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Genomic regions preferentially associate with regions of similar
transcriptional activity, partitioning genomes into active and inactive
compartments within the nucleus. Here we explore mechanisms con-
trolling genome compartment organization in Caenorhabditis ele-
gans and investigate roles for compartments in regulating gene
expression. Distal arms of C. elegans chromosomes, which are
enriched for heterochromatic histone modifications H3K9me1/
me2/me3, interact with each other both in cis and in trans, while
interacting less frequently with central regions, leading to genome
compartmentalization. Arms are anchored to the nuclear periphery
via the nuclear envelope protein CEC-4, which binds to H3K9me. By
performing genome-wide chromosome conformation capture ex-
periments (Hi-C), we showed that eliminating H3K9me1/me2/me3
through mutations in the methyltransferase genes met-2 and set-25
significantly impaired formation of inactive Arm and active Center
compartments. cec-4 mutations also impaired compartmentaliza-
tion, but to a lesser extent. We found that H3K9me promotes com-
partmentalization through two distinct mechanisms: Perinuclear
anchoring of chromosome arms via CEC-4 to promote their cis asso-
ciation, and an anchoring-independent mechanism that compacts
individual chromosome arms. In both met-2 set-25 and cec-4 mu-
tants, no dramatic changes in gene expression were found for genes
that switched compartments or for genes that remained in their
original compartment, suggesting that compartment strength does
not dictate gene-expression levels. Furthermore, H3K9me, but not
perinuclear anchoring, also contributes to formation of another
prominent feature of chromosome organization, megabase-scale
topologically associating domains on X established by the dosage
compensation condensin complex. Our results demonstrate that
H3K9me plays crucial roles in regulating genome organization at
multiple levels.

genome compartments | histone modifications H3K9me1/me2/me3 |
chromosome compaction | perinuclear anchoring | gene expression

E ukaryotic genomes are organized into a series of higher-order
structures within the 3-dimensional (3D) space of the nucleus
(1-3). Chromatin loops can connect promoters of genes to distal
regulatory elements located tens to hundreds of kilobases away
(4, 5). In metazoans, topologically associating domains (TADs)
of ~1 Mb confine chromatin interactions to distinct genomic
neighborhoods (6-9). The functional roles of TADs remain obscure
(9-11), but TAD disruption by chromosomal rearrangements can
cause transcriptional misregulation due to ectopic enhancer—promoter
contacts (12-14). At an even higher scale, genomic regions prefer-
entially associate with regions of similar transcriptional activity on the
same chromosome and on different chromosomes, partitioning
mammalian genomes into transcriptionally active (A) and inactive
(B) genome compartments (15). Deciphering the molecular mecha-
nisms underlying these hierarchical structural features is crucial for
understanding the organization and regulation of genome functions.

Although active and inactive genome compartments are among
the most prominent features of chromosome organization, the
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mechanisms that establish them remain elusive. Most loops and
TADs can be eliminated by abrogating binding of key architectural
proteins, including the SMC complex cohesin and the zinc-finger
protein CTCF (16-19). However, genome compartments are
preserved and enhanced in the absence of TADs, revealing that
compartments are created through different mechanisms (20).
The clustering of active and repressive genomic regions into sep-
arate compartments has been proposed to enhance transcriptional
regulation and stabilize different expression states. However, the
inability to perturb genome compartments has hindered our un-
derstanding of the functions of these higher-order chromatin
structures.

Genome compartments correlate strongly with chromatin states
in diverse organisms (21). In mammals, euchromatic regions form
the A compartment and are characterized by active transcription
and histone modifications, such as H3K4me3 and H3K27Ac. In
contrast, heterochromatic regions form the B compartment and
are characterized by transcriptional repression and the histone H3
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modifications H3K9me2, H3K9me3, and H3K27me3. Existing
evidence suggests two possible ways that chromatin marks could
contribute to the formation of genome compartments. First, re-
gions with matching chromatin marks could associate with each
other. In a recent simulation study, the compartment organi-
zation observed in mammalian cells was best explained by a
model in which interactions among heterochromatic regions
are energetically favorable (22). The heterochromatic binding
protein HP1, which recognizes H3K9me and undergoes phase
separation, could drive associations between heterochromatin re-
gions (23, 24). Second, positioning of heterochromatin at the nu-
clear periphery could promote separation of the genome into
compartments. Heterochromatin marks are known to position
genomic regions to the nuclear periphery to promote their inter-
actions and compaction (25-27). Thus, heterochromatin-associated
histone modifications and proteins may play a prominent role in
genome compartmentalization.

However, the extent to which heterochromatic marks contribute
to genome organization in metazoans has been challenging to
evaluate experimentally. Eliminating either H3K9me or H3K27me3
in mice causes lethality, thereby impeding assessment of their
functions in genome organization (28-30). Although centromere-
proximal H3K9me-enriched heterochromatin in the filamentous
fungus Neurospora crassa exhibits reduced interactions with sur-
rounding euchromatin, partitioning of euchromatin from hetero-
chromatin is more severely disrupted by loss of subtelomeric
H3K27me2/me3 than H3K9mel/me2/me3 (31, 32), making the role
of H3K9me unclear.

Here we use Caenorhabditis elegans as a model to investigate
the roles of H3K9me in genome organization. The C. elegans
genome has a unique distribution of repressive and active
chromatin. The distal arms of all five autosomes and the left arm
of the X chromosome form the inactive compartment and are
enriched for the heterochromatin marks H3K9mel/me2/me3
and H3K27me3 as well as for repetitive DNA elements (27, 33,
34). The heterochromatic chromosome arms preferentially as-
sociate with nuclear lamina via the nuclear envelope protein
CEC-4, which binds to H3K9me (35, 36). In contrast, the central
regions of all chromosomes form the active compartment and
are depleted for repressive chromatin marks. The central regions
also exhibit a low level of lamina association and are enriched for
actively transcribed genes.

C. elegans embryos lacking all forms of H3K9me are viable and
develop to adulthood under normal growth conditions. Hence
the worm provides a unique opportunity to explore the functions
of H3K9me in a metazoan. Eliminating H3K9me by disrupting
the histone H3K9 methyltransferases does derepress repetitive
DNA elements in germlines of adults and does cause accumu-
lation of RNA:DNA hybrids at high growth temperatures, ulti-
mately leading to genome instability and sterility (37-39).

