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SUMMARY

We investigate the three-dimensional (3D) conforma-
tions of the a-globin locus at the single-allele level in
murine embryonic stem cells (ESCs) and erythroid
cells, combining polymer physics models and
high-resolution Capture-C data. Model predictions
are validated against independent fluorescence
in situ hybridization (FISH) data measuring pairwise
distances, and Tri-C data identifying three-way con-
tacts. The architecture is rearranged during the transi-
tion from ESCs to erythroid cells, associated with the
activation of the globin genes. We find that in ESCs,
the spatial organization conforms to a highly inter-
mingled 3D structure involving non-specific contacts,
whereas in erythroid cells the a-globin genes and their
enhancers form a self-contained domain, arranged in
a folded hairpin conformation, separated from inter-
mingling flanking regions by a thermodynamic mech-
anismofmicro-phaseseparation. Theflanking regions
are rich in convergent CTCF sites, which only
marginally participate in the erythroid-specific gene-
enhancer contacts, suggesting that beyond the inter-
action of CTCF sites, multiple molecular mechanisms
cooperate to form an interacting domain.
INTRODUCTION

During development, gene activity is controlled by cis-regulatory

elements, such as promoters and distal enhancers, that physi-
Cell Re
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cally contact their target genes in a dynamic architecture (Dekker

and Mirny, 2016; Spielmann et al., 2018). Chromatin has a com-

plex network of interactions at different scales, including TADs

(Dixon et al., 2012; Nora et al., 2012) and other structures (Dekker

andMirny, 2016; Fraser et al., 2015; Phillips-Cremins et al., 2013;

Rao et al., 2014). Importantly, genomic contacts play a key role in

regulating transcription by modulating the associations between

genes and regulators. Disruption of such interactions may be

associated with abnormal gene expression and development

(Franke et al., 2016; Lupiáñez et al., 2015; Valton and Dekker,

2016).

To investigate the physical interactions between genes, pro-

moters, enhancers, and boundary elements during cell differen-

tiation and gene activation, we examined the globin loci, which

have been biologically well characterized (see, e.g., Hay et al.,

2016; Oudelaar et al., 2018). Here, we used chromatin models

from polymer physics (Barbieri et al., 2012; Bianco et al., 2018;

Chiariello et al., 2016), informed with recent high-resolution Cap-

ture-C data (Oudelaar et al., 2018), to obtain spatial information

at the level of single alleles.

Our investigation shows that in embryonic stem cells (ESCs)

the silent globin genes are embedded in a large, compact chro-

matin domain characterized by abundant spurious contacts

associated with broad intermingling with its flanking regions. In

erythroid cells, upon activation of the genes, the three-dimen-

sional (3D) structure of the locus undergoes a significant change

whereby the a-globin genes form a separated domain, with very

specific contacts with their enhancers, in amore open conforma-

tion having much less intermingling with the flanking regions. In

our model, derived contact maps are in good agreement with

pairwise contact data from Capture-C and previous models of

the locus based on a-priori assumptions about the epigenetic

factors involved in the architecture (Brackley et al., 2016). In
ports 30, 2125–2135, February 18, 2020 ª 2020 The Authors. 2125
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Figure 1. Single-Allele 3D Conformations of the a-Globin Locus Are Highly Tissue Specific

(A) 4-Kb resolution Capture-C data from Oudelaar et al. (2018) of a 300-kb region (chr11: 32,000,000–32,300,000, mm9) around the a-genes in ESCs. Gene

annotation, DNaseI hypersenstitive sites (DHS), and CTCF are shown below. The gray bars indicate the a1 and a2 gene promoters and the R1, R2, R3, Rm, and R4

enhancers. The dashed box highlights the enhancer-promoter region. The linear color scheme used for the polymer structures is also shown. The SBS polymer

model corresponding contact maps are shown in Figure S1. Examples of 3D conformations from the SBSmodel are reported in the gray box below. The average

size of the colored sub-region results is approximately 110 nm.

(B) The same locus in erythroid cells.

(C) The normalized Capture-C subtraction matrix (erythroid-ESC) highlights the structure of the rearrangements occurring in the locus.
addition, we find that the a-globin gene domain forms a novel

architectural pattern: a hairpin structure folded on itself. The

3D conformations derived with the model are tested against in-

dependent, recently published fluorescence in situ hybridization

(FISH) data (Brown et al., 2018) measuring pairwise distances,

together with Tri-C data (Oudelaar et al., 2018) measuring triple

contacts formed between the genes and their regulatory regions,

thus extending the traditional focus on pairwise interactions of

computational studies (Baù et al., 2011; Brackley et al., 2016;

G€ursoy et al., 2017). The structural rearrangements aremeaning-

fully linked to epigenetic changes in the locus, suggesting that

several factors act cooperatively to orchestrate the reorganiza-

tion necessary for a-globin regulation, beyond theCTCF/cohesin

paradigm. In our polymer physics approach, the folding of the

a-globin locus is originated by the thermodynamic mechanism

ofmicro-phase separation, resulting from the interaction of chro-

matin with its binders (Barbieri et al., 2012; Chiariello et al., 2016).
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Overall, the 3D conformations derived by our study are compat-

ible with previous experimental observations (Anguita et al.,

2004; Davies et al., 2016; Hay et al., 2016; Hughes et al., 2014)

and recapitulate them under a unique, simple structural

rationale.

RESULTS

We studied the a- and b-globin loci in mouse ESCs and in pri-

mary erythroid cells, where the globin genes are respectively si-

lent and active. The mouse a-globin cluster and its five enhancer

elements (named R1, R2, R3, Rm, and R4) extend over a�50-kb

region (Figures 1A, 1B, and S1), which is flanked by CTCF-bind-

ing sites (Hay et al., 2016; Oudelaar et al., 2018). An analogous

organization characterizes the b-globin locus, with the gene

cluster and its enhancers (named LCR HS1–6; Figure S1;

STAR Methods) flanked by CTCF-binding sites.



The 3D Structure of the Globin Locus Undergoes a Deep
Change during Differentiation
To investigate the locus 3D structure in detail, we first considered

a genomic region spanning 300 kb around the a-globin genes

(chr11: 32000000–32300000, mm9 mouse genome) by using

high-quality Capture-C data (Oudelaar et al., 2018) for ESCs (Fig-

ure 1A) and erythroid cells (Figure 1B) at 4-kb resolution.

Comparing the two cell types, we find that the locus exhibits a

highly tissue-specific organization. Specifically, in ESCs the lo-

cus is organized into a large uniform domain, where no preferen-

tial contact forms between its regulatory elements, whereas in

erythroid cells sharper interaction domains form, one of which

contains the globin genes and their enhancers. Such architec-

tural reorganization is also highlighted by the erythroid-ESC sub-

traction matrix (Figure 1C; STAR Methods), where a striking

pattern of contact differences is observed, stretched along the

anti-diagonal direction of the matrix and involving the regions

flanking the a-globin genes at the level of the whole locus.

