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SUMMARY

Variability in genome organization drives differential gene expression and shapes cellular diversity, yet
whether transcription actively instructs genome structure and how this relationship is exploited in disease
remains unclear. We show that transcription and cohesin direct the spatial positioning of lamina-associated
domain (LAD) boundary genes. Transcriptional repression repositions LAD boundary genes to the nuclear
lamina in a cohesin loop extrusion-dependent manner. Conversely, overactive cohesin is sufficient to repo-
sition and silence LAD boundary genes, an effect counteracted by maintaining transcription. In Friedreich’s
ataxia, we demonstrate improper positioning of the pathogenically repressed LAD boundary gene FRATAXIN
(FXN) at the nuclear periphery reflects an imbalance between transcription and cohesin dynamics. Impor-
tantly, modulating either transcription or cohesin activity restores FXN positioning and reactivates expres-
sion. Our findings establish transcription and cohesin as tunable molecular rheostats orchestrating LAD
boundary spatial positioning and reveal how the flexible and dynamic nature of genome architecture is hi-
jacked in disease.

INTRODUCTION

The nuclear lamina is a protein network on the inner nuclear
membrane that serves as a scaffold to facilitate spatial genome
organization and shape chromatin topology. Chromatin regions
spatially positioned at the nuclear lamina are referred to as lam-
ina-associated domains (LADs). Changes in genome-lamina in-
teractions correlate with lineage restriction, and disruptions to
LAD organization or spatial positioning have been associated
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with disease.'™® Traditionally, LADs have been described as
blocks of transcriptionally silent chromatin, representing a
correlative link between peripheral positioning and transcrip-
tional repression. However, whether transcription directly
shapes LAD organization remains an open question. Prior
studies probing LAD-lamina interactions have often leveraged
highly engineered or global perturbations, limiting insights into
the direct mechanisms by which LADs are spatially positioned
under physiological conditions and leaving unresolved how
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Figure 1. Transcriptional repression via CRISPRI repositions the LAD boundary gene FXN to the nuclear periphery
(A) Schematic illustrating dCas9+effector-mediated transcriptional repression of FXN and examination of FXN positioning relative to the nuclear periphery.
(B) LMNB1 DamlD signal at FXN locus (HFFc6 fibroblasts, ADNESXZ4FWA4T). Black bars indicate LADs. Green color bar, expression of local genes (log,TPM 0-3,
RNA-seq, HFFc6). FXN locus highlighted.
(legend continued on next page)
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transcription-lamina relationships contribute causally to disease.
Notably, nonLAD genomic regions adjacent to LAD boundaries
often harbor transcriptionally active genes.”'® Accordingly,
LAD boundaries may represent unique regions whose regulation
can be leveraged to elucidate whether and how transcription in-
structs genome spatial positioning.

Another level of chromatin topology comprises distinct struc-
tural units characterized by self-interaction, termed topologically
associating domains (TADs)."'~"° TADs are regulated by the loop
extrusion activity of the cohesin complex, a molecular motor that
folds chromatin as it moves along the genome.'®" Although
LADs and TADs represent distinct organizational units and are
therefore often studied in isolation, a subset of LAD boundaries
overlaps with TAD boundaries, and both boundary types are
enriched in transcriptionally active genes.?** These parallels
suggest a potential interrelationship between the organizational
principles governing these distinct facets of genome architec-
ture; however, direct experimental evidence supporting such a
link remains limited.

Changes in chromatin structure control gene expression, cell
division, developmental progression, and intracellular responses
to external cues.”*>® However, the mechanisms driving struc-
tural flexibility remain poorly understood. Transcription is an
attractive mechanism that may contribute to genome plasticity,
as gene expression is inherently dynamic and can change in
response to various factors, yet direct evidence that transcrip-
tion shapes variation in 3D genome organization remains elusive.
This gap is, in part, a consequence of prior studies’ frequent reli-
ance on global transcriptional inhibition and population-based
assays. Furthermore, cohesin translocates along chromatin to
dynamically sculpt genome structure, but whether and how co-
hesin activity is integrated with transcriptional state to contribute
to organizational variability remains unclear. Defining the molec-
ular drivers of genome structural variability is crucial for eluci-
dating how changes in genome organization stem from molecu-
lar cues, influence cellular identity, and may be hijacked in
disease.

Leveraging endogenous, locus-specific manipulations
coupled with single-cell spatial measurements and genome-
wide interrogations, we present a model underpinning LAD
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boundary plasticity in which transcriptional activity and cohesin
dynamics act as tunable molecular rheostats that dictate LAD
boundary spatial positioning. We further demonstrate that this
mechanism contributes to the molecular pathology of Frie-
dreich’s ataxia (FRDA) and can be re-tuned to restore molecular
pathology.

RESULTS

Targeted transcriptional repression repositions a LAD
boundary gene to the nuclear periphery

To examine the relationship between LAD boundary gene
expression and peripheral genome organization, we inhibited
boundary gene transcription in a locus-specific manner and
examined changes in target gene spatial positioning
(Figure 1A). We mined Lamin B1 (LMNB1) DamID datasets
from human fibroblasts and identified a model region that is
locally depleted in LMNB1 occupancy, lies adjacent to a block
of LMNB1-enriched chromatin, and contains an expressed
gene (Figure 1B).%**° The FXN gene is located on chromosome
9in humans, is expressed at approximately the 50™ percentile of
all expressed genes in human fibroblasts, and encodes the fra-
taxin protein (FXN, Figure S1A).°® To reduce FXN transcription,
we introduced catalytically dead Cas9 fused to the KRAB repres-
sive domain (dCas9-KRAB, CRISPRI) into immortalized human
skin fibroblasts, with one of two guide RNAs (gRNAs) targeting
the FXN promoter or transcriptional start site (g1 and g2, respec-
tively; Figure S1B).%” FXN-CRISPR: significantly reduced FXN
transcript levels compared with a scramble, non-targeting
gRNA (Scr-CRISPRI, Figure 1C). To assess the spatial posi-
tioning of FXN relative to the nuclear periphery, we measured
the distance between the center of individual FXN alleles and
the center of the nuclear lamina using 3D DNA fluorescent in
situ hybridization (immunoDNA-FISH). FXN repositioned closer
to the nuclear lamina in CRISPRi cells compared with Scr-
CRISPRI controls (Figure 1D). To contextualize this shift, we
compared FXN positioning with that of 20 individual LADs and
nonLADs identified across 10 human cell types by LMNB1
ChlIP-seq (Figure S1C).° In Scr-CRISPRi conditions, FXN was
positioned farther from the nuclear periphery than the 20 LADs,

(C) FXN transcript levels in human fibroblasts expressing dCas9-KRAB and indicated gRNAs, normalized to Scr-CRISPRI. Bars represent means. Kruskal-
Wallis test.

(D) (Left) Single-plane immunoDNA-FISH confocal images (top) with 3D reconstructions (bottom) showing FXN locus (cyan) and nuclear lamina (purple). Regions
in dotted boxes are highlighted at the bottom. (Right) FXN positioning relative to nuclear lamina following transcriptional repression (dCas9-KRAB, CRISPRI) and
transcriptional upregulation (dCas9-VP64, CRISPRa) and indicated regions. See STAR Methods. Kruskal-Wallis test.

(E) (Left) Confocal images of H3K9me2 immunostaining in the indicated conditions. (Right) Peripheral H3K9me2 thickness. Median and minimum/maximum.
Kruskal-Wallis test.

(F) (Left) Schematic illustrating DNA-FISH loci stratification considered localized inside or outside peripheral chromatin if distance from the nuclear lamina (di_amina)
is less than or greater than the H3K9me2 thickness (Dyskemez), respectively. (Right) Percentage of FXN alleles localized inside or outside the peripheral chro-
matin layer.

(G) FXN transcript levels in HCT116 in Scr- and FXN-CRISPRI, normalized to Scr-CRISPRI. Bars represent means. Kruskal-Wallis test.

(H) (Left) FXN immunoDNA-FISH images (top) with 3D reconstructions (bottom). (Right) FXN positioning relative to the lamina in HCT116 cells expressing Scr-
CRISPRI or FXN-CRISPRI. Kruskal-Wallis test.

(I) Percentage of FXN alleles inside and outside of peripheral chromatin in indicated conditions (thickness quantified in Figure S1l).

(J) (Left) Input-normalized (log, ChIP/IP) LMNB1 ChIP-seq in Scr- and FXN-CRISPRI fibroblasts. Black bars indicate LADs. FXN locus highlighted. Green color
bar, local gene expression levels (logoTPM 0-3, RNA-seq, HFFc6). (Middle) Normalized FXN LMNB1 occupancy in Scr- and FXN-CRISPRI. Statistical com-
parisons across all 1 kb bins indicated by the green box, paired Wilcoxon signed-rank test. Effect size (r) = 0.431 (moderate, Rosenthal’s r method). (Right) Delta
mean normalized LMNB1 signal between Scr- and FXN-CRISPRi at FXN or 10,000 random regions matched for length and GC content (1,000 x 10). Scale bars: 5
and 1 pm (insets). Black bars on violin plots, medians.
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but closer than the 20 nonLADs (Figure S1D). In contrast,
CRISPRi-mediated repression repositioned FXN to distances
comparable to those of two regions within the adjacent LAD
(Figures 1D and S1C). Conversely, we forced FXN transcriptional
upregulation by targeting the transcriptional activator VP64
fused to dCas9 (dCas9-VP64, CRISPRa).*® FXN-CRISPRa re-
sulted in an approximately 3-fold increase in transcript levels
but did not lead to a significant change in FXN positioning relative
to Scr-CRISPRa controls (Figures 1D and S1E). Collectively,
these data define a zone in which FXN resides relative to the
nuclear lamina in response to transcriptional repression or
upregulation.

We and others have shown that LADs are enriched for di-
methylation of lysine 9 on histone H3 (H3K9me2) and therefore
use immunofluorescent H3K9me2 signal at the nuclear periphery
as a measure of peripheral chromatin.”*°*° The average depth
of H3K9me2-marked chromatin in Scr- versus FXN-CRISPRi
cells was not statistically different (Figure 1E). Nearly 50% of
FXN alleles were localized within the depth of H3K9me2-marked
peripheral chromatin in FXN-CRISPRI cells, in contrast to 20% in
Scr-CRISPRI control cells (Figure 1F), indicating that an approx-
imate 30% shift in the fraction of FXN alleles at the periphery is
associated with a significant reduction in transcription resulting
from CRISPRI targeting. FXN-CRISPRI did not alter either the
expression of FXN-adjacent genes or the spatial positioning of
loci elsewhere on the same chromosome, supporting a specific
effect of FXN-CRISPRi on FXN repositioning rather than a sec-
ondary consequence of broader disruptions in spatial organiza-
tion (Figures S1F and S1G). Similar to fibroblasts, FXN-CRISPRi
resulted in locus positioning closer to the nuclear periphery and
increased association with H3K9me2-modified peripheral chro-
matin in HCT116 cells (Figures 1G-1l, S1H, and S1l). Thus,
CRISPRi-mediated transcriptional repression leads to FXN repo-
sitioning to the nuclear peripheryin multiple cell types.