In addition to genome compartment architecture, C. elegans
chromosomes are organized into megabase-scale TADs. Her-
maphrodite X chromosomes have a unique TAD organization
that distinguishes them from autosomes and the male X.
Prominent, regularly spaced TADs on X are created by the dosage
compensation complex (DCC), a condensin complex that represses
transcription by half to equalize X expression between sexes (XO
males and XX hermaphrodites) (40). TAD boundaries are defined
by sequence-specific recruitment elements on X (rex sites) that
promote high-occupancy DCC binding (10, 40). TAD boundaries
are strengthened by enrichment of H4K20mel on X caused by the
H4K20me?2 demethylase activity of a DCC subunit (41, 42), but roles
of other histone modifications in TAD architecture are not known.

In this study, we used genome-wide chromosome conforma-
tion capture experiments (Hi-C) to quantitatively assess the
impact of H3K9me on C. elegans genome architecture. Com-
parison of genome-wide chromatin interaction profiles in wild-
type embryos versus met-2 set-25 mutant embryos defective in
H3K9 methyltransferases or cec-4 mutant embryos defective in
perinuclear anchoring revealed that H3K9me promotes forma-
tion of genome compartments through two different
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mechanisms. H3K9me-mediated perinuclear anchoring via CEC-
4 regulates cis-association of chromosome arms, while anchoring-
independent functions of H3K9me control chromosome arm
compaction. In addition, H3K9me but not perinuclear anchoring
facilitates formation of DCC-dependent TADs on X.

Although loss of H3K9me or disruption of perinuclear an-
choring led to significant weakening of compartmentalization, no
significant changes in expression were found for genes that
switched compartments, suggesting that the compartment in
which a gene resides is not a major determinant of its expression
level. Furthermore, increased compartment intermingling in
mutants did not cause dramatic expression changes for genes
that remained in their original compartments. Although genes
that remained in the inactive Arm compartment exhibited an up-
regulation in met-2 set-25 double and cec-4 single mutants rela-
tive to genes that remained in the active Center compartment,
the expression changes were caused primarily by local repressive
effects of H3K9me. Therefore, genome compartment strength
does not dictate levels of gene expression. Finally, loss of
H3K9me, but not disruption of perinuclear anchoring, led to
weakening of TAD boundaries established by the DCC on her-
maphrodite X chromosomes. Our findings demonstrate an in-
timate relationship between histone modifications and genome
organization that broaden our understanding of the determi-
nants and functions of 3D genome architecture.

Results

H3K9me Regulates Genome Compartments in C. elegans. Our pre-
vious Hi-C results from mixed-stage embryos revealed that the
two arms of all C. elegans autosomes preferentially associate with
each other, both in cis and in trans, while the central regions of
autosomes preferentially associate with each other in trans (40).
The left arm of chromosome X associates with autosomal arms
in trans, and the remainder of X associates with the central re-
gions of autosomes. This segregation of large active Center and
inactive Arm chromatin regions partitions the genome into two
compartments, comparable to the active A and inactive B com-
partments observed in flies and mammals, thereby providing
the opportunity to dissect the molecular basis of genome
compartmentalization.

Further analysis of our genome-wide Hi-C data in wild-type C.
elegans embryos (10, 40) revealed architectural differences
among the different chromosomes (Fig. 14). The two arms of the
three smaller autosomes (chromosomes I, II, and III) interact in
cis at a higher frequency than expected for loci at that distance
(Fig. 1 A and D), while the arms of the larger autosomes
(chromosomes IV and V), which are separated by longer central
regions, do not exhibit elevated cis interactions (Fig. 1 4 and J).
The right arm of chromosome V exhibits a unique topology. The
~3-Mb region at the distal end of chromosome V forms a well-
defined subdomain (ArmD subdomain) that separates from the
remainder of the right arm. In contrast, the more central ~3-Mb
region of the right arm (ArmC subdomain) does not exhibit strong
self-association. Both  ArmD and ArmC subdomains interact
strongly with the center regions adjacent to the Arm-Center
junction (Fig. 1J and SI Appendix, Fig. S1G).

To assess the role of H3K9me in C. elegans genome organi-
zation, we performed in situ Hi-C in embryos lacking functional
MET-2 and SET-25 methyltransferases, the major enzymes that
deposit H3K9mel/me2 and H3K9me3, respectively. The met-2
set-25 mutant embryos have no detectable H3K9me of any form
(27, 37). Comparison of genomic distance-normalized Hi-C in-
teraction frequencies (Z-scores) between met-2 set-25 mutant
and wild-type embryos (Fig. 1 A-C and SI Appendix, Fig. S1 A
and B) revealed several obvious changes in chromatin interactions
that reflect a loss of compartmentalization in the absence of
H3K9me. First, in the double mutant, the two distal arms of
chromosomes I, II, and III interact less frequently in cis
(Fig. 1 D-F and SI Appendix, Fig. S1 D and E). In contrast, arms of
chromosomes IV and V, which exhibit less prominent cis—-arm
association in wild-type embryos, are less affected in met-2 set-25
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Fig. 1. Elimination of H3K9me weakens genome compartments. (A and B) Whole-genome heatmaps show Hi-C Z-scores for the X chromosome and
autosomes I-V in wild-type and met-2 set-25 mutant embryos. Red indicates higher interactions than expected for loci at a given distance, and blue
indicates lower interactions than expected. The plaid pattern in interchromosomal interactions reflects compartment formation (high interactions be-
tween chromosome centers in trans and between chromosome arms in trans). (C) A Z-score subtraction heatmap shows increased (red) interactions
between arms and centers and decreased (blue) interactions between centers and between arms in met-2 set-25 mutant compared to wild-type embryos.
(D-F) Chromosome | heatmaps show Hi-C Z-scores in wild-type and met-2 set-25 mutant embryos and their difference. Diagrams delineate the Arm and
Center compartments based on principal component analysis. Black arrows mark borders between Arm and Center domains. (G-/) Z-score heatmaps show
trans interactions between chromosomes | and Il in wild-type and met-2 set-25 mutant embryos and their difference. (J-L) The Z-score heatmaps show
that the right arm of chromosome V consists of two subdomains (ArmC, mid gray, and ArmD, dark gray) demarcated by yellow arrows. Interactions
between the two subdomains are low in wild-type but increase in met-2 set-25 mutant embryos. Black arrows mark borders between Arm and Center
domains. All heatmaps are binned at 50 kb.

mutants (Fig. 1 J-L and SI Appendix, Fig. S1 G and H). Second, = Arm-Center interactions among all chromosomes (Fig. 1 D-I
interactions among central regions of all chromosomes decrease  and SI Appendix, Fig. S1 D and E). On the right side of chromo-
significantly in the mutants (Fig. 1 A-C and G-[I). Third, cis in- some V, the ArmD subdomain exhibits higher cis-interactions with
teractions between chromosome arms and central regions on  both the central region and the ArmC subdomain (Fig. 1 J-L
chromosomes I, II, and III increase significantly, as do trans  and SI Appendix, Fig. S1 G and H). Altogether, these changes
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demonstrate that H3K9 methylation plays a critical role in regu-
lating the formation or maintenance of genome compartments in
C. elegans.

