter­

ations to the checkerboard pattern associated with compartments, including a loss of distinct

boundaries (Fig. 3). Quantitatively, 14.57% of compartment A from the proliferating calls

becomes compartment B in the senescent calls, and 18.38% of compartment B from the

proliferating calls becomes compartment A in the senescent calls (Fig. 3b). The gene den­

sity difference between the two compartments remains similar between proliferating and

senescent conditions (Fig. 3c).

Although the majority of the compartments are conserved between proliferating and senes­

cent conditions, the compartment changes are notable, as the compartment A toB change ac­

counts for 211megabases, and the compartment B to A change accounts for 295megabases.

Together, this is approximately 16% of the genome. Because compartment A is more eu­

chromatic and compartment B is more heterochromatic [19], this large­scale change has

implications for the expression of genes in regions that switch compartments between pro­

liferating and senescent states.
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Figure 3. Genomic compartments can be identified fromHi­C data. Compartments can be

seen from a low­resolution view of chromosomes as the checkerboard pattern of the heatmap.

Shown here is the p arm of chromosome 9 from proliferating and senescent cells, with compart­

ment calls shown ss tracks, where dark green is compartment A and light green is compartment

B (a). Note the large­scale changes between the proliferating and senescent heatmaps, includ­

ing the less distinct compartment boundaries in the senescent heatmap (indicated by arrows),

particularly between 20 and 25 MB, where an A compartment region in proliferating cells

becomes B compartment in senescent cells. With calls at 1 megabase resolution, the percent

change in compartment calls is shown in transition matrix format, with the first row being

the percent of proliferating compartment A that is in each compartment in RS (b). In both

proliferating and senescent cells, gene density is higher in the A compartment than in the B

compartment, which allows the labeling of compartments (c).
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Subcompartments

Subcompartments were first identified only in the GM12878 lymphoblastoid cell line, as it

was the only cell line with Hi­C data with enough reads to call subcompartments [19]. As

more Hi­C data becomes available, subcompartments can be called and compared across

cell types and conditions. To determine the number of subcompartments and the accu­

racy of the calls, interactions between genomic bins in each subcompartment are assessed

through heatmaps. The existence of a distinct interaction profile for each subcompartment

in the five­subcompartment model supports the presence five subcompartments in both pro­

liferating and senescent LF1 cells and in proliferating IMR90 cells, a separate but similar

human diploid fibroblast strain (Fig. S1), which correspond to the five main subcompart­

ments identified in GM12878 cells: A1, A2, B1, B2, and B3 [19]. IMR90 cells were used

because, while they are similar to LF1 cells, IMR90 cells are more widely used and have

more available epigenetic data than LF1 cells. This epigenetic data is used to label the

IMR90 subcompartments as A1, A2, B1, B2, and B3. The relatively similar subcompart­

ment regions between IMR90 and proliferating LF1 cells (Fig. S2) then allows the labeling

of LF1 subcompartments.

Quantification of each subcompartment (Fig. 4a) shows that the amount of the genome in

subcompartment A1 increases in RS, and the amount of the genome in subcompartments

B1 and B2 decreases in RS. The quantification of subcompartment changes between con­

ditions (Fig. 4b) shows that the increase in A1 in RS comes most from regions that are B1

in proliferating cells, followed by A2. The B1 subcompartment regions that are lost in RS

become mostly A1 and A2, and the lost B2 regions become mainly B1 and B3.

Subcompartments B1 and B2 are associated with facultative heterochromatin and pericen­

tromeric chromatin, respectively [19]. The transition from B2 to B1 indicates pericen­

tromeric chromatin interacting more with or becoming more similar to facultative hete­
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rochromatin, ana the loss of subcompartment B1 to A subcompartments suggests the open­

ing of facultative heterochromatin in RS. This loss of more heterochromatic subcompart­

ments is consistent with previous studies which have found a loss of the B compartment in

senescence, though in OIS rather than RS [16].