To quantitatively explore such structural rearrangements and

to understand their corresponding 3D structure, we used the

Strings & Binders Switch (SBS) polymer model of chromatin,

which has beenpreviously shown to describewith good accuracy

Hi-C and GAM (genome architecture mapping) contact data

genome wide (Barbieri et al., 2012; Chiariello et al., 2016). The

SBSmodel describes the physical scenario in which contacts be-

tween distal DNA-binding sites are mediated by bridging mole-

cules, such as transcription factors (TFs). The binding sites of

the polymer model specific to the a- (and b-) globin loci in ESCs

and erythroid cells are identified using the PRISMR (polymer-

based recursive statistical inference method) method (Bianco

et al., 2018), a machine learning approach based only on the

above Capture-C data, without prior knowledge of TFs involved

(STAR Methods; Tables S1 and S2). Next, by massive molecular

dynamics (MD) simulations fromonlypolymerphysics,wederived

with unprecedented detail the thermodynamic ensemble of 3D

conformations of the single allele locus in the two cell types (Fig-

ures S1A and S1B). From such structures, we observe that in

ESCdistal regions in the locus have a high degree of intermingling

(Figure 1A, gray box), whereas erythroid cells have more discrete

interaction domains (Figure 1B, red box), in agreement with the

Capture-C data (Figure S1C). As an estimate of the length scales

involved, we find that the average size of these regions is approx-

imately 110nm (FigureS1C). Interestingly, similar rearrangements

in the a-globin structure were also found in human GM12878 and

K562 cells, although with a different computational approach

applied on 5C data (G€ursoy et al., 2017).

To test the model accurately, we compared its contact maps,

derived from the predicted 3D conformations, with Capture-C

data. To take into account for population variability, the model

envisages the locus in either open or compact thermodynamics

states (Barbieri et al., 2012; Chiariello et al., 2016). Therefore, we

can consider the optimal mixture of maps associated with open

and compact conformations, best describing the experimental

contact data (STAR Methods). With this approach, we find a

Pearson correlation coefficient of r = 0.96 in the two cell types

and an average distance-corrected Pearson correlation of

r’ = 0.89 (Figure S1A; STAR Methods). As a further check, the

HiCRepmethod (Yang et al., 2017), specific to Hi-C data, returns
an average coefficient SCC (stratum-adjusted correlation coeffi-

cient) = 0.84, well above random controls (p = 0; STARMethods).

The contact map derived from only compact states also gives

high coefficients, yet they are lower than the mixture model,

with average values of r = 88 and r’ = 0.8.

Importantly, frombothCapture-C data and the 3D structures of

erythroid cells, it appears that the globin flanking CTCF sites do

not participate in the specific enhancer-promoter interactions

but tend to interact and intermingle with other CTCF sites lying

at the borders of the enhancer-promoter domain (Videos S1 and

S2). Quantitative analysis performed on our polymer ensemble

supports this hypothesis,whereas the upstreamanddownstream

CTCF regions tend to intermingle (see below for the formal defini-

tion of intermingling) between themselves; they do not intermingle

with the enhancer and promoter region (Mann-Whitney U test, p =

10�22; Figure S1D). A similar structural reorganization from ESCs

to erythroid cells is also observed from the ensemble of 3D struc-

tures obtained fromhigh-resolutionCapture-Cdata performedon

the b-globin locus (chr7: 110840000–111140000, mm9; Figures

S1E and S1F), although with a less complex interaction pattern

than the a-globin locus in erythroid cells.

Next, to support our results based on Capture-C data and to

investigate the structural conformation of the globin loci at larger

genomic scales, we considered Hi-C data at a 20-kb resolution

in ESCs (Giorgetti et al., 2016) and primary erythroid cells (Oude-

laar et al., 2018) for a 3.3-Mb-long genomic region containing the

a-globin genes (chr11: 29900000–32200000). As for the previ-

ously discussed case, the extended locus undergoes a similar

dramatic rearrangement with a more pronounced TAD-like

structure surrounding the a-globin genes in erythroid cells (Ou-

delaar et al., 2018; Figure S2A). To describe the structural mod-

ifications accompanying changes in gene expression, using the

same modeling approach we derived the ensemble of single-

allele 3D conformations in the two cell types. To test the

model-derived contact maps inferred from the predicted 3D

conformations, as before we compared them with Hi-C data,

finding that they accurately match the structural features in

both cell types (Figure S2B), having a Pearson correlation coef-

ficient above r = 0.94 and an average SCC = 0.65 from the

HiCRep method (STAR Methods). The derived 3D structures

show that in ESCs chromatin is characterized by a higher degree

of intermingling (see below), with distal regions broadly touching

each other (Figure S2C, left), whereas in erythroid cells it exhibits

a more compartmentalized organization, in particular regarding

the region containing the globin genes (Figure S2C, right). With

a completely analogous approach, we modeled a 3.3-Mb region

containing the b-globin locus (chr7: 109300000–112600000,

mm9) and found very similar results (Figures S2D–S2F).

To quantify all the structural properties discussed above and

to validate the model, we first compared our results with recently

published FISH data (Brown et al., 2018). Specifically, we

considered the distances between the enhancer-promoter re-

gion (here named the a-domain) and its two flanking regions

F1 and F2 (Figure 2A). In agreement with experiments, we find

that the two regions F1 and F2 come into closer spatial proximity

in the transition from ESCs to erythroid cells (Kolmogoroff-

Smirnov test, p > 0.01), with a clear shift on the left of the

whole distance distribution (model average distance in ESCs,
Cell Reports 30, 2125–2135, February 18, 2020 2127
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Figure 2. The a-Globin Genes Are Highly Intermingled with Their Flanking Regions in ESC, but Not in Erythroid Cells Where the Genes Are

Activated

(A) The distance distribution of the locus from our polymer model well matches independent FISH data from Brown et al. (2018) (Kolmogoroff-Smirnov test, p >

0.01). In the transition from ESCs to erythroid cells, the F1 and F2 regions, flanking the a region (containing the a-globin genes and their enhancers), come in closer

spatial proximity. In ESCs, the mean distance of F1–F2 is 328 ± 144 nm (FISH, 308 ± 112nm) and of a-F2 is 276 ± 90 nm (FISH, 275 ± 92 nm); in erythroid cells, the

values are 228 ± 99 nm (FISH, 201 ± 119) and 286 ± 85 nm (FISH, 301 ± 98).