H3K9me-Mediated Nuclear Peripheral Anchoring Facilitates Compartment
Formation. Disrupting perinuclear anchoring of chromosome arms
while maintaining H3K9 methylation revealed that perinuclear an-
choring is required for full separation of Arm and Center compart-
ments. In C. elegans, H3K9me-enriched chromatin is anchored to the
nuclear periphery by the chromodomain protein CEC-4, which lo-
calizes to the nuclear envelope and binds to all three forms of
H3K9me. Prior studies showed that disrupting CEC-4 caused de-
localization of chromosome arms from the nuclear periphery to the
same extent as disrupting the H3K9 methyltransferases (36). To as-
sess whether H3K9me’s role in compartmentalization is due to
perinuclear anchoring of chromatin, we performed Hi-C in cec-4
mutant embryos (Fig, 2 A, D, G, and J). Comparison between Z-
score heatmaps of cec-4 mutant and wild-type embryos revealed
distinct changes in chromatin interactions among all chromosomes in
a fashion similar to those in mez-2 set-25 mutant embryos (Fig. 2 B, E,
H, and K and SI Appendix, Fig. S1 C, F, and I). Thus, perinuclear
anchoring via CEC-4 appears to facilitate genome compartmentali-
zation (Fig. 2 A-L and SI Appendix, Fig. S1 A, C, F, and I).

However, disruption of compartment organization in cec-4
mutants is less substantial than that in met-2 set-25 mutants, as
indicated by differences in chromatin interaction patterns between
the two mutant strains (Fig. 2 C, F, I, and L). We quantified the
strength of genome compartments in cec-4 and met-2 set-25 mu-
tants using principal component analysis of Hi-C interactions. The
first principal component (PC1), which is highly correlated with
nuclear lamina association, defines the genome compartments in
wild-type embryos. Genomic 50-kb bins with positive first eigen-
vector values are in the Center compartment, and bins with neg-
ative first eigenvector values are in the Arm compartment. In the
cec-4 and met-2 set-25 mutants, PC1 still delineated Arm and
Center compartments, and nearly 90% of the genomic bins
remained in their original compartment (Fig. 3 and SI Appendix,
Fig. S2 A-D). However, while PC1 explained 89% of the genome-
wide variation in Hi-C interactions in wild-type embryos, it only
explained 69% of the variation in cec-4 embryos and 63% in met-2
set-25 embryos, indicating the compartments were weakened.
Hence, perinuclear anchoring activity of H3K9me accounts for a
large proportion, but not all of its functions in genome
compartmentalization.

In addition to causing increased mixing between compart-
ments, loss of perinuclear anchoring led to increased interactions
within the right arm of chromosome V, specifically between the
ArmC and ArmD subdomains (Fig. 2K and SI Appendix, Fig.
S1I). Interactions between ArmC and ArmD were not further
increased in met-2 set-25 mutant embryos (Fig. 2L and SI Ap-
pendix, Fig. S1H). Thus, perinuclear anchoring not only promotes
partitioning of active and inactive chromatin, it also promotes
partitioning of two domains with similar chromatin marks.

Loci that Switch Compartments Reside Near Compartment Borders.
In both cec-4 and met-2 set-25 mutants, the ~10% of loci that
switched compartments tended to be near compartment borders
(Fig. 3 4 and B and SI Appendix, Fig. S2 A-D). In some cases, a
TAD adjacent to a compartment border switched compartments
as a unit (Fig. 3 4 and B). For example, a TAD on the left side of
chromosome V switched from the Center compartment to the
Arm component (Fig. 34). In addition, a TAD within the Arm
compartment on the left side of chromosome X moved into the
Center compartment in both met-2 set-25 and cec-4 mutants,
shifting the compartment border (Fig. 3B). Furthermore, a broad
region consisting of multiple TADs on the right side of chro-
mosome X switched from the Center compartment to the Arm
compartment in met-2 set-25 mutants, greatly expanding the Arm
compartment on X (Fig. 3B).

Because the topology of X is regulated by a DCC, which re-
sembles condensin, we asked whether the DCC also regulates
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compartment organization on X. We examined compartment
structure after depleting a DCC subunit (SDC-2) that is essential
for DCC binding to X. Loss of SDC-2 causes elevated X ex-
pression, decompaction of X, and disruption of TAD structure.
DNA corresponding to a TAD on the left of X in wild-type
embryos switched from the Arm to the Center compartment,
as in met-2 set-25 mutants (Fig. 3C). Moreover, disrupting the
TAD structure by deleting only the eight DCC binding sites (8rex4)
at DCC-dependent TAD boundaries caused an intermediate
change in the left Arm—Center border in which the eigenvector
values approached 0, indicating the domain does not associate
strongly with either the Arm or Center compartment (Fig. 3C).
Together, these results indicate that compartment switching by
depleting SDC-2 is not solely the consequence of disrupting
DCC-dependent TAD boundaries; it also requires loss of DCC
activity. Since DCC disruption does not affect the distribution
of H3KO9me3 (43), both DCC-dependent and H3K9me3-
dependent mechanisms must regulate compartment organiza-
tion on X.

Perinuclear Anchoring of H3K9me and Anchoring-Independent Functions
of H3K9me Differentially Regulate Genome Organization. Our Hi-C
results indicate that H3K9me regulates genome compartmentali-
zation through two mechanisms: The CEC-4-dependent peri-
nuclear anchoring of chromosome arms and a CEC-4-independent
mechanism. To further delineate how the two mechanisms influ-
ence genome compartmentalization, we quantified the changes for
different categories of chromatin interactions in both met-2 set-25
and cec-4 mutants and illustrated these changes in interaction
strength using cumulative frequency plots.

