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Abstract

The spatial organization of chromatin critically impacts genome function. Recent chromosome-
conformation-capture studies have revealed topologically-associating domains (TADs) as a
conserved feature of chromatin organization, but how TADs are spatially organized in individual
chromosomes remains unknown. Here we developed an imaging method for mapping the spatial
positions of numerous genomic regions along individual chromosomes and traced the positions of
TADs in human interphase autosomes and X chromosomes. We observed that chromosome
folding deviates from the ideal fractal-globule model at large length scales and that TADs are
largely organized into two compartments spatially arranged in a polarized fashion in individual
chromosomes. Active and inactive X chromosomes adopt different folding and
compartmentalization configurations. These results suggest that the spatial organization of
chromatin domains can change in response to regulation.

The spatial organization of chromatin, such as chromatin domains, chromatin loops,
associations of chromatin with nuclear structures, and chromosome territories, plays an
important role in essential genome functions (1-6). However, many gaps remain in our
understanding of the three-dimensional (3D) folding of individual chromosomes in the
nucleus. Recently, chromosome-conformation-capture methods such as Hi-C (4, 7) have
revealed a wealth of structural insights for interphase chromosomes. For example, chromatin
is organized into topologically-associating domains (TADs) or contact domains that are
hundreds of kilobases (kb) in size (8§—11). These domains tend to spatially segregate from
each other (9, 12, 13) and, in Drosophila, correspond to the banding patterns of polytene
chromosomes (14, 15). At length scales from several hundred kilobases to several
megabases, the power-law scaling of Hi-C contact frequency is consistent with a fractal-
globule polymer model (7, 16), whereas, within TADs, Hi-C contact maps are better
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described by a loop-extrusion model (17, 18). Super-resolution imaging shows that
chromatin domains in different epigenetic states adopt distinct folding configurations with
different power-law scaling properties (13). Whether the ideal fractal-globule model can
describe chromatin at length scales beyond several megabases remains an open question (19,
20). Hi-C analyses have also revealed two multi-TAD compartments, compartments A and
B, which are enriched with active and inactive chromatin, respectively (7, 21). However,
because the contact maps used to identify these compartments were derived from ensemble
averaging of many chromosomes, it is unclear whether the A-B compartments are structures
that exist in individual chromosomes inside single cells and, if so, how the two
compartments are spatially arranged with respect to each other. To answer questions
regarding the spatial organization of individual chromosomes requires methods that directly
visualize the conformation of single chromosomes in single cells.

Fluorescence in situ hybridization (FISH) provides a powerful means to directly image the
spatial organization of chromosomes, especially when used to simultaneously target two or
more genomic loci (e.g. 19, 20, 22-24). In one effort, a three-color barcoding approach has
been used to simultaneously label multiple chromatin loci to trace the conformation of a
chromosome arm in Drosophila blastoderm embryos (24). Nonetheless, routine tracing of
the complex 3D folding path of chromosomes has remained challenging because of the
difficulties associated with simultaneously imaging and unambiguously identifying many
genomic regions on interphase chromosomes. Here, we report a multiplexed FISH method
that enables sequential imaging of many genomic regions for 3D tracing of individual
chromosomes in the nucleus and the use of this method to study the spatial arrangements of
TADs and compartments in chromosomes 20, 21, 22 and X of human diploid (XX) IMR90
cells.

To map the 3D spatial positions of TADs, delineated here as genomic domains based on
ensemble-averaged Hi-C maps (8), along an entire chromosome, we labeled the central 100-
kb regions of TADs using a dual-oligonucleotide version of Oligopaints (25, 26), wherein
each TAD was targeted with 1000 distinct “primary” oligonucleotide probes and a
companion, “secondary” probe (Fig 1A and fig. S1). Each of the 1000 primary probes
consisted of a unique targeting sequence complementary to a given sequence within the
TAD, and a nongenomic region, called Mainstreet, that contained a readout sequence shared
by all 1000 probes but unique for each TAD. The secondary probe contained a sequence
complementary to the readout sequence on Mainstreet. We used the genomic coordinates of
TADs derived from Hi-C (8) to design the targeting sequences of primary probes and
produced these probes with a high-yield enzymatic amplification method (27). We exploited
a similar hybridization and imaging protocol as we previously described in multiplexed error
robust fluorescence in situ hybridization (MERFISH) (27) but with some modifications.
First, we hybridized all primary probes to the chromosome of interest (fig. S1, Hyb 0),
imaged the sample, and located the chromosome in the nucleus. We then photobleached the
sample and performed a series of secondary hybridizations, separated by photobleaching, in
order to sequentially label and image individual TADs (Fig. 1A and fig. S1, Hyb 1, Hyb 2,
...). Each round of secondary hybridization employed two different secondary probes,
respectively labeled with two spectrally distinct dyes, enabling us to visualize two TADs
simultaneously using two-color, 3D fluorescence imaging with z-stepping. The centroid
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positions of the 3D images of individual TADs were used to approximate their positions in
X,y and z.