(B) Distribution of distances between the promoter and the enhancers in ESCs and erythroid cells. As a control, the distribution between two non-regulatory,

genetically equally spaced sites is also given.

(C) An illustration of our measure of intermingling, I, between pairs of genomic regions.

(D) The SBS-model-derivedmedian value of the intermingling, I, shows that the a region is highly intermingledwith its flanking regions F1 and F2 in ESCs, whereas

it is not in erythroid cells. In all cases, the intermingling distributions (shown in Figure S3A) are statistically different between ESCs and erythroid cells (p < 10�4,

Wilcoxon rank-sum test).
328 ± 144 nm; in erythroid cells, 228 ± 99 nm). Furthermore, in

erythroid cells, we find that more specific enhancer-promoter

contacts occur than in the ESC case, consistent with the change

in activity of the genes (Figure 2B).

Next, to dissect the high-order architectural relationship be-

tween the a-domain and the flanking regions, we quantified the

degree of intermingling (I) between pairs of genomic regions,

by measuring their overall spatial overlap across the model

derived single-allele 3D conformations (STAR Methods). When

I is negative (I < 0), the two regions are well separated compared

to their own size; if I is approximately zero (I z 0), they are

roughly touching each other; finally, if I > 0, the two regions are

intermingling (Figure 2C). From our 3D polymer conformations,

we computed the median degree of I of the polymer stretches

overlapping with F1, F2, and a-domain of the FISH probes of Fig-

ure 2A. We find that in ESCs the a-domain is highly intermingled

with the flanking F1 and F2 regions, and interestingly F1 and F2

are also intermingled, but to a lesser extent, consistent with the

genomic proximity constraints (Figure 2D, gray bars). A sharp
2128 Cell Reports 30, 2125–2135, February 18, 2020
change occurs in erythroid cells, where we find that the level of

intermingling between the a-domain and both flanking F1 and

F2 regions sharply drops to Iz 0, despite their physical separa-

tion not changing dramatically between ESCs and erythroid cells

(relative variation of the mean �4%; see Figure 2A). Conversely,

the intermingling between F1 and F2 significantly increases with

respect to ESCs (Figure 2D, red bars). Such results, thus, provide

a quantitative structural interpretation of Capture-C and micro-

scopy experiments (Brown et al., 2018). The full intermingling

distribution is reported in Figure S3A and reveals a broad level

of structural variability of the simulated polymer 3D structures,

in line with previous computational studies about the a-globin

structure (Brackley et al., 2016; G€ursoy et al., 2017) and with

recent experimental results in single-cell variability (Bintu et al.,

2018). Furthermore, within single dynamics, the intermingling in-

dex results only weakly fluctuate around its equilibrium value

(Figure S3B), hinting a global stability of the structure over time-

scales, if mapped onto physical units, roughly estimated around

tens of minutes or hour (STAR Methods).



Figure 3. Model Predictions on Triple Contacts in the a-Globin Locus Well Match Independent Tri-C Data

(A) Comparison of triple contacts with the alpha enhancer R2 observed in Tri-C experiments (top matrices, from Oudelaar et al., 2018) and in our polymer model

(bottom matrices) in ESC (left) and erythroid cells (right) (chr11: 32,000,000–32,300,000, mm9). The gray bars and labels highlight the position of enhancers and

the promoters. In bold the viewpoint is highlighted.

(B) Analogous comparison from the CTCF-39 viewpoint.

(C) Examples of single conformations of coarse-grained 3D polymer snapshots highlight the different positions, andmulti-way contacts, of genes and regulators.

Note how, in the erythroid structure, the enhancer region (colored in purple) tends to interact with the gene region (colored in cyan), and the other similarly colored

parts of the polymer, symmetric to the gene-enhancer region, tend to interact between themselves, resulting in amore elongated conformationwith respect to the

ESC case. The schematic two-dimensional (2D) cartoons highlight such peculiar conformations.
The Architecture Is Marked by Multi-way Contacts in
Mouse Erythroid Cells
Next, we investigated the complexity of the high-order structure

of the locus, beyond the pairwise interactions. We identifiedmul-

tiple contacts and, in particular, the probability of interactions

between triplets of sites across the locus by using the 3D confor-

mations predicted by our polymer model (which is based only on

pairwise Capture-C data). First, we focused on triplets formed by

the R2 enhancer (the strongest a-globin enhancer; Hay et al.,
2016) in ESCs and erythroid cells, represented as matrices of

3-way contacts from its viewpoint (Figure 3A). To validate our

in silico findings, we compared them with independent Tri-C

experimental data (Oudelaar et al., 2018) (at 4-kb resolution)

and found that the model and Tri-C triplets have a Pearson cor-

relation coefficient of r = 0.8 for both ESCs and erythroid cells

(a random control case has r y 0.15; see STAR Methods). In

agreement with experimental observations, we find that in

ESCs there are no specific multi-way interactions of R2 with
Cell Reports 30, 2125–2135, February 18, 2020 2129



other sites in the locus (Figure 3A, left matrices), beyond those

linked to proximity effects. That finding further clarifies the nature

of the highly intermingled structure of the locus in ESCs, where

no major multi-way regulatory contacts occur. Conversely in

erythroid cells R2 exhibits enriched three-way contacts within

the DNA region spanning the R1, R3, Rm, and R4 enhancers

and the a1 and a2 promoters (Figure 3A, right matrices), consis-

tent with the previous finding that such a domain is separated

and characterized by a low level of intermingling with its flanking

regions (F1 and F2). Indeed, in erythroid cells, we estimated that

more than 80% of the most prominent 3-way contacts of R2

(STAR Methods), having an average distance of approximately

100 nm, are triplets made within the enhancer-promoter region,

whereas in ESCs, this fraction is roughly halved and originated

by proximity effects.

Next, we focused on triplets from the CTCF HS-39 site view-

point (Figure 3B). As in the R2 case, the pattern of multi-way in-

teractions in ESCs does not show any preferential enrichment

(Figure 3B, left matrices). In erythroid cells, a diffuse interaction

with the region downstream of the enhancer-promoter a-domain

is observed, and yet, no specific strong interactions are

observed (Figure 3B, rightmatrices). Again, themodel accurately

recapitulates the experimental data (Pearson r = 0.84 and

r = 0.77 for ESCs and erythroid cells, respectively; r y 0.17 for

the control case; STAR Methods). As a further check, we found

that HicRep returns similar results, with an average value of

SCC = 0.68, again well above the random control (p = 0.0;

STAR Methods).

The predicted and experimentally observed specificity of the

multiple contacts in the murine a-globin correlates with the

different activation state of the locus, which was also found in

the human a-globin locus (G€ursoy et al., 2017). The coarse-

grained 3D structures in the snapshots of Figure 3C, derived

from our MD simulations, provide an effective visual summary

of the results so far described on the a-globin architecture in

ESCs (left) and erythroid cells (right). They represent a typical

example from the ensemble of folded structures derived with

our simulations.

