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MOLECULAR BIOLOGY

Multiscale 3D genome reorganization during skeletal
muscle stem cell lineage progression and aging

Yu Zhao'?t*, Yingzhe Ding**t, Liangqiang He3t, Qin Zhou’, Xiaona Chen’, Yuying Li",
Maria Vittoria Alfonsi®, Zhenguo Wu®, Hao Sun#*, Huating Wang'*

Little is known about three-dimensional (3D) genome organization in skeletal muscle stem cells [also called
satellite cells (SCs)]. Here, we comprehensively map the 3D genome topology reorganization during mouse
SC lineage progression. Specifically, rewiring at the compartment level is most pronounced when SCs
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become activated. Marked loss in topologically associating domain (TAD) border insulation and chromatin
looping also occurs during early activation process. Meanwhile, TADs can form TAD clusters and super-enhanc-
er—containing TAD clusters orchestrate stage-specific gene expression. Furthermore, we uncover that transcrip-
tion factor PAX7 is pivotal in enhancer-promoter (E-P) loop formation. We also identify cis-regulatory elements
that are crucial for local chromatin organization at Pax7 locus and Pax7 expression. Lastly, we unveil that geri-
atric SC displays a prominent gain in long-range contacts and loss of TAD border insulation. Together, our results
uncover that 3D chromatin extensively reorganizes at multiple architectural levels and underpins the transcrip-

tome remodeling during SC lineage development and SC aging.

INTRODUCTION
Skeletal muscle tissue has a remarkable regenerative capacity, which
largely depends on the activation of resident muscle stem cells,
named satellite cells (SCs) (I). These cells normally reside in a
niche beneath the basal lamina of the myofibers in a quiescent
state and are uniquely marked by the expression of paired box 7
(Pax7) protein. Upon injury, SCs rapidly activate to enter into cell
cycle, undergo proliferative expansion, differentiate, and eventually
fuse to form multinucleated myotube cells; these myotubes further
mature into myofibers to repair the damaged muscle. A subset of
SCs undergoes self-renewal and returns to the quiescent state to re-
plenish the adult stem cell pool (2). Deregulated SC activity is linked
to the development of many muscle-associated diseases, which ne-
cessitates the comprehensive understanding of the mechanisms
governing SC fate transition (3). Gene regulation is the key to un-
derstand the molecular mechanisms governing SC function. For
example, it is well known that PAX7 is uniquely expressed in SCs
and plays multifaceted roles in regulating SC quiescence, prolifera-
tion, and self-renewal (4). PAX7 protein is abundantly enriched in
quiescent SCs but gradually diminishes as cells become activated,
proliferating, and committed to terminal differentiation.
However, the regulatory mechanisms underpinning the temporal
expression of Pax7 are largely elusive.

Recent advents in mapping genome-wide three-dimensional
(3D) chromosomal interactions have led to unprecedented
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understanding of hierarchical organization of the genome within
the 3D nucleus and how gene expression is orchestrated at the 3D
level (5-9). At intermediate scales (200 kb to 1 Mb), topologically
associating domains (TADs) are identified from chromosome
contact maps, which correspond to sequences that interact with
each other more frequently within the same TAD rather than
with sequences outside the TAD. In mammalians, TAD borders
are often demarcated by CCCTC-binding factor (CTCF) and
cohesin complex; perturbation of TAD borders is emerging as a
driver of many human diseases (10, 11). At larger scales, interac-
tions between TADs are thought to form two main types of com-
partments termed A and B compartments, which are associated
with distant chromatin modifications and gene expression. In con-
trast to TADs, which are largely conserved among different cell
types and species, compartments can display high variability.
Recent studies also reveal that noncontiguous TAD clusters can
act in concert to organize genome topology (12-14). Whereas
long-range TAD interactions are enriched in B compartments and
correlate with gene repression (12), super-enhancer (SE)—contain-
ing and highly transcribed TADs can also form clusters that span
tens of megabases (13). When high-resolution Hi-C data are avail-
able, chromatin loops can be further identified in Hi-C contact
matrix. In general, two types of chromatin loops are revealed:
One is often invariant across cell types and demarcates TAD
borders, which is often formed by CTCF and cohesin complex;
the other is more cell type specific and is often associated with en-
hancers (15). Locus-specific and genome-wide studies have estab-
lished an indispensable role of CTCF and cohesin complex in the
formation of chromatin loops between CTCF sites (16-18).
However, a substantial number of chromatin loops and TAD
boundaries are unaffected upon CTCF removal, suggesting that ad-
ditional CTCF-independent mechanisms may contribute to chro-
mosome folding and gene regulation. For instance,
oligomerization of a ubiquitously expressed transcription factor
(TF), Yin Yang 1 (YY1), can instruct specific enhancer-promoter
(E-P) looping (19). Similarly, myogenic differentiation 1
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(MyoD1), a master TF, orchestrates muscle lineage-specific 3D
genome organization (20). In addition, PAX7 is shown to shape
3D genome configuration in muscle progenitor specification and
myogenic differentiation (21).

Recent findings suggest that the 3D genome is commonly reor-
ganized during stem cell lineage progression and differentiation to
ensure the spatiotemporal expression of lineage-specific genes (5, 8,

Fig. 1. Genome compartmentali-
zation is globally reorganized and
associated with gene expression
during SC lineage development.
(A) Schematic overview of the study
design. SCs were isolated from 2-
month-old Pax7-nGFP mouse with
or without in situ fixation to obtain
QSCs or FISCs, respectively. FISCs
were cultured in vitro for various
times before collection for in situ Hi-
Cand RNA-seqg. RNA-seq in QSC and
H3K27Ac ChIP-seq data in QSC and
FISC are from (23). (B) Contact
probability relative to genomic dis-
tance. (C) Observed contact matri-
ces for chromosome 1 at 500-kb
resolution and the first eigenvector
at 100-kb resolution. (D) Saddle
plots showing the genome-wide
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22). For example, during mouse embryonic stem cell (mESC) differ-
entiation into cortical neurons, interactions between B compart-
ments increase with a concomitant decrease of interactions within
A compartments; E-P contacts are established concomitantly with
changes in gene expression (5). Despite the rapidly gained under-
standing of 3D genome rewiring during stem cell differentiation,
the knowledge gaps remain to be filled in SCs. In particular, our
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knowledge on the molecular events governing early steps of quies-
cence maintenance and activation of SCs is scarce because of the
difficulty in preserving SCs in its native niche environment (23,
24). The lengthy dissociation steps expose cells to stress and
disrupt the physiological niche, which alters SC transcriptome
and histone modifications inevitably; fixation before isolation has
been shown to preserve the quiescent status of SCs (23, 25),
making it possible to investigate whether the 3D genome organiza-
tion remodels in the early stages of SC activities and whether the 3D
rewiring dictates transcriptional changes.

Alterations at 3D levels are associated with aging in many tissues
and cells (26-29). Skeletal muscle suffers from sarcopenia, i.e., func-
tional and mass decline, during human aging; this can partly be at-
tributed to the decrease in the number and function of SCs (1, 30,
31). Elucidating the molecular causes underlying SC aging thus has
become the key to better understand sarcopenia and uncover ap-
proaches for managing and treating muscle weakening conditions
during physiological aging. Research from recent years demon-
strates that the SC dysfunction during the aging process can be as-
cribed to changes in transcriptional networks and chromatin states
(30, 32, 33). Yet, it is still unknown whether 3D deregulation occurs
in aging SCs and drives the aging process.

Here, we map the 3D genome reorganization during SC lineage
progression. We reveal that the 3D chromatin extensively reorganiz-
es at all scales including compartment, TAD, TAD cluster, and
chromatin looping levels. Our results demonstrate dynamic chro-
matin rewiring at different genomic scales, which orchestrates the
transcriptome remodeling and SC activities. Mechanistic investiga-
tion uncovers CTCF and PAX7 regulation of chromatin loop re-
modeling in the transition from quiescence to early activation
phase. Furthermore, in-depth analysis at Pax7 locus uncovers en-
tangling E-P connections that establish a unique Pax7-residing
TAD and coordinate its expression dynamics during SC activation.
Deletion of these regulatory elements (REs) disrupts 3D genome or-
ganization at Pax7 locus and attenuates high Pax7 expression in qui-
escent SC (QSC). Last, we map 3D remolding in SCs isolated from
physiologically aging mice and uncover that 3D genome rewiring
occurs in aging SCs. Together, our findings provide a comprehen-
sive view of 3D genome remodeling during SC lineage progression
and SC aging.

RESULTS

Genome compartmentalization is globally reorganized and
associated with gene expression during SC lineage
development

To delineate the remodeling in genome architecture during SC
lineage progression, SCs at various stages were prepared (Fig. 1A
and fig. S1A). We collected freshly isolated SCs (FISCs) from
Pax7-nGFP mice (34) by fluorescence-activated cell sorting
(FACS) with nuclear green fluorescent protein (GFP) signal; on
the basis of a prior report (23), these cells were early activating
due to the niche disruption by the isolation process and were ac-
companied by changes in transcriptome and histone modifications.
To obtain QSCs, we performed in situ fixation by paraformaldehyde
(PFA) before FACS isolation and this is known to preserve the qui-
escence status of SCs (23). Immunofluorescence (IF) staining for
PAX?7 protein confirmed the purity of the FISCs (91 + 4.7% positive
for PAX7) and QSCs (94 + 8.7% positive for PAX7) (fig. S1B). FISCs
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were then cultured in vitro for 1, 2, or 3 days to become activated
SCs (ASC-D1), proliferating cells (ASC-D2), or early differentiating
cells (DSC-D3) (Fig. 1A). We then probed 3D genome organization
in the above cells by in situ Hi-C with four to seven biological rep-
licates per sample (Fig. 1A and fig. S1C). Following the standard
data analysis pipeline using HiC-Pro (35), we obtained a total of
more than ~2 billion uniquely aligned contacts from all samples
(table S1). The first principal component (PC1) values of the bio-
logical replicates of each time point were highly correlated
(R >0.95) (fig. S1C). We observed a gradual decrease in PC1 cor-
relation (fig. S1D) as cells progressed from QSC to DSC-D3, sug-
gesting that changes in 3D genome organization were highly
reproducible and cumulative during the SC lineage development.
We thus merged the data from the above biological replicates for
calculation of cis/trans interaction ratios; as a result, more than
70% of cis interactions were observed across all time points (fig.
S1E and table S1), reinforcing the high quality of libraries (36).
We obtained a resolution of 5 kb for QSC and FISC, and 10 kb
for D1, D2, and D3 after in-depth sequencing, which rendered us
to explore the 3D genome architecture at multiscales, including
compartments, TADs, and chromatin loops (Fig. 1A).

Overall, comparing the later (D2 and D3) with the early (QSC,
FISC, and D1) stages, we observed a marked decrease in the fre-
quency of long-range interactions (>2 Mb) but an increase in the
short-range interactions (<2 Mb) on all chromosomes (Fig. 1, B
and C, and fig. SIF). We then determined genome segregation
into A and B compartments (table S2). As expected, A-type com-
partments were associated with active histone marks, H3K4me3
and H3K27ac (23), which were not present in B-type compartments
(fig. S1G). Although the overall proportions assigned to A (47 to
50%) and B (50 to 53%) compartments remained stable throughout
the entire lineage progression (fig. SIH), compartmentalization
strength [as measured by the average contact enrichment within
(A-A and B-B) and between (A-B) compartments] was dynamically
altered. We noted a more condensed chromatin state of compart-
ment B at earlier stages (QSC, FISC, and D1) with a larger propor-
tion of B-B interactions compared to later stages (D2 and D3) (52%
versus 48%) (Fig. 1D) and a significantly higher interaction strength
(Fig. 1E); the proportion of A-A interactions and interaction
strength, on the contrary, markedly increased at later stages
(Fig. 1, D and E). For instance, we observed a gain of A-A and a
reduction of B-B contact frequencies in D2 versus D1 (Fig. 1F),
and A-B compartment segregation was enhanced at D1 versus
FISC as revealed by reduced intercompartment A-B contacts
(Fig. 1G). We then examined switching of loci between A and B
compartments and found that only 12% of the genome switched
compartment at any two time points, with B to A and A to B
each accounting for 6% (fig. S1I). Thirty-two percent of these
regions were involved in multiple switching events (fig. S1I), and
the switched genomic regions exhibited the most substantial PC1
changes (fig. S1J), which is consistent with previous findings (7).