We first used this method to image chromosome 21 (Chr21) in interphase IMR90 cells. The
Hyb 0 image showed that, when imaged together, the fluorescent signals from all 34 TADs
of Chr21 coalesced into a continuous patch (Fig. 1B). The 17 rounds of secondary
hybridization then allowed us to image each of the 34 TADs separately (Fig. 1C), determine
the 3D position of each TAD, and trace the 3D path of this chromosome at the TAD level
(Fig. 1D, E). To characterize the organization of Chr21, we traced 120 copies of Chr21 in
many cells, calculated the mean spatial distance between each pair of TADs (averaged over
all 120 chromosomes), and constructed a pair-wise mean spatial distance matrix for the 34
TADs (Fig. 1F).

To compare our measurements with previous Hi-C data (8), we correlated the mean spatial
distance matrix with the corresponding Hi-C contact frequency matrix of Chr21 (fig. S2).
Remarkably, the mean spatial distance showed high correlation with the inverse contact
frequency between TADs, with a Pearson correlation coefficient of 0.91 across nearly three
orders of magnitude in contact frequency (Fig. 1G). Such a strong correlation between the
results from two different methods provided a cross validation for both methods at the TAD-
to-chromosome length scales probed in this work. The relationship between the spatial
distance and contact frequency also provides a valuable measure for exploring chromosome
organization. A mean-field approximation predicts that the contact frequency should be
inversely proportional to the 3™ power of the mean spatial distance, whereas the power for
real chromatin is expected to be bigger than 3 (19). Our data showed that the Hi-C contact
frequency was inversely proportional to the 41 power of the mean spatial distance (Fig. 1G,
scaling exponent k = 4.1 £ 0.1, 95% confidence interval (CI), N = 120 chromosomes). We
also analyzed the distributions of the spatial distances between pairs of TADs (fig. S3), and
found that the Hi-C contact frequency scaled linearly with the probability of two TADs
coming into spatial proximity (fig. S4). These results suggest a calibration function to
convert Hi-C contact frequencies into mean spatial distances at TAD-to-chromosome length
scales, though it remains to be determined whether this calibration extends to sub-TAD
scales where the correlation between the Hi-C contact frequency and spatial proximity may
be weaker (28).

In addition, our data showed that the mean spatial distance between TADs scaled with their
genomic distance to ~1/5™ power (Fig. 1H, scaling exponent S = 0.21 + 0.01, 95% CI, N =
120 chromosomes). This value deviated from the 1/3" power expected from the ideal
fractal-globule polymer model (19). The deviation was most pronounced for large genomic
distances, whereas data points with genomic distances less than 7 Mb showed a scaling
exponent close to 1/3 (fig. S5), consistent with previous results (7, 19). Interestingly, a
previous simulation of confined, unknotted, finite-sized polymers showed a deviation of the
scaling exponent from 1/3 at large length scales (29), suggesting a possible physical model
to explain our experimental observation.