The 3D Structural Rearrangements during
Differentiation Associate with Changes in Chromatin
Marks
Our machine-learning (PRISMR)-derived SBS polymer model of

the a-globin locus envisages that five main different types of

binding sites contribute to the architecture by interactions with

their cognate binders, thus determining its spatial structure (Fig-

ure 4). Each type of binding site along the polymer accumulates

at specific regions and, yet, typically also has a broad distribu-

tion along the locus. Therefore, different colors tend to segregate

in distinct clusters, according to a mechanisms known as micro-

phase separation (Brackley et al., 2013). Those distinct clusters

have partial overlaps with each other due to the genomically

overlapping binding sites that induce long-range contacts. To

characterize the origin of pairwise interactions (Figure 4A), we

analyzed the contribution of each putative binding site to the

contact pattern, i.e., the fraction of a pair interaction caused by

a given type of binding site (STAR Methods). In this way, we

can identify the most contributing type to each contact in the
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map and produce a matrix highlighting only the most contrib-

uting binding type to each pairwise interaction, i.e., a matrix

where each pixel represents the most important type to the

correspondent contact (Figure 4A, bottom matrices). Notably,

in the a-globin locus, we find that in ESCs�40%of the total con-

tacts are dominated by one single type of binding site, as shown

by the most contributing binding site matrix (Figure 4A, left bot-

tommatrix, with a dominating blue triangle in the middle) and the

main binding sites tracks (Figure 4B, left), ranked according to

their contribution to the contacts of the overall locus (Table

S1). Conversely, the erythroid pairwise interactions are associ-

ated with a more diverse set of sites and with different types of

binding sites, which form the inner active a-domain and the

flanking structures (Figure 4A, right bottommatrix). Interestingly,

we observe that those sites seem to locate in a mirror symmetric

configuration around the a-genes (see next paragraph) (Fig-

ure 4B, right). Next, to characterize the molecular nature of the

putative model binding sites, we considered our PollI and

H3K27me3 datasets and several publicly available epigenomic

features at this locus (Figure 4C; STAR Methods) and investi-

gated the correspondence between those epigenetic tracks

and the location of the binding sites. To this aim, we performed

a cross-correlation analysis by calculating the Pearson coeffi-

cient between the genomic track of each binding site type with

each analyzed chromatin mark (Bianco et al., 2018; STAR

Methods). Our correlation analysis highlights that each different

type of binder (i.e., a ‘‘color’’) envisaged by our model generally

does not represent a single distinct factor associated to chro-

matin, but rather combinations of molecular factors, including

CTCF and other factors. Specifically, in ESCs, we find a simple

pattern of correlation where the dominating binding site type

(the blue track in Figure 4B) correlates with CTCF and cohesin

(Figure 4D, left panel), the second most contributing correlates

with open chromatin sites and H3K4me3, and the others gener-

ally not showing any significant correlation (STAR Methods).

Conversely, in erythroid cells, more complex correlations are

found, where the binding site types associated with the inner

a-globin domain correlate with histonemarks of active transcrip-

tion together with nascent RNA and RNA polymerase II (Pol II)

(consistent with the activation of the genes), whereas those in

its flanking regions with a combination of CTCF/cohesin and

other marks (Figure 4D, right panel) support the scenario where

the structural organization emerges from a combinatorial action

of different molecular factors (Hnisz et al., 2017; Oudelaar et al.,

2018; Pereira et al., 2018), including but not limited to cohesin-

mediated interactions between CTCF sites (Buckle et al., 2018;

Pereira et al., 2018). Analogous results are obtained from the cor-

relation analysis between binding sites and chromatin marks in

the b-globin locus, where a dominant binding site type is identi-

fied in ESCs (�35% of contacts) and more binding sites cooper-

atively contribute to themore complex structure in erythroid cells

(Figure S4; Table S2).

The Globin Locus Forms a Folded Hairpin Structure in
Erythroid Cells
Finally, we investigated the structural nature of the specific

pattern of interactions observed in the a-globin locus in erythroid

cells. Visual inspection of Capture-C data (reported again in



Figure 4. The Binding Domains Underlying the 3D Structure of the a-Globin Locus Correlate with Cell-Type-Specific Epigenetic Features

(A) The locus contact map obtained from our 3D polymer model (top matrices) have high correlations with Capture-C (in ESCs, Pearson r = 0.96 and distance-

corrected Pearson r’ = 0.87; in erythroid cells, r = 0.96 and r’ = 0.91; the HiCRep coefficient in ESCs is SCC = 0.75 and in erythroid is SCC = 0.92). On the bottom,

the most contributing binding site type to each contact is shown.

(B) Top five most contributing binding sites to the locus interactions, sorted by their contribution to the contact map of the overall locus. In ESCs, the first most

contributing binding type accounts for about 40%of total contacts, whereas in erythroid cells, 3D contacts are associated with amore complex set of binding site

types. In particular, domain #5 localizes in the globin domain and the other ones surround it in a more spread, mirror-like symmetric configuration.

(C) Epigenetic features along the a-globin locus. DHS, DNaseI hypersensitive sites; RNAnasc, nascent RNA expression; Pol II, RNA polymerase II occupancy.

(D) Pearson correlations of the binding domains with epigenetic tracks show that the main binding domain in ESCs is correlated with CTCF and cohesin. In

erythroid cells, the main binding sites also correlate with chromatin marks of active transcription.
Figure 5A at 4-kb resolution and in Figure S5A in coarse-grained

8-kb version to highlight the long-range contacts) shows that the

structure is not compatible with a simple TAD (Dixon et al., 2012)

or a loop domain (Rao et al., 2014), which would be associated

respectively with a plain ‘‘square’’ or ‘‘dot’’ in the contact map.

Rather, the experimental data are much closer to an anti-diago-

nal structure (Figure 5B), as also confirmed by the subtraction

matrix (Figures 1C and S1B) between ESCs and erythroid cells.
Supported by the intermingling analysis (Figures 2D and S3A),

we reasoned that such a pattern is architecturally consistent

with a hairpin-like organization, where the polymer folds around

a specific region in such a way to ensure spatial proximity be-

tween symmetric (or roughly symmetric) flanking regions (Fig-

ure 5B). The 3D structures derived from the SBS model trained

on the Capture-C data support the hypothesis that a hairpin

folded on itself is formed, as shown by the position of some
Cell Reports 30, 2125–2135, February 18, 2020 2131
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Figure 5. The a-Globin Gene Region in Erythroid Cells Forms a Folded Hairpin-like Structure

(A) a-Globin Capture-C data in erythroid cells (same data as Figure 1B) have an anti-diagonal pattern not compatible with a simple TAD or loop domain. In the

linear polymer representation, regulatory elements in a symmetric mirror-like position are highlighted.