Next, harnessing the existing transcriptomic profiles from QSC
(23) and the in house—generated RNA sequencing (RNA-seq) from
FISC and D1, D2, and D3 cells, we examined the interplay between
compartmentalization and gene expression changes (table S3).
Consistent with the lineage progression timing, we observed high
expression of Pax7 in QSCs, but its level sharply declined in early
activating FISCs; MyoD1 was absent in QSCs but highly induced in
FISCs and the expression was maintained at later stages; MyoG was
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only induced when SCs initiated differentiation at D3; Heyl was de-
creased, while Egrl was induced in FISC versus QSCs (fig. S2A).
Overall, the trajectory of genome compartmentalization demon-
strated that a distinct change occurred at the transition of QSC to
FISC compared with transcriptomic trajectory (Fig. 1H). We then
performed k-means clustering based on the PC1 values of the 20%
of the genes (1 = 2605) with compartment switching (table S2). We
identified a total of 20 clusters with a broad range of switching dy-
namics (Fig. 11 and fig. S2B). Six of them (111, 1111, 1VII, 2VI, 2VIII,
and 3IV) demonstrated concomitant changes in compartmentaliza-
tion and gene expression (R > 0.8; Fig. 1]), but this correlation was
lost at least at one time point in other clusters (fig. S2B). Specifically,
7 of the 20 clusters displayed compartment changes preceding tran-
scriptional changes, and these clusters involved half of the genes
with compartment switching (fig. S2B, cluster 1I). Only two clusters
displayed compartment changes lagging behind gene expression
changes and five clusters displayed both preceding and lagging re-
lationships. For example, the Ttn locus, which encodes a contractile
and sarcomere structural protein (37), was embedded in B compart-
ment in QSC and switched from B to A at D1 stage and remained in
A compartment at D3; transcription activation of Ttn, on the other
hand, was initiated at D2 and strongly enhanced at D3 (Fig. 1K). In
another example, Chodl, recently identified as a QSC signature gene
(23), showed a sharp expression decrease in FISC versus QSC and
became completely undetectable at later stages (D1 to D3). Accord-
ingly, we noticed a gradual transition from A to B compartment at
Chodllocus from QSC to FISC, and B-compartment association was
enhanced at D1 to D3 stages (Fig. 1K). Furthermore, Gene Ontology
(GO) analyses demonstrated that genes in all the above 20 clusters
undergoing compartment switch were associated with metabolic
functions (negative regulation of DNA demethylation, regulation
of the apoptotic process, protein auto phosphorylation, etc.), secre-
tory functions (extracellular exosome, etc.), and developmental pro-
cesses (cell division and cell cycle, positive regulation of fibroblast
proliferation, cell development, cell differentiation, etc.) (fig. S2C
and table S$3). Together, the above findings demonstrate that
genome compartmentalization is dynamically rewired during SC
lineage progression and most pronounced when cells become acti-
vated; compartmentation remodeling proceeds expression changes
in a substantial number of genes.

TADs are dynamically rewired during SC lineage
development and impinge on gene expression

Next, we examined TAD organization during SC lineage develop-
ment. First, we identified an average of ~3000 to 3400 borders per
time point by using TopDom (38) (Fig. 2A and table S4). Partition-
ing of the genome into TADs was largely stable during the lineage
progression: More than 60% TAD borders (n = 2175) were detected
at all stages (invariant borders; Fig. 2A); a comparable number of
TAD borders were stably acquired (709 of 4991, 14.2%) or lost
(782 of 4991, 15.7%). As a result, we detected a steady number of
borders and conserved average TAD size between 720 and 760 kb
(fig. S3A). Nevertheless, we observed border reorganization at the
transition of each two stages. For example, 536, 97, 114, 68, and
184 TADs rearranged, merged, split, built, or disappeared at the
transition from FISC to D1 (fig. S3B). We then calculated insulation
score (IS) to quantitatively measure the local chromatin insulation
strength by TAD borders (table S4); a low IS is correlated with high
insulation strength. In line with a previous report (7), the total
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number of CTCF binding motif was positively correlated with the
insulation strength for all borders (fig. S3C), consistent with CTCF
occupancy increasing insulation strength. Quantitative measure-
ment of the borders that were gained (fig. S3D) or lost (fig. S3E)
in each stage relative to QSC revealed that the borders gained in
later stages (D1 to D3) displayed an IS decrease in the early stages
(FISC and D1) (fig. S3D). Similarly, borders lost in the later stages
already exhibited considerable IS increase at the beginning stages
(fig. S3E). Aggregate interaction matrices also revealed a genuine
loss of insulation across the TAD borders early in FISC versus
QSC (Fig. 2B). IS also increased drastically in FISC versus QSC
but decreased when SCs were activated, proliferated, and differen-
tiated (D1, D2, and D3 versus FISC) (Fig. 2C). Furthermore, com-
pared with qualitative border changes, quantitative IS changes of the
invariant TADs were more evident: Hierarchical clustering identi-
fied that 52.3% (1138 of 2175) of all invariant borders showed >50%
difference in between any two time points (Fig. 2D). Together, the
above findings demonstrate that border reorganization occurs
during the entire lineage development.

To further investigate whether TAD reprogramming is correlat-
ed with the local gene expression, we found that principal compo-
nents analysis (PCA) of IS kinetics (Fig. 2E) showed a progressing
trajectory grossly resembling the transcriptome and the PC1 trajec-
tories determined earlier (Fig. 1H) despite that the qualitative gain
(fig. S3F) or loss (fig. S3G) of TAD borders did not correlate with
overall changes of local gene expression. When examining tran-
scriptional changes at the most dynamic 545 borders that increased
(Fig. 2F) or decreased (fig. S3H) in quantitative IS measurement
[|(ISps — ISqsc)/ISqsc | >2], the majority (448 of 547, 81.9%)
were associated with local gene down-regulation (n = 549) or up-
regulation (n = 42) (log,[fold change, FC] > 1.5 between end
points) (Fig. 2F and fig. S3H). Unexpectedly, IS increase did not
appear to proceed the transcriptional changes; concomitant
changes were observed on many loci. For example, in QSC, the
TAD surrounding Ier2 locus was insulated by a strong border
with a low IS; the IS considerably increased in FISC, resulting in a
merge with an upstream TAD (Fig. 2G), and the transcriptional
level increased concomitantly (Fig. 2H). Consistently, Hi-C—
derived virtual 4C also revealed increased interaction between the
Ter2 TAD with the upstream one in FISC versus QSC (23.4%
versus 16.3%) (Fig. 2I). As further illustrated on Heyl locus (fig.
S3I), the associated TAD border weakened with increased IS (fig.
S3I), which might result in the concomitant decrease of transcrip-
tion from QSC to FISC (fig. S3)).

Next, to determine the self-contacting propensity within a given
TAD, we calculated a domain score (DS) to measure the portion of
intra-TAD interactions in all cis interactions (table S4). As previous-
ly noted (7), DSs were positively associated with gene expressions
(fig. S4A). Hierarchical clustering revealed that 72% (n = 599) of
the invariant TADs displayed DS change (>20% difference
between each two time points) (fig. S4B). In addition, PCA of DS
kinetics revealed a trajectory (fig. S4C) resembling those of com-
partmentalization, transcription, and IS. Overall, The DS kinetics
correlated closely with compartmentalization (PC1) changes
(R > 0.84; fig. S4D) and gene expression changes (R > 0.83, fig.
S4D). For example, the DS of the Egr2 TAD increased in FISC
versus QSC, which corresponded to concomitant transcriptional
activation of Egr2 (fig. S4E). On AbtbI locus, on the other hand,
the DS decrease was accompanied by transcriptional repression in
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data (bottom left). Boxes, TAD-TAD interactions. The dashed region is enlarged on the right. (K) Matrix of significant TAD-TAD interactions (red pixels) on chromosome 9
(D1); an example is highlighted (red pixels on the right side). (L) 3D chromatin conformation model of an SE-engaged TAD cluster. The SE-containing core TAD is marked
in red, and other interacting TADs are in blue. (M) Line plot at 5-kb resolution displaying the median distance between SE-containing TAD and other interacting TADs. (N)
Expression levels of genes (n = 4) in the above SE-containing TAD or in interacting TADs (n = 10). *P < 0.01 and ***P < 0.0001, Wilcoxon signed-rank test.
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FISC versus QSC (fig. S4E). Together, the above results suggest that
the 3D genome is dynamically rewired at the TAD level and imping-
es on gene expression during SC lineage development.

TAD clusters are identified and dynamically reorganized in
FISC versus QSC

Increasing evidence underscores the importance of large-scale
inter-TAD associations that position chromatin domains in the
nucleus (22, 39, 40). For example, Paulsen et al. (12) reported a
level of genome organization defined as TAD cliques that involve
the assemblies of linearly noncontiguous TADs through long-
range TAD-TAD interactions. Therefore, to further explore the pos-
sible organization of inter-TAD interactions during SC lineage pro-
gression, we examined our Hi-C contact matrices and uncovered
that TADs engaged in noncontiguous contacts (Fig. 2], exemplified
on chromosome 9 at D1 stage). Using noncentral hypergeometric
(NCHG) model, we identified 3639, 3667, 2928, 1843, and 2177
notable intrachromosomal TAD-TAD interactions from QSC to
D3 (table S5) and exemplified on chromosome 9 at DI stage
(Fig. 2K). The interaction distance between TADs remained cons-
tant from QSC to FISC to D1 (28.6, 28.8, and 29.2 Mb) but de-
creased starting D2 (19.8 Mb) (fig. S5A). Next, we defined TAD
clusters, which encompassed at least three TADs that were fully con-
nected pairwise regardless of interaction distance (fig. S5B). As a
result, a large number of TADs (QSC to D3: 719, 563, 385, 261,
and 285) were engaged in clusters containing 3 to 11 TADs, repre-
senting 31 to 87% of all TADs (fig. S5C). We noted a reduced
number of TADs in the clusters resulting in smaller clusters as
cells progressed from QSC to D3 (fig. S5C). Although 65% of
TAD clusters were maintained during the lineage progression, hun-
dreds of TADs assembled into or disassembled from clusters; waves
of TAD cluster formation and dissociation were observed in FISC,
D2, and D3, resulting in variation of cluster size (fig. S5D). Previous
findings indicated that TAD cliques are associated with repressed
chromatin domain and mostly enriched in B compartments (12).
We found that the TAD clusters defined in our study were
present in both compartments A and B. As illustrated in fig. S5E,
a TAD cluster (C1) residing in compartment B in QSC and FISC
displayed an increase of cluster size in D1 (4 to 6); a second
cluster, C3, was assembled at D1 in compartment B, while C2 resid-
ing in compartment A underwent dynamic assembly/disassembly
during the entire lineage progression. Furthermore, we found that
the interaction distance between pairwise TAD-TAD interactions in
TAD cluster significantly decreased in D1 versus FISC and D2
versus D1 (fig. S5F). TADs in short-range interactions (Q1 and
Q2, QSC: <18.26 Mb; FISC: <17.98 Mb; D1: <18.04 Mb; D2: <5.1
Mb; D3: <10.24 Mb) were nearly equally associated with A and B
compartments, but those in long-range interactions (Q3 and Q4,
QSC: >18.26 Mb; FISC: >17.98 Mb; D1: >18.04 Mb; D2: >5.1 Mb;
D3: >10.24 Mb) displayed a prominent enrichment toward B com-
partments (fig. S5G), suggesting that these long-range interacting
TADs in Q3 and Q4 were reminiscent of the TAD cliques defined
in the previous study (12). Next, we examined the gene expression
in TAD clusters and found that genes in Q1 or Q2 were expressed at
significantly higher levels than those in Q3 or Q4 or not in any clus-
ters (fig. S5H); this is consistent with prior findings that TAD clus-
ters involving long-range TAD-TAD interactions are associated
with chromatin compaction and gene repression.
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Last, because previous studies revealed that SEs are enriched in
the highly interacting TAD triplets (13, 14), we wondered whether
SE-containing TAD clusters are more active in long-range TAD-
TAD interactions. Leveraging the H3K27ac chromatin immunopre-
cipitation sequencing (ChIP-seq) profiles in QSC and FISC (23), we
defined SEs by ROSE algorithm (41, 42), and the remaining enhanc-
ers were automatically classified into typical enhancers (TEs). We
found that 10 to 12% of TADs in Q3 and Q4 contained SEs and
resided in compartment A (fig. S5I), and those SE-containing
TAD clusters were associated with higher gene expression in both
QSC and FISC compared with non-SE clusters (fig. S5]). Overall, in
both QSC and FISC, we found that SE regions were involved in
more TAD clusters (fig. S5K), and SE-containing TAD clusters
were engaged in longer interaction distance (35 kb versus 18 kb)
(fig. S5L) and a larger cluster size (fig. S5L) compared to those con-
taining TEs or no enhancers. In addition, the presence of SE clusters
was associated with more evident expression changes; transcription
levels in SE-containing TAD clusters in both QSC (fig. S5SM) and
FISC (fig. S5N) displayed stage-specific expression patterns. As an
example, a 3D model of one SE-containing TAD cluster in QSC was
developed (Fig. 2L): This SE-containing TAD clustered with four
other TADs to form a TAD cluster in QSC; it decommissioned in
FISC due to the increased interacting distance between these TADs
(Fig. 2M). The genes in this TAD cluster (both the SE residing and
four interacting TADs) were expressed at significantly lower levels
in FISC versus QSC (Fig. 2N). Together, our results demonstrate
that TAD clusters are present and dynamically reorganized when
SCs progress from QSC to FISC.