Next, we determined whether the spatial positions of TADs are partitioned into distinct
compartments by implementing a normalization analysis similar to that performed for the
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Hi-C data (7). First, we normalized the mean spatial distance matrix to the expected spatial
distance at each genomic distance as predicted by the power-law scaling shown in Fig. 1H.
The normalized spatial distance matrix showed a pattern with alternating regions of large
and small values (Fig. 2A), suggesting the existence of two sub-groups of TADs. Next, we
calculated the Pearson correlation coefficient between each pair of columns in the
normalized distance matrix, defined this coefficient as the correlation between the two
corresponding TADs, and constructed a Pearson correlation matrix for all TAD pairs (Fig.
2B). This Pearson correlation matrix showed a plaid pattern, consistent with the existence of
two compartments with TADs from the same compartment being positively correlated. For
comparison, we used a similar approach (7) to analyze the Hi-C data (8) and obtained a
nearly identical Pearson correlation matrix (Fig. 2C), suggesting that the two compartments
observed in our imaging data correspond to the A-B compartments identified by Hi-C
analysis (7, 21). To assign each TAD to a compartment, we performed a principal
component analysis on the Pearson correlation matrix derived from the normalized spatial
distances, and assigned TADs with positive and negative values along the first principle
component to compartments A and B, respectively (Fig. 2D). Nearly identical assignment
was obtained by applying the principal component analysis directly to the normalized spatial
distance matrix (fig. S6). We further observed that histone modifications for active
chromatin (30, 31) and inactive chromatin (32) were enriched in compartments A and B,
respectively (fig. S7), consistent with previous Hi-C analysis (7). We then analyzed the
scaling relationship between inverse Hi-C contact frequency and mean spatial distance for
pairs of TADs that are either within the same compartment or cross-compartment, and found
that cross-compartment TAD pairs gave a moderately higher scaling exponent (fig. S8).

The above population-averaged analyses cannot reveal whether the higher correlation
observed between TADs in the same compartment represents transient proximity between
these TADs or whether the two compartments are physical structures that exist in individual
chromosomes; nor can they reveal how compartments are spatially arranged, e.g. whether
one compartment wraps around the other to form a radial organization within a single
chromosome, or whether the two compartments are arranged in a side-by-side, polarized
fashion. To address these questions, we examined the spatial positions of the central regions
of TADs in single chromosomes. Remarkably, most individual chromosomes in single cells
showed a spatially polarized arrangement of compartment-A and compartment-B TADs
(Fig. 2E). To quantify the polarized separation of the compartments in individual

chromosomes, we defined a polarization index as \f(l -V V) (1 =V/V,), where V4
and Vpare the convex hull volumes of the two compartments and Vs their shared volume.
If the two compartments perfectly overlap with each other, or if one compartment wraps
around the other, the polarization index should equal zero; on the other hand, if the two
compartments are completely separated in space in a polarized fashion, the polarization
index should equal one (fig. S9). The measured polarization index values of Chr21 were
indeed close to 1, with a median value of 0.86, substantially larger than the values derived
from a randomization control (Fig. 2F).

To test whether the above findings were chromosome-specific, we traced the positions of the
central 100-kb regions of TADs in Chr22 and Chr20 by imaging all 27 TADs in Chr22 and
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30 of the 60 TADs (every other one) in Chr20, and found conclusions similar to those
described for Chr21. First, the Hi-C contact frequency was inversely proportional to the 4
power of the mean spatial distance between TADs (figs. SIOA and S11A). Second, the mean
spatial distance between TADs scaled with genomic distance to a similar albeit slightly
smaller power than in Chr21 (Fig. 3A, B), substantially deviating from the 1/3"d power
predicted by the ideal fractal-globule model. Third, analysis based on spatial distances
showed that TADs in Chr22 and Chr20 were partitioned into two spatial compartments (Fig.
3C, D; figs. S10B-E and S11B-E), with assignments nearly identical to those obtained from
our analysis on Hi-C data. These two compartments were again spatially organized in a
polarized, side-by-side fashion in individual chromosomes (Fig. 3E-H), though the degree of
polarized separation is moderately smaller in Chr20. Whether these findings extend to all
other autosomes remains to be determined.

Finally, we traced the positions of the central 100-kb regions of TADs in the X chromosome
(ChrX). We imaged 40 TADs (out of 86 total), spanning the whole chromosome at relatively
uniform intervals. It is known that one of the two copies of ChrX in female mammalian cells
undergoes X-inactivation (33, 34). We used TAD coordinates obtained from the combined
Hi-C data (8) of both active and inactive copies of ChrX (Xa and Xi) to determine labeling
sites but note that the TAD structures are attenuated or absent on Xi (9, 35). We
distinguished Xa and Xi by immunostaining of macroH2A.1 (fig. S12), a histone variant
enriched in Xi (35). The mean spatial distance matrices of Xi and Xa were strikingly
different with the Xi matrix elements being substantially more homogenous and mostly
having smaller values than the Xa matrix elements (Fig. S13A, B). Indeed, fitting a power
law function to the spatial versus genomic distance plot yielded a remarkably small scaling
exponent of S =0.074 + 0.003 (95% CI, N =95 chromosomes) for Xi (Fig. 4A), whereas the
scaling exponent for Xa (S =0.22 + 0.01, 95% CI, N = 95 chromosomes) remained similar
to those of Chr20, Chr21, and Chr22 (Fig. 4B). These observations suggest that Xi was not
only more compact (36) but also adopted a spatially more intermixed chromatin arrangement
with more homogeneous inter-loci distances, reminiscent of the chromatin organization
observed for Polycomb-repressed domains using super-resolution imaging (13). Given the
enrichment of Polycomb group proteins on Xi (33, 34), these observations suggest a
potentially general mechanism to induce such a compact and highly intermixed chromatin