(B) Schematically, an anti-diagonal pattern of interactions can be explained with a mirror symmetric arrangement of binding sites, as found in the locus model

(Figure 4B). The resulting 3D structure is a folded hairpin-like conformation.

(C) Example of single 3D conformation derived from the model trained on the Capture-C data exhibits a hairpin-like shape, as shown by the position of some key

regulatory elements. Promoters and enhancers are represented in green, and CTCF binding sites are represented in red and thistle. To give a sense of the length

scales involved in the hairpin structure, we report the estimated gyration radius Rg.
enhancers, promoters, and CTCF binding elements (Figure 5C).

The ensemble of 3D conformations is characterized by an

intrinsic degree of heterogeneity, and the details of the hairpin-

like conformation do vary from structure to structure, as high-

lighted by the broad distributions of the gyration radii and

intermingling index shown in Figures S1C and S3A. Such hetero-

geneity derives from the intricate folding of the polymer in the 3D

space. Consequently, the basic hairpin structure, schematically

represented in Figure 5B, can be more complicated in real poly-

mer conformations, as it can fold and bend on itself. Importantly,

we observe that in our simulations the hairpin conformation is

dynamically stable because the intermingling index I typically ex-

hibits in time small thermal fluctuations around its equilibrium

value (Figure S3B). To highlight the correspondence with Cap-

ture-C data in the a-globin locus, we also built a simple, basic

‘‘toy’’ model based on the full SBS model, where we conve-

niently selected only the binding sites corresponding to genomic

positions of enhancers, promoters, and CTCF sites (Figure S5;

STAR Methods). Interestingly, such a toy model recapitulates

the key pattern observed in the data (Figure S5A). The simpler

3D structure of the toy model clearly displays the hairpin-like or-

ganization (Figure S5B). To support this scenario, we compared

the toy model with the more complex binding site arrangements

previously found based only on the information contained in the

Capture-C map (STAR Methods). Consistently, we find that the

most contributing binding sites in the full model inferred from

Capture-C data correspond to the three key binding sites of

the toy model (Figure 5C).

DISCUSSION

In this work, we investigated the 3D organization of the a- and

b-globin loci by combining high-resolution Capture-C data and
2132 Cell Reports 30, 2125–2135, February 18, 2020
polymer physics modeling, in mouse ESCs where the globin

genes are silent, and in erythroid cells where they are active.

From experimental evidence, it is known that dramatic structural

rearrangements occur in this transition, involving the genes and

their enhancers. From polymer models constructed starting only

from Capture-C data, we derived a thermodynamic ensemble of

3D conformations reflecting the structural properties of both cell

types. Independent Hi-C data provided similar results. Our find-

ings were tested against independent single-cell FISH data,

showing that our thermodynamics ensemble of conformations

also reproduces with good accuracy the distance distributions

for the available experimental site pairs. From our polymer 3D

structures, we also predicted the existence of high-order con-

tacts, such as triplets formed by the enhancer R2, which were

confirmed by independent Tri-C data.

The physical processes underlying the self-assembly of the

locus envisaged by our polymer model are thermodynamic

mechanisms of micro-phase separation, i.e., phase transitions

deriving from the interactions between chromatin and its binders

(Barbieri et al., 2012; Chiariello et al., 2016). Additional off-equi-

librium mechanisms, such as the loop extrusion (Fudenberg

et al., 2016; Sanborn et al., 2015) or the slip-link (Brackley

et al., 2017) mechanism, could contribute to chromatin folding.

Yet, our results based on the SBS model show that contact

data at the a- and b-globin loci can be explainedwithout invoking

loop extrusion. Anyway, the SBS as well as loop extrusion are

simplified models, as in real systems a variety of additional

complex phenomena can occur, ranging from spontaneous

segregation (Caglioti et al., 1998; Nicodemi et al., 2002, 2008),

to jamming (Ciamarra et al., 2010, 2011; Grebenkov et al.,

2008; Nicodemi and Coniglio, 1998), and stress anomalies

(Coniglio et al., 1999; Nicodemi, 1998) to avalanche effects (Ha-

mon et al., 2002). By introducing a quantitative measure of



intermingling, I, from our single-allele 3D structures, we found

that in ESCs the 3D structures representing the 300 kb around

the a-globin genes are characterized by a high level of intermin-

gling, where the two globin gene promoters (a1 and a2) and their

five enhancers (R1, R2, R3, Rm, and R4) weakly contact each

other in a random and non-specific manner. Conversely, in

erythroid cells, a much more compartmentalized structure is

observed, with promoters and enhancers organized in a self-in-

teracting domain, not intermingled with its flanking regions. Such

a domain is flanked by regions rich in CTCF sites; yet, they do not

participate in the specific gene-enhancer contacts (Oudelaar

et al., 2018). In particular, we find that such a domain is arranged

in a folded hairpin-like structure. Its flanking regions, instead,

interact in a high-order structure, maintaining a high level of inter-

mingling and diffuse contacts, which is in agreement with exper-

imental data.

Although our findings clarify the 3D structure of the globin

loci, they depict a scenario where multiple molecular mecha-

nisms contribute to formation of the locus conformation,

including but not limited to CTCF/cohesin-associated interac-

tions (Schwarzer et al., 2017).
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Polymerase II Chip-seq in Erythroid This paper GEO: GSE107938

Polymerase II Chip-seq in ES Rahl et al., 2010 GEO: GSE20485

H3K36me3 ChIP-seq in Erythroid Yue et al., 2014 GEO: GSM946543

H3K36me3 ChIP-seq in ES Yue et al., 2014 GEO: GSM1000109

H3K27ac, H3K4me3 and H3K4me1 ChIP-seq in Erythroid Kowalczyk et al., 2012 GEO: GSE27921

H3K27ac ChIP-seq in ES Wamstad et al., 2012 GEO: GSM1163096/7

H3K4me3 ChIP-seq in ES Wamstad et al., 2012 GEO: GSM1163084/5/6

H3K4me1 ChIP-seq in ES Wamstad et al., 2012 GEO: GSM1163115/6

H3K9me3 ChIP-seq in Erythroid Yue et al., 2014 GEO: GSM946549

H3K9me3 ChIP-seq in ES Bulut-Karslioglu et al., 2014 GEO: GSE57092

H3K27me3 ChIP-seq in Erythroid Kowalczyk et al., 2012 GEO: GSE27921

H3K27me3 ChIP-seq in ES This paper GEO: GSE107937

FISH data in mouse ES and Erythroid Brown et al., 2018

Software and Algorithms

LAMMPS Plimpton, 1995 https://lammps.sandia.gov

Antibodies

Pol II (N20 clone) Santa Cruz Biotechnology sc899c, lot #H3115

H3K27me3 Millipore (previously Upstate) Cat# 07-449; RRID: AB_310624
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mario

Nicodemi (nicodem@na.infn.it).