Chromatin loops are dynamically remodeled during SC
lineage progression

Chromatin loops manifest as foci in high-resolution Hi-C contact
maps. Considering that the most notable changes observed above
at compartment and TAD levels occurred in the early stages (QSC
to FISC), we increased the sequencing depth for the Hi-C libraries
from these two time points to obtain >500 million uniquely mapped
contacts (518 million valid pairs in QSC versus 581 million valid
pairs in FISC), which enabled us to visualize chromatin looping
events at a 5-kb resolution. Using FitHiC2 algorithm (43), we iden-
tified a total of 11,337 and 2412 chromatin loops in QSC and FISC,
respectively (Fig. 3A and table S6), indicating a drastic decrease in
the number of loops during SC early activation. In addition, we ob-
served a reduction of interaction strength by aggregated peak anal-
ysis (APA) (4.16 versus 3.93) (Fig. 3A). Furthermore, we defined
2790 and 504 loops as QSC- and FISC-specific loops, which ac-
counted for a minor proportion of all loops (24.6% for QSC and
20.1% for FISC) (Fig. 3B and table S6). Expectedly, QSC-specific
loops showed a decreased APA score in FISC (1.23) versus QSC
(4.12), while FISC-specific loops displayed a much higher APA
score in FISC (3.57) versus QSC (1.91) (Fig. 3C). FISC-specific
loops were larger than QSC-specific loops and contained fewer
number of genes (fig. S6A). However, at both time points, the
stage-specific loops localized mainly in compartment A (fig. S6B)
and were positively correlated with gene expression changes (fig.
S6C). Moreover, GO analysis revealed that genes involved in the
stage-specific loops were enriched for distinct terms (fig. S6D and
table S6). To validate the above results, we used two other algo-
rithms, HICCUPS (6) and Mustache (44), and obtained similar con-
clusions (fig. S6, E to J).
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Fig. 3. Chromatin loops are dy-
namically remodeled during SC
lineage progression. (A) Top: II-
lustration of identified chromatin
loops. Bottom: APA analysis of all
chromatin loops detected at QSC
(n=11,337) or FISC (n = 2412). Bin
size, 5 kb. (B) Heatmap (left) and
boxplot (right) showing the inter-
action strength of stage-specific
loops. ***P < 0.0001, Wilcoxon
signed-rank test. (C) APA analysis of
QSC- or FISC-specific loops. Bin size,
5 kb. Numbers indicate the average
loop strength. (D) HOMER predict-
ed TF motifs enriched in the
anchors of QSC-specific (left) or
FISC-specific (right) chromatin
loops. (E) Western blot analysis of
CTCF protein in QSC and FISC.
Ponceau S staining is used as
loading control. (F) Overlap of CTCF
peaks identified in QSC (n = 19,403)
and FISC (n = 17,520). A total of
7329 peaks are detected in both
QSC and FISC. (G) Heatmaps
showing the enrichment of CTCF
binding at the identified ChIP-seq
peaks in QSC and FISC. Input
signals are used as a control. (H)
Top: Schematic illustration of the
loop classification. Loops with CTCF
occupancy (red circle) at both
anchors and without any cis-regu-
latory elements (promoters or
H3K27ac for enhancers) (blue
square) were defined as structural
loops. Loops with cis-regulatory el-
ements at both anchors were
defined as E/P loops. Those were
subdivided into CTCF~ or CTCF* E/P
loops. The remaining loops were
classified into "Others.” Bottom: Bar
plot showing the loop number
changes. (I) Hi-C contact maps
showing the decrease of the above
loop types in FISC versus QSC. Four
representative regions are shown.
Bin size, 5 kb. Genome browser
tracks of chromatin loops, CTCF,
and H3K27ac occupancy in QSC
and FISC are shown. (J) APA analysis
of each subtype of loops in QSC
and FISC. Bin size, 5 kb.

To have a comprehensive view of loop remolding in the entire
lineage progression, we next extended our analyses to all Hi-C data-
sets at a 10-kb resolution. A gain of loop number was detected at D1
(n=10,817) after the sharp loss at FISC (n = 6487), and the number
continued to increase at D2 (n = 43,502) followed by a reduction at
D3 (n =21,912) (fig. S7A). Concomitantly, the looping strength was
also dynamically changed during the entire lineage development
(fig. S7A). At the 10-kb resolution, we identified 2421 QSC-specific
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and 546 FISC-specific loops and less than 10% were present at D1 to
D3 stages (fig. S7B). APA score also revealed a decrease in looping
strength (fig. S7C). In addition, loops formed at later stages (D2 and
D3) were larger than those from earlier stages (QSC, FISC, and D1)
and contained fewer numbers of genes (fig. S7D). Stage-specific
loops were positively correlated with gene expression (fig. S7E)
and enriched for different sets of GO terms (fig. S7F). For instance,
genes associated with D3-specific loops were enriched for “muscle
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cell differentiation” and “muscle tissue development” (fig. S7G). We
observed that new chromatin loops formed in D2 versus D1 for
Mpyod1 and D3 versus D2 for Myog between the gene promoters
and distal regions, which may contribute to the increase of gene ex-
pression (fig. S7G). Meanwhile, on MyhlI locus, despite that an E-P
loop was already established at D2, the gene expression was not de-
tected until a stronger interaction appeared at D3 (fig. S7G). Fur-
thermore, we performed de novo motif search within anchors of
the stage-specific loops; distinct TF motifs were enriched in these
loops (fig. S7H), implying their potential roles in driving the loop
rewiring. For instance, YY1 motif was enriched in D2-specific loop
anchors but not in D3. In line with this, YY1 ChIP-seq profiles col-
lected in myoblasts and myotubes (45) unveiled a stronger YY1
binding at the above-predicted YY1-associated loop anchors (fig.
S71). Together, these results strengthen that chromatin loop forma-
tion is dynamically remodeled through the entire SC lineage
progression.

Next, to fathom the underlying mechanism of the loop remod-
eling, especially the marked loss in the loop number and strength
during the QSC to FISC transition, we performed de novo motif
search within the QSC- and FISC-specific loop anchors, and
CTCF motifs were enriched in both QSC and FISC loops
(Fig. 3D). We then conducted CTCF ChIP-seq profiling to test its
regulation of loop formation. Notably, CTCF protein level (Fig. 3E)
remained unchanged from QSC to FISC despite mild reduction in
its mRNA level (fig. S8A). Similarly, RAD21 cohesin complex com-
ponent (Rad21) protein level was also comparable in QSC and FISC
(fig. S8, A and B). Expectedly, we identified a comparable number of
CTCE-binding peaks in QSC (n = 19,403) and FISC (n = 17,520)
with a large portion (n = 7329) of overlapping (Fig. 3, F and G,
and fig. S8C), despite a global increase of binding intensity
(Fig. 3G and fig. S8C). In agreement with the motif analysis
(Fig. 3D), CTCF binding was enriched at both QSC- and FISC-spe-
cific loop anchors (fig. S8D). Leveraging the CTCF binding profiles
and the publically available H3K27ac profiles (23), we then surveyed
the subtypes of 11,337 and 2412 chromatin loops identified in QSC
and FISC. Among them, 2738 and 367 were demarcated with anno-
tated promoters or H3K27ac signals at loop anchors that were
defined as enahncer or promoter (E/P) loops; 1143 and 55 had en-
hancer or promoter mark at both anchors, while the remaining had
the marks at only one anchor. We found CTCF binding at one or
both anchors of 542 of 1143 loops in QSC, and the numbers sharply
decreased in FISC (n = 37) (Fig. 3, Hand I). In total, 601 of 1143 E/P
loops in QSC were not bound by CTCF and largely disappeared in
FISC (n = 18) (Fig. 3, Hand I). In addition, 395 CTCF-bound loops
in QSC were not marked by E/P marks, and the number also de-
creased to 285 in FISC; these were defined as structural loops
(Fig. 3, H and I) (46). Intriguingly, our analyses also uncovered a
large number of chromatin loops (n = 5174) in QSC with no
CTCF binding or E/P marks, and these “others” loops also largely
diminished in FISC (n = 1038) (Fig. 3, H and I). APA analyses
showed that the interaction strength of structural, CTCF" E/P,
and others loops also decreased (Fig. 3]). De novo motif search at
the "others" loop anchors uncovered putative binding sites for dis-
tinct TFs in QSC and FISC, indicating their potential regulatory
roles in the formation of these anonymous loops independent of
CTCF binding (fig. S8E).
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PAX7 regulates E/P loop reorganization during SC early
activation

Last, we investigated the E/P loops in depth considering their im-
portance in directing gene transcription. Of 2738 E/P loops in QSC,
we found that 17% were E-P and 22% were E-E interactions; of the
367 E/P loops in FISC, 12% and 21% were E-P and E-E interactions,
respectively (fig. S8F). The interaction strength of both E-P (APA:
3.73 to 3.55) and E-E loops (APA: 3.71 to 3.52) decreased in FISC
versus QSC (fig. S8, G and H). Furthermore, we found that, al-
though enhancer and promoter landscapes were largely unaltered
in FISC versus QSC (10,113 shared enhancers/promoters) (fig.
S81), the loop formation was highly dynamic, with 95.2 and
64.3% specifically identified in QSC and FISC, respectively
(Fig. 4A). In addition, stage-specific E-P and E-E loops also dis-
played more prominent difference in APA scores (1.14 versus
3.62) (Fig. 4B) and correlation with gene expression (Fig. 4, C
and D).