To examine changes in the chromatin-lamina landscape, we
performed LMNB1 chromatin immunoprecipitation sequencing
(ChlP-seq) in non-treated control (NTC), Scr-CRISPRi, and
FXN-CRISPRI fibroblasts (Figures S1J and S1K). As expected,
LADs were similar between NTC and Scr-CRISPRi and between
Scr-CRISPRi and FXN-CRISPRI (Figures S1L and S1M). Further-
more, LADs identified in Scr-CRISPRI largely overlapped pub-
lished human fibroblast LMNB1 DamID LADs (Figure S1M).>
LMNB1 ChIP-seq in Scr-CRISPRIi revealed FXN resides adjacent
to a LAD (41 kb away) and is relatively devoid of LMNB1 occu-
pancy (Figure 1J). In line with FXN peripheral repositioning
observed by immunoDNA-FISH, FXN gained LMNB1 occupancy
in FXN-CRISPRi compared with Scr-CRISPRI. This moderate in-
crease was observed even when accounting for signal differ-
ences between the datasets at random genomic regions
(Figure 1J). These results demonstrate that CRISPRi-associated
FXN repositioning to the lamina is accompanied by a statistically
significant increase in LMNB1 occupancy across FXN.

CRISPRi induces transcriptional repression by sterically
blocking RNA polymerase and interacting with KAP1 to recruit
heterochromatin-related silencing factors.*®*" To test whether
FXN peripheral repositioning is a consequence of KAP1-medi-
ated recruitment of silencing factors, we introduced a point mu-
tation into the KRAB A-box (Y46A), shown to abrogate KRAB-
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KAP1 interaction, and measured FXN positioning relative to the
lamina.*>*° Similar to KRAB, KRAB-Y46A recruitment to FXN
significantly reduced transcript levels, FXN repositioned closer
to the nuclear periphery, and more frequently localized within
the H3K9me2-marked peripheral chromatin layer compared
with Scr-CRISPRI controls (Figures 2A and S2A-S2C). We next
targeted dCas9-eGFP alone to FXN to sterically block RNA po-
lymerase using either three FXN-specific gRNAs or no gRNAs
(Figures S2D and S2E).***° dCas9-eGFP-mediated repression
of FXN transcription also resulted in locus repositioning closer
to the periphery, with a greater percentage of alleles localizing
within the depth of H3K9me2-marked chromatin compared
with negative controls (Figures 2B and S2F). Locus heterochro-
matinization may also have contributed to the repositioning
phenotype, and we therefore measured the compaction of
FXN and the surrounding region using DNA-FISH oligo probes
targeting a 750 kb region encompassing the FXN locus. There
was no significant difference in probe volume between Scr-
CRISPRI and FXN-CRISPRI, in contrast to a significant differ-
ence in volume when comparing size-matched LAD and nonLAD
regions (Figures 2C and S2G). We also performed a higher-res-
olution interrogation of locus compaction by super-resolution
OligoSTORM imaging using probes targeting the FXN
gene only (43 kb), and we observed no change in the radius
of gyration of FXN in FXN-CRISPRi cells compared with
Scr-CRISPRi controls, in contrast to a LAD and nonLAD
(Figures 2D and S2H). Finally, we introduced shRNA to reduce
FXN protein to account for the possibility that repositioning re-
sulted from FXN protein depletion or secondary changes in cell
state (Figures S2I and S2J). In shRNA-treated cells, FXN posi-
tioning relative to the lamina mirrored the positioning observed
in empty vector-treated control cells (Figure S2K). Thus, neither
the recruitment of heterochromatin modifiers by KRAB nor the
loss of FXN protein itself can account for the repositioning effect.

Our perturbations resulted in differing levels of transcriptional
repression, which provided an opportunity to determine whether
there is an association between the degree of transcriptional
repression and the change in FXN positioning. We found
a dose-dependent relationship between transcriptional repres-
sion and the change in the distance of FXN from the nuclear lam-
ina (compared with individual controls, Figure 2E). Further sup-
porting this observation, introduction of FXN-CRISPRIi resulted
in a gradual increase in FXN repression over time, accompanied
by a similar shift in locus positioning, moving progressively
closer to the lamina (12, 24, and 48 h compared with 96 h;
Figures S2L-S2N). Collectively, these results support a central
and necessary role for transcription in driving spatial positioning
of FXN relative to the nuclear periphery.

LAD boundary spatial positioning and structural
plasticity are controlled by transcription

To test whether transcription influences the positioning of
LAD boundary genes beyond FXN, we first integrated publicly
available human fibroblast expression datasets with LAD
boundaries identified in NTC fibroblasts. 53% of all LAD
boundaries are flanked by an expressed gene (n = 3,663,
TPM > 1, within 100 kb; Figure 3A). Reciprocally, thousands
of expressed protein-coding genes are within 100 kb of a
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sufficient to relocalize FXN to the nuclear
xxxx lamina

(A) (Left) FXN immunoDNA-FISH with 3D recon-
struction insets and (right) quantification of FXN
positioning relative to the lamina in dCas9-
KRAB-Y46A fibroblasts expressing indicated
gRNAs. Kruskal-Wallis test.
(B) (Left) FXN immunoDNA-FISH with 3D recon-
struction insets and (right) quantification of FXN
positioning relative to the lamina in dCas9-EGFP
fibroblasts expressing FXN gRNAs or no gRNAs.
Kolmogorov-Smirnov test.
(C) (Left) Representative immunoDNA-FISH im-
ages using probes spanning a 750 kb region en-
compassing FXN with 3D reconstruction inset and
(right) associated probe volume quantification in
dCas9-KRAB ——MMM—— indicated conditions. Kruskal-Wallis test.
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Figure 3. LAD boundary genes are sensitive to transcription-mediated changes in spatial positioning

(A) Number of LAD boundaries identified by LMNB1 ChlP-seq in NTC fibroblasts with expressed genes within specified distances from boundary (TPM > 1, HFFc6
RNA-seq: 4DNESFH3EHTU).

(B) Number of genes with indicated expression located within specified distances of a LAD boundary (NTC fibroblast LMNB1 ChlIP-seq, HFFc6 RNA-seq).

(C) Schematic of CRISPRIi- or CRISPRa-targeted regions relative to LADs and LAD boundaries, data in indicated panels.

(D) (Left) LMNB1 ChlP-seq tracks showing LAD boundary gene locations (highlighted) in NTC fibroblasts. Color bar is local gene expression (log,TPM 0-3). Black
bars indicate LADs.

(E) (Left) Representative immunoDNA-FISH and 3D reconstruction insets showing each LAD boundary gene and the nuclear lamina. (Right) Gene positioning
relative to the lamina in NTC and locus-specific CRISPRi conditions. Kolmogorov-Smirnov test.

(F) (Left) LMNB1 ChIP-seq at LAD distal genes (highlighted). Color bar is local gene expression (log,TPM 0-3). Black bars indicate LADs.

(legend continued on next page)
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S3F). CRISPRi-mediated transcriptional repression of GNB2
and MRPL43 led to no change in the positioning of each
locus relative to the lamina compared with NTC cells
(Figures 3G, S3E, and S3F). To exclude the possibility that
the positional changes are a consequence of dCas9-KRAB
targeting independent of transcriptional repression, we tar-
geted CRISPRI to two LAD boundaries devoid of annotated
genes (Figures S3G and S3H). gRNAs targeting these regions
were validated by confirming successful Cas9 recruitment and
double-strand break formation, as assessed by Tracking of In-
dels by DEcomposition (TIDE) (Figure S3I).*” Notably,
CRISPRI targeting these two gene-void LAD boundaries did
not alter their positioning compared with Scr-CRISPRI, indi-
cating that LAD boundary gene repositioning is a conse-
quence of transcriptional repression and not a secondary ef-
fect of dCas9-KRAB occupancy (Figure 3H). Together, these
findings demonstrate that LAD boundary proximity confers
susceptibility to transcriptional repression-mediated periph-
eral repositioning.

Given this finding, that LAD boundary-proximal gene
transcription is necessary to maintain positioning away from
the nuclear periphery, we sought to reciprocally test whether
transcription is sufficient to reposition an internal LAD boundary
gene from the nuclear periphery to the nuclear interior.
CRISPRa-mediated forced transcriptional activation of
HOOKT1, a LAD gene approximately 50 kb internal to a LAD
boundary, repositioned the locus away from the nuclear periph-
ery, consistent with previous publications (Figures 3l, S3J,
and S3K).38'39'48_50

Taken together, our data support a model in which transcrip-
tion can drive the spatial positioning of LAD boundaries relative
to the nuclear lamina and raises the possibility that transcription
can also demarcate the location of new LAD boundaries along
chromatin. To test this possibility, we mined our LMNB1 ChIP-
seq data to examine the lamina-chromatin interaction changes
effected by FXN transcriptional repression. Intriguingly, FXN-
CRISPRI led to a spread of LMNB1 occupancy across FXN
(Figure 1J), but we did not observe a corresponding increase in
LMNB1 occupancy across the next actively transcribed gene,
TJP2 (Figure 3J). Consistent with this, TUP2 remained positioned
away from the periphery in both Scr- and FXN-CRISPRi condi-
tions, mirroring the positioning of FXN in Scr-CRISPRI controls
(Figure 3K). This suggests that the spread of LMNB1 into the
adjacent nonLAD region following FXN transcriptional repres-
sion-mediated boundary disruption may be halted by the tran-
scriptional activity of the next active gene, consistent with a
recent study.®’ We therefore directly tested this possibility by
simultaneously repressing FXN and TJP2 with CRISPRi and
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found TJP2 repositioned closer to the lamina, closely resembling
the positioning of FXN upon transcriptional repression and
the LAD upstream of FXN in controls (Figure 3K compared
with Figures 1D and S3L-S3N). These findings demonstrate
that active transcription proximal to a disrupted LAD boundary
can demarcate the location of new boundaries and direct the
positioning of genes in relation to the nuclear lamina, establish-
ing a role for transcription in conferring LAD boundary structural
and positional plasticity.