Quantification of interactions within chromosome arms revealed
that H3K9me promotes compartmentalization, in part, by facili-
tating compaction of chromosome arms through a mechanism that
is independent of perinuclear anchoring. Loss of H3K9me in mez-2
set-25 mutants resulted in a dramatic decrease in interactions within
each chromosome arm (intra-arm) for the smaller and more com-
partmentalized chromosomes I, II, and III (median intra-arm Z-
score 1.09 for wild-type and 0.76 for mer2 set-25) (Fig. 4A), in-
dicating decompaction of chromosome arms. In contrast, the left
arm of chromosome V and both arms of chromosome IV
exhibited only a slight decrease in intra-arm interactions in met-2
set-25 mutants (Fig. 4C), and the right arm of chromosome V
exhibited a slight increase (Fig. 4B). In cec-4 mutants intra-arm in-
teractions for different chromosome arms were either maintained or
elevated (Fig. 4 A-C). Thus, anchoring-independent functions of
H3K9me, but not CEC-4-dependent perinuclear anchoring, compact
chromosome arms.

The increases in intra-arm interactions upon disruption of
CEC-4 (Fig. 4 A-C) can be attributed to increased flexibility of
chromosome ends, as indicated by the more frequent interac-
tions between the chromosome ends adjacent to the telomeres
and the remainder of the chromosome arms (SI Appendix, Fig.
S2 E-G). The phenomenon was most prominent at the right end
of chromosome V, where the ArmD subdomain clearly gained
interactions with the ArmC subdomain in cec-4 mutants (Fig. 2 B,
J, and K and SI Appendix, Fig. S2G). This inward looping topology
was inhibited by the elimination of H3K9me in met-2 set-25 mu-
tants (Fig. 2L and SI Appendix, Fig. S2G).

Perinuclear anchoring of the two distal arms for the three
smaller autosomes promoted long-range cis—arm interactions. In
cec-4 mutants, the cis arm-to-arm interactions on chromosomes
I, II, and IIT decreased dramatically (median Z-score 1.43 for
wild type and 0.84 for cec-4) (Fig. 4D). Chromosomes IV and V,
which do not show enriched cis arm-to-arm interactions in wild-
type embryos, were affected to a smaller extent (SI Appendix,
Fig. S3A4). Furthermore, interactions among chromosome arms
of different autosomes (frans arm-to-arm) increased slightly in
cec-4 mutants (Fig. 4E and SI Appendix, Fig. S3B). Thus, for
chromosomes I, II, and III, perinuclear anchoring brings the
two arms of the same chromosome into closer proximity while
spatially constraining each chromosome within its own territory,
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creating a configuration that favors cis arm-to-arm interactions
over frans arm-to-arm interactions.

Both cis arm-to-arm and trans arm-to-arm interactions in-
creased in met-2 set-25 mutants compared to cec-4 mutants
(Fig. 4 D and E and SI Appendix, Fig. S3 A and B), suggesting
that decompaction of chromosome arms increases their chances
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of contacting other arms over long distance. Taken together, these
results indicate that CEC-4-dependent perinuclear anchor-
ing, but not anchoring-independent functions of H3K9me,
promotes interactions in cis between the two arms of the three
smaller autosomes to facilitate the formation of the Arm
compartment.
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Perinuclear anchoring of chromosome arms also dramatically
affects interactions between chromosome arms and central re-
gions. In cec-4 mutants, arms of the three smaller autosomes
interacted more frequently with the central region of the same
chromosome (cis arm-to-center) (Fig. 4G). However, interac-
tions between the right arm and center of chromosome V do not
increase, likely due to the strong engagement between the right
end of chromosome V with the rest of the chromosome arm
(Fig. 2K and SI Appendix, Fig. S3D). In addition, loss of spatial
constraints for chromosome arms in cec-4 mutants enabled
the arms of all chromosomes to gain interactions with central
regions of different chromosomes (frans arm-to-center)
(Fig. 4H and SI Appendix, Fig. S3E). Neither cis nor trans
arm-to-center interactions were further increased upon
elimination of H3K9me (Fig. 4 G and H and SI Appendix, Fig.
S3 D and E), suggesting that perinuclear anchoring acts as the
main inhibitor of intermingling between Arm and Center
compartments.

Interactions within the central regions of all autosomes (intra-
center) were minimally affected in both cec-4 and met-2 set-25
mutants, consistent with the paucity of H3K9me in the central
regions (Fig. 4F and SI Appendix, Fig. S3C). However, interac-
tions among central regions of different chromosomes (trans
center-to-center) decreased in both cec-4 and met-2 set-25 mu-
tants (Fig. 41 and SI Appendix, Fig. S3F), suggesting that the
Center compartment can be influenced indirectly by loss of peri-
nuclear anchoring of chromosome arms.

Compared to autosomes, compartmentalization of the dosage-
compensated X chromosomes is less influenced by H3K9me.
Trans-association between the central region of X and central
regions of autosomes decreased in both cec-4 and met-2 set-25
mutants (SI Appendix, Fig. S3L), indicating some influence of
H3K9me on X compartmentalization. However, changes in most
other categories of interactions were minimal (SI Appendix, Fig.
S3 G-K). These results, combined with the finding that DCC
disruption alters the Arm—Center border on the left side of X
(Fig. 3C), reinforce the view that both H3K9me-dependent and
DCC-dependent mechanisms are required to achieve proper X
compartment organization.

Altogether, our analysis of chromatin interactions revealed
two tiers of genome organization imposed by different functions
of H3K9me (Fig. 4/). The presence of H3K9me on chromosome
arms leads to arm compaction independently of anchoring. The
binding of H3K9me by CEC-4 anchors chromosome arms to the
nuclear periphery greatly promotes the cis-association of arms in
the shorter chromosomes I, II, and I, and prevents the intermingling
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of inactive Arm and active Center genomic regions. Perinuclear
anchoring of the right arm of chromosome V also limits interac-
tions between the end of the chromosome (ArmD subdomain)
and the rest of the arm. The collective effects of H3K9me result in
effective compartmentalization of the C. elegans genome.