To uncover the underlying mechanism driving E/P loop forma-
tion and reorganization, we found that TFs including B cell leuke-
mia/lymphoma 6 (BCL6), forkhead box O3 (FOXO3), homeobox
A9 (HOXAY), and PAX7 were highly enriched at the loop
anchors in QSC, and Kruppel-like factor 5 (KLF5), early growth re-
sponse 1 (EGR1), runt related transcription factor 1 (RUNXI1), and
SRY (sex determining region Y)-box 9 (SOX9) in FISC (Fig. 4E). To
further investigate the possible regulatory role of PAX7 in E/P loop
formation, we analyzed the publicly available PAX7 ChIP-seq
profile from induced muscle progenitors (21) and found that
PAX7 binding was enriched at the loop anchors of QSC-specific
loops (Fig. 4F) and that the number of PAX7-bound E/P loops
(PAX7" E/P loops) sharply decreased in FISC versus QSC
(Fig. 4G), which is consistent with the drastic Pax7 expression atten-
uation (fig. S2A). Moreover, E/P loops with PAX7 binding at either
anchor showed much stronger interaction strength in QSC
(Fig. 4H), suggesting that PAX7 binding may enhance the loop for-
mation. To further elucidate the promoting role of PAX7 binding
on loop formation, we deleted Pax7 in QSCs by exploiting our re-
cently developed muscle-specific CRISPR-Cas9/adeno-associated
virus (AAV)-single guide RNA (sgRNA) in vivo genome editing
system (Fig. 41) (47). Briefly, dual sgRNAs targeting the Pax7
exon 2 (fig. S8]) were applied: AAV9-sgPax7 [4 x 10" viral
genomes (vg) per mouse] was intramuscularly injected into
Pax7°“° mouse at postnatal day 5 (P5) and followed by 8 x 10"
vg per mouse at P10. For the control group, we injected the same
dose of AAV9 virus containing pAAV9-sgRNA backbone without
any sgRNA insertion. We achieved a partial Pax7 knockdown
(PAX7 KD) (fig. S8K), which expectedly caused decreased
number of SC pool (fig. S8L) (48). We isolated QSCs from the
mice 4 weeks after virus injection and performed Hi-C analysis.
We found that the PAX7 KD caused a loss in the total number of
chromatin loops (Fig. 4, ] to L), and those E/P loops with PAX7
binding also showed notable decrease of interaction strength
(Fig. 4K). Together, these results underscore that PAX7 is a key reg-
ulator of E/P loop formation and remodeling during SC early
activation.

3D regulatory interactions orchestrate Pax7 expression
dynamics in SC

PAX?7 is the key TF known to regulate the myogenic potential and
function of SCs, and the mechanism dictating its high expression in
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Fig. 4. PAX7 regulates E/P loop re-
organization during SC early acti-
vation. (A) Overlapping of E/P loops
between QSC and FISC. (B) APA
analysis of the QSC- or FISC-specific
E/P loops. (C) Box plot depicting ex-
pression dynamics of genes within
QSC-specific (left, n = 1874 genes) or
FISC-specific (right, n = 469 genes)
loops. *P < 0.01 and **P < 0.001,
Wilcoxon signed-rank test. (D) Top:
Illustration of the dynamics of E-P
loop formation, H3K27ac signal, and
gene expression on the Hoxc8 (left),
Myf5 (center), and Atf3 (right) loci.
Middle: Hi-C contact maps (5-kb res-
olution). Bottom: E-P loops are
marked in black curve. Gene pro-
moters and interacting regions are
highlighted in blue boxes. Genome
browser tracks showing H3K27ac
ChlIP-seq and RNA-seq in QSC and
FISC, and ATAC-seq of two replicates
in FISC. (E) HOMER predicted TF
motifs enriched in the anchors of
QSC- or FISC-specific E/P loops. (F)
PAX7 occupancy in the anchor
regions of QSC-specific loops. (G)
Number of E/P loops with PAX7
binding at the anchors in FISC versus
QSC. (H) APA analysis of the PAX7* E/
P loops showing decreased interac-
tion intensity in FISC versus QSC. ()
Schematic illustration of PAX7 in vivo
knockdown (KD) in SCs by the
CRISPR-Cas9/AAV9-sgRNA editing
system. The mice were sacrificed for
QSC collection and subjected to Hi-C
analysis after 4 weeks. (J) Overlap-
ping of chromatin loops detected in
the control (n = 15,216) and PAX7 KD
(n =10,972) groups. (K) APA analysis
of the PAX7* E/P loops showing de-
creased interaction intensity in PAX7
KD versus control (Ctrl). (L) Hi-C
contact maps of a representative
region showing the diminished
Pax7* loop formation in PAX7 KD
versus Ctrl. Bin size, 10 kb. Black arc
denotes the loop identified in Ctrl.
The genome browser tracks show
PAX7 and H3K27ac occupancy.

QSC and attenuation in FISC (fig. S2A) remains largely unknown.
We thus took a close examination at the 3D organization associated
with the Pax7 locus. We identified a prominent TAD in QSC en-
compassing Pax7 locus only and four sub-TADs in the large Pax7
TAD (Fig. 5A). Whereas the TAD maintained constant, the four
sub-TADs disappeared in FISC with a loss of interaction strength
within the sub-TADs and a gain of interaction strength among
them (Fig. 5, A and B). In addition, we observed a reduced
number of chromatin loops in FISC (3) versus QSC (9) (Fig. 5B).
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The above data suggest that Pax7 locus undergoes drastic reorgani-
zation at the 3D level when SCs become activated, and this may
account for its expression attenuation.

To further dissect key elements governing the above-observed
3D reorganization, we identified four putative REs (R1 to R4)
based on the looping interactions as well as assay for transposase-
accessible chromatin using sequencing (ATAC-seq; from FISC) and
H3K27ac ChIP-seq (from both QSC and FISC) signals (Fig. 5B).
Among them, all four regions displayed high ATAC-seq signals.
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Fig. 5. 3D regulatory interactions 5 B
orchestrate Pax7 expression dy- y 8\ | E
namics in SC. (A) Comparison of *3

contact frequencies at Pax7 TAD.
The dashed and solid lines indicate
TAD and sub-TADs, respectively.
(B) Identification of the four REs (R1
to R4) within the Pax7 TAD. Sub-
traction of FISC from QSC contact
matrices shows changes in contact
frequencies. Chromatin loops,
RNA, H3K27ac, and ATAC-seq
signals are shown below. (C) Sche-
matic illustration of in vivo deletion C FISC

of each RE in SCs by the CRISPR- 2%
Cas9/AAV9-sgRNA system. (D) Pax7 SgRNA-pair #1

expression was detected by qRT- ”‘14* x10"vg s SGRNA-pair #2

PCR. Pax7 level was normalized to * g M8210%vg -~ i
185 and presented as mean + SD.  Pax7cass," i 4 weeks 4?\©@©_’ Pax? S e S 2 ¢
n =4 mice per group. *P < 0.05 and RS P10 Fge  ©xpression
**p < 0.01, Student's t test. (E and
F) In situ Hi-C was performed in
QSC from Ctrl or mutant (R1 to R4)
mice. Boxplots showing inter-TAD
[(E), between the Pax7 TAD and
other cis-interacting TADs] or intra-
TAD [(F), within Pax7 TAD] interac-
tions. (G) Hi-C contact maps (40-kb
resolution) of Pax7 TAD in control
group (Ctrl, top) and IS (bottom) of |
Pax7 TADs in Ctrl and R1 to R4. The
dashed triangle denotes Pax7 TAD.
RE regions are highlighted in blue
box. Bar plot showing the IS values
of the above boundaries. (H) Hi-C
contact maps (40-kb resolution)
showing Pax7 TAD reorganization
in Pax7 KD QSC in comparison with
Ctrl group. Boxplots showing inter-
or intra-TAD interactions. (I) E/P
loops identified in QSC from Ctrl or
RE mutant mice. Blue and red arcs
represent E-P and E-E loops.
Genome browser tracks show CTCF
occupancy and predicted TF motifs
enriched in each RE. Data in (E), (F),
and (H) are presented in boxplots.
*P < 0.01, **P < 0.001, and

***P < 0.0001, Wilcoxon signed-
rank test.
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R4 resided in the Pax7 promoter region. R2 and R3 were marked ~CRISPR-Cas9/AAV-sgRNA in vivo genome editing scheme (47)
with sharp H3K27ac signals in QSC, which disappeared in FISC;  (Fig. 5C and fig. S9A). We also included a region located 3 kb up-
R1 resided in the TAD border region. We noted evident loops  stream of the Pax7 promoter as a control element (C1) as it is devoid
among R1/R4, R2/R4, and R3/R4 in QSC, but only one R1/R4  of H3K27ac and ATAC signals. The mice were sacrificed for QSC or
loop retained in FISC (Fig. 5B). To experimentally validate the func- ~ FISC isolation and analysis 4 weeks after AAV9-sgRNA injection.
tionality of these REs in directing the high Pax7 expression in QSC, = We noted distinct deletion efficiency (fig. S9B): R1 and R4 manifest-
we set to delete each in QSC by harnessing the above-described ed more efficient deletion than R2 or R3, which may be due to the
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inherent difference of protospacer sequences (49). Nevertheless, the
deletion of R1, R2, R3, or R4 led to 0, 75, 80, and 90% decrease of
Pax7 transcripts in QSC with accompanied protein reduction (fig.
S9C), suggesting the individual importance of R2, R3, or R4 but not
R1 in maintaining high Pax7 expression in QSC. As expected, R2,
R3, or R4 deletions caused a much less pronounced Pax7 decrease
in FISC (41, 25, and 0%) (Fig. 5D and fig. S9D), which is consistent
with disappearance of these RE-mediated loops (Fig. 5B). As the
control, C1 removal did not cause change in Pax7 expression in
QSC or FISC (Fig. 5D and fig. S9, C and D).

To further determine potential effects of the RE deletion on 3D
structure at the Pax7 locus, we performed in situ Hi-C in QSCs iso-
lated from the above mice to obtain >220 million uniquely aligned
contacts for downstream analyses (fig. S9E and table S7). First, com-
parison of the Hi-C matrices at 40- and 10-kb resolution (fig. SOF)
demonstrated that the 3D conformation at the Pax7 locus from the
Pax7“*° mice used in this experiment was comparable to that from
the earlier used Pax7-nGFP mice (R = 0.85 and 0.83, respectively)
(fig. S9G). Next, we found that the removal of each RE caused a sub-
stantial increase of the inter-TAD interaction strength between the
Pax7 TAD and other cis-interacting TADs (Fig. 5E); the intra-Pax7
TAD interaction strength decreased significantly upon R1 loss but
increased upon R4 loss and unaltered when R2 or R3 was removed
(Fig. 5F). Although no obvious effect was observed on TAD orga-
nization surrounding Pax7 (fig. S9H, bottom), close examination of
the IS at the boundary containing Pax7 promoter revealed a de-
crease upon loss of R1, R2, or R4 (Fig. 5G and table S7), indicating
strengthened border insulation upon removal of these elements.
Notably, R1 deletion attenuated the interaction between R1 and
downstream CTCF anchor sites, but a new loop formed between
the downstream and upstream CTCF anchor sites (fig. S9I). R3 de-
letion led to fusion of nearby sub-TADs into a new sub-TAD (fig.
S9H). At the loop level, these RE-anchored intra-TAD loops were
largely attenuated or even lost upon RE removal. For instance, R4
removal reduced the interaction strength among R1/R4, R2/R4, and
R2/R3 (Fig. 51, fig. S10A, and table S7). We also observed a de-
creased number of intrachromosomal loops anchored in Pax7
TAD upon each RE deletion (fig. S10B). Together, the above
results highlight 3D rewiring at the Pax7 locus during SC activation
and unveil key REs dictating the 3D remodeling and Pax7
expression.

Next, to test whether the above-observed 3D changes upon RE
deletion are mediated by reduced Pax7 level, considering that PAX7
itself has 3D regulatory function (21), we reexamined the Hi-C data
from Fig. 4H and found that PAX7 KD caused a significant increase
of the inter-Pax7 TAD interaction strength (Fig. 5H), concordant
with what was observed in RE deletion (Fig. 5E). The intra-Pax7
TAD interaction strength also increased significantly upon PAX7
KD, which resembled R4 (promoter) deletion but differed from
other RE deletions (Fig. 5H). In addition, we observed a decreased
insulation strength (increased IS) at the Pax7 TAD boundaries,
which was also different from the RE deletions (Fig. 5H). As an al-
ternative validation, we also collected QSCs from an inducible Pax7
knockout iKO) mouse (fig. S10D) (48), and Hi-C analysis revealed
that Pax7 deletion caused a significant increase of both inter- and
intra-Pax7 TAD interaction strength (fig. S10, E and F) and atten-
uated border insulation strength (fig. SI0E). Besides the above local
effect on Pax7 TAD, no evident global influence at the level of
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compartment, IS, and DS was detected upon deletion of each RE
or Pax7 (fig. S10G).