This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary erythroid cells
Primary Ter119+ erythroid cells were obtained from spleens of female C57BL/6 mice (3-9month old) treated with phenylhydrazine as

previously described (Davies et al., 2016).

ES cells
Mouse ES cells (strain: 129/Ola) were cultured and harvested as previously described (Davies et al., 2016).
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METHOD DETAILS

Strings and Binders Switch (SBS) polymer model
To investigate the spatial structures of the a- and b-globin loci, we used the Strings andBinders Switch (SBS) polymermodel (Barbieri

et al., 2012; Chiariello et al., 2016; Nicodemi and Prisco, 2009), in which a chromatin filament is modeled by a string made ofN beads

with binding sites that can interact with different, specific binding factors present in the surrounding environment. Each type of factor

can interact only with the corresponding type of binding site on the polymer, with an interaction energy Eint and a total concentration

c. As predicted by standard polymer thermodynamics (De Gennes, 1979), if these parameters are above threshold, the polymer un-

dergoes the coil-globule phase transition which allow the polymer to collapse in a compact globular conformation (Barbieri et al.,

2012).

Fit of Capture-C and HiC data
In order to find the minimal number of different types of binding sites and the positions of the binding sites along the polymer chain

modeling the globin loci, we employed a previously described computational procedure (PRISMR method (Bianco et al., 2018)).

PRISMR is a Machine Learning algorithm that takes as input only the corresponding experimental contact matrix (Hi-C or

Capture-C) and returns the best SBS model describing the data. Briefly, it is based on the minimization of a cost function H, which

includes a termH0 (the distance between the input matrix and themodel matrix) and a termHl that penalizes overfitting of binding site

types (full details can be found in Bianco et al., 2018). At the end of the procedure, the fitted parameters are therefore the number of

binding sites n and the distribution of the binding sites along the chain. From eachmatrix, a specific sequence of binding sites is found

and describes the locus under consideration. To create an ensemble of thermodynamics equilibrium single molecule conformations

of the loci, we then performed Molecular Dynamics (MD) simulations as previously described (Annunziatella et al., 2018; Chiariello

et al., 2016).

Molecular Dynamics simulations details
Beads and binders are subject to Brownianmotion at room temperature T and their positions evolve according to the Langevin equa-

tion (Allen and Tildesley, 1989). We set the dimensionless diameter s and mass m of the beads and binders equal to 1 (Kremer and

Grest, 1990). To account for excluded volume effects due to the hard-core nature of the particles, we employed a purely repulsive

Lennard-Jones potential between any two particles with length scale s and energy scale ε = kBT (Kremer and Grest, 1990). Addition-

ally, between two consecutive beads of the polymer we imposed a finitely extensible non-linear elastic spring (FENE; Kremer and

Grest, 1990), with length constantR0 = 1.6s and spring constantK = 30kBT/s2 (Annunziatella et al., 2016; Barbieri et al., 2017; Brack-

ley et al., 2013; Chiariello et al., 2016). The interaction between beads and binders of the same type was modeled by an attractive LJ

potential, truncated at Rint = 1.5s (Chiariello et al., 2016). The interaction energy Eint is given by the minimum of this potential and

results 8.16KBT. These parameters are summarized in Table S3. To integrate the Langevin equation, we used the LAMMPS package

(Plimpton, 1995). The dynamic dimensionless parameters were set to standard values (Annunziatella et al., 2018), with friction coef-

ficient = 0.5, temperature T = 1 and integration time step dt = 0.012 (Kremer and Grest, 1990; Rosa and Everaers, 2008). The system

was confined in a cubic simulation box with periodic boundary conditions, with edge size approximately as twice as the gyration

radius of a Self-Avoiding Walk (SAW) polymer with N beads, in order to minimize finite size effects. Each simulation started from a

standard SAW polymer configuration (Kremer and Grest, 1990). The binders of each color were initially uniformly distributed in

the simulation box with a concentration above the coil-globule transition threshold, before binding to the polymer and driving its

folding in a globular structure. In that respect, the precise value of the binders does not matter. Anyway, in particular, we set their

number to be roughly 20% of the corresponding number of binding sites, as reported in Tables S1 and S2. For each model, we per-

formed up to 102 independent simulations, which were equilibrated up to 2*108 timesteps, in both the coil and globular phases. Start-

ing from the initial state, the configurations were logarithmically sampled, and taken every 106 timesteps when the polymer was

completely folded. A filter on the polymer size in the compact state (about 50% gyration radius cut-off) was applied for the following

analyses.

Polymer models based on Hi-C data
Tomodel the structure of the extended globin loci, we usedHi-C data at 20 kb resolution, spanning 3.3Mb around the a- and b-globin

genes (chr11:29,902,000-33,202,000 and chr7:109,307,000-112,607,000, respectively). Using the PRISMR method mentioned

above, our procedure returned an optimum number of n = 16 different binding types, used for both mouse ES and erythroid cells,

hence the corresponding polymer chains are made of N = (3.3Mb/20kb)*16 = 2640 beads. The factor 16, which coincides with

the number of binding sites, as described in Bianco et al. (2018), is necessary to model the presence of more binding types in

one 20kb bin. Here we used a total binder concentration per volume unit of c�0.05%, which is above the coil-globule transition

threshold (Barbieri et al., 2012, 2017). This is related to the molar concentration cm through the relation c = cm*(
s3NA), where is the

s length unit (see below) and NA is the Avogadro number.
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Polymer models based on Capture-C data
To model the structure of the globin loci in deeper detail, we used recent high-resolution Capture-C data (Oudelaar et al., 2018) from

viewpoints closely spaced across 300 kb around the a- and b-globin genes (chr11:32,001,350-32,301,350 and chr7:110,841,000-

111,141,000, respectively). We modeled these data at 4 kb resolution and derived missing entries in the contact matrices by linearly

interpolating the experimental data. Then, as described in the previous section, we found the number of types and position of the

binding sites and derived the polymer chains in mouse ES and erythroid cells. Here, the optimum number of binding sites resulted

n = 10. Anyway, for sake of simplicity, we choose as safe option for all polymers the maximum number of binding sites (n = 16) ob-

tained among the datasets analyzed. Therefore, the polymers are made of N = (300kb/4kb)*16 = 1200 beads. The total binder con-

centration per volume unit used here is c�0.03%, and again ensures the coil-globule transition. In Figures 4B and S4Bwe showed the

first top 5 most important types contributing to the polymer architecture (see next sections). The Capture-C data, normalized as

described in Oudelaar et al. (2018), allow a direct comparison between ES and erythroid cell types. Analogously, the total number

of contacts obtained from the simulated conformations reflects the structural information contained in the normalized data and

thus can be fairly compared. The binding sites number and the corresponding number of cognate binders are reported in Tables

S1 and S2, for the a– and b–globin respectively.