Genes that Switch Compartments Do Not Show Significant Changes in
Expression. Attenuation of Arm and Center compartments in
met-2 set-25 and cec-4 mutants offered a unique opportunity to
assess the role of genome compartmentalization in the regulation
of transcription. In addition, our finding that cec-4 mutants
showed weakened genome compartmentalization, while retaining
H3K9me levels allowed us to separate the global effect of genome
compartmentalization from the local repressive effect of H3K9me.
We first explored whether the expression levels of genes that
switched compartments changed to reflect their new compart-
ment. Our analysis of published gene-expression datasets from
met-2 set-25 and cec-4 young mutant embryos (36) revealed that
only 3 of the 600 expressed autosomal genes that switched
compartments in met-2 set-25 mutants and none of the 332 au-
tosomal genes that switched compartments in cec-4 mutants
showed significant (adjusted P < 0.05) changes in expression.
Although only rare individual genes exhibited a significant
change in expression upon switching compartments, we tested
the possibility that an entire set of genes that relocated into the
active or repressive compartment might have significant changes
in expression compared to those that remained in their original
compartment. In met-2 set-25 mutants, expression of the auto-
somal genes that switched from the repressive Arm compartment
to the active Center compartment decreased slightly compared
to genes that remained in the Arm compartment (Fig. 54) (P =
0.02 for 134 genes, two-tailed ¢ test), a trend opposite to that
expected, while in cec-4 mutants expression of the genes that
switched from the Arm to the Center compartment increased
only slightly (Fig. 5B) (P = 0.03 for 226 genes). Autosomal genes
that switched from the Center to the Arm compartment in met-2
set-25 mutants had no significant changes in expression (Fig. 54)
(P = 0.15 for 466 genes) compared to those that remained in the
Center. In cec-4 mutants, autosomal genes that switched from
the Center to the Arm compartment had only a slight decrease in
expression (Fig. 5B) (P = 0.04 for 106 genes). Therefore, genes
that switch between active and repressive compartments do not
assume the transcriptional status of their new compartment.
The converse was also found: The group of genes with signifi-
cant changes in expression was not enriched for genes that
switched compartments. Of 132 genes with significant expression
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Diagrams within the cumulative plots illustrate the quantified areas (purple) on the Z-score heatmaps for each interaction category. Schematics on the top and left of the
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not cec-4 mutants, the distribution of Z-scores for interactions within arms of chromosomes |, Il, and Il shifts leftward relative to that in wild-type embryos, indicating reduced
interactions (A). Interactions within the right arm (B) but not left arm (C) of chromosome V increase dramatically in cec-4 mutants. (D) Cis interactions between arms of
chromosomes |, I, and Ill decrease more dramatically in cec-4 than met-2 set-25 mutants. (E) Trans interactions between arms of different chromosomes increase dramatically
in met-2 set-25 mutants. (F) Within the Center compartment, interactions within centers of chromosomes |, II, and Ill show no clear changes, while trans interactions between
centers of different chromosomes dramatically decrease in both mutants (/). (G) cis and (H) trans interactions between arms and centers of chromosomes |, Il, and IIl exhibit
clear increases in both mutants, indicating increased intermingling between compartments. (J) The cartoons present a simplified view of how H3K9me likely controls
compartmentalization through two mechanisms. For smaller autosomes |, I, and Ill, CEC4-mediated perinuclear anchoring of chromosome arms brings the arms together.
For chromosome V, perinuclear anchoring does not cause increased cis-association between arms, but limits interactions between the most distal region of the right arm
(black) and the rest of the arm. In cec4 mutants, the right end of V loops back internally. Independently of anchoring, H3K9me promotes compaction of arms. Compartment
formation was not eliminated entirely in met-2 set-25 mutants, implying that other mechanisms contribute to compartmentalization (see Discussion).

changes in met-2 set-25 mutants (adjusted P < 0.05), none switched
compartments. Only one gene had a significant expression change
in cec-4 mutants, and it did not switch compartments.

We also observed the same trends for X-linked genes, which
we considered separately because they are subject to two dif-
ferent modes of chromosome-wide regulation. First, in both
sexes genes on X are silenced in the germline, and this silencing
is lost during early embryonic development. Second, starting in
early embryonic development of hermaphrodites, genes on X are
repressed twofold by the dosage-compensation process. As on
autosomes, genes on X that switched between compartments in
embryos of either mutant did not show changes in expression
(Figs. 3B and 5 4 and B) (P > 0.5).

Bian et al.

Analysis of published gene-expression datasets from L1 larvae
(44) revealed results similar to those observed in embryos. In
general, autosomal and X-linked genes that switched between
compartments in either of the L1 mutants were not significantly
misregulated compared to genes that remained in the original
compartments (SI Appendix, Fig. S4 G and H). An exception
occurred for the 176 autosomal genes that switched from the
active Center compartment to the repressive Arm compartment
in cec-4 mutants. They exhibited significant up-regulation, con-
trary to the expectation if the compartment dictated the level of
gene expression. The L1 gene-expression data further corrobo-
rate the conclusion that the compartment in which a gene resides
is not a major determinant of its expression level in C. elegans.
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Relative Elevation in Arm Gene Expression Is Caused Primarily by
Local Effects of H3K9me Rather than Compartment Intermingling.
Using gene-expression data from young embryos, we assessed
how expression of the genes that remained in their original com-
partment (90% of total expressed genes) was affected by loss of
H3K9me2/me3 deposition and by loss of perinuclear anchoring. In
met-2 set-25 mutants, autosomal genes remaining in the Arm
compartment were significantly more up-regulated than genes
remaining in the Center compartment (Fig. 54) (P < 2.2 x 107'°,
two-tailed ¢ test). In cec-4 mutants, autosomal genes in the Arm
compartment were also relatively elevated compared to genes in
the Center compartment (Fig. 5B) (P = 5 x 107°), although the
differences were much smaller. Transcription of repetitive se-
quences was affected by loss of H3K9me (37, 38), but the inability
to map repetitive reads uniquely prevented attribution of these
changes to repeats in Arm versus Center compartments.

To understand the mechanisms underlying the relative elevation
in Arm gene expression in mutants, we asked whether the eleva-
tion resulted from 1) loss of heterochromatic marks having local
effects on genes with H3K9me peaks in wild-type embryos (45,
46), which are over-represented in Arm compartments (S Ap-
pendix, Fig. S5 A-C), or from 2) increased compartment inter-
mingling causing increased transcription throughout the Arm
compartment. If the elevation of Arm gene expression was caused
predominantly by impairment of a local H3K9me repressive
function, we would expect genes associated with H3K9me in wild-
type embryos, but not genes without H3K9me, to be up-regulated
in mutants regardless of the compartment in which they resided.
In contrast, if the increased compartment intermingling influenced
gene expression, genes in the Arm compartment would be con-
sistently more up-regulated than genes in the Center compart-
ment, even when not associated with H3K9me. As shown below,
the relative up-regulation of autosomal genes in Arm vs. Center
compartments in mutants is generally better explained by a local
repressive effect of H3K9me.