folding configuration.

Notably, ChrX also formed two compartments, but the compartmentalization schemes were
different for Xi and Xa. Consistent with previous allele-specific Hi-C analyses (21, 35, 37),
Xi was largely partitioned into two contiguous compartments (also called superdomains or
megadomains) separated on the genomic map by the DXZ4 macrosatellite (Fig. 4C and fig.
S13C, E, G). Such a scheme might result from the ability of the DXZ4 element to recruit the
chromatin insulator CTCF to Xi but not to Xa (38). The Xa TADs were also partitioned into
two spatial compartments, but the two compartments corresponded instead to the p and q
arms of the chromosome (Fig. 4D and fig. S13D, F, H). Interestingly, the two compartments
in both Xa and Xi were again spatially organized in a polarized, side-by-side manner in
individual chromosomes (Fig. 4E-H). However, the degree of polarized segregation was
notably smaller for Xi (Fig. 4G), consistent with our observation of more intermixed
chromatin in Xi. It is worth noting that within the individual arms of Xa, TADs were further
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partitioned into two sub-compartments (fig. S14A-C), one of which appeared to be relatively
enriched with histone modifications for active chromatin (fig. S14D), implying that these
sub-compartments potentially correspond to the A-B compartments.

Our observation that compartments A and B are organized in a spatially polarized manner in
single chromosomes in most cells suggest that these are relatively stable physical structures
that are present most of the time in individual cells. The fact that we observed this spatial
organization for all three examined autosomes (Chr20, 21, and 22) also supports the
possibility that these structures are functionally important and maintained by specific
mechanisms (2, 4). Since compartments A and B consist mainly of active and inactive
chromatin, respectively (7, 21), their presence may serve to locally enrich for transcription
machinery and/or epigenetic regulators, and thus enhance the efficient use of these
molecular resources. The interactions that maintain these compartments could be direct
and/or indirect, i.e. some chromatin binding factors may directly cross-link TADs belonging
to the same compartment, or some factors may recruit TADs to pre-defined nuclear areas to
form compartments. The large-scale extension of chromatin upon activation (39, 40) may
also contribute to the separation of inactive and active chromatin. Finally, we observed
distinct compartmentalization schemes for inactive and active X chromosomes, with Xi
being partitioned into two contiguous compartments separated by the DXZ4 element (21,
35, 37) and Xa being partitioned according to the p and q arms, though individual arms of
Xa may be further partitioned into A and B compartments. Together, these results suggest
that the spatial organization of chromatin domains may play an important role in gene
regulation and that this organization could be altered to facilitate different chromosomal

functions.
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Mapping the spatial organization of the central 100-kb regions of all 34 TADs in
chromosome 21 (Chr21) of IMR90 cells. (A) A simplified scheme of the imaging approach.
All primary probes are first hybridized to the targeted chromosome, after which secondary

probes targeting each TAD are sequentially hybridized to the readout sequences on the

primary probes, imaged, and then bleached. In each round of secondary hybridization, two

different secondary probes tagged with dyes of different colors allowed simultaneous
visualization of two TADs. More details are depicted in fig. S1. (B) Image of an IMR90 cell
after the primary hybridization (Hyb 0) with primary probes targeting all TADs in Chr21.
The two bright patches, one marked by a yellow box, correspond to the two copies of Chr21
in this diploid cell. (C) Images of the yellow-boxed region in (B) after each round of
secondary hybridization (Hyb 1-17). (D) Positions of the 34 TADs of the chromosome were
plotted as red dots overlaid on the Hyb 0 image. Scale bars in (B-D): 2 um. (E) TAD
positions plotted in 3D. (F) Mean spatial distance matrix for the 34 TADs, with each
element of the matrix corresponding to the mean spatial distance between a pair of TADs.
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(G) Inverse Hi-C contact frequency between each pair of TADs versus their mean spatial
distance. The correlation coefficient (R) and the slope of a fitted line (k) are shown. Contact
frequency is calculated as the total Hi-C counts between two TADs normalized to their
genomic lengths (8). (H) Mean spatial distance versus genomic distance for all pairs of
TADs. The lines are power-law function fits with either a pre-defined scaling exponent (S =
1/3, green) or with S as a fitting parameter (red). Data from 120 individual chromosomes