Toy polymer model based on regulatory elements position
The toy polymer model for the restricted a-globin locus in erythroid cells, reported in Figure S5, is a SAW with N = 300kb/4kb = 75

beads. Here, the binding sites are selected from the full Capture-C basedmodel at the position of specific chosen regulatory element

(Figure 5C, toy polymer linear scheme at the bottom), according to the 4kb binning used for the experimental Capture-C data and,

importantly, correspond to three different most contributing binding site types (Figure 4B, bottom right matrix) located in a symmetric

configuration with respect to the globin gene domain. Specifically, we used 3 enhancers (R1, R2 and R4), the a1 and a2 gene pro-

moters and four CTCF sites, with only three different binding site types, distributed therefore on nine different binding sites. Here, the

binders are taken in the same number of the binding sites. The contact matrix obtained from MD simulation of the toy model is then

coarse-grained by a factor 2 to facilitate the comparison of the simple toy model with the experimental data.

Contact pairwise and tri-wise matrices
To calculate the contact matrices from the polymer configurations, we used a previously described method (Barbieri et al., 2012;

Chiariello et al., 2016). We fixed a distance threshold A and measured the distance rij between any two beads i and j of the same

type. If the distance was lower than the threshold, the beads were considered in contact. For each bead pair, the contact score

was averaged over the different independent simulations to create an ensemble average, from the configurations in the coil SAW

state or from the configurations in the equilibrated compact globular state. The contact matrices shown in the figures are a weighted

average, in order to maximize the Pearson correlation coefficients r with the corresponding experimental data (Bianco et al., 2018;

Chiariello et al., 2016). This is simply done by scanning the space of weights and selecting the value that gives the highest r. For

instance, the average coefficient for the pure compact ensemble of the a-globin from Capture-C is 0.88 while it results 0.96 in the

mixture with 0.64/0.36 open/closed fraction in erythroid and 0.67/0.33 in ES (similar numbers are found for the b-globin model).

We report also as other measure of similarity with the experimental data the distance-corrected Pearson coefficient r’, which takes

into account for the monotonic decay of the contact probability with the genomic distance (Bianco et al., 2018) (again, it is

slightly affected by the weighting procedure since in the a-globin the average coefficient results 0.8 for the pure ensemble against

r’ = 0.89 for the mixture). As further check, we employed the stratum-adjusted correlation coefficient SCC from the HicRep method

(Yang et al., 2017), calculated using standard parameters, and find even with this more restrictive method high correlations. In the

a-globin (b–globin) model from Capture-C data, we obtain 0.75 (0.52) and 0.92 (0.77) for ES and erythroid respectively. In all cases,

the values are higher than randomcontrol model (p-val = 0.0, see below). Analogously, in the a-globin (b–globin) model fromHiC data,

we obtain 0.63 (0.58) and 0.67 (0.45) for ES and erythroid respectively (here, we considered genomic distances up to 750kb to take

into account the long-range contacts).

Average distances for a pairwise contact can be estimated from our equilibrium ensemble and result in the Capture-C models

approximately 150 ± 90 nm. The subtraction maps were produced by subtracting erythroid-ES matrices, and then normalizing the

difference by the average ES score at a fixed genomic distance (Bianco et al., 2018). Themodel tri-wisematrices that were compared

to the Tri-C data were calculated using a similar approach.We fixed the viewpoint on the polymer, that is the bin at 4kb containing the

regulatory element of interest R2 or CTCF HS-39, calculated all potential triplets, and considered a triplet formed when all the three

possible pairs were in contact, according to the criterion above described for the pairwise contacts. As for the pairwise contacts, we

estimated a global, average distance among the three bodies (that is 4kb polymer segments) forming the triplet and found 140 ±

70 nm. Among all the possible triplets with a fixed viewpoint, we consider most prominent those below 20th percentile of their average

distance distribution. Indeed, in erythroid the viewpoint R2, that has the most biologically relevant triplets, forms 81% of such strong

triplets with loci in the enhancer-promoter region. Their three-body average distance is approximately 100nm, which is likely the dis-

tance of a biological three-body contact. Importantly, such estimates are fully compatible with recent experimental findings (Bintu

et al., 2018), where an upper contact threshold of 200 nm is used. In analogy with the pairwise matrices, we tested the accuracy

of the predicted triplets by calculating Pearson correlation coefficient r and also the SCC from HicRep between model and Tri-C

data and found high values (in ES, R2 and CTCF HS-39, SCC coefficient is 0.66 and 0.77, in erythroid, 0.48 and 0.79) above random
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control model (p-val = 0.0). The random control model is an ensemble of matrices generated from the original data with bootstrapped

diagonals.

Polymer graphics
The 3D conformations derived from the polymer models shown in the figures are fully equilibrated configurations taken fromMD sim-

ulations. They are represented as smooth curves obtained from a third order polynomial spline of the spatial coordinates of the poly-

mer beads. Additionally, to better visualize individual cis-regulatory elements, we produced coarse-grained structures.Where neces-

sary, finite size effect were corrected by cutting the polymer tails, for visualization purposes. All conformations were produced using

the POVRAY software.

Polymer intermingling
To quantify the degree of intermingling between two genomic regions, we considered the measure I = (rg1 + rg2 - r12) / (rg1 + rg2), in

which rg1 and rg2 are the gyration radii of the two regions in the polymer, and r12 is the average distance between their centers of

mass (Figure 2C). Three cases can occur: if I > 0, the distance is lower than the sum of the gyration radii, and the two regions inter-

mingle; if I < 0, the distance is larger than the sum of the gyration radii, and the regions are separated; if I = 0, the sum of the gyration

radii equals the distance, and the regions are approximately ‘‘touching’’ just on their surfaces. From our simulations, it results that the

intermingling I is stable during long dynamics, therefore the hairpin structure does not change dramatically in time, as reported in

Figure S3B where an example of single dynamics is shown.

Structural analysis of the binding domains
To visualize the contribution of the different binding domains composing the polymer models of the globin loci at 4kb resolution, we

calculated the binding domains with the strongest contribution to each contact and represented these in a matrix (Figure 4A, bottom

matrices; and Figure S4A, bottommatrices). The contribution of each binding domain to a given contact was defined as the number of

binding site pairs of that type common to the two considered loci, as interactions can only take place between binding sites of the

same type. The order of the overall contribution of the domains to the contact pattern was derived from their total number of contacts

in the matrices representing the strongest binding site contributions.