We categorized genes by their H3K9me2/me3 levels in wild-
type embryos using chromatin immunoprecipitation sequencing
(ChIP-seq) datasets (37) and then examined each category of
genes for changes in expression (Fig. 5 C and D). Autosomal
genes with H3K9me?2 peaks in their promoter or gene body in
wild-type embryos were significantly more elevated in expression
in mutants than genes not associated with H3K9me2/me3 peaks
(Fig. 5 C and D) for both Arm (P < 107", met-2 set-25 and P <
1073, cec-4, two-tailed ¢ test) and Center (P < 1074, met-2 set-25
and P < 107%, cec-4) compartments. These results indicate that
H3K9me has a local repressive function in both Arm and Center
compartments.

Repression occurs primarily for genes that have H3K9me?2 in
wild-type embryos but not for genes that have only H3K9me3
and no H3K9me2 (SI Appendix, Fig. S5 D and E), indicating a
more critical role for H3K9me?2 in repression. This finding is
consistent with results of others examining repression of germ-
line genes in embryonic somatic cells (46).

In cec-4 mutants, the local repressive effects of H3K9me are suf-
ficient to explain the up-regulation of genes. Autosomal genes with
H3K9me2/me3 peaks showed similar increases in expression regard-
less of the compartment (P = 0.95), and genes without H3K9me?2/3
showed similar decreases in expression regardless of the compartment
(P = 0.50) (Fig. 5D). Therefore, increased compartment intermingling
does not account for the relative up-regulation of Arm genes in cec-
4 mutants.

In met-2 set-25 mutants, compartment-wide effects in addition
to local repressive H3K9me effects contribute to the increase in
Arm gene expression. Autosomal Arm genes in met-2 set-25
mutants, unlike in cec-4 mutants, were consistently elevated
compared to Center genes, whether or not they had H3K9me?2/
me3 peaks in wild-type embryos (P < 107 for all Center to Arm
comparisons) (Fig. 5C). This compartment-wide effect cannot be
attributed to increased intermingling between compartments
because met-2 set-25 mutants show a similar level of interactions
between Arm and Center compartments as cec-4 mutants (Fig. 4 G
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and H). Instead, the Arm up-regulation could result from long-
range effects caused by decompaction of chromosome arms, which
is observed in met-2 set-25 but not cec-4 mutants.

H3K9me, but Not Perinuclear Anchoring, Modulates DCC-Dependent
TAD Organization on X Chromosomes. In addition to its role in
compartment formation, H3K9me influences the formation of
TAD boundaries on X chromosomes. Using a previously de-
scribed, insulation-score approach (Fig. 6) (40), we found that
the eight DCC-dependent TAD boundaries on X, but not the
DCC-independent boundaries, were significantly weakened in
met-2 set-25 mutants (Fig. 6 A and C and SI Appendix, Figs. S1J
and K and S6 E and F). Boundaries that were completely elim-
inated in DCC mutant embryos were only weakened in met-2 set-
25 mutants (Fig. 6G), suggesting that H3K9me is necessary to
reinforce but not create the boundaries.

In contrast, neither DCC-dependent nor DCC-independent
TAD boundaries on X were significantly changed in cec-4 mu-
tants (Fig. 6 B and D and SI Appendix, Figs. SIL and S6 A-F).
Therefore, our results suggest that the presence of H3K9me on
X, but not the perinuclear anchoring activity of H3K9me, plays a
significant role in regulating DCC-dependent TAD boundaries
on X.

In addition to loss of DCC-dependent TAD boundaries, DCC-
mediated interactions between strong rex sites were lost in met-2
set-25 mutants but not in cec-4 mutants. The interactions among
the 25 highest DCC-occupied rex sites were significantly reduced
in met-2 set-25 mutant versus wild-type embryos, but not in cec-4
mutant embryos (SI Appendix, Fig. S6G), further illustrating the
interplay between the DCC and H3K9me, but not perinuclear
anchoring, in shaping X-chromosome structure.

Although DCC-mediated TAD boundaries and rex—rex inter-
actions require H3K9me, another DCC-mediated structure is
retained in met-2 set-25 mutants. The DCC promotes interac-
tions between loci within 0.1 to 1 Mb, resulting in increased in-
teractions on X compared to autosomes at that length scale (10).
Unlike a mutant in which the DCC fails to assemble onto X,
interactions within 1 Mb on X were unchanged in cec-4 mutants
(SI Appendix, Fig. S6I) and increased in met-2 set-25 mutants
(Fig. 6H).

The weakening of DCC-dependent TAD boundaries and
rex—rex interactions in met-2 set-25 mutants is not due to loss of
DCC binding. Previous cytological studies showed neither met-2
set-25 nor cec-4 mutations prevented DCC binding to X (44). We
further explored DCC occupancy by performing ChIP-seq for the
DCC component SDC-3 (SI Appendix, Fig. S7) and also analyzed
available ChIP-seq datasets (43) (SI Appendix, Fig. S7 C and D).
Consistent with cytological studies, our DCC binding analyses
show no significant changes in DCC occupancy at rex sites in
either mutant (SI Appendix, Fig. S7), indicating that H3K9me
modulates TAD boundary formation without affecting DCC
binding to rex sites. We found no notable enrichment of H3K9me
at or near the rex sites in published ChIP-seq datasets (34) (S
Appendix, Fig. S6H). Thus, H3K9me is not required for proper
loading of the DCC. To regulate TADs, either a low level of
H3K9me may be required at rex sites to facilitate TAD boundary
formation, or H3K9me and its binding proteins could act dis-
tantly from rex sites to control TAD formation.