Last, to further probe into the mechanism of RE regulation of
Pax7 expression, we searched for putative TF motifs in each RE
region (Fig. 5I). We identified PAX7 motifs in both R2 and R4, sug-
gesting a possible autoregulation. Myelocytomatosis oncogene
(MYC) motifs were found in both R1 and R2. Because R2 loop dis-
appeared in FISC, it is possible that FISC-induced MYC (47) dic-
tates Pax7 down-expression in FISC by binding to R2. In addition,
we also identified motifs of FOXO3 and NFIA (nuclear factor I/A)
in R3, and YY1 binding in R4. Notably, FOXO3 promotes SC to
acquire quiescence during muscle regeneration by activating
Notch signaling (50). YY1 is shown to repress Pax7 expression
through interactions between p38a and polycomb repressive
complex 2 (PRC2) on Pax7 promoter (51). More recently, NFIA
is found to be highly expressed in QSC and largely diminished
during QSC-FISC transition (23, 52). Thus, Pax7 regulation by
these TFs can be further dissected in the future.

Multiscale analysis of 3D genome during mouse SC aging

It is well accepted that SCs decline in their regenerative capacity
with aging (31), partly ascribed to the intrinsic changes at both tran-
scriptomic and epigenomic levels. However, it is not known
whether 3D genome rewiring occurs in SCs during mouse physio-
logical aging. To fill the gap, we collected FISCs from wild-type
C57BL/6 mice of 2 (young), 23 to 24 (aged), and 28 to 32 (geriatric)
months of age (Fig. 6A). Consistent with prior findings (30), we de-
tected a decrease in FISC number in the aged (3.3%) versus young
(4.3%) mice and became more prominent at the geriatric stage
(1.8%) (fig. S11, A and B). Transcriptional changes were profiled
by RNA-seq in the above FISCs with at least two replicates from
each stage. In line with previous findings (53), gene expression pro-
files were remarkably distinct between young and aged SCs
(R = 0.74) and became more divergent in geriatric cells (R = 0.65)
(fig. S11C). Notably, Pax7 expression was steadily up-regulated with
SC aging, along with stress-responsive genes, Egrl and Atf3, while
Myodl and Myc (47) were highly induced at aged followed by a
decline at geriatric phase (fig. S11D). Next, results from pairwise
comparison showed that 1122 genes were significantly up-regulated
and 1016 were down-regulated in aged versus young SCs, whereas
910 and 1104 were in geriatric versus aged SCs (fig. S11E and table
S8). Nevertheless, across the three stages, gene expression adopted
distinct dynamics, with only a limited proportion of genes contin-
uously increased (n = 120) or decreased (n = 53) (fig. S11F). Con-
sistently, GO analysis revealed distinctly enriched terms in aged and
geriatric stages (fig. S11G and table S8). For instance, the up-regu-
lated genes in aged versus young SCs were enriched in terms such as
“cell adhesion,” “inflammatory response,” and “immune response,”
while those in geriatric versus aged SCs were linked with “mem-
brane,” “cell surface,” and “extracellular space.”

Next, to delineate the changes in 3D genome organization with
SC aging, we performed in situ Hi-C at the above stages with three
to four replicates for each to obtain a total of >300 million uniquely
aligned contacts; high correlation (R > 0.95) was achieved among
the replicates (fig. S12A and table S9). Overall, young SCs exhibited
distinct 3D genome organization compared with aged or geriatric
SCs; long-range (>3 Mb) interaction frequencies increased signifi-
cantly in geriatric SCs compared with young and aged SCs (Fig. 6, B
and C, and fig. S12B). The interaction strength increased between A
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compartments (A-A) during young to aged transition but remained
constant when SCs progressed into geriatric stage; on the contrary, a
significant decline in B-B interaction strength was detected during
aged to geriatric progression but not young to aged transition
(Fig. 6, D and E, table S9). Although the genome-wide correlation
was not observed between compartmentalization and gene expres-
sion changes, we noted that the gain of A-A interactions was accom-
panied by an increase in the expression of several SC aging or
senescence-related genes such as II-6 and Ccnd2 (fig. S12C) (27).
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Opverall, we found an increase in compartmentalization (decreased
intercompartment contacts) at aged versus young SCs, but then
reduced at geriatric stage (Fig. 6, D and E). In addition, similar to
SC lineage progression (fig. S1I), we noted limited compartment
switching: Only 6.5% of the genome switched compartment at
any two time points with B to A and A to B, each accounting for
2.9% and 2.4%, respectively (fig. S12D). Overall, the compartmental
trajectory showed drastic change at aged versus young, while tran-
scriptomic change occurred late in geriatric stage (Fig. 6K).
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Whereas the lagged expression change behind the compartment
switch was noticed (fig. S12E, left), concomitant changes in com-
partment and gene expression were also identified on some loci
(fig. S12E, middle and right).

At the TAD level, we identified an average of ~3274 to 3783 TAD
borders per stage (fig. SI3A). Partitioning of the genome into TADs
was largely stable during SC aging as >70% TAD borders (n = 2660)
were detected at all stages (fig. S13A, invariant borders). The aggre-
gate interaction matrix revealed a remarkable loss in insulation
strength across the TAD borders in geriatric but not aged stage
when compared with young SCs (Fig. 6F); IS calculation also
showed a marked increase at geriatric stage (Fig. 6G, fig. S13B,
and table S10). Furthermore, quantitative analysis of IS through hi-
erarchical clustering also showed that a greater portion (n = 995,
38.3%) of all borders exhibited >20% increase in IS, while 18.3%
(n = 475) showed a loss during SC aging (Fig. 6H). These data sug-
gested that TAD borders largely lost insulation strength when SCs
entered into geriatric state. Furthermore, we found that local gene
expression underwent a significant increase or decrease when TAD
borders were gained or lost, respectively (Fig. 6I), which was not
observed during SC lineage progression (fig. S3, F and G). Never-
theless, in agreement with the findings in fig. S4A, DSs were posi-
tively associated with gene expression (fig. S13C) and hierarchical
clustering revealed that ~47% of the TADs (n = 1754) showed DS
increase or decrease (>15% difference between end points) (fig.
S13D and table S10). In addition, the DS kinetics was highly corre-
lated with changes in PC1 values (fig. S13E) or gene expression (fig.
S13F) during the transition between two stages. For instance, the
intra-TAD interactions surrounding Ier5 (Fig. 6]) and HoxalO
(fig. S13G) loci were largely attenuated at geriatric stage, which
might result in the concomitant decrease of transcriptional levels
from aged to geriatric FISC (Fig. 6] and fig. S13G). Last, we per-
formed PCA analysis for RNA expression, compartmentalization,
IS, and DS. Transcription and IS adopted a very similar trajectory
showing distinct changes from young to aged to geriatric stages; DS
was largely similar between young and aged stages but underwent a
drastic change from aged to geriatric stage; PC1, on the contrary,
displayed the most prominent change from young to aged stage
(Fig. 6K), suggesting that genome compartmentalization was
altered at aged stage, while TAD connectivity changed later at geri-
atric stage.

Last, chromatin looping analysis at 10-kb resolution led to iden-
tification of a total of 11,180, 10,131, and 11,104 loops in young,
aged, and geriatric FISCs, respectively, among which 6703, 6106,
and 7811 were stage specific (Fig. 6L and table S10). We observed
an increase in interaction strength of chromatin loops when SCs
aged (APA score = 4.68 in geriatric versus 2.87 in young and 2.82
in aged) (Fig. 6M). Expression changes lagged behind their associ-
ated loops, as illustrated on the representative Ier5! locus (Fig. 6N).
The loop between the promoter and a distal enhancer in young cells
disappeared in aged cells, but a decreased gene expression did not
occur until the geriatric stage. A close look at the Pax7 locus re-
vealed the gain of a chromatin loop between R3 and R4 at geriatric
stage (fig. S13I), which may account for the increased Pax7 mRNA
expression. In addition, Pax7 border strength was strengthened,
whereas both inter- and intra-TAD interactions were weakened
during SC aging (fig. S131). Last, to uncover putative TF regulators
driving the loop remodeling during SC aging, we performed de
novo motif search at stage-specific loop anchors. The distinct sets
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of TF binding motifs were enriched at each stage (Fig. 60), implying
their potential roles in driving loop remodeling in SC aging.

It is also interesting to note that geriatric SCs seem to favor long-
range chromatin interactions more than young and aged SCs
(Fig. 6C), which is similar to cultured SCs in their lineage progres-
sion (Fig. 1C). To test whether SCs are similar in other regards in
the two settings, we performed PCA analyses of PC1, IS, and DS and
found that their trajectories were completely distinct in the two set-
tings (fig. S13J).

DISCUSSION
While mechanisms underlying SC lineage progression have been
well studied at the transcriptional and epigenetic levels (1, 23),
how genome architecture reorganization contributes to this
process remains enigmatic. Here, we examined the genome confor-
mation in SCs at distinct stages and revealed the characteristics of
chromatin 3D landscape at different genomic scales and its associ-
ation with altered gene expression. First, at the large scale, we iden-
tified a shift in the ratio between long- and short-range chromatin
interactions and remarkable dynamic compartmentalization during
SC lineage progression. The loss of long-range contacts at the late
stages (D2 and D3) is probably due to the proliferative status of the
cells because mitotic cells can display a rapid fall-off of chromatin
contacts at ~10 Mb (9, 36); consistently, this is not observed at early
stages (QSC, FISC, and D1) when SCs mostly reside in Go-G; phases
(54). In addition, SC lineage progression is accompanied with the
dynamic changes in compartmentalization strength (Fig. 1, D and
E), which could be resulted from the alterations in chromatin states.
Previous findings have documented that the compartment strength
increases concurrently with a gain of heterochromatin marks,
H3K27me3 (55, 56) or H3K9me3 (57). Epigenomic profiling in
SCs uncovers a loss of H3K27ac marks during SC isolation proce-
dure (23), and a gain of H3K27me3 marks is associated with SC ac-
tivation (32). Hence, it will be of great interest to further dissect the
connection between the epigenomic changes with the dynamics of
genome compartmentalization during SC lineage progression.
Next, at the TAD level, the most notable changes in TAD border
strength occur at early activation stage (FISC). CTCF is known to
play key role in chromatin insulation and TAD boundaries (16,
58), but its decrease is not observed in the process. Alternatively,
CTCF-independent mechanism could contribute to the TAD
border reorganization in FISC versus QSC. For example, previous
observations have demonstrated that TAD boundaries are also en-
riched for housekeeping genes, RNA polymerase II, and active chro-
matin marks (5, 8); thus, active transcription could play a role in
shaping the chromatin organization (59). Nevertheless, gain or
loss of borders does not correlate with the overall changes in local
gene expression in FISC versus QSC, arguing that transcriptional
alterations per se may not be the main contributor for insulation
dynamics in this process. The weakened TAD borders gain insula-
tion strength when SCs enter differentiation, which is reminiscent
of findings from neuron development (5), suggesting that TAD
borders are dynamically reorganized during cellular differentiation.
Emerging studies indicate that interactions among noncontigu-
ous TADs are prevalent (12—14). In this study, we thus defined TAD
clusters as an assembly of >3 TADs that are fully connected pairwise
using a similar approach previously used to annotate TAD cliques
(12). Nevertheless, our defining approach is modified by taking into
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account the short-range interactions between TADs. In agreement
with previous findings (12), the long-range inter-TAD interactions
(Q3 and Q4) preferentially reside in B compartments and are asso-
ciated with repressed gene expression, but the short-range ones (Q1
and Q2) do not display such preference. Moreover, we found that
SE-containing TAD clusters are more active in long-range inter-
TAD interactions. Concordantly, 3D modeling reveals that SE-con-
taining TAD clusters reorganize in nuclear space to orchestrate the
stage-specific gene expression. These findings complement recent
observations that multiway interactions occur at gene-dense,
active, RNA polymerase II-marked regions or regions containing
SEs (13, 14).