Dissecting the role of cohesin-transcription dynamics
on FXN positioning

We next investigated the mechanisms by which transcriptional
repression leads to changes in LAD boundary plasticity. Similar
to LAD boundaries, TAD boundaries are dynamic, and their
disruption by boundary bypass can result in local gene expres-
sion changes.®>®* Cohesin activity regulates TAD boundary
location, strength, and plasticity."®'>'%°® Gomparison of TADs
identified in human fibroblasts with NTC fibroblast LADs showed
1,859 shared TAD/LAD boundaries, consistent with previous re-
ports (Figure S4A).?>?3°% Of these shared boundaries, 64%
feature at least one transcriptionally active gene within 100 kb,
including FXN (n = 1,181, TPM > 1; Figure S4A). Genome-wide
occupancy of the core cohesin subunit RAD21 demonstrated
81% of LAD/TAD boundaries overlap at least one RAD21 peak
(n =1,497; Figure S4A). RAD21 ChlP-seq showed RAD21 occu-
pancy at the FXN promoter in Scr-CRISPRI, which was redistrib-
uted across the locus in FXN-CRISPRI (Figure S4B). Given the
role of cohesin in regulating TAD boundary plasticity and the co-
hesin redistribution following transcriptional repression, we
tested whether cohesin influences transcriptional repression-
mediated FXN repositioning. FXN-CRISPRi was repeated with
concurrent shRNA depletion of NIPBL, a factor that facilitates
cohesin loading and translocation, or RAD21 (Figures S4C,
S4D, S4F, and S4G).'"°"°° Strikingly, depletion of either
NIPBL or RAD21 prevented CRISPRi-mediated FXN peripheral
repositioning and association with H3K9me2-marked chro-
matin, despite transcriptional repression (Figures 4A, 4B, S4G,
and S4H). This effect was not limited to FXN; simultaneous
CRISPRI and NIPBL depletion also prevented the repression-
associated repositioning of C9orf72, another transcriptionally
active LAD boundary gene with RAD21 occupancy (Figures
S41-S4L). Simultaneous depletion of WAPL, a factor that pro-
motes cohesin unloading and whose loss leads to increased co-
hesin levels on chromatin and processivity, '*'9¢°-%? did not lead
to further FXN positioning closer to the lamina upon FXN-
CRISPRI, likely because FXN was already peripherally posi-
tioned (Figures 4A, 4B, S4E, S4F, and S4H).

(G) (Left) ImmunoDNA-FISH and 3D reconstruction insets showing LAD distal genes and the lamina. (Right) Gene positioning relative to the lamina in NTC and
locus-specific CRISPRi conditions. Mann-Whitney or Kolmogorov-Smirnov tests.

(H) Positioning of two LAD boundaries devoid of genes relative to the lamina in the indicated conditions. Mann-Whitney test.

() (Left) LMNB1 signal at HOOK1, an internal LAD boundary gene (highlighted) from HFFc6 LMNB1 DamID and Scr-CRISPRi LMNB1 ChIP-seq. Black bars
indicate LADs. (Right) HOOK positioning in indicated conditions. Kolmogorov-Smirnov test.

(J) (Left) LMNB1 ChIP-seq from Scr- and FXN-CRISPRI fibroblasts (TUP2, highlighted). Black bars indicate LADs. (Middle) Normalized TJP2 LMNB1 occupancy in
indicated conditions. Statistical comparisons across all 1 kb bins across the region indicated by the gray box were made using the paired Wilcoxon signed-rank
test. Effect size (r) = 0.362 (moderate, Rosenthal’s r method). (Right) Delta mean normalized LMNB1 signal between Scr- and FXN-CRISPRi at TJP2 or 10,000
random regions matched for length and GC content (1,000 x 10). (K) TJP2 positioning relative to the lamina in FXN-CRISPRi or FXN- and TJP2-CRISPRI. Kruskal-

Wallis test. Scale bars: 5 and 1 um (insets). Black bars on violin plots, medians.
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Because cohesin-mediated alterations in TAD boundary
structure reduce insulation and increase inter-TAD interac-
tions,**%%5* we asked whether transcriptional repression-
induced LAD boundary gene peripheral repositioning similarly
alters interactions between adjacent LAD-nonLAD regions.
Human fibroblast Micro-C datasets revealed two domains prox-
imal to FXN: a 442 kb TAD overlapping the LAD upstream of FXN
and a 185 kb TAD overlapping the nonLAD in which FXN resides
(Figure S5A). To assess interaction changes across this inter-
face, we performed DNA-FISH utilizing probes targeting FXN
(cyan), the upstream LAD/TAD (“upstream LAD,” yellow), and
the nonLAD/TAD in which FXN resides (“downstream nonLAD,”
magenta; Figure S5A) and measured the inter-probe distances, a
proxy for interaction frequency.®® Consistent with Micro-C, FXN
was closer to the downstream nonLAD than the upstream LAD in
NTC fibroblasts (Figure S5B). CRISPRi-mediated transcriptional
repression significantly reduced the distance between the up-
stream LAD and downstream nonLAD, indicating increased
LAD-nonLAD interactions, and this was normalized by simulta-
neous NIPBL depletion (Figure S5C). Therefore, transcriptional
repression disrupts LAD boundary positioning and local higher-
order chromatin interactions in a cohesin-dependent manner.

We sought to understand how cohesin causes transcriptional
repression-mediated LAD boundary repositioning. CTCF inter-
acts with cohesin to limit its movement along DNA and is en-
riched at LAD and TAD boundaries.®'"*"" CTCF depletion
did not prevent CRISPRi-mediated FXN repositioning to the nu-
clear periphery (Figures S5D-S5F). CTCF depletion alone in NTC
fibroblasts also resulted in no significant effect on FXN
positioning relative to the lamina and minor changes in FXN
expression (Figures S5G-S5I). H3K9me2 is enriched on lam-
ina-associated chromatin, and H3K9me2 ChiIP-seq in NTC fibro-
blasts confirmed enrichment across LADs (Figures S5J and
S5K)."292372 As with LMNB1, H3K9me2 enrichment modestly
increased across FXN following CRISPRi compared with NTC
controls (Figure S5K). However, simultaneous NIPBL depletion
with FXN-CRISPRi showed sustained H3K9me2 enrichment
across FXN versus random genomic regions and compared
with NTC controls, despite FXN failing to reposition to the lamina
(Figure S5K). Thus, transcriptional repression-induced changes
in LAD boundary positioning cannot be clearly linked to CTCF
or H3K9me2 enrichment.

Cohesin mediates genome folding via ATP-dependent loop
extrusion, shown to be promoted by NIPBL.'”'®2%72 Given our
data that NIPBL depletion prevents CRISPRi-associated peri-
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pheral repositioning, we focused on the role of cohesin motor
activity. Loop extrusion is driven by the ATPase activity of
cohesin subunits SMC1 and SMC3 (structural maintenance of
chromosomes).”* Mutations in the Walker domain of SMC3
(K38A) permit cohesin loading onto chromatin but diminish
ATP binding and hydrolysis, thereby attenuating loop extrusion
activity.”*’®> Co-expression of SMC3-WT or SMC3-K38A in
Scr-CRISPRI cells did not significantly alter FXN positioning, as
assessed by distance to the lamina or by the fraction of alleles
within the H3K9me2 layer, relative to Scr-CRISPRi. However,
expression of SMC3-K38A, but not SMC-WT, in FXN-CRISPRi
cells prevented FXN localization to the nuclear lamina and re-
sulted in FXN distance to the lamina and percentage of alleles
in peripheral heterochromatin similar to those observed in Scr-
CRISPRI (Figures 4C, 4D, S5L, and S5M). These data demon-
strate that cohesin-mediated loop extrusion is required for tran-
scriptional repression-mediated LAD boundary repositioning.
These findings prompted us to more broadly investigate how
cohesin activity and transcription are integrated to dictate LAD
boundary gene positioning relative to the lamina under physio-
logical conditions. To address this, we systematically modulated
cohesin activity and transcription in NTC fibroblasts and as-
sessed the effects on FXN positioning. NIPBL or RAD21 deple-
tion had no significant effect on FXN positioning and produced
only modest changes in expression compared with non-target-
ing scramble shRNA controls (shSCR; Figures 4E, 4F, SG6A,
and S6B). These results further demonstrated that CRISPRIi-
mediated repositioning cannot be attributed to cohesin
displacement by CRISPRi or reduced cohesin activity. In
contrast, WAPL depletion was sufficient to drive FXN to the nu-
clear periphery and significantly reduce FXN expression
compared with shSCR controls (Figures 4E, 4F, S6A, and
S6B). Importantly, there was no change in WAPL expression
upon FXN-CRISPRI (Figure S6C). We next asked whether forced
transcriptional activation could counteract this cohesin-medi-
ated repositioning. As expected, WAPL depletion combined
with non-targeting CRISPRa gRNAs resulted in FXN repression
and peripheral localization. Strikingly, in cells expressing
FXN-CRISPRa and shWAPL, FXN positioning was maintained
away from the lamina despite elevated cohesin activity, demon-
strating that forced transcriptional activity counteracts overac-
tive cohesin-mediated peripheral repositioning (Figures 4G,
4H, S6D, and S6E). Together, our data support a model in
which cohesin and transcription function as tunable molecular
rheostats that jointly set the steady-state position of FXN

Figure 4. Cohesin and transcriptional activity drive FXN positioning

(A) (Left) FXN immunoDNA-FISH and 3D reconstruction insets and (right) FXN positioning relative to the nuclear lamina in FXN-CRISPRi with simultaneous

shNIPBL, shRAD21, or shWAPL. Kruskal-Wallis test.
(B) Percentage of FXN alleles within peripheral H3K9me2 chromatin.

(C) (Left) FXN immunoDNA-FISH and 3D reconstruction insets. (right) FXN positioning relative to the lamina following introduction of SMC3 or SMC3-K38A, with or

without FXN-CRISPRI. Kruskal-Wallis test.

(
(
(
(
(H) Percentage of FXN alleles within peripheral H3K9me2 chromatin.
(

D) Percentage of FXN alleles within peripheral chromatin in indicated conditions.

E) FXN positioning relative to the nuclear lamina in indicated shRNA-treated fibroblasts. Kruskal-Wallis test.
F) Percentage of FXN alleles within peripheral H3K9me2 chromatin in indicated conditions.

G) FXN positioning relative to the lamina upon FXN-CRISPRa with shSCR or shWAPL Kruskal-Wallis test.

1) Cohesin and transcription are tunable molecular rheostats; adjusting the activity of either defines the positioning of

FXN relative to nuclear lamina. Scale bars: 5 pm, 1 pm (insets). Black bars on violin plots, median distances.
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Figure 5. RAD21 loss rescues transcriptional repression-mediated changes at a subset of LAD boundaries

(A) (Top) Input-normalized, log,-transformed, LMNB1 ChIP-seq tracks at representative triptolide-sensitive, RAD21-dependent boundaries (highlighted).
HCT116-mAID-RAD21 cells were treated with vehicle (DMSO), triptolide (200 nM, 12 h), or triptolide and an auxin analog (1 uM, 13 h). Black bars indicate LADs.
Local genes are indicated as bars at the top. (Right) Sankey plot stratifying triptolide-sensitive boundaries, and of those, which are RAD21-dependent or -in-

dependent. (B-D) Analyses of indicated LAD boundary subtypes.

(B) Statistical analysis between indicated conditions (vehicle: triptolide or triptolide:triptolide+auxin) at LAD boundaries from three indicated categories (x axis:
distance relative to boundary; y axis: corrected p value). Gray box indicates p > 0.05.
(C) LMNB1 occupancy at indicated boundary types, Right LAD boundary is shown.

(D) Aggregate contact maps from control and actinomycin D-treated cells at the indicated LAD boundary subtypes. Hi-C data, from Almassalha et a

relative to the lamina. Loss of transcriptional activity or overacti-
vation of cohesin (via WAPL depletion) is sufficient to drive the
FXN locus to the nuclear periphery. Reciprocal tuning of the
opposing process rescues FXN spatial positioning in either
case (Figure 41).