In contrast to the strong effects that met-2 set-25 mutations
have on DCC-dependent X TADs, almost no effects were found
on autosomal TADs (Fig. 6 E and F and SI Appendix, Fig. S6 A-
C). In both met-2 set-25 and cec-4 mutants, insulation profiles on
autosomes were shifted, reflecting a change in chromatin com-
paction (SI Appendix, Fig. S2 J and K), but TAD boundary
strength was unchanged (SI Appendix, Fig. S6 B and C) and TAD
boundaries between Arm and Center regions were not weakened
(SI Appendix, Fig. S6D). Our combined results reveal a role for
H3K9me in regulating the formation of DCC-dependent TAD
organization on X but not TAD organization on autosomes.

The up-regulation of X-linked genes in H3K9me mutants is not
correlated with TAD organization. We plotted fold-changes of
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Fig. 5. Weakening of compartments does not cause significant changes in gene expression. (A and B) Box plot shows expression changes in met-2 set-25 or
cec-4 mutant versus wild-type embryos for genes in Center and Arm compartments and genes that switch compartments on autosomes (A) and X. For each
comparison, the median fold-change and number of genes included are listed. Genes with >1 fragment per kilobase of transcript per million mapped reads
(FPKM) are included. Gene expression data are from ref. 36. (C and D) Box plots show early embryo expression changes in met-2 set-25 or cec-4 mutants for
autosomal genes in Arm or Center compartments with H3K9me2 peaks (including those that also have H3K9me3 peaks) in the gene body or promoter, and
with neither H3K9me2 nor H3K9me3 peaks. Genes with >1 FPKM that remain in the original compartment in mutant embryos are included. X-linked genes
are excluded from analysis because of the small number of H3K9me2/me3 peaks. H3K9me2/me3 ChIP-seq data are from ref. 37.

gene expression in embryos and in L1 larvae along the genomic
coordinates and found no discernible patterns of expression
changes for X-linked (Fig. 6 I and J and SI Appendix, Fig. S4 C, D,
G, and H) or autosomal genes (SI Appendix, Fig. S4 A, B, E, and
F) relative to TADs in met-2 set-25 or cec-4 mutants. While only
met-2 set-25 mutant embryos exhibit substantial weakening
of DCC-dependent TAD boundaries on X, both met-2 set-25
and cec-4 mutant L1 larvae (SI Appendix, Fig. S4 G and H)
exhibit a similar magnitude of up-regulation along X. These re-
sults corroborate our earlier discovery that X-chromosome-wide
gene repression is not coupled to DCC-driven TAD boundary
formation (10).

Discussion

Our work has elucidated mechanisms that organize eukaryotic ge-
nomes into large-scale active and inactive chromatin compartments.
Although patterns of histone modifications have been used to pre-
dict features of 3D genome architecture (47, 48), the roles played in
genome organization by specific chromatin modifications, such as
the heterochromatic modification of H3K9me, have been chal-
lenging to assess because of their essential roles in development.
Here we show that H3K9me regulates genome organization in C.
elegans by controlling the formation of transcriptionally active and
inactive genome compartments on all chromosomes and by regu-
lating the condensin-driven formation of TADs on X chromosomes.

Bian et al.

Our analysis of chromatin interaction patterns caused by elimi-
nating H3K9me revealed that this prominent heterochromatin mark
regulates compartment formation in C. elegans through two distinct
mechanisms. First, H3K9me promotes partitioning of inactive Arm
from active Center compartments by regulating the radial positioning
of chromosome arms. We showed that the perinuclear anchoring of
H3K9me-enriched chromosome arms via chromodomain protein
CEC+4 establishes a distinct chromosome configuration for the
smaller autosomes by bringing the two distal arms of each chromo-
some into proximity. The larger autosomes IV and V do not
exhibit such a CEC-4-dependent cis arm association, suggesting
the size of central regions may present a topological barrier for
the two arms to interact. However, for chromosome V, CEC-
4—dependent perinuclear anchoring does modulate chromosome
arm conformation by constraining interactions between sub-
domains within the right arm. Anchoring of the ArmD subdomain
obstructs interactions between ArmD and the remainder of the
arm, resulting in a more extended right arm conformation. For all
autosomes, the spatial confinement of chromosome arms to the
nuclear periphery promotes the separation between heterochro-
matic arms and euchromatic central regions, while strengthening
interactions among central regions and thereby enhancing genome
compartmentalization.

A recent cytological study of chromosome configuration sug-
gested that CEC-4-dependent perinuclear anchoring influences
genome organization differently in early-stage C. elegans embryos
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Fig. 6. Loss of H3K9me weakens DCC-dependent TAD boundaries on X. (A and B) X chromosome heatmaps binned at 50 kb show increased (red) or de-
creased (blue) Hi-C Z-scores in met-2 set-25 or cec-4 mutant compared to wild-type embryos. Black arrows mark DCC-dependent TAD boundaries. (C-F)
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versus later-stage embryos in our study (49). Prior to gastrulation, arms increased, and a conventional Arm/Center compartment
perinuclear anchoring of chromosome arms led to an extended  configuration emerged, as seen in our Hi-C studies. Changes that
chromosome configuration, with low interactions between the  occur during embryogenesis may underlie the differential effects
two distal arms. Upon gastrulation, cis associations between caused by CEC-4 at different stages of development, including the
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maturation of constitutive heterochromatin, extended duration of
cell cycle, and decrease in nuclear volume.

The second way H3K9me facilitates compartment formation is
by promoting intra-arm chromatin interactions and thereby in-
creasing compaction of chromosome arms. This process does not
require CEC-4-dependent perinuclear anchoring. Clustering
and compaction of heterochromatin in Drosophila is achieved by
HPla, the major binding protein of H3K9me, which forms
phase-separated condensates in vitro and in vivo (23, 24). Such
phase separation of heterochromatin could underlie aspects of
genome compartmentalization in C. elegans.

Organization of the genome into Arm and Center compartments
was not entirely eliminated in the absence H3K9me (Fig. 1B and ST
Appendix, Fig. S1B). Thus, H3K9me-independent mechanisms also
contribute to the formation of genome compartments in C. elegans. In
the case of X, we showed that the DCC also contributes to defining
compartment borders. In N. crassa, the heterochromatin mark,
H3K27me2/me3, promotes intra- and interchromosomal interactions
between subtelomeric heterochromatin (32), supporting the idea that
multiple heterochromatin marks may collectively drive the association
of heterochromatin regions. In Drosophila, interactions between ac-
tively transcribed genes that form the active A compartment are re-
duced upon inhibition of transcriptional elongation, suggesting that
RNA polymerase II or other factors that bind active chromatin also
contribute to compartment formation (50).