Last, using high-resolution Hi-C datasets to dissect the chroma-
tin looping in FISC and QSC, we revealed that the isolation proce-
dure—induced early activation (23) is accompanied by a great loss of
chromatin looping. Profiling for CTCF binding uncovers CTCF
binding at the anchors of structural loops and a portion of E/P
loops, but a large portion of anonymous loops contain no CTCF
binding at their anchors. Hence, CTCF-independent mechanisms
may regulate chromatin looping remodeling during the isolation
process. For example, motif analysis uncovers the enrichment of
YY1, snail family zinc finger 2 (SNAI2), zinc finger and BTB
domain containing 3 (ZBTB3), and EGR1 motifs in QSC, and
ISL1 transcription factor, LIM/homeodomain (ISL1), GATA
binding protein 3 (GATA3), FOXA1, and SMAD family member
3 (SMAD3) motifs in FISC. YY1 is known to orchestrate specific
E/P looping through its oligomerization (19). SNAI2 blocks myo-
genic differentiation by inhibiting MYOD-driven muscle differen-
tiation and repressing multiple TFs necessary for terminal
differentiation (60). Smad3-null SCs shows dampened propensity
for SC self-renewal (61). Thus, whether these TFs partaken in the
SC 3D genome organization can be further dissected in the future.

Consistent with the overall looping events, the number of E-P
contacts is largely reduced in FISC versus QSC, in agreement
with the prominent loss in H3K27ac levels during this process
(23). Intriguingly, among the loci we examined, despite that a
great portion bear enhancer marks in both QSC and FISC, the in-
teraction is restricted to only one stage to enabling the timely gene
activation. Mechanistically, our results demonstrate that PAX7 is a
key regulator of E/P looping formation in QSC; sharply attenuated
PAX?7 protein in FISC may be one reason to drive the decommission
of enhancer repertoire and rewiring of E-P contacts during SC early
activation. Our findings, together with previous reports (5, 11, 39),
thus highlight that the interactions provide an additional layer of
fine-tuned regulation in lineage development, which cannot be
simply inferred from the 1D enhancer profiling.

In addition to the normal SC lineage progression, we delineated
the 3D genome remodeling during SC aging. How SCs deteriorate
with aging remains largely unknown (62). Our findings reveal that
despite differences between young and old SCs, geriatric cells
display a more prominent gain in long-range contacts and loss of
TAD insulation. This is in agreement with recent findings suggest-
ing that SCs switch from quiescence to an irreversible pre-senes-
cence state at geriatric age (30), and a progressive gain of far-cis
contacts and loss of insulation has been shown during the onset
of various types of cellular senescence (26-28). However, our
results highlight a preferential gain of A-A interactions and loss
of B-B interactions during SC aging, contrasting with previous find-
ings in either oncogene-induced senescence (OIS) or replicative
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senescence (RS) scenario (28). In OIS, the genome organization is
dominated by heterochromatin or B-B interactions resulting in a
stronger genome compartmentalization, whereas in RS, dampened
A-A interactions cause a decrease in compartmentalization (28).
We speculate that these discrepancies may reflect the innate differ-
ences between pre-senescence state of geriatric SCs and mature or
deep senescent cellular state studied in other works. In addition,
SCs need to integrate the information from the deteriorated aging
milieu (30, 32), which may render the state of geriatric SCs more
complex and heterogeneous (33) than the in vitro systems used in
other studies. Consistent with the notion, PCA analyses reveal dis-
tinct trajectories of transcriptome, compartmentalization, TAD in-
sulation, and intra-TAD interactions (Fig. 6K). Geriatric SCs overall
lose insulation at TAD borders, agreeing with the observations in
OIS and RS cells (28). Recent reports suggest that HMGB1 and
HMGB2 proteins act as a rheostat of topological insulation upon
OIS senescence entry (27, 29). Consistently, we observed decreased
expression of HMGB1 and HMGB2 with SC aging (fig. S11D); it
will thus be interesting to investigate possible roles of HMGB pro-
teins in SC aging. In summary, our study represents the first to de-
scribe the 3D genome rewiring in adult stem cells of physiologically
aged mammalian organism, and we anticipate that more studies
from other tissues or organs will enable us to extract the common
paradigm controlling stem cell aging.

The last key contribution of the present study is the elucidation
of Pax7 regulation at the 3D level. PAX7 represents the indispens-
able TF regulating SC maintenance and regenerative capacity (4, 63,
64). However, current knowledge regarding the upstream regulation
of Pax7 expression remains largely unknown. At the transcriptional
level, Pax7 RNA expression is vulnerable to diverse environmental
cues and rapidly decreases upon SC activation even in response to
isolation procedure (23). Recent studies have provided epigenetic
clues that the Pax7 locus is embedded in an SE region in homeostat-
ic quiescence state and that the enhancer signals diminish upon ac-
tivation (23), which may account for the acute loss of Pax7
expression. Complementary to these findings, we here uncovered
that Pax7 locus is self-organized into a powerful TAD with pro-
found sub-TAD organization identified in QSCs, and the organiza-
tion largely collapses upon activation. In addition, we identified
chromatin loops within the Pax7 TAD involving four interconnec-
ted REs (R1, R2, R3, and R4), including promoter, enhancers, and
boundary elements. Notably, during the revision of our manuscript,
Dong et al. (65) reported the identification of an intronic and a
distal enhancer of Pax7 in SCs using chromatin accessibility profil-
ing by ATAC-seq and proved their regulatory functions. These two
enhancers happen to be our R2 and R3. R3 was also reported by
Khateb et al. (66) to control Pax7 expression and downstream myo-
genic and neurogenic programs in differentiating ESCs. Neverthe-
less, leveraging our in house—developed in vivo genome editing
system, we provided in vivo evidence to show that deletion of R2,
R3, and R4 not only disturbed Pax7 RNA expression in QSCs but
also resulted in distinct effects on 3D genome organization at Pax7
locus. Removal of the downstream boundary region (R1) alone does
not cause TAD fusion, possibly due to the enhanced contact estab-
lished between the two convergent CTCF sites (5, 10). Intriguingly,
it instead leads to significant reduction of intra-TAD contacts. De-
letion of the downstream enhancer region (R2) largely retains the
TAD structure with a marginal loss of intra-TAD contacts, especial-
ly the interactions between sub-TADs. In contrast, loss of the
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intronic enhancer region (R3) results in more structured sub-TAD
patterns. Together, our findings unveil that Pax7 transcription is
tightly controlled by the embedded REs and 3D interactions.

In conclusion, our study provides a comprehensive view of 3D
genome organization in SC lineage progression and SC aging. Our
findings demonstrate that chromatin rewiring at different genomic
scales underpins the transcriptome remodeling and SC activities,
underscoring the importance of 3D regulation in stem cell lineage
development and stem cell aging. The datasets produced in this
study provide a rich resource of chromatin interactions for the SC
community. In addition, our work uncovers mechanistic insights
driving the chromatin loop remodeling during SC early activation,
pointing to PAX7 as a key regulator of E/P loop rewiring. Last, we
also examined 3D regulation of Pax7 locus in-depth and defined key
REs dictating the high Pax7 expression in QSCs, which underscores
the importance to connect the 3D genome rewiring to the fine-
tuned TF dynamics during lineage development.

MATERIALS AND METHODS

Mice

All animal experiments were performed following the guidelines for
experimentation with laboratory animals set in the Chinese Univer-
sity of Hong Kong (CUHK) and approved by the Animal Experi-
mentation Ethics Committee (AEEC) of the CUHK. The mice
were maintained in animal room with 12-hour light/12-hour dark
cycles at Animal Facility in CUHK. For SC lineage development
study, 2-month-old female Pax7-nGFP mice were used to isolate
SCs. For aging SC study, male wild-type C57BL/6 mice of 2
(young), 23 to 24 (aged), and 28 to 32 (geriatric) months of age
were used to isolate SCs. For Pax7 locus dissection, Pax7*° mice
were generated by crossing homozygous Cre-dependent
Rosa26°*°ECFP knockin mouse [B6;129-Gt (ROSA)26Sor ™mH(CAG
cas9"-EGFP) Fezh/], ot ck number 024857, The Jackson Laboratory]
with a Pax7“™ strain, as previously described (47). To generate
Pax7 inducible conditional KO (Pax7 iKO) mice, Pax7/f (48)
mice were crossed with Pax7“"**/Rosa"""" mice. Genetic inactiva-
tion of Pax7 in SCs was induced by intraperitoneal injection of ta-
moxifen in adult (8- to 12-week-old) mice for seven consecutive
days followed by 7 days of chase.

SC isolation by FACS

SCs were sorted by FACS based on established methods (67).
Briefly, hindlimb muscles from Pax7-nGFP mice were collected
and digested with collagenase II (1000 U ml~'; Worthington) for
90 min at 37°C, and then the digested muscles were triturated
and washed in washing medium [Ham's F-10 medium (Sigma-
Aldrich), 10% horse serum, heat inactivated (HIHS) (Gibco), pen-
icillin/streptomycin (1x, Gibco)] before SCs were liberated by treat-
ing with collagenase II (1000 U ml™!) and dispase (11 U ml™?) for
30 min at 37°C. Mononuclear cells were filtered with a 40-um cell
strainer, and GFP" SCs were sorted out with a BD FACSAria Fusion
cell sorter (BD Biosciences). For SC isolation from C57BL/6 mice,
the filtered mononuclear cells were additionally incubated with
VCAMI1-biotin (105704, BioLegend), CD31-FITC (fluorescein iso-
thiocyanate) (102506, BioLegend), CD45-FITC (103108, BioLe-
gend), and Scal-Alexa Fluor 647 (108118, BioLegend). The
VCAM1 signal was amplified with streptavidin-PE (phycoerythrin)
(554061, BD Biosciences). All antibodies were used at a dilution of
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1:75. VCAM1"CD31~CD45 Scal™ cells were sorted out with a BD
FACSAria Fusion cell sorter (BD Biosciences). For QSC isolation,
we followed the procedures described previously (23). Briefly, the
muscles were prefixed in ice-cold 0.5% PFA before cell dissociation.
Collagenase IT and dispase were used at 2000 and 22 U ml™" for the
digestion, respectively.

AAV9 virus production, purification, and injection

AAV9 virus was produced as described previously (47). Briefly,
human embryonic kidney (HEK) 293FT cells were seeded in T75
flask and transiently transfected with AAV9-sgRNA vector (5 pg),
AAV9 serotype plasmid (5 pg), and pDF6 (AAV helper plasmid)
(10 pg) at a ratio of 1:1:2 using polyethyleneimine when the cell
reached 80 to 90% confluency. Twenty-four hours after transfec-
tion, the cells were changed to growth medium [Dulbecco’s modi-
fied Eagle medium (DMEM) with 10% fetal bovine serum (FBS),
penicillin (100 U ml™"), streptomycin (100 pg ml™'), and 2
mM L-glutamine] and cultured for another 48 hours. The cells
were harvested and washed with phosphate-buffered saline (PBS)
two times. To release the AAV9 virus, the pellet was resuspended
with lysis buffer [50 mM tris-HCI (pH 8.0) and 150 mM NaCl] fol-
lowed by three sequential freeze-thaw cycles (liquid nitrogen/37°C).
The lysates were treated with Benzonase (Sigma-Aldrich) together
with MgCl, (final concentration of 1.6 mM) at 37°C for 1 hour, fol-
lowed by centrifugation at 3000 rpm for 10 min. The supernatant
was filtered with 0.45-um sterile filter and added with equal
volume of 1 M NaCl and 20% (w/v) PEG8000 (polyethylene
glycol, molecular weight 8000) to precipitate the virus at 4°C for
overnight. After centrifugation at 12,000g¢ for 30 min at 4°C, the
pellet was resuspended with sterile PBS and then subjected to cen-
trifugation at 3000g for 10 min. Equal volume of chloroform was
then added and shaken followed by spinning down at 12,000¢ for
15 min at 4°C. The aqueous layer was filtered with a 0.22-um
sterile filter and passed through a 100-kDa molecular weight
cutoff (Millipore). The concentrated solution was washed with
sterile PBS three times. The titer of the AAV9 virus was determined
by quantitative reverse transcription polymerase chain reaction
(qRT-PCR) using primers targeting the cytomegalovirus (CMV)
promoter. Sequences of the used primers are listed in table S11. Het-
erozygous Pax7“**° mice were intramuscularly injected with
4 x 10" vg of AAV9-sgRNA pair #1 at P5 and followed by
8 x 10" vg of AAV9-sgRNA pair #2 at P10. SCs were isolated 4
weeks after AAV injection. For the control group, the same dose
of AAV9 virus containing pAAV9-sgRNA backbone without any
sgRNA insertion was injected.