Genome-wide analysis reveals cohesin- and
transcription-dependent LAD boundary plasticity

To better appreciate the full scope of the transcription-cohesin
interplay governing LAD boundary plasticity, we turned to a
genome-wide approach. We performed LMNB1 ChlIP-seq in
RAD21-mAID-HCT116 cells to map LADs in the presence of
the transcriptional inhibitor triptolide or DMSO (vehicle) and in
the absence of RAD21. In these cells, the carboxy-terminus of
endogenous RAD21 is fused to a mini auxin-inducible degron
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tag, allowing rapid and near-complete RAD21-specific degrada-
tion (Figure S6F).”® Triptolide administration (12 h, 200 nM)
significantly abrogates global transcriptional activity, consistent
with previous reports (Figure S6G).”” LADs identified by LMNB1
ChlIP-seq in vehicle-treated cells largely overlapped with LADs
from publicly available LMNB1 DamiID in HCT116 cells
(Figures S6H and S6l). Intriguingly, we noted examples of the
spread of LMNB1 into the adjacent nonLAD following triptolide,
similar to our observations at FXN (Figures 1J, 5A, and S6J).
Of the 3052 LAD boundaries identified in the vehicle, 38%
demonstrated a significant spread of LMNB1 occupancy into
the adjacent nonLAD in triptolide-treated cells (hereafter “tripto-
lide-sensitive,” n = 1,152; Figures 5A-5C and S6J; see STAR
Methods). To determine the role of cohesin in the shifting of
these sensitive boundaries, we mapped LADs following
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Figure 6. Transcriptionally repressed FXN in FRDA is positioned at the nuclear lamina by cohesin

(A) Schematic illustrating GAA nucleotide repeat within FXN’s first intron in FRDA fibroblasts and hiPSCs (top) or NTC fibroblasts and isogenic corrected (Corr.)
hiPSCs (bottom). The approximate reported number of GAA repeats associated with each cell type is indicated.

(B) FXN transcript levels in NTC and FRDA fibroblasts, normalized to levels in NTC. Bars represent means. Kolmogorov-Smirnov test.

(C) (Left) FXN immunoDNA-FISH and 3D reconstruction insets and (middle) FXN positioning relative to the lamina in NTC and FRDA fibroblasts. Mann-Whitney
test. (Right) Percentage of FXN alleles localized within the peripheral H3K9me2 layer (thickness quantified in Figure SEM).

(D) FXN transcript levels in Corr. and FRDA hiPSCs, normalized to Corr. hiPSCs. Bars represent means. Unpaired t test.

(legend continued on next page)

Molecular Cell 86, 1911-1930, May 21, 2026 1921



¢? CellPress

OPEN ACCESS

triptolide treatment with RAD21 degradation (1 pM auxin analog
5-phenyl-indole-3-acetic acid [5-Ph-IAA], 13 h; Figure S6F).
Simultaneous RAD21 degradation significantly attenuated
LMNB1 spreading in nearly 41% of triptolide-sensitive bound-
aries (“RAD21-dependent,” n = 471; Figures 5A-5C). RAD21
ChlP-seq demonstrated differences in RAD21 occupancy be-
tween vehicle and triptolide conditions, consistent with our re-
sults comparing Scr- with FXN-CRISPRI (Figures S4B and
S6K). In addition, the time scale of these experiments suggests
that transcription-mediated LAD boundary shifts are unlikely to
be meaningfully affected by the cell cycle, given the approxi-
mately 17-h doubling time of HCT116 cells.”®

Based on these findings, we asked whether extension of
triptolide-sensitive LAD boundaries also resulted in altered
interactions between surrounding regions. We mined recently
published Hi-C datasets from HCT116 cells in which transcrip-
tion was inhibited (actinomycin D, 4 pM, 1 h) and found that
transcriptional inhibition in these cells resulted in a greater
loss of interaction across the triptolide-sensitive, RAD21-
dependent boundaries relative to that observed at triptolide-sen-
sitive, RAD21-independent and triptolide-insensitive boundaries
(Figure 5D).”° These genome-wide analyses demonstrate that
the cohesin-transcription interplay governs the structural
plasticity of hundreds of LAD boundaries.

Transcriptionally repressed FXN in FRDA is positioned
at the nuclear lamina by cohesin

Finally, we extended our mechanistic findings to a physiologi-
cally relevant context. FRDA is associated with a biallelic GAA
trinucleotide repeat hyperexpansion in the first intron of FXN
(Figure 6A).2° Hyperexpanded GAA repeats form DNA second-
ary structures and alter local histone modifications that disrupt
RNA polymerase loading and processivity, leading to a patho-
genic reduction of FXN transcription.?’®” The resultant loss of
FXN protein causes devastating cardiac and neurologic pathol-
ogies, and clinical severity is directly correlated with the degree
of FXN transcriptional repression.®®°° Therefore, strategies
aimed at increasing FXN transcript levels offer promising but un-
derdeveloped therapeutic approaches.’’* FRDA provided an
opportunity to study the relationship between transcriptional
repression and FXN positioning independent of CRISPRi. We
procured human fibroblasts derived from an FRDA patient and
confirmed reduced FXN transcript levels compared with NTC
fibroblasts (790/1,357 and <60/<60 GAA repeats per allele,

Molecular Cell

respectively; Figures 6A and 6B).°> FXN repression in FRDA
fibroblasts is approximately 25% of NTC controls, comparable
with that measured following KRAB-Y46A targeting to FXN
(Figure S2B). As expected, transcriptional repression in FRDA
cells corresponds with decreased FXN protein (Figure S6L).
Consistent with a previous study showing the peripheral localiza-
tion of a repeat-expanded FXN locus on an artificial construct,
pathogenic FXN repression in FRDA fibroblasts is associated
with FXN positioning at the nuclear periphery and a greater asso-
ciation with peripheral H3K9me2-marked chromatin compared
with NTCs (Figures 6C and S6M).° ChIP-seq revealed compara-
ble genome-wide LMNB1 occupancy between NTC and
FRDA fibroblasts; however, LMNB1 occupancy is significantly
increased across FXN in FRDA compared with NTC cells, mirror-
ing FXN-CRISPRi compared with Scr-CRISPRi (Figures SEN and
S60). We noted no significant difference in the positioning of
other loci on different chromosomes between NTC and FRDA
fibroblasts by DNA-FISH or in FXN compaction between condi-
tions by OligoSTORM (Figures S6P and S6Q).

Mirroring our data in fibroblasts, FXN transcriptional repres-
sion in FRDA human induced pluripotent stem cells (hiPSCs)
correlates with FXN positioning closer to the nuclear periphery
and more frequent association with peripheral H3K9me2-
marked chromatin compared with isogenic corrected hiPSCs
(Figures 6D, 6E, and S7A-S7D).?%°” Moreover, CRISPRI target-
ing to FXN in the corrected hiPSCs was sufficient to relocalize the
corrected FXN allele to the nuclear periphery (Figures 6F, 6G,
S7D, and S7E). Despite differences in the spatial positioning of
all FXN alleles between FRDA and NTC or corrected cells (as
determined by immunoDNA-FISH), immunoRNA-FISH revealed
that actively transcribing alleles were consistently located farther
from the nuclear lamina and not significantly different between
FRDA and NTC cells (Figures S7TF-S7H). These findings demon-
strate that both biological and experimental transcriptional
repression of the boundary gene FXN leads to locus peripheral
repositioning. More broadly, these experiments indicate FXN
transcriptional repression in multiple FRDA cell types drives
improper FXN repositioning to the nuclear periphery.

Building upon our findings in NTC fibroblasts, where FXN posi-
tioning is dictated by the relative balance between cohesin and
transcription, we asked whether the same interplay governs
FXN positioning in FRDA. We first verified cohesin occupancy
across the FXN locus in FRDA fibroblasts (Figure S71). Forced
transcription of a peripherally localized LAD gene (HOOKT)

(E) (Left) FXN immunoDNA-FISH and 3D reconstruction insets and (right) FXN positioning relative to the nuclear lamina in Corr. and FRDA hIPSCs. Kolmogorov-

Smirnov test.

(F) FXN transcript levels in Scr- and FXN-CRISPRI in Corr. hiPSCs. Bars represent means. Unpaired t test, Welch correction.
(G) (Left) FXN immunoDNA-FISH and 3D reconstruction insets and (right) FXN positioning relative to the lamina in Corr. hiPSCs expressing Scr- or FXN-CRISPRI.

Mann-Whitney test.

(H) FXN positioning relative to the nuclear lamina in scr- or FXN-CRISPRa and associated H3K9me2-based stratification. Kolmogorov-Smirnov test.

() (Left) FXN immunoDNA-FISH and 3D reconstruction insets and (middle) FXN positioning relative to the nuclear lamina upon FXN-CRISPRa with simultaneous
shSCR or shWAPL. Kruskal-Wallis test. (Right) Percentage of FXN alleles within H3K9me2 heterochromatin.

(J) (Left) FXN immunoDNA-FISH and 3D reconstruction insets and (middle) FXN positioning relative to the nuclear lamina in FRDA fibroblasts treated with shNIPBL
or shSCR. Kolmogorov-Smirnov test. (Right) Percentage of FXN alleles localized inside or outside the peripheral H3K9me2-marked chromatin (thickness

quantified in Figure S6M).

(K) FXN transcription in FRDA fibroblasts following shNIPBL relative to shSCR (qRT-PCR). Bars represent means. Unpaired t test, Welch correction.
(L) Immunoblot showing FXN levels in shNIPBL and shSCR FRDA cells and GAPDH-normalized quantification. Bars represent means. Unpaired t test. Scale bars:

5 and 1 pm (insets). Black bars on violin plots, medians.
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Figure 7. Transcription and cohesin tune LAD boundary gene positioning relative to the nuclear lamina

Transcription and cohesin activity act as molecular rheostats that tune LAD boundary gene structural plasticity and spatial positioning. Loss of transcriptional
activity or increasing cohesin activity is sufficient to drive FXN to the nuclear periphery. Reciprocal tuning of the opposing process rescues FXN spatial positioning
in either case. FRDA molecular pathology arises, in part, from an imbalance between the transcriptional activity and cohesin dynamics that govern LAD boundary
gene positioning. Pathologic repression of FXN skews the system toward cohesin-directed positioning at the nuclear lamina, whereas retuning either tran-
scription or cohesin activity is sufficient to restore positioning, with cohesin depletion additionally rescuing FXN expression.