The functional significance of genome compartmentalization in
the regulation of transcription had not been explicitly defined.
In mouse and Drosophila cells, disruption of nuclear lamina results
in increased intermingling between active and inactive compart-
ments, detachment of a subset of lamina-associated domains from
the nuclear periphery, and up-regulation of genes within lamina-
associated domains (51, 52). However, lamina disruption also af-
fects the chromatin association of many transcription regulators,
such as histone deacetylases (53). Whether the observed gene-
expression changes are caused by overall changes in genome ar-
chitecture or instead the loss of chromatin-associated factors has
not been resolved in these cases. Furthermore, many genomic re-
gions switch between A and B compartments during differentiation
of mammalian stem cells (54, 55). A subset of genes that switch
compartments exhibit changes in expression that match the identity
of the new compartment, although the correlation is modest.
Mechanisms underlying these changes in expression are not known.

In this study, while the defects in H3K9 methylation or H3K9me-
dependent perinuclear anchoring significantly weakened genome
compartmentalization, they did not cause dramatic changes in gene
expression in either active or inactive genomic compartments. With
rare exception (3 of 932), genes that switched compartments did not
show significant changes in expression. However, mild changes in
expression were found for an entire set of genes that remained in its
original compartment, with Arm genes exhibiting a relative up-
regulation compared to Center genes. These changes in gene ex-
pression are attributable primarily to the impairment of a local
H3KO9me-repressive function, rather than to increased intermingling of
inactive Arm and active Center compartments. In our experiments,
eliminating H3K9me does not abolish compartments entirely and
causes only 10% of the genome to transition between compartments.
Hence, the possibility remains that complete disruption of genome
compartments could cause more dramatic changes in gene expression.

In line with our results, the widespread transcriptional re-
sponse triggered by heat shock was not accompanied by changes
in A/B compartments in human or Drosophila cells (56), suggesting
that compartment changes are not required for gene-expression
changes. These findings support the view that the transcriptional
status of a compartment, either active or inactive, does not play a
deterministic role in setting the level of gene expression.

Although eliminating H3K9me in C. elegans causes minimal changes
in expression of nonrepetitive genes in somatic cells, it does lead to
significant derepression of repetitive elements in both the germline and
soma, resulting in genome instability (37). A critical role for H3K9me
in silencing repetitive elements and immobilizing transposons has also
been observed in fission yeast, flies, and mammals (57-59). Whether
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the role of H3K9me in promoting genome compartmentalization has
functional relevance for its conserved role in ensuring genome stability
and genome defense is yet to be determined.

In addition to discovering functions for H3K9me in driving
genome compartmentalization, we observed that H3K9me plays
an unexpected role in regulating TAD organization. The C.
elegans DCC, which includes a condensin subcomplex, induces
formation of prominent TADs on X chromosomes. Current data
suggest the DCC drives TAD formation through a loop-extrusion
mechanism (10), as has been proposed for TAD formation in
mammals (3, 20, 60, 61). Accordingly, the condensin subunits serve
as the loop extruder whose extrusion activity is halted when the
entire DCC binds to its highest-occupancy binding sites on X. The
observed weakening of DCC-dependent TAD boundaries and de-
creased interactions between TAD boundaries in the absence
of H3K9me are consistent with impaired functioning of the
extrusion barriers. Curiously, although this study of H3K9me
and our previous study of H4K20me (41) showed that the
strength of DCC-dependent TAD boundaries is dependent on
specific histone modifications, we found that H3K9me and
H4K20me are enriched on chromosome arms or across X, re-
spectively, rather than simply being enriched at the strong
DCC-binding sites (rex sites) that define TAD boundaries.
These findings, together with reports that TAD boundaries are
disrupted in mammals by DNA methylation at specific CTCF
binding sites that serve as loop extrusion barriers (62), suggest
that TAD organization is subject to intricate regulation through
both DNA and histone modifications.

In conclusion, we have demonstrated that chromatin modifi-
cations function as important determinants of 3D genome archi-
tecture, particularly for the formation of genome compartments
and TADs. Our studies open new directions for understanding the
mechanisms underlying 3D genome architecture in metazoans and
the consequent regulation of genome functions.

Materials and Methods

Detailed materials and methods are available in S/ Appendix, SI Methods
and Methods.

Strains. C. elegans strains used in this study include: N2 Bristol strain (wild-type),
RB2301 cec-4(ok3124) IV, and GW0638 met-2(n4256) set-25(n5021) Ill. All strains
were maintained at 20 °C on NGM plates seeded with OP50 grown in LB.

Hi-C and Data Analysis. The in situ Hi-C protocol was performed on mixed-
stage mutant embryos of genotypes cec-4 (two biological replicates) and
met-2 set-25 (three biological replicates), as described previously (41). Hi-C
data analyses were performed using scripts derived from hiclib and cworld
packages (40, 41) (S/ Appendix). Comparisons were made to our Hi-C data
(10) from wild-type embryos (GSM3680067 in the National Center for Bio-
technology Information Gene Expression Omnibus [GEO]: accession no.
GSE128568).

ChIP-Seq and Data Analysis. SDC-3 ChIP-seq was performed on mixed-stage
mutant embryos of genotypes met-2 set-25 (two biological replicates) and
cec-4 (one biological replicate) as described in S/ Appendix. SDC3 ChIP-seq
datasets from this study, and from published SDC-3 ChIP-seq datasets
downloaded from GEO (accession no. GSE122639) (43), were analyzed as in
ref. 10. Previously published early-embryo H3K9me2 and H3K9me3 ChlIP-seq
datasets (accession no. SRP080806), L1 larvae H3K9me2 ChIP-seq datasets
(accession no. GSE126884), and early-embryo H3K9me1, H3K9me2, and H3K9me3
ChIP-chip datasets (accession nos. GSE22720, GSE22740, and GSE22746) were
downloaded from the Sequence Read Archive (SRA) and GEO and reanalyzed
(SI Appendix).

RNA-Seq Data Analysis. RNA-seq data from N2, cec-4, and met-2 set-25 early
embryos (accession no. GSE74134) (36) and L1 larvae (accession no.
GSE79597) (44) were downloaded from the GEO and analyzed using the
DESeq2 package in R (S/ Appendix).

Data Availability. Hi-C and ChIP-seq datasets from this study are available
through GEO accession no. GSE144253 (63).
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