Cell culture

HEK293FT cells were obtained from the American Type Culture
Collection (CRL-3216) and maintained in DMEM supplemented
with 10% FBS, penicillin (100 U ml™"), and 100 pg of streptomycin
in a 5% CO, humidified incubator at 37°C. FISCs were cultured in
Ham's F10 medium (Sigma-Aldrich) with 20% FBS, penicillin/
streptomycin (1x), and basic fibroblast growth factor (2.5 ng
ml™'; 13256, Life Technologies).

Plasmids

Site-specific sgRNAs were selected using a web tool Crispor (http://
crispor.tefor.net/) (68). Synthesized oligonucleotides encoding
guide sequences were cloned into the AAV9-sgRNA transfer
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vector [AAV: ITR-U6-sgRNA (backbone)-CMV-DsRed-WPRE-
hGHpA-ITR] using Sap I site. To generate dual AAV-sgRNA ex-
pression plasmid, the second sgRNA was constructed into the
AAV9-sgRNA vector together with the gRNA cassette and U6 pro-
moter using Xba I and Kpn I sites. Sequences for sgRNAs and
primers used to detect deletion efficiency are listed in table S11.
The source data underlying fig. S9B are provided as fig. S14.

RNA isolation, qRT-PCR, and RNA-seq

For FISCs and cultured SCs, total RN As were extracted using TRIzol
reagent (Invitrogen). For QSCs, total RNAs were isolated from the
above-described prefixed cells using the miRNeasy FFPE Kit
(Qiagen) according to the manufacturer’s instruction. For qRT-
PCR, cDNAs were prepared using the HiScript III 1st Strand
c¢DNA Synthesis Kit (Vazyme, R312-01). Real-time PCRs were per-
formed on LightCycler 480 Instrument II (Roche Life Science)
using Luna Universal qPCR Master Mix (NEB, M3003L). Sequences
of all primers used are listed in table S11. For polyadenylated
[poly(A)"] mRNA-seq, total RNAs were subjected to poly(A) selec-
tion (Ambion, 61006) followed by library preparation using the
NEBNext Ultra IT RNA Library Preparation Kit (NEB, E7770S). Li-
braries were paired-end sequenced with read lengths of 150 base
pairs (bp) on an Illumina HiSeq X Ten instrument. For total
RNA-seq, total RNAs were isolated from QSC, FISC, or cultured
SCs; library preparation and paired-end sequencing were per-
formed by Beijing Genomics Institute (Hong Kong) with a read
length of 100 bp on NextSeq 500.

Immunoblotting and IF

These were performed according to our standard procedures (41,
69, 70). Briefly, total proteins were extracted using radioimmuno-
precipitation assay (RIPA) lysis buffer. The following dilutions of
antibodies were used for each antibody: PAX7 (1:1000; Develop-
mental Studies Hybridoma Bank, RRID:AB_528428), glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (1:2000; Santa Cruz
Biotechnology, sc-137179, RRID:AB_2232048), CTCF (1:1000; AB-
clonal, A1133, RRID:AB_2753146), RAD21 (1:1000; Abcam, ab992,
RRID:AB_2176601), and histone H3 (1:3000; Santa Cruz Biotech-
nology, sc-517576, RRID:AB_2848194). To compare the CTCF and
RAD21 protein level between QSCs and FISCs, the FISCs were
treated with 0.5% PFA before cell lysis. For IF staining, the PAX7
antibody (1:100; Developmental Studies Hybridoma Bank,
RRID:AB_528428) was used. All fluorescent images were captured
with a fluorescence microscope (Leica DM6000 B). The source data
underlying Fig. 3E and figs. S8 (B and K), S9 (C and D), and S10D
are provided in figs. S14 and S15.

ChIP followed by high-throughput sequencing

For H3K27ac ChIP-seq in FISCs, following our standard procedure
(47, 69, 71), approximately 300,000 to 600,000 FISCs were cross-
linked with 1% formaldehyde for 10 min at room temperature
and quenched by 125 mM glycine. Cells were washed and collected
by centrifugation at 700g for 5 min at 4°C, flash-frozen in liquid ni-
trogen, and stored at —80°C. Cells were lysed in 1 ml of LB1 [50 mM
Hepes-KOH (pH 7.5), 140 mM NaCl, 1 mM EDTA, 0.25% Triton
X-100, 0.5% NP-40, and 10% glycerol supplemented with cOmplete
protease inhibitors (Roche)] and incubated at 4°C for 10 min. Fol-
lowing centrifugation at 1350¢ for 5 min at 4°C, the pellets were
washed with 1 ml of LB2 [10 mM tris-HCI (pH 8.0), 200 mM
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NaCl, 1 mM EDTA (pH 8.0), and 1 mM EGTA (pH 8.0) supple-
mented with cOmplete proteinase inhibitors] by incubating at
4°C for 10 min. Following centrifugation at 1350g for 5 min at
4°C, nuclei were rinsed twice with 1 ml of sonication buffer [10
mM tris-HCI (pH 8.0), 0.1% SDS, and 1 mM EDTA supplemented
with cOmplete proteinase inhibitors]. Then, the nuclei were resus-
pended in sonication buffer and sonicated with Covaris S220 (inten-
sity: 140 W, duty cycle: 5%, cycles per burst: 200, time: 7 min). The
resulting lysate was supplied with NaCl and Triton X-100 to reach a
final concentration at 150 mM NaCl and 1% Triton X-100, then
cleared by centrifugation for 20 min at 20,000g, and then incubated
with washed Dynabeads Protein G (Invitrogen, 10004D) for 2 hours
at 4°C. The cleared lysate was incubated with 0.75 ug of H3K27ac
(Abcam, ab4729, RRID:AB_2118291) or immunoglobulin G (IgG)
control (Santa Cruz Biotechnology, sc-2027, RRID:AB_737197) for
overnight at 4°C. On the next day, 10 pl of Dynabeads Protein G was
washed with IP buffer [10 mM tris-HCI (pH 8.0), 150 mM NacCl,
0.1% SDS, 1 mM EDTA, and 1% Triton X-100 supplemented
with cOmplete proteinase inhibitors] and then applied to each IP
reaction followed by incubation at 4°C for another 2 hours. Beads
were then collected and washed twice with IP buffer, two times with
high-salt wash buffer [10 mM tris-HCI (pH 8.0), 500 mM NacCl,
0.1% SDS, 1 mM EDTA, and 1% Triton X-100 supplemented
with cOmplete proteinase inhibitors], two times with LiCl wash
buffer [10 mM tris-HCI (pH 8), 250 mM LiCl, 1 mM EDTA, 0.5%
NP-40, and 0.5% deoxycholate supplemented with cOmplete pro-
teinase inhibitors], and one time with cold TE buffer [10 mM tris-
HCI (pH 8.0), 1 mM EDTA, and 50 mM NaCl]. Inmunocomplexes
were eluted in ChIP elution buffer [50 mM tris-HCI (pH 8.0), 10
mM EDTA, and 1% SDS] with incubation at 65°C for 30 min,
and eluents were reverse cross-linked by incubating at 65°C for
16 hours. Immunoprecipitated DNA was treated with ribonuclease
A (0.2 mg ml™") at 37°C for 2 hours, followed by proteinase K treat-
ment (0.2 mg ml™") at 55°C for 3 hours. Immunoprecipitated DNA
was then subjected to phenol:chloroform extraction and ethanol
precipitation and finally resuspended in 1x TE buffer. Libraries
were prepared using the NEBNext Ultra II DNA Library Prepara-
tion Kit (NEB, E7645S) and paired-end sequenced with read
lengths of 150 bp on an Illumina HiSeq X Ten instrument. For
CTCF ChIP-seq in FISCs, approximately 500,000 FISCs were
cross-linked with 1% formaldehyde for 10 min for CTCF at room
temperature and quenched by 125 mM glycine. Cells were washed
and collected by centrifugation at 700g for 5 min at 4°C, flash-frozen
in liquid nitrogen, and stored at —80°C. The cell pellet was resus-
pended in 130 pl of shearing buffer [10 mM tris-HCI (pH 8.0),
0.1% SDS, and 1 mM EDTA supplemented with cOmplete protein-
ase inhibitors] and subjected to sonication with Covaris S220 (in-
tensity: 140 W, duty cycle: 5%, cycles per burst: 200, time: 7 min).
The following steps are the same as described above. For CTCF
ChIP-seq in QSCs, approximately 500,000 QSCs were subjected
to sonication in shearing buffer directly without additional cross-
link by 1% formaldehyde. The CTCF antibody (ABclonal, A1133,
RRID:AB_2753146) was used for CTCF ChIP-seq.

Assay for transposase-accessible chromatin using
sequencing

ATAC-seq was performed as described previously (72). Briefly,
50,000 FISCs were washed with 50 pl of ice-cold PBS and collected
by centrifugation at 700g for 5 min at 4°C. The pellet was
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resuspended in 50 pl of ice-cold lysis buffer [10 mM tris-Cl (pH 7.5),
10 mM NaCl, 3 mM MgCl,, 0.1% NP-40, 0.1% Tween 20, and 0.01%
digitonin] and lysed on ice for 3 min. The cell lysate was added with
1 ml of wash buffer [10 mM tris-Cl (pH 7.5), 10 mM NaCl, 3 mM
MgCl,, and 0.1% Tween 20] followed by centrifugation at 700g for
10 min at 4°C. The cell pellet was resuspended in transposition re-
action mix [25 pl of Tagment DNA Buffer, 2.5 ul of Tagment DNA
Enzyme 1 (Illumina), 0.1% Tween 20, and 0.01% digitonin] and in-
cubated at 37°C for 30 min on thermomixer at 1000 rpm. The
sample was purified by the Qiagen MinElute Reaction Cleanup
Kit with 10-pl final elution volume. The transposed DNA was
PCR-amplified using the NEBNext High-Fidelity 2x PCR Master
Mix (NEB) with five cycles followed by cycle number determina-
tion. The resulting library was purified by VAHTS DNA Clean
Beads (Vazyme, N411-01) and paired-end sequenced with read
lengths of 150 bp on an Illumina HiSeq X Ten instrument.