Figure 4. The five subcompartments were called using SLICE [unpublished, Aiden lab]

at 50 kilobase resolution for proliferating and senescent LF1 cells. The percentage of the

genome in each subcompartment is shown for both conditions (a). In (b), the percentage of the

genome with each subcompartment transition between conditions is shown.
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TADs

The inconsistency between TAD calling tools (Fig. 5d) and the lack of ground truth for

the problem of TAD calling remain issues in the analysis of Hi­C data. Further, while each

caller used identifies differences between proliferating and senescent LF1 TADs (Fig. 5a­

c), it is difficult to quantitatively compare two lists of TADs. Different callers may or may

not allow overlap or nesting of TADs or space between TADs, all of which complicate the

issue. For example, TADbit calls non­overlapping TADs with no gaps (Fig. 5b) [28]. This

would be the most straightforward case for comparing two conditions, since the comparison

could be as simple as counting conserved boundary points. The Insulation Score method

calls non­overlapping TADs, but there may be gaps between them (Fig. 5c) [28], which

would require comparison of both start points and end points of TADs, rather than just the

breaks between them as with TADbit. In the most complex case, Arrowhead allows overlap

and gaps (Fig. 5a) [28], so that multiple TADs from the same list may share boundaries or

some portion of their area, requiring more complex comparison methods than a sequential

assessment of boundaries. Although models that include overlaps and gaps between TADs

are the most difficult to analyze, the complexity of these models is most reflective of the

organization of contacts on the Hi­C heatmaps and the actual hierarchical organization of

chromatin. Thus, TADs remain best assessed on a local scale, by examining regions of par­

ticular interest.
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Figure 5. TAD callers are inconsistent when compared. Calls are shown at 10 kilobase

resolution for a section of chromosome 1 for RS, with TADs called by arrowhead in yellow,

TADs called by IS in blue, and TADs called by TADbit in green, with senescent below the di­

agonal and proliferating above the diagonal. Calls from different callers on the same condition

tend not to agree (d). Calls from the same caller on different conditions are more similar (a­c).
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Loops

Downregulated Genes

Among the genes previously known to be downregulated in CS are those involved in cell

cycle processes. This includes genes required for DNA replication, such as MCM2, a com­

ponent of the helicase complex [14], and genes required for mitosis, such as CENPE [13],

the kinetochore­associated motor protein [26].

Changes in chromatin looping can be seen at the loci of multiple genes that are down­

regulated in RS, including MCM2 and CENPE (Fig. 6). A series of loops just upstream

of MCM2 appears more distinct in RS, while the contacts in the domain immediately up­

stream appear slightly depleted in RS. In the domain immediately downstream, contacts ap­

pear enriched in RS compared to proliferating (Fig. 6a). Likewise, the loops immediately

upstream and downstream of CENPE appear stronger in RS, and the domain immediately

downstream has a more distinct boundary in RS compared to proliferating (Fig. 6b). The

strengthening of loops in RS here coincides with a decrease in expression.
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Figure 6. Loops and gene expression change at the MCM2 locus in RS. At 5 kilobase res­

olution, stronger looping can be seen on senescent heatmaps compared to proliferating at cell

cycle genes including MCM2 (a) and CENPE (b). Dotted lines indicate genes of interest, and

arrows point to loops. Enhancers with scores greater than 5 for the genes of interest are shown

as a track [12]. MCM2 and CENPE are expressed at lower levels in RS than in proliferating

cells (c).

Upregulated Genes

Genes that are differentially upregulated in senescence include SASP genes such as Insulin­

like growth factor­1 (IGF1) and interferons (IFNs) [5, 2, 3]. IGF1 signaling is involved in

growth and proliferation, but can also lead to increased p53 activity, which, in turn, pro­

motes senescence [5, 25]. The chromosome 9 IFN cluster is also highly expressed in late
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senescence in response to L1 activation [3].

At the IFN cluster, an increase in looping can be observed in RS (Fig. 7a). While the RNA­

seq data does not detect sufficient mRNA for the genes in this cluster (Fig. 7d), several

genes downstream in the IFN signaling pathway are significantly upregulated, indicating

increased IFN activity (Fig. 7c). Similarly, an increase in loop definition can be observed

around the IGF1 locus (Fig. 7b), and IGF1 is significantly upregulated in late RS (Fig. 7d).

In these cases, an increase in loop presence coincides with an increase in expression.
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Figure 7. Loops and gene expression change at SASP genes in RS.At 5 kilobase resolution,

stronger looping can be seen on senescent heatmaps compared to proliferating at SASP genes

including the IFN cluster (a) and IGF1 (b). Dotted lines indicate genes of interest, and arrows

point to loops. CDKN2A, a senescence marker, is also labeled. Enhancers with scores greater

than 5 for the genes of interest are shown as a track [12]. IGF1 (d) and multiple genes regulated

by genes in the IFN cluster (c) are signficantly more highly expressed in late RS, compared to

proliferating cells.