Epigenetics features – Analysis
We compared the predicted binding domains to epigenetic features of the globin loci, in erythroid and ES cells, using the following

datasets:

d DNase-seq: Erythroid (Kowalczyk et al., 2012); ES (Domcke et al., 2015);

d CTCF ChIP-seq: Erythroid (Hanssen et al., 2017); ES (Nitzsche et al., 2011);

d Rad21 (Cohesin) ChIP-seq: Erythroid (Hanssen et al., 2017); ES (Nitzsche et al., 2011);

d Nascent transcription: Erythroid (Hay et al., 2016); ES (Strikoudis et al., 2016);

d PolymeraseII ChIP-seq: Erythroid (new data); ES (Rahl et al., 2010);

d H3K36me3 ChIP-seq: Erythroid and ES (Yue et al., 2014);

d H3K27ac ChIP-seq: Erythroid (Kowalczyk et al., 2012); ES (Wamstad et al., 2012);

d H3K4me3: Erythroid (Kowalczyk et al., 2012); ES (Wamstad et al., 2012);

d H3K4me1: Erythroid (Kowalczyk et al., 2012); ES (Wamstad et al., 2012);

d H3K9me3: Erythroid (Yue et al., 2014); ES (Bulut-Karslioglu et al., 2014);

d H3K27me3: Erythroid (Kowalczyk et al., 2012); ES (new data);

The newChIP-seq data were generated using previously described procedures (Hay et al., 2016) using antibodies for Polymerase II

(Santa Cruz, catalog number: sc899c, lot: H3115) and H3K27me3 (Millipore [previously Upstate], catalog number: 07-449, lot:

DAM1641103). To determine the association of these features with the predicted binding domains of the SBS model at 4 kb reso-

lution, we (re-)analyzed these datasets to express the counts at the same resolution. For the marks that are distributed in peaks

(DNase, CTCF and Cohesin) we considered both the number and area of the peaks; for the widely distributed marks, we considered

all counts within 4 kb bins. In brief, DNase-seq and ChIP-seq data were aligned to themm9 reference genome using the NGseqBasic

mapping pipeline (http://userweb.molbiol.ox.ac.uk/public/telenius/NGseqBasicManual/external; V20.0). Duplicated reads and

reads mapping to chrM, chrX and chrY were excluded from analysis. In the DNaseI data and the CTCF and Cohesin ChIP-seq

data, peak regions were identified using Macs2 (default parameters, without input-correction). Read coverage over ± 250 bp from

the summits of these peaks was counted and annotated to the peak summit base. These counts were binned in 4 kb bins. In all other

ChIP-seq datasets, read coverage was counted directly over 4 kb bins. Nascent RNA-seq data were aligned to the mm9 reference

genome using TopHat (v.1.1.4b; default parameters) and filtered for ribosomal RNA, reads mappingmore than twice and reads map-

ping to chrM, chrX, chrY. Read coverage was counted over 4 kb bins. All counts were input-corrected, normalized to 10million reads

and floored to integers. Where applicable, counts of replicates were averaged, and negative counts were set to zero.
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Epigenetics features – Correlation with predicted binding domains
We compared the epigenetic features described above to the predicted binding domains of the globin loci, in ES and erythroid cells.

As these binding domains are de novo predictions that could reflect any feature or combinations of features (Bianco et al., 2018), our

ability to find good correlations with the epigenetic marks that were considered was limited. Nevertheless, we were able to find

distinct correlation patterns for most of the predicted binding domains. These patterns were derived from the Pearson correlation

coefficients between the number of binding sites of each type and the counts of each epigenetic feature in corresponding bins. Sta-

tistical analyses were performed using a random control model to bootstrap our binding domains and re-calculate their correlations

with the considered epigenetic marks. The significant correlations shown in the figures are those above the 95th percentile or below

the 5th percentile of the distribution of random correlations.

Polymer distance distributions – Correlation with FISH data
To validate that the dynamic conformations of our polymer models represent real variation in individual cells, we compared derived

distance distributions to single-cell fluorescent in situ hybridization (FISH) data of the a-globin locus (Brown et al., 2018). To this aim,

we first extracted the physical value of the bead diameter s (Brackley et al., 2016). For each considered probe pair (F1-F2 and a-F2),

we calculated the average distance (experimental and simulated) and calculated the conversion factor by equalizing the two values

(Brackley et al., 2016). Importantly, we averaged the conversion factors frommouse ES and erythroid cells and obtained s = 42.6nm.

Even in this restrictive case, the simulated distributions well described the experimental data (p values > 1%, Kolmogorov- Smirnov

test). The distances in the polymer models were calculated between the centers of mass of the polymer regions corresponding to the

experimental probes using the model of the extended (3.3 Mb) a-globin locus at 20 kb resolution. In the model distributions, the last

ten frames of the simulation run, for each replicate, were considered.

Polymer distance distributions – Analyses of the dynamic globin loci
The distance distributions between individual cis-regulatory and control elements in the globin loci were extracted from themodels at

4 kb resolution that span 300 kb around the globin genes. In this case, a bead diameter ofs = 25nmwas used, obtained by comparing

the simulated distance distributions with the FISH data, as described in the previous section. Since the F1 and F2 probes fall

outside the modeled region, we considered the distribution of the distances between the beads corresponding to the middle coor-

dinates of the probes. As expected, we find a lower value for s, since the genomic content of the elementary bead is lower than in the

model at 20 kb resolution. From this length scale value follows the timescale, t, fixed by the standard MD relation t = h(6ps3/ε) and

gives, for a viscosity h = 1cP, previously employed in similar models (Brackley et al., 2013; Chiariello et al., 2016), t�0.1ms. The

distances in the models were calculated between the centers of mass of the polymer regions corresponding to the position of the

cis-regulatory and control elements in the model distributions, considering the last ten frames of each simulation run.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the statistical tests employed are specified in the text and in theMethod Details section. Pearson correlation coefficients and stra-

tum-adjusted correlation coefficients (SCC) from the HicRep method (Yang et al., 2017) were used to compare experimental and

simulated pairwise and tri-wise contact matrices. Pearson coefficients were also used to compare model binding sites with epige-

netic features. Kolmogorov-Smirnov (KS) tests were used to compare the distributions of physical distances between FISH exper-

iments and models while Mann-Whitneyu were used to compare intermingling distributions.

DATA AND CODE AVAILABILITY

ChIP-seq sequencing data have been submitted to the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/)

under accession numbers GSE107937 (H3K27me3) and GSE107938 (Pol II). Custom scripts used are available from the correspond-

ing author on request.
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