In situ Hi-C library preparation and sequencing

Generation of Hi-C libraries with a low cell number of SCs was per-
formed according to modified protocols (6). Approximately
100,000 SCs were cross-linked with 1% formaldehyde for 10 min
at room temperature and quenched by 0.2 M glycine. The
samples were lysed in 500 pl of ice-cold Hi-C lysis buffer [10 mM
tris-HCI (pH 8.0), 10 mM NaCl, and 0.2% Igepal CA630 supple-
mented with cOmplete proteinase inhibitors] on ice for 15 min.
Samples were then centrifuged at 2500¢ for 5 min. Pelleted nuclei
were washed once with 500 pl of 1.25x NEBuffer 3.1. The superna-
tant was discarded, the nuclei were resuspended in 358 pl of 1.25%
NEBuffer 3.1, and 11 pl of 10% SDS was added followed by incuba-
tion at 37°C for 1 hour. After incubation, 75 pl of 10% Triton X-100
was added to quench the SDS and then incubated at 37°C for 1 hour.
One hundred units of Dpn II restriction enzyme (NEB, R0543) was
added, and chromatins were digested at 37°C for overnight. Samples
were incubated at 62°C for 20 min to inactivate Dpn II and then
cooled to room temperature. Samples were then centrifuged at
2500g for 5 min. Pelleted nuclei were resuspended in 50 pl of fill-
in master mix [3.75 pl of 0.4 mM biotin-14-dATP (2'-deoxyadeno-
sine-5'-triphosphate), 1.5 ul of 1 mM 2'-deoxycytidine-5'-triphos-
phate (dCTP), 1.5 pl of 1 mM 2'-deoxyguanosine-5'-triphosphate
(dGTP), 1.5 pl of 1 mM 3'-deoxythymidine-5'-triphosphate
(dTTP) mix, 2 pl of DNA polymerase I (5 U pl_l), Large
(Klenow) Fragment, and 1x NEBuffer 3.1] to fill in the restriction
fragment overhangs and mark the DNA ends with biotin. Samples
were mixed by pipetting and incubated at 23°C for 4 hours. Ligation
master mix [398 pl of water, 50 ul of 10x NEB T4 DNA ligase buftfer,
1 pl of bovine serum albumin (50 mg ml™"), 1 ul of T4 DNA ligase
(400 U wl™")] was added, and samples were incubated at 16°C for
overnight in ThermoMixer C with interval shake. Nuclei were pel-
leted by centrifugation at 2500¢ for 5 min, and 380 ul of the super-
natant was discarded. Pellets were then resuspended in the
remaining 120 ul of ligation mix supplemented with 12 ul of 10%
SDS and 5 pl of proteinase K (20 mg ml™") and incubated at 55°C for
2 hours, with shaking at 1000 rpm. Fifteen microliters of 5 M NaCl
was added, and the reaction was incubated at 65°C for 16 hours.
DNA samples were subjected to phenol:chloroform extraction
and ethanol precipitation and finally resuspended in 130 pl of
0.1x TE buffer. The purified DNA samples were then sheared to a
length of ~300 bp using Covaris $220 instrument (intensity: 175 W,
duty cycle: 10%, cycles per burst: 200, time: 150 s). The biotinylated
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DNA was pulled down by 10 pl of Dynabeads MyOne Streptavidin
C1 beads (10 mg ml~’; Life Technologies, 65001). The beads were
then resuspended in 23 pl of 10 mM tris-Cl (pH 8.0), and libraries
were prepared by on-bead reactions using the NEBNext Ultra II
DNA Library Preparation Kit (NEB, E7645S). The beads were sep-
arated on a magnetic stand, and the supernatant was discarded.
After washes, the beads were resuspended in 20 pl of 10 mM tris
buffer and boiled at 98°C for 10 min. The elute was amplified for
10 to 13 cycles of PCR with Phanta Master Mix (Vazyme, P511-
01), and the PCR products were purified using VAHTS DNA
Clean Beads (Vazyme, N411-01). The Hi-C libraries were paired-
end sequenced with read lengths of 150 bp on an Illumina HiSeq
X Ten instrument.

Gene expression analysis of RNA-seq data

The raw reads of total RNA-seq were processed following the pro-
cedures described in our previous publication (69). Briefly, the
adapter and low-quality sequences were trimmed from 3' to 5'
ends for each read, and the reads shorter than 50 bp were discarded.
The reads that passed the quality control were mapped to mouse
genome (mm9) with TopHat2 (version 2.1.1). Cufflinks (version
2.2.1) were then used to estimate transcript abundance in fragments
per kilobase per million (FPKM). Genes were annotated as differ-
entially expressed if the change of expression level is greater than
twofold between two stages/conditions.

ChiIP-seq data analysis

Raw ChIP-seq reads were processed as previously described (71).
Briefly, the adapter and low-quality sequences were trimmed from
3' to 5' ends by Trimmomatic (version 0.36), and the reads shorter
than 36 bp were discarded. Subsequently, the preprocessed reads
were aligned to the mouse genome (mm9) using Bowtie2
(v2.3.3.1). The aligned reads were then converted to bam format
using samtools (version 1.5), and the duplicate reads were
removed by Picard (http://broadinstitute.github.io/picard). Peaks
were then identified by MACS2 (V 2.2.4) with g value equal to
0.01 by using the IgG control sample as a background. Promoters
are defined as regions between —2.5 kb and +500 bp of the tran-
scription start sites (TSSs) of genes. H3K27ac ChIP-seq is used
for TE and SE identification. For TE identification, blacklisted
regions from ENCODE were first excluded, and the peaks overlap-
ping with +2-kb/—500-bp regions centered at TSS from Refseq
(June 2015) were also discarded. The filtered peaks were defined
as TEs and assigned to the expressed transcripts (reads per kilobase
of transcript per million reads mapped (RPKM) > 0.5), whose TSSs
are nearest to the center of the enhancer regions. SEs were identified
as previously described with minor adjustment (42). Only the en-
hancers within 12.5 kb of each another and can be assigned to the
same genes were stitched together and then subjected to the ROSE
algorithm (https://github.com/stjude/ROSE) for SE identification.

ATAC-seq data analysis

The adaptor sequences of 150-bp paired-end ATAC-seq reads were
trimmed by Trimmomatic and cut to 36-bp paired-end reads.
Bowtie2 was used for alignment to the mouse reference genome
(mm9) with parameters -X 2000 -no-mixed -no-discordant -local.
Aligned reads were filtered for mapping quality >30, and redundant
reads were removed by using the Picard MarkDuplicates (http://
broadinstitute.github.io/picard). Peak regions of each sample were
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called by software MACS2 with parameters -f BAMPE -g mm -p
0.001. For visualization, the alignment bam files were converted
into bedgraph files using HOMER (http://homer.ucsd.edu/
homer/ngs/ucsc.html).

In situ Hi-C data processing

The in situ Hi-C data were processed with a standard pipeline HiC-
Pro (v2.10.0) (35). First, adaptor sequences and poor-quality reads
were removed using Trimmomatic (ILLUMINACLIP: TruSeq3-PE-
2.fa:2:30:10; SLIDINGWINDOW: 4:15; MINLEN:50). The filtered
reads were then aligned to reference genome (mm9) in two steps:
(i) The global alignment was first conducted for all pair-end
reads, and (ii) the unaligned reads were split into prospective frag-
ments using restriction enzyme recognition sequence (GATC-
GATC) and aligned again. All aligned reads were then merged
together and assigned to restriction fragment, while low-quality
[mapping quality (MAPQ) score < 30] or multiple alignment
reads were discarded. Invalid fragments including unpaired frag-
ments (singleton), juxtaposed fragments (re-legation pairs), unli-
gated fragments (dangling end), self-circularized fragments (self-
cycle), and PCR duplicates were removed from each biological rep-
licate. The remaining validate pairs from all replicates of each stage
were then merged, followed by read depth normalization using
HOMER  (http://homer.ucsd.edu/homer/interactions/HiCpca.
html) and matrix balancing using iterative correction and eigenvec-
tor decomposition (ICE) normalization to obtain comparable inter-
action matrix between different stages.

Identification and analysis of compartments and TADs

Following previous procedure (6), to separate the genome into A
and B compartments, the ICE normalized intrachromosomal inter-
action matrices at 100-kb resolution were transformed to observe/
expect contact matrices, and the background (expected) contact
matrices were generated to eliminate bias caused by distance-depen-
dent decay of interaction frequency and read depth difference.
Pearson correlation was then applied to the transformed matrices,
and the PC1 of these matrices was divided into two clusters. The
annotation of genes and the expression profile were used to assign
positive PCI1 value to gene-rich component as compartment A and
negative PC1 value to gene-poor component as compartment
B. The compartmentalization strength was measured using cool-
tools (v 0.3.2; https://github.com/mirnylab/cooltools). Briefly, all
100-kb compartment bins were divided into 50 equal degrees
based on the ranking of PCI values, and the average interaction
strength (observed/expected) was calculated between pairs of 100-
kb loci arranged by their PC1 and normalized by genomic distance.
The dynamics of interaction strength for intra/intercompartment
(A versus A, B versus B, and A versus B) were measured using the
top 20% of compartment bins from both compartments A and B
based on absolute PC1 value. Normalized contact matrix at 40-kb
resolution of each time point was used for TAD identification using
TopDom (v0.0.2) (38). Briefly, for each 40-kb bin across the
genome, a signal of the average interaction frequency of all pairs
of genome regions within a distinct window centered on this bin
was calculated; thus, TAD boundary was identified with local
minimal signal within certain window. The false-detected TADs
without local interaction aggregation were filtered out by statistical
testing. Invariant TADs were defined using following criteria: (i)
The distance of both TAD boundaries between two conditions is
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no more than 40 kb, and (2) the overlapping between two TADs
should be larger than 80%; stage-specific TADs were defined other-
wise. The insulation index for each bin was generated on the basis of
a previously described method (73). Briefly, the insulation index for
each bin was obtained by calculating the number of interaction
across a specific bin within certain distance. The IS of the identified
TAD border was also defined as previously described (73), which
used the local maximum on the outside of TAD to minus the
local minimum on the inside of TAD of each boundary bin. The
DS was calculated for each TAD at 40-kb interaction matrix by di-
viding the total intra-TAD contacts by all contacts involving
the TAD.

Identification of TAD-TAD interactions and TAD clusters

The significant TAD-TAD interactions and TAD clusters were iden-
tified as previously described (74) with modification. First, the sig-
nificance of TAD-TAD interactions was tested by applying an
NCHG model for all pairs of TADs on the same chromosome
and then corrected by multiple testing with false discovery rate
(FDR) < 1% using the Benjamini-Hochberg method. Significant
TAD-TAD interactions were defined for those TAD pairs with ad-
justed P value < 0.05 and fivefold enrichment of observed interac-
tions over expected. All significant TAD pairs regardless of
interaction distance were then used to identify TAD clusters using
the NetworkX Python library (http://networkx.github.io/), where
each TAD was represented by a node and interactions were repre-
sented by edges. Maximal size of TAD clusters was calculated using
the Bron-Kerbosch algorithm, and allvial package (https://github.
com/mbojan/alluvial) was used to plot the TAD cluster dynamics.

3D modeling of TAD cluster

The normalized interaction matrix containing TAD cluster as well
as their genomic 3D context were used to build 3D modeling follow-
ing the previous method with modification (75): (i) to select key el-
ements contained in the region (i.e., TADs in selected TAD cluster);
(ii) to retrieve the top 1% interactors of each of these elements; (iii)
to create a network between interactors where edges correspond to
top 1% interactions between any of the selected interactions; (iv) to
group the networks, allowing the groups in which the ratio (number
of edges)/(number of nodes) smaller than 5 was filtered; and (v) to
extract the connected groups that contain the most key elements.
Next, the normalized interaction matrices of selected regions were
modeled using TADdyn (76). A similar protocol as previously de-
scribed was used (77). Briefly, a total of 1000 models were generated
for each genomic region and dataset. Each ensemble of models was
next clustered on the basis of structural similarity. The absence of
major structural differences between clusters prompted us to use all
of them for further analysis. Next, TADDit (v1.1) (78) was used to
measure the following features of the models: (i) distance between
particles containing genomic regions of interest in the model en-
semble, (ii) distance distribution between selected pairs or particles,
and (iii) notable differential distance distributions assessed by the
two-sample Kolmogorov-Smirnov statistic. Last, model images
were generated with Chimera (79).

Identification of chromatin loops

The loops were identified by FitHIC2 (43) (https://github.com/ay-
lab/fithic) at 5-kb resolution of interaction matrix with a P value of
<1 x 107 and required a fivefold enrichment of observed contacts
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over expected based on genomic distance. To obtain stage-specific
loops, FC of interaction strength (observed/expected) between two
stages was calculated for each identified loop. Then, the top 30%
dynamics loops with absolute FC > 2 were defined as stage-specific
loops.

Motif scanning

The position-specific probability matrix of motifs was obtained
from the TRANSFAC database (80). Using FIMO (https://meme-
suite.org/meme/doc/fimo.html), the TAD boundaries as well as en-
hancers and promoter regions (+2 kb) of PAX7 were scanned for
motifs of all expressed TFs in both QSC and FISC. The motif was
kept if the P value was smaller than 107™*.

PCA analysis

PCA was generated using the prcomp package in R (v3.6.2) with
FPKM for RNA-seq, PC1 for A/B compartments, and DS/IS for
conserved TADs. The eigenvalue for the first two components
was used, and the explanatory ratio of each component was calcu-
lated using the eigenvalue divided by total eigenvalue.
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