was sufficient to drive its displacement from the lamina
(Figure 3l). Similarly, CRISPRa-mediated transcriptional activa-
tion of FXN forced the locus away from the lamina in FRDA fibro-
blasts (Figures 6H, S7J, and S7K). Moreover, simultaneous
enhancement of cohesin levels on chromatin via WAPL depletion
blocked this transcriptional activation-driven movement, thus
maintaining FXN at the lamina (Figures 61 and S7L-S7M).
WAPL depletion had minimal effects on FXN positioning in
FRDA fibroblasts compared with controls (Figure 6l).
Conversely, our findings demonstrating the necessity of
cohesin in transcriptional repression-associated FXN peripheral
positioning raise the possibility that cohesin may maintain
peripherally localized FXN in FRDA and predict that reducing co-
hesin activity may partially normalize positioning (Figures 4A and
4B). We confirmed NIPBL depletion reduced chromatin-bound
RAD21 in FRDA fibroblasts (Figures S7N-S7P). Strikingly,
NIPBL depletion in FRDA fibroblasts led to FXN repositioning
away from the nuclear periphery and less frequent association
with H3K9me2-marked peripheral chromatin relative to shSCR
controls (Figure 6J). Moreover, this repositioning of the patho-
genic locus to the nuclear interior resulted in a nearly 2-fold
statistically significant increase in FXN transcript and FXN pro-
tein levels compared with shSCR controls in FRDA cells
(Figures 6K and 6L). NIPBL depletion in NTC fibroblasts did not
affect FXN expression, indicating an FRDA-specific effect
(Figures S7Q and S7R). Therefore, we reason that the release
of FXN from the periphery in FRDA cells by NIPBL depletion
most likely underlies the increase in its transcriptional activity.
Furthermore, consistent with our previous results, we observed
a maintenance of H3K9me2 enrichment across FXN following
shNIPBL-mediated internal repositioning, suggesting local levels
of H3K9me2 are unlinked to FXN positioning across the experi-
mental conditions (Figure S7S). Collectively, our data demon-
strate that FRDA molecular pathology arises, in part, from an
imbalance between the transcriptional activity and cohesin dy-
namics that govern LAD boundary gene positioning. Pathologic
repression of FXN skews the system toward cohesin-directed
positioning at the nuclear lamina, whereas retuning either tran-

scription or cohesin activity is sufficient to restore positioning,
with cohesin depletion additionally rescuing FXN expression.
These findings support a rheostat-like model in which dysregu-
lated LAD boundary organization is both a driver of disease pa-
thology and a tractable target for correction (Figure 7).

DISCUSSION

The 3D structure of the genome cannot simply be considered a
static framework but rather is likely a dynamic and flexible entity,
capable of varying across cell types and of adapting in response
to stimuli. However, the mechanisms that endow the genome
with plasticity remain elusive. Boundaries of genome organiza-
tional units have been implicated as important sites of genome
variability and, accordingly, as critical areas of gene regulation.
Here, using endogenous, locus-specific perturbations coupled
with single-cell spatial measurements and genome-wide interro-
gations, we systematically modulate transcription and cohesin in
multiple directions. We demonstrate that transcription and cohe-
sin activity at LAD boundaries jointly act as tunable, rheostat-like
determinants of LAD boundary integrity and spatial positioning.
Moreover, we show that this mechanism is hijacked, but correct-
able, in human disease (Figure 7). In FRDA, re-tuning this balance
can reposition the silenced locus to the nuclear interior and
partially normalize FXN transcript and protein levels, the primary
drivers of disease. Leveraging gain- and loss-of-function ap-
proaches and comprehensive locus-resolved dissections, our
study merges previously segregated regulatory mechanisms,
revealing that an established regulator of TAD organization and
transcription intersects to instruct LAD boundary plasticity.
Several mechanisms may explain the functional antagonism
we observed between transcription and cohesin. First, RNA po-
lymerase and the related machinery may act as a physical barrier
to cohesin. SMC proteins can bypass dCas9 and RNA polymer-
ase in in vitro experiments®®%; however, the diverse composi-
tions of megadalton transcriptional complexes may present a
more substantial physical barrier in vivo. Second, nascent
RNA—the product of transcription—may limit cohesin activity
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or displace cohesin from chromatin. STAG proteins interact with
RNA independently of cohesin, and cohesin can associate with
splicing factors.’®*'°" However, the biochemical basis for RNA
serving as a barrier to cohesin translocation remains unclear.
Third, both transcription and cohesin induce DNA supercoiling,
and SMC activity is sensitive to DNA tension, raising the possibil-
ity for localized high levels of DNA torsion to act as a functional
barrier by attenuating cohesin activity.'%>'%% A similar mecha-
nism was recently demonstrated, showing that CTCF insulator
function depends on DNA tension in vitro.*® Local variations in
chromatin tension can also be influenced by the DNA sequence
itself, as observed with nucleotide repeats such as those in
FRDA."%* Importantly, these mechanisms need not be mutually
exclusive and may be interdependent.

Our findings demonstrate that forced transcriptional activa-
tion and NIPBL depletion are sufficient to reposition the
endogenous, hyperexpanded FXN locus away from the
nuclear lamina in FRDA fibroblasts. These results raise an
important question regarding the temporal relationship be-
tween polymerase loading, transcriptional activation, and lo-
cus repositioning. One possibility is that FXN must disengage
from the nuclear periphery prior to polymerase loading and
transcriptional activation, consistent with the view of the nu-
clear periphery as an environment refractory to transcrip-
tion.'%® Alternatively, polymerase loads onto peripherally
sequestered chromatin, with transcription activation occurring
subsequent to locus repositioning. A third possibility is that
polymerase loading and transcription initiation can occur at
the lamina itself in physiologic conditions, with locus move-
ment occurring after transcription is established, challenging
the prevailing paradigm that the nuclear lamina is intrinsically
inhospitable to transcription. These further raise the question
of whether transcriptional repression at the nuclear lamina is
driven by spatial positioning or instead reflects a structural
constraint imposed by genome folding. Our data suggest
that cohesin may actively contribute to the transcriptionally
repressive nature of LADs by stabilizing chromatin configura-
tions unfavorable to polymerase loading and transcription. In
this framework, repression would arise not from proximity to
the lamina but from cohesin-dependent genome architecture
at the periphery. Such a model is consistent with our data
showing that reducing cohesin activity partially restores tran-
scription and repositions FXN away from the lamina. Discrim-
inating amongst these models will require direct, super-resolu-
tion dissection of polymerase dynamics, spatially resolved
transcriptional bursting, and locus-specific positioning upon
cohesin and transcription perturbations.

Our analyses reveal that over 15% of all LAD boundaries (471
of 3,052) are regulated by a transcription-cohesin paradigm,
providing a foundation for identifying additional instances where
changes in genome function can shape organizational bound-
aries. FXN pathogenic repression, which underlies the etiology
of FRDA, provided an opportunity to investigate the interplay be-
tween transcription and LAD boundary positioning in disease,
and several other genes related to nucleotide repeat disorders
reside at organizational boundaries. In FRDA, the GAA expan-
sion triggers multiple pathways that culminate in transcriptional
repression.®#1957199 Transcriptional repression promotes repo-
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sitioning to the nuclear lamina, but restoring positioning of the
endogenous, hyperexpanded locus also partially restores FXN
expression. This suggests that peripheral positioning may rein-
force long-term pathological silencing of the locus, particularly
in post-mitotic cardiomyocytes and neurons.''®"'"® New thera-
peutic strategies remain a focus for the FRDA community, with
genome editing providing an exciting avenue for patients.
Genome-editing machinery is less effective at penetrating het-
erochromatin.”'*~"'" Therefore, it will be exciting to explore
whether repositioning the FXN locus to a more favorable environ-
ment in FRDA models enhances FXN expression or the efficacy
of gene editing approaches. While we studied FRDA, several
genes implicated in nucleotide repeat disorders have been
shown to reside at organizational boundaries."'®

Together, our findings suggest that genome function is not
merely a consequence of nuclear architecture but an active,
dynamic force that directs the structural plasticity of organiza-
tional boundaries. While this plasticity is essential for cellular
diversity, its sensitivity to transcriptional changes also makes
it vulnerable to disruption, providing a pathway for disease
pathogenesis.

Limitations

Our conclusions regarding cohesin redistribution are based on
RAD21 ChlIP-seq, which provides ensemble occupancy and
cannot resolve single-molecule kinetics. As a result, our
data cannot distinguish between potential kinetic mecha-
nisms, such as random versus specific movement, altered
residence time, altered loading frequency, or pausing, that
could underlie the changes in cohesin occupancy. Addition-
ally, the loop-extrusion mutant experiments were performed
expressing SMC3-K38A in the presence of endogenous
SMC3. Although the loop extrusion mutant phenocopies co-
hesin loss-of-function, we cannot exclude partial complemen-
tation by endogenous complexes or dosage effects inherent
to exogenous expression. Lastly, while we established mech-
anistic relationships in human fibroblast and iPSC models, it
will be key to extend these findings to an in vivo FRDA model
harboring the repeat expansion in the endogenous locus.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Cas9 (S.pyogenes) CST Cat#14697;RRID: AB_2750916
Rabbit polyclonal anti-p-Actin CST Cat#4967;RRID: AB_330288
Rabbit monoclonal anti-GAPDH CST Cat#2118;RRID: AB_561053

Rabbit polyclonal anti-FXN Abcam Cat#ab175402;RRID: AB_2935904
Rabbit polyclonal anti-GFP Abcam Cat#ab290;RRID: AB_303395
Rabbit polyclonal anti-RAD21 Abcam Cat#ab992;RRID: AB_2176601
Mouse monoclonal anti-RAD21 Millipore Cat#05-908;RRID: AB_11214315
Rabbit polyclonal anti-Histone 3 Abcam Cat#ab1791;RRID: AB_302613
Rabbit monoclonal anti-CTCF CST Cat#3418;RRID: AB_2086791
Rabbit monoclonal anti-SMC3 CST Cat#5696;RRID: AB_10705575
Rabbit monoclonal anti-RBMX CST Cat#14794;RRID: AB_2798614
Mouse monoclonal anti-NIPBL SCBT Cat#sc374625;RRID: AB_10989775
Mouse monoclonal anti-WAPL SCBT Cat#sc365189;RRID: AB_10708870
Mouse monoclonal anti-hnRNPL SCBT Cat#sc32317;RRID: AB_627736
Rabbit polyclonal anti-LaminB1 Abcam Cat#16048;RRID: AB_443298
Rabbit polyclonal anti-H3K9me2 Active Motif Cat#39239;RRID: AB_2793199
Mouse monoclonal anti-OCT4 Millipore Cat#MAB4419;RRID: AB_1977399
Mouse monoclonal anti-LaminAC SCBT Cat#sc376248;RRID: AB_10991536

Goat anti-Rabbit IgG (H+L) AF488
Goat anti-Mouse IgG (H+L) AF488
Goat anti-Rabbit IgG (H+L) AF555
Goat anti-Mouse IgG (H+L) AF555

Thermo Flsher
Thermo Flisher
Thermo Flsher
Thermo Flisher

Cat#A32731;RRID: AB_2633280
Cat#A10680;RRID: AB_2534062
Cat#A32732;RRID: AB_2633281
Cat#A32727;RRID: AB_2633276

Goat anti-Rabbit IgG (HRP-linked) CST Cat#7074;RRID: AB_2099233
Horse anti-Mouse IgG (HRP-linked) CST Cat#7076;RRID: AB_330924
Bacterial and virus strains