were used to generate (F-H).
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Fig. 2.
Spatial organization of compartments in individual chromosomes of Chr21. (A) Normalized

spatial distance matrix for the 34 TADs, normalized over the expected spatial distances
determined by the power-law function fit in Fig. 1H (red line). (B) Pearson correlation
matrix of the 34 TADs, determined from the normalized spatial distance matrix in (A). (C)
Pearson correlation matrix of the 34 TADs calculated from previous Hi-C data (8). (D)
Assignment of TADs to compartment A (red bars) or compartment B (blue bars) based on a
principal component analysis of the Pearson correlation matrix shown in (B). (E) Left
panels: spatial position maps of compartment-A TADs (red) and compartment-B TADs
(blue) in two individual chromosomes. For better visualization, the chromosomes were
rotated so that the polarization axis connecting the centroids of compartments A and B is
aligned along the z axis. Right panels: corresponding 3D convex hull plots. (F) Polarization
index values measured for individual chromosomes (observed) in comparison with those
derived from a randomization control where the compartment assignments were randomized
while maintaining the total number of TADs in each compartment. The non-zero control
values arose from fluctuations associated with the finite number of TADs per chromosome,
which provides a baseline for comparison. Each dot corresponds to the polarization index of
a single chromosome, the red lines represent the median values, and the blue boxes represent
the 25% — 75% quantiles. **: p < 0.001 (Wilcoxon test). Data from 120 individual
chromosomes were used to generate (A), (B), (D), and (F).
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Fig. 3.

Spatial organization of the central 100-kb regions of TADs in chromosome 22 (Chr22) and
chromosome 20 (Chr20). (A, B) Mean spatial distance versus genomic distance for Chr22
(A) and Chr20 (B). Power-law function fits are shown as red lines, and the scaling exponents
(S) are shown. (C, D) Compartment assignments of TADs based on principal component
analyses of the Pearson correlation matrix for Chr22 (fig. S10D) and Chr20 (fig. S11D).
Blue bars: compartment B. Red bars: compartment A. (E, F) Spatial position maps of
compartment-A TADs (red) and compartment-B TADs (blue) in single chromosomes for
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Chr22 (E) and Chr20 (F), plotted without (left) or with (right) 3D convex hulls. (G, H)
Polarization index values measured for individual chromosomes for Chr22 (G) and Chr20
(H) (observed) in comparison with those of the randomization control (control). The dots,
red lines, and blue boxes are defined as in Fig. 2F. **: p < 0.001 (Wilcoxon test). Data from
~150 individual chromosomes were used to generate (A), (C), and (G) and data from ~110
individual chromosomes were used to generate (B), (D), and (H).
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Fig. 4.

Spatial organization of the central 100-kb regions of TADs in inactive and active X (Xi and
Xa) chromosomes. The TAD structures are attenuated or absent on Xi (9, 35) and hence, for
Xi, the term “TAD” simply represents imaged genomic loci. (A, B) Mean spatial distance
versus genomic distance for Xi (A) and Xa (B). Power-law function fits are shown as red
lines and the scaling exponents (S) are shown. (C, D) Compartment assignments for Xi (C)
and Xa (D) based on principal component analyses of the Pearson correlation matrix for Xi
(fig. S13C) and Xa (fig. S13D). Positions of the DXZ4 macrosatellite in Xi, and the p and q
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arms in Xa are indicated. (E, F) Spatial position maps of TADs in single Xi (E) and Xa (F)
chromosomes, without (left) or with (right) 3D convex hulls. (G, H) Polarization index
measured for Xi (G) and Xa (H) (observed) in comparison with those of the randomization
control (control). The dots, red lines, and blue boxes are defined as in Fig. 2F. **: p < 0.001
(Wilcoxon test). Data from 95 individual chromosomes were used to generate (A-D), (G)
and (H).
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