LINE­1 elements

L1 transcription is activated in RS, and the specific elements that are activated have pre­

viously been identified [3]. Specifically, intact L1HS elements that are active in RS were

investigated alongside the Hi­C data, revealing that at some of these elements, there are

clearly visible changes in loop and TAD organization (Fig. 8). This has implications for

the means by which L1 elements are activated and for the involvement of three­dimensional

organization in the activation of repressed chromatin.
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Figure 8. Loops change at LINE­1 elements. At 5 kilobase resolution, loop and TAD

changes can be seen at some LINE1 elements that are active in CS [3]. Dotted lines indicate

elements of interest, and arrows point to loops. Intact L1 elements are shown as a track.

Discussion

High­resolution Hi­C reveals differences in chromatin organization between proliferating

and senescent cells. On the level of compartments, the findings here add to what is already

know about the changes to euchromatin and heterochromatin in RS. Subcompartments have

not previously been called for RS cells, as a large number of reads is required to do so. The

changes in subcompartments supports the previous observation that heterochromatin is lost

in RS. Future studies may confirm the identities of these subcompartments using histone

markers and other identifying features.

While TAD calling remains an issue, it does present a problem for which machine learning

may be useful. However, with the current tools available, local inspection of TADs and

loops can identify regions of interest for future study of the associations between higher

order chromatin structure and gene expression. In this case, SASP genes, cell cycle genes,

and L1 elements all present targets for further investigation of organization and expression

in senescence.

The regions of interest identified suggest a role for chromatin reorganization in senescence

as a potential contributor to the changes seen in gene expression. Alternatively, changes

in gene expression resulting from senescence may drive the opening of chromatin in some

regions. Further studies using promoter­capture Hi­C could indicate whether the changes

in looping correspond to changes in promoter­enhancer contacts at particular genes in ways

that could affect gene expression levels.
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Some of the most distinct small­scale changes in RS are observed at L1 elements that are

known to be expressed in RS. This presents the question of whether the changes to the

organization of chromatin, and specifically the loss of heterochromatin, that are character­

istic of CS lead to the expression of L1 elements and, eventually, to IFN overexpression in

late senescence. While there are several open questions remaining about chromatin orga­

nization and activity in senescence, a high­resolution Hi­C map provides a framework for

investigating these questions and for discovering new questions.
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Supplemental Figures

Figure S1. There are five distinct subcompartments for proliferating and senescent LF1

cells and for proliferating IMR90 cells. Heatmaps are generated using the interactions of

each pair of subcompartment to assess whether each subcompartment called is distinct. Interac­

tions between regions of each subcompartment have distinct profiles under a five­subcompartment

model (a­c).
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Figure S2. The five subcompartments were called using SLICE [unpublished, Aiden lab]

at 50 kilobase resolution for proliferating and senescent LF1 cells and for IMR90 cells.

The percentage of the genome in each subcompartment is shown for each cell type/condition

(a). In (b) and (c), the percentage of the genome with each subcompartment transition between

cell types is shown. The similarity between the calls for proliferating LF1 and IMR90 (b), for

which there is more epigenetic data available, allows the labeling of LF1 subcompartments

using similarity to the more easilt labeled IMR90 subcompartments.
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Figure S3. Cell cycle gene loop and expression changes. For each gene in the list of cell

cycle genes from [22], visible loop changes and RNA­seq significance were noted (a). Of the

53 with both loop changes and significant expression changes (b), two with some of the most

clear changes were chosen for further investigation (Fig. 6).
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Figure S4. SASP gene loop and expression changes. For each gene in the list from [3],

visible loop changes and RNA­seq significance were noted (a). Of the 36 with both loop

changes and significant expression changes (b), two with some of the most clear changes were

chosen for further investigation (Fig. 7).
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Figure S5. L1 loop and changes. For each intact L1 element identified as active [3], visible

loop changes were noted. Images were included as examples in Figure 8 for the chromosome

4 element and for the element at 63.5 MB on chromosome 14.
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