NEB Stable Competent E. coli (High Efficiency) NEB Cat#C3040
Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle Medium (DMEM) Gibco Cat#11965084
Fetal Bovine Serum Cytiva Cat#SH30910.03
Penicillin-Streptomycin Thermo Fisher Cat#15140122
Non-Essential Amino Acids Thermo Fisher Cat#11140050
TripLE Express Gibco Cat#12604021
Matrigel Sigma Cat#CLS356234
Essential 8 Medium Thermo Fisher Cat#A1517001
EDTA Invitrogen Cat#15575020
Thiazovinin Cayman Chemical Cat#14245-10
McCoy’s 5A (Modified) Media Gibco Cat#166000082
5-Ph-1AA MedChemExpress Cat#HY-134653
Lipofectamine 2000 Invitrogen Cat#11668019
PowerUp SYBR Green Master Mix Thermo Fisher Cat#A25742
DMSO Sigma Cat#D2650
Triptolide CST Cat#97539
Protein G Magnetic Beads Invitrogen Cat#10004D

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Bovine Serum Albumin Sigma Cat#A4503
DAPI Sigma Cat#D9542
SlowFade Antifade Mountant Invitrogen Cat#S36936
SSC Invitrogen Cat#15557036
Formamide Thermo Fisher Cat#BP227500
Dextran Sulfate Thermo Fisher Cat#BP1585
dNTPs Invitrogen Cat#18427088
RNase OUT Invitrogen Cat#1077019
TetraSpeck Fluorescent Beads Invitrogen Cat#T7279
Glucose Oxidase Sigma Cat#G2133
Catalase Sigma Cat#C3556

Q5 High-Fidelity Master Mix NEB Cat#0492
NEBuilder HiFi DNA Assembly Master Mix NEB Cat#2621
Critical commercial assays

Expand High Fidelity PCR System Roche Cat#0473825001
QIAquick Gel Extraction Kit Qiagen Cat#28704
RNeasy Total RNA Extraction Kit Qiagen Cat#74106
iScript cDNA Synthesis Kit BioRad Cat#1708891
BCA Protein Assay Kit Thermo Fisher Cat#23225
NEBNext Ultra Il DNA Library Prep Kit NEB Cat#E7770L
NEBNext Multiplex Oligos NEB Cat#E7630
NEBNext Library Quant Kit NEB Cat#E7630
Deposited data

LMNB1/H3K9me2/RAD21 ChlP-seq This study GEO: GSE266505

in HCT116/human fibroblasts

LMNB1 DamID in HCT116 https://data.4dnucleome.org/ 4DNES24XA7U8
LMNB1 DamID in HFFc6 https://data.4dnucleome.org/ 4DNESXZ4FW4T
RNA-seq in HFFc6 https://data.4dnucleome.org/ 4DNESFH3EHTU
Micro-C data in HFFc6 https://data.4dnucleome.org/ 4DNESWST3UBH
Hi-C data in HFFc6 https://data.4dnucleome.org/ 4DNESN49VY8X
Chromatin Interaction data in HCT116 https://www.ncbi.nIm.nih.gov/geo GEO: GSE279166
ATAC-seq in HFFc6 https://data.4dnucleome.org/ 4DNESMBA9T3L
Experimental models: Cell lines

Human NTC fibroblasts Robert B. Wilson Lab N/A

Human FRDA fibroblasts Robert B. Wilson Lab N/A

HCT116 ATCC Cat#CCL-247;RRID: CVCL+0291
RAD21-mAID-HCT116 Masato Kanemaki Lab N/A

LentiX-HEK293t ATCC Cat#CRL-1573;RRID: CVCL_0045
Human FRDA corrected iPSC Marek Napierala Lab N/A

Human FRDA iPSC Marek Napierala Lab N/A

Oligonucleotides

shRNA oligonucleotides, see Data S1 This study N/A

qRT-PCR primers, see Data S1 This study N/A

gRNA sequences, see Data S1 This study N/A

FISH probe sequences, see Data S1 This study N/A

Recombinant DNA

Lenti-(BB)-EF1a-KRAB-dCas9-P2A-BlastR Addgene Cat#118154
EF1a-NLS-dCas9-VP64-2A-Blast-WPRE Addgene Cat#61425
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pLV-UB-gRNA-UbC-eGFP-P2A-Bsr Addgene Cat#83925
pLenti-(BB)-EF1a-KRAB-Y46A- This study N/A

dCas9-P2A-BlastR

pLenti-SpBsmBI-sgRNA-Hygro Addgene Cat#62205
pLenti-dCas9-EGFP-Blast This study N/A

pLJM1-Smc3 This study N/A

pLIJM1-Smc3_K38A This study N/A

SGEP-shFXN This study N/A

SGEP-shNTC This study N/A

pLKO.1-puro-shNIPBL This study N/A

pLKO.1-puro-shWAPL This study N/A

pLKO.1-puro-shCTCF This study N/A

pLKO.1-puro-RAD21 This study N/A

psPAX2 Addgene Cat#12260

pMD2.G Addgene Cat#12259

Software and algorithms

Leica Lightning Process Leica https://www.leica-microsystems.com/products/
Deconvolution v3.5.6.21594 microscope-software/p/leica-las-x-Is/
NimOS NanoimagerTM ONI https://oni.bio/nanoimager/

Software v1.7.210222-3a3ef15d
Imaris 8.1.2
MATLAB vR2020a

Prism 10
bcl2fastg2 v2.20

Bowtie 2 v2.5.1

fastp v0.23.2
sambamba v1.0.0
deepTools v3.5.1

MACS2 v2.2.6
pyGenomeTracks v3.8
FastQC v0.12.1

eulerr v7.0.2

BEDTools v2.30.0
BEDOPS v2.4.41
samtools v1.16.1
Intervene v0.6.5

Rv4.3.2

ggplot2 v3.4.4
ComplexHeatmap v2.20.0

MultiQC v1.33
featureCounts v2.1.1

DESeq2 v1.50.2

Oxford Instruments
Mathworks

GraphPad
lllumina

Langmead Lab /
Johns Hopkins University

OpenGene
Sambamba project

Max Planck Institute for
Immunobiology and Epigenetics

MACS project
pyGenomeTracks project
Babraham Bioinformatics

CRAN / R Project

Quinlan Lab / University of Utah
BEDOPS project

SAMtools / HTSIib project
Intervene project

R Project for Statistical Computing

tidyverse
Bioconductor

Seqgera
Subread project

Bioconductor

https://imaris.oxinst.com

https://www.mathworks.com/
products/matlab.html

https://www.graphpad.com

https://support.illumina.com/sequencing/
sequencing_software/bcl2fastq-conversion-
software.html

https://bowtie-bio.sourceforge.net/bowtie2/

https://github.com/OpenGene/fastp
https://github.com/biod/sambamba
https://deeptools.readthedocs.io/

https://github.com/macs3-project/MACS
https://pygenometracks.readthedocs.io/

https://www.bioinformatics.babraham.ac.uk/
projects/fastgc/

https://cran.r-project.org/package=eulerr
https://bedtools.readthedocs.io/
https://bedops.readthedocs.io/
https://www.htslib.org/
https://intervene.readthedocs.io/
https://www.r-project.org/
https://ggplot2.tidyverse.org/

https://bioconductor.org/packages/
ComplexHeatmap/

https://docs.seqgera.io/multiqc/

https://subread.sourceforge.net/
featureCounts.html

https://bioconductor.org/packages/DESeq2/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

STAR v2.7.11b STAR project https://github.com/alexdobin/STAR
HISAT2 v2.2.0 Daehwan Kim Lab https://daehwankimlab.github.io/hisat2/
Picard v3.4.0 Broad Institute https://broadinstitute.github.io/picard/
Juicer v1.6 Aiden Lab https://github.com/aidenlab/juicer
HiC-Pro v3.1.0 HiC-Pro project https://github.com/nservant/HiC-Pro
cooler v0.10.4 Open2C https://cooler.readthedocs.io/

cooltools v0.7.1 Open2C https://cooltools.readthedocs.io/
bcl2fastg2 v2.20 lllumina https://support.illumina.com/sequencing/

sequencing_software/bcl2fastqg-
conversion-software.html

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell Culture

Human skin NTC and FRDA immortalized fibroblast cells were kindly provided by Robert B. Wilson (Friedreich’s Ataxia Center of
Excellence at Penn. Medicine and Children’s Hospital of Philadelphia) and cultured in DMEM (Gibco #11965084) supplemented
with 10% fetal bovine serum (Cytiva SH30910.03), 1% penicillin/streptomycin (Invitrogen #15140122), and 1% non-essential amino
acids (Invitrogen # 11140050) at 37°C with 20% 02 and 5% CO2. For virus production, LentiX-HEK293T cells (ATCC #CRL-1573)
were cultured in DMEM supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C with 20% 02 and 5%
CO2. For passaging, TrypLE Express Enzyme (Gibco #12604021) was used. Previously published hiPSCs were kindly provided
by the Marek Napierala Laboratory (UT Southwestern Medical Center) and cultured in 6-well plates coated with Matrigel (Sigma
#CLS356234) at 37°C with 20% O2 and 5% CO2 andmaintained in complete media comprised of Essential 8 medium with Essential
8 supplement added (Thermo Fisher #A1517001). hiPSCs were passaged every 3-5 days using 0.5mM EDTA (Invitrogen #15575020)
and cultured in complete media with 3 uM Thiazovinvin (Cayman Chemical #14245-10) overnight before returning to complete media
without Thiazovinvin. RAD21-mAID-HCT116 cells were kindly provided by the Masato Kanemaki Laboratory (National Institute of Ge-
netics). RAD21-mAID-HCT116 and HCT116 (ATTC #CCL-247) cells were cultured in McCoy'’s (Invitrogen #16600082) supplemented
with 10% fetal bovine serum, and 1% penicillin/streptomycin at 37°C with 20% O2 and 5% CO2.

METHOD DETAILS

Generation of RAD21-mAID cell line

RAD21-mAID-HCT116 cells were generated by insertion of the mAID-mClover epitope tag into the C-terminus of the endogenous
RAD21 using CRISPR/Cas9 into an HCT116 cell line in which OsTIR1(F74G) was already inserted, as outlined as previously pub-
lished.""® The sequence gRNA used to target RAD21 was: CCAAGGTTCCATATTATATA. The gRNA was cloned into pX330-U6-Chi-
meric_BB-CBH-hSPCas9 (Addgene #42230) downstream of a U6 promoter using the Bbsl site. The 5’ and 3’ homology arms were
cloned into pMK278 (mClover-Hygro, Addgene #72794).

The 5 homology arm (361 bp) was Ccccatccccaccccatgacacaaacacctcactaggctccatctctaacactgggaaattacgtttcagcatgagatttg-
gaggggacaaatattcaaactgtatcagcatcctc
actgaattactactttattatacagattaagttacccttttttggttttatttcagCGTGCTCTTGCTAAAACTGGAGCTGAATCTATCAGTTTGCTTGAGTTATG
TCGAAATACGAACAGAAAACAAGCTGCCGCAAAGTTCTACAGCTTCTTGGTTCTTAAAAAGCAGCAAGCTATTGAGCTGACACAG
GAAGAACCGTACAGTGACATCATCGCAACACCTGGACCAAGGTTCCATATTATA

The 3’ homology arm (483 bp) was agctagaagcattatagctagtgtttgattcactagtgcttacaaattgcccccatgtgtaggggacacagaaccctttga-
gaaaacttagatttttgtctgtacaaagtctttgcctttttc
cttcttcatttttttccagtacattaaatttgtcaatttcatctitgagggaaactgattagatgggttgtgtttgtgttctgatggagaaaacagcaccccaaggactcagaagatgatttta
acagttcagaacagatgtgtgcaatattggtgcatgtaataatgttgagtggcagtcaaaagtcatgatttttatcttagttcttcattactgcattgaaaaggaaaacctgtctgagaaa
atgcctgacagtttaatttaaaactatggtgtaagtctttgacaagaaaaaaaaacaaacaaacacttctttccatcagtaacactggcaatcttcctgttaaccactctectta

The 5 arm was cloned immediately upstream of the mAID and the 3’ arm was cloned downstream of the HygoR cassette in
pMK278. After sequence verifying the plasmids, OsTIR1(F74G)-HCT116 cells were targeted as described and single clones were
isolated. The bi-allelic insertion was verified using PCR by the Kanemaki laboratory. All plasmids are available on Addgene or avail-
able by request to Dr. Kanemaki. RAD21 depletion was verified using immunoblotting as shown in the manuscript. 0.4 M cells/well
were seeded on a 6-well tissue culture plate and grown on a standard cell culture condition. Once cells reached approximately 60%
confluence, 1 pM 5-Ph-IAA was added and re-incubated for 12 hours. 5-Ph-IAA was provided by the Kanemaki laboratory and is now
commercially available from MedChemExpress (HY-134653). After incubation, cells were then harvested by trypsinization and lysed
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with lysis buffer containing 10 mM HEPES (pH 7.9), 3 mM MgCl,, 5 mM KCI, 150 mM NaCl, 0.1 mM EDTA, 0.5% NP-40, and 250 units
of Benzonase. Protein concentrations were determined using a bicinchoninic acid assay kit with bovine serum albumin as the stan-
dard. The protein concentrations were normalized, and 10 pg of samples were analyzed using immunoblotting.

Plasmids and lentiviral transduction

CRISPRI (dCas9-KRAB) expression constructs were generated as follows: Lenti-(BB)-EF1a-KRAB-dCas9-P2A-BlastR (Addgene
#118154) was linearized using the BsmBl restriction enzyme (NEB #R0739) at standard conditions. Gene-specific oligos were
selected from publicly available web resources (CHOPCHOP v3 chopchop.cbu.uib.no, Broad institute CRISpick portals.
broadinstitute.org/gppx/crisprick/publick) or previously published datasets.'”® Phosphorylated and annealed oligos were ligated
into the digested plasmid using T4 DNA ligase (Thermo Fisher #15224017). The introduction of each gRNA oligo was sequence veri-
fied by nanopore whole-plasmid sequencing (Plasmidsaurus). Per gene, gRNAs most successful at transcriptional repression were
selected for individual introduction into human fibroblasts via lentiviral infection for 48 hours followed by 48 hours of selection by Blas-
ticidin (Invitrogen #R21001). All gRNA sequences are listed in Data S1.

CRISPRa (dCas9-VP64) expression constructs were as follows: EF1a-NLS-dCas9-VP64-2A-Blast-WPRE (Addgene #61425) and
pLV-U6-gRNA-UbC-eGFP-P2A-Bsr (Addgene #83925). pLV-U6-gRNA-UbC-eGFP-P2A-Bsr (Addgene #83925) linearized using the
BsmBl restriction enzyme (NEB #R0739) at standard conditions. Guide selection, insertion, and verification as outlined above. gRNAs
were introduced into human fibroblasts via lentiviral infection for a minimum of 48h and GFP expression (typically in >90% of cells)
was confirmed prior to introduction of EF1a-NLS-dCas9-VP64-2A-Blast-WPRE (Addgene #61425) via lentiviral infection for 48h. All
gRNA sequences are listed in Data S1.

To generate the dCas9-KRAB (Y46A) mutant (pLenti-(BB)-EF1a-KRAB-Y46A-dCas9-P2A-BlastR), a fragment of the KRAB domain
was PCR amplified from pLenti-(BB)-EF1a-KRAB-dCas9-P2A-BlastR (Addgene #118154) with the following primers: fwd: tcgtgta-
cagaaatgtgatgctggagaacgctaagaacctg, rev: ttgtacacggtgaagtactcgtacagcaggc. The PCR was performed using Expand High Fidel-
ity PCR System (Roche #0473825001), and the forward primer encoded the mutations which would results in Y46A. The PCR product
and template plasmid were subject to restriction digest with BsrGl (NEB #R3575) using standard conditions. The linearized template
plasmid and digested PCR product were ligated using T4 DNA Ligase (Thermo Fisher #15224017). The introduction of KRAB Y46A
was sequence verified by Nanopore whole-plasmid sequencing (Plasmidsaurus). FXN-specific gRNAs used for CRISPRi were cloned
into pLenti-(BB)-EF1a-KRAB-Y46A-dCas9-P2A-BlastR as described above. Final constructs were sequence verified by Nanopore
whole-plasmid sequencing (Plasmidsaurus). Constructs were introduced to human fibroblasts via lentiviral infection for 48 hours fol-
lowed by 48 hours of selection with Blasticidin. All gRNA sequences are listed in Data S1.

For dCas9-EGFP targeting to the FXN locus, three different FXN-specific guide oligos were introduced into individual pLenti-
SpBsmBI-sgRNA-Hygro (Addgene #62205) by plasmid digestion with BsmBI and ligation using T4 DNA ligase. These were intro-
duced simultaneously with pLenti-dCas9-EGFP-Blast (This study) in human fibroblasts via lentiviral infection for 4 days. All gRNA
sequences are listed in Data S1.

To generate pLJM1-Smc3, pLJM1 (Addgene #19319) was digested with Nhel (NEB R3131) and BamHI (NEB R3136) and the large
fragment (hereafter, ‘backbone’) isolated by agarose gel electrophoresis followed by extraction and purification (QlAquick Gel
Extraction Kit #28704). Using pCAGGS-3XFLAG-Smc3-mKate2-bpA (Addgene #156447) as template, Smc3 was amplified and ho-
mology arms compatible with Gibson Assembly were introduced by PCR (NEB #M0492). Using pLJM1 as template, additional flank-
ing sequences compatible with Gibson Assembly were generated by PCR (NEB #M0492). The resulting fragments were ligated into
the pLJM1 backbone via Gibson Assembly (NEB# E2621) and the reaction transformed into chemically competent E. coli (NEB
#C3040). Positive clones were identified by Nanopore whole-plasmid sequencing (Plasmidsaurus). Using pLUM1-Smc3 as template,
the K38A mutation was introduced into Smc3 to generate pLJM1-Smc3_K38A via PCR (NEB #M0492) site-directed mutagenesis and
Gibson Assembly (NEB #E2621). The reaction was then transformed into chemically competent E. coli (NEB #C3040) and positive
clones were identified by Nanopore whole-plasmid sequencing (Plasmidsaurus).

shRNA-expressing constructs was generated as follows: SGEP (Addgene #111170) or pLKO.1-puro (Addgene #8453) plasmids
were subjected to restriction digest with EcoRI (NEB #R0101) and Xhol (NEB #R0146) using standard conditions and shRNA se-
quences ligated using NEBuilder HiFi DNA Assembly Master Mix (NEB #E2621). Insertions were sequence verified. shRNA targeting
CTCF in pLKO.1-puro was generated by the University of Pennsylvania’s High Throughput Sequencing Core. shRNA target se-
quences can be found in Data S1. shRNA-mediated knockdown was achieved through lentiviral infection for 3 days. All shRNA tar-
geting sequences can be found in Data S1.

Lentiviruses were generated in LentiX-HEK293T cells using Lipofectamine 2000 (Invitrogen #11668019) with standard packaging
plasmids (Addgene #12260 and Addgene #12259). Virus was supplemented with polybrene (5 png/ml, Sigma #TR-1003-G) and intro-
duced into human fibroblast, HCT116, and hiPSC cultures using spinocculation by centrifugation at 850xg for 45 minutes at room
temperature. Cells were then incubated in virus-containing media overnight at 37°C with 20% O2 and 5% CO2.

RNA isolation, preparation and qRT-PCR

Cells were lifted from culture dishes and centrifuged at 200xg for 5 minutes at 4°C. After discarding the supernatant, pellets were flash
frozen on dry ice and stored at -80°C. RNA was isolated using QIAGEN RNeasy total RNA extraction kit (Qiagen #74106) with RNA
quality determined using nanodrop. Isolated RNA was converted to complementary DNA (cDNA) using iScript cDNA Synthesis kit
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(BioRad #1708891) according to kit instructions. Quantitative RT-PCR (qRT-PCR) was performed in triplicate using PowerUp SYBR
Green Master Mix (Thermo Fisher #A25742) with GAPDH used as a reference control gene. Data calculated as the fold change (del-
tadelta Ct method) of treatment versus control samples and is presented as relative gene expression. Primer sequences can be found
in Data S1.

Chromatin fractionation

Fibroblast cells were resuspended with lysis buffer (10 mM HEPES pH7.9, 3 mM MgCl,, 5 mM KCI, 140 mM NaCl, 0.1 mM EDTA,
0.5% NP-40, protease inhibitor [Sigma #11836170001]) and incubated for 20 minutes at 4°C. After centrifugation (5,000xg for 5 mi-
nutes at 4°C), the supernatant, which contains the cytosol and soluble nucleoplasm fraction, was discarded. The pellet which con-
tains the chromatin fraction was resuspended with benzonase (Sigma #E1014) in the same lysis buffer. After incubation for 45 minutes
at 4°C, the chromatin lysate was collected by centrifugation (13,200xg for 20 minutes at 4°C). Following the BCA assay, samples were
boiled with sample buffer (NUPAGE LDS Sample Buffer [Invitrogen #NP0007] and NUPAGE reducing reagent [Invitrogen #NP0009])
for 10 minutes and analyzed by immunoblotting as described below.

Immunoblot analysis

Cells were centrifuged at 200xg for 5 minutes at 4°C and pellets were flash frozen in dry ice and stored at -80°C. Lysates were ex-
tracted using lysis buffer (10mM HEPES, 3mM MgCl,, 5mM KCI, 140mM NaCl, 0.1mM EDTA, 0.5% NP-40, supplemented with pro-
tease inhibitor and 0.5pM DTT) and peptide concentration measurements obtained by BCA Protein Assay Kit (Thermo Fisher
#23225). Lysates were run on 4-12% Bolt Bis-Tris protein gels (Invitrogen #NW04122) and transferred onto PVDF membranes. Blots
were incubated in blocking solution of 5% milk in 1x Tris-Buffered Saline with 0.1% Tween (1x TBST) for 1 hour at room temperature.
Incubation with primary antibodies diluted in blocking solution for 1 hour at room temperature were carried out using the following
antibodies and dilutions: anti-Cas9 (1:1000, CST#14697), anti-p-Actin (1:1000, CST#4967), anti-GAPDH (1:1000, CST#2118), anti-
FXN (1:800, Abcam #ab175402), anti-GFP (1:1000, Abcam #ab290), anti-RAD21 (1:500, Abcam #ab992), anti-Histone 3 (1:10,000,
Abcam #ab1791), anti-CTCF (1:1000, CST#3418), anti-SMC3 (1:500, CST#5696). For analysis of chromatin fractions, the following
antibodies and dilutions were used: anti-RBMX (1:1000, CST#14794), anti-RAD21 (1:1000, Millipore #05-908), anti-NIPBL (1:1000,
SCBT #sc374625), anti-WAPL (1:1000 SCBT #sc365189), anti-hnRNPL (1:1000, SCBT #sc32317), anti-RBMX (1:1000,
CST#14794S). Blots were washed for 1 hour in 1x TBST before incubation with secondary antibodies (1:3000: anti-rabbit HRP-con-
jugated secondary antibody, CST#7074. Anti-mouse HRP-conjugated secondary antibody, CST#7076) diluted in blocking solution
for 1 hour at room temperature. Washing with 1x TBST for 1 hour was repeated before visualization using SuperSignal West Femto
Chemiluminescent Substrate (ThermoFisher #PI134095). Molecular weights annotated in supplemental figure immunoblots corre-
spond to the predicted molecular weight reported by the antibody manufacturer or estimated molecular weight determined by vali-
dation studies.

Triptolide experiments

For LMNB1 ChIP experiments, RAD21-mAID-HCT116 cells were propagated in standard medium (McCoy’s with 10% FBS and 1%
penicillin/streptomycin) and plated in 10 cm dishes at 40% density and grown overnight. The following morning, a time course was
started for three conditions (DMSO control, triptolide-only, and auxin + triptolide). At time 0, DMSO (Sigma #D2650) control and trip-
tolide-only cells were incubated in fresh media alone; auxin + triptolide cells were incubated in fresh media + 1 pM auxin analog (5-Ph-
IAA, MedChemExpress #HY-134653). After 1 hour, 200 nM final triptolide (CST#97539) was added to triptolide-only and auxin
analog + triptolide cells. 12 hours post-triptolide, all cells were harvested for ChIP (see “ChIP and library preparation for
sequencing”). DMSO was used as a vehicle control.

To confirm transcriptional inhibition by triptolide, RAD21-mAID-HCT116 cells were propagated in standard medium and plated in
12-wells dishes with and without coverslips at 40% density and grown overnight. The following morning, control cells were incubated
in fresh media alone and triptolide-only cells were incubated in media + 200 nM triptolide for 12 hours and harvested for gRT-PCR
analysis (see “RNA isolation, preparation and gRT-PCR?”).

OligoFISH probe design and synthesis

All primary probes were designed using OligoMiner pipeline using the default settings.'”' DNA-FISH probes were designed as tiled
80-mers with a density of 4 probes per kb. Probes were designed to hybridize across the entire length of the gene. If genes were
smaller then 50 kb, flanking genomic regions were included in the target sequence. For visualization, primary probes were either
amplified with direct dye conjugation (Cy5) or introduced along with a fluorescent secondary probe (Alexa 488, Alexa 555, or Alexa
647). Intronic RNA-FISH probes were designed corresponding to the introns on the transcript using 40-45 oligos per transcript. For
visualization, fluorescent secondary probes were utilized (Alexa 647). The gene targets and corresponding chromosomal coordinates
can be found in Data S1.

ChIP and library preparation for sequencing

Samples for ChIP were processed as previously described.® Human NTC and FRDA fibroblasts and RAD21-mAID-HCT116 cells
were cultured in 10 cm dishes and crosslinked in culture using methanol-free formaldehyde (Thermo Fisher #28906) for 10 minutes
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at room temperature with gentle rotation (final 1% v/v). Crosslinking was quenched by addition of glycine for 5 minutes at room tem-
perature with gentle rotation (final 125 mM). Cells were washed with 1x PBS once before collection via scraping and PBS removal by
centrifugation (250xg for 5 minutes at room temperature). Resulting pellets were flash frozen on dry ice and stored at -80°C. For each
ChIP sample, 30 pL protein G magnetic beads (Invitrogen #10004D) were washed 3 times in blocking buffer (0.5% BSA [Sigma
#A45083] in 1x PBS) before beads were resuspended in 250 pL blocking buffer and 2 pg (anti-LaminB1 [Abcam #ab16048], anti-
H3K9me2 [Active Motif #39239)) or 4 pg anti-RAD21 (Abcam, #ab992) antibody and rotated at 4°C overnight. Nuclei were isolated
from frozen pellets as follows: pellets were resuspended in 10 mL cold Lysis Buffer 1 (50 mM HEPES-KOH pH7.5, 1 mM EDTA,
140 mM NaCl, 10% Gilycerol, 0.5% NP-40, 0.25% TritonX-100, and protease inhibitor) and rotated at 4°C for 10 minutes. Resus-
pended cells were centrifuged at 250xg for 5 minutes at room temperature and supernatant discarded. Remaining pellet was resus-
pended in 10 mL cold Lysis buffer (220 mM NaCl, 10 mM Tris-HCI pH8.0, 1 mM EDTA, 0.5 mM EGTA, and protease inhibitor) and
rotated at 4°C for 10 minutes. Resuspended cells were centrifuged at 250xg for 5 minutes at room temperature and supernatant dis-
carded. Nuclei were resuspended in 1 mL cold Lysis Buffer 3 (10 mM Tris-HCI pH8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1%
Na-Deoxycholate, and protease inhibitor). Samples were transferred to a pre-chilled 1 mL Covaris AFA tube (Covaris #520130) and
sonicated using a Covaris S220 sonicator (high cell chromatin shearing for 15 minutes). TrintonX-100 (final 1%) was added to lysates
and centrifuged at top speed for 10 minutes at 4°C. Supernatant was collected, and protein concentration measured via Bradford
assay. Antibody-conjugated beads were washed 3 times in blocking buffer and resuspended in 50 pL blocking buffer before
500 pg protein lysate was added and allowed to rotate overnight at 4°C. For inputs, 50 pg protein lysate was aliquoted and stored
at -20°C. The next day, antibody-conjugated beads with lysate were washed 5 times for 2 minutes each at 4°C with rotation in
1mL RIPA buffer (50 mM HEPES-KOH pH7.5, 500 mM LiCl, 1 mM EDTA, 1% NP-40, 0.7% Na-Deoxycholate). Beads were washed
in 1 mL Final Wash buffer (1x TE, 50 mM NaCl) for 2 min with rotation at room temperature. Lastly, beads were resuspended in 210 pL
Elution Buffer (50 mM Tris-HCI pH8.0, 10 mM EDTA, 1% SDS) and incubated at 65°C for 30 minutes with agitation. 200 pL eluate was
removed and all samples were incubated at 65°C with agitation for a minimum of 12 hours, but no more than 18 hours. 200 pL of 1X TE
was added the resulting samples followed by addition of RNase (final 0.2 mg/mL, Sigma #10109169001) and incubated at 37°C for 2
hours. Proteinase K was subsequently added (final 0.2 mg/mL, Roche #3115879001) and incubated at 55°C for 2 hours. DNA was
isolated via phenol:chloroform extraction and resuspended in 10 mM Tris-HCI pH8.0. DNA was quantified by Qubit.

ChlP-seq libraries were prepared using NEBNext Ultra || DNA library prep kit (NEB #E7770L). Samples were prepared with dual
unique indices for multiplex sequencing using NEBNext Multiplex Oligos (NEB #E7630). Library quality was determined by
BioAnalyzer or 2% agarose gel electrophoresis and quantified by gPCR using NEBNext Library Quant Kit (NEB #E7630S). Libraries
were pooled, re-quantified, and single-end sequenced on the lllumina NextSeq500, NextSeq1000/2000 and Novaseq 6000
platforms.

Immunofluorescence microscopy staining

In preparation for staining, human NTC and FRDA fibroblasts were grown on uncoated coverglass while RAD21-mAID-HCT116,
HCT116, and hiPSCs were grown on coated coverglass (0.1% Poly-L-Lysine [Sigma #P8920] or 0.5 mg/mL Matrigel [Sigma
#LCS356234], respectively) in appropriate culturing conditions. All the following steps were performed at room temperature. Cells
were washed once with 1x dPBS before fixing with 2% paraformaldehyde (Electron Microscopy Sciences #15710) for 10-12 minutes
followed by three washes of 5 minutes each with 1x dPBS. Cells were permeabilized by incubation in 0.4% Triton X-100 in 1x dPBS
for 15 minutes followed by incubation in blocking solution of 1% Bovine Serum Albumin (Sigma #A4503) in 1x dPBS with 0.05%
Tween (1x PBST) for 1 hour. Primary antibodies were then incubated for 1 hour in blocking solution. The antibodies used along
with their corresponding dilution ratios are as follows: anti-LaminB1 (1:1000, Abcam #ab16048), anti-H3K9me2 (1:1000, Active Motif
#39239), anti-GFP (1:1000, Abcam #ab290), and anti-OCT4 (1:1000, Millipore #MAB4419). After incubation with primary antibody,
cells were washed three times with 1x PBST for 5 minutes each before incubation with secondary antibodies diluted in blocking so-
lution for 1 hour (1:2000:Invitrogen #A32731, Invitrogen #A10680, Invitrogen #A32732, or Invitrogen #A32727). Cells were then
washed three times with 1x PBST for 5 minutes each before incubation with DAPI (1 ng/mL in 1x dPBS, Sigma #D9542) for 5 minutes.
Samples were mounted with SlowFade Fold Antifade Mountant (Invitrogen #S36936) and imaged (see Image acquisition).

DNA-FISH and DNA-FISH with immunofluorescence (DNA-FISH and immunoDNA-FISH)

Cells were plated on coverglass as described above. The following protocol was carried out for each cell type with the indicated cell
type-specific differences. Cells were washed once with 1x dPBS followed by fixation with 2% PFA with 0.1% Tween20 for 10 minutes
at room temperature. Cells were then washed three times for 5 minutes each in 1x dPBS and stored in 0.02% sodium azide (Sigma
#52002) in 1x dPBS at 4°C for at least overnight. Cells were immunostained as described above. Following immunostaining, all re-
maining steps were performed with samples protected from light. Samples were post-fixed with 2% PFA for 10 minutes at room tem-
perature, followed by three washes for 5 minutes each using 1x dPBS. Samples were then re-permeabilized using 0.7 % TritonX-100
for 10 minutes at room temperature, then rinsed with 1x dPBS. RAD21-mAID-HCT116 cells were then incubated in 70% ethanol, 90%
ethanol, and 100% ethanol for 2 minutes each. Samples were then incubated in the following solutions for indicated durations and
temperatures: 2x SSC (Invitrogen #15557036) with 0.1% Tween (2x SSCT) at room temperature for 5 minutes, 2x SSCT with 50%
formamide (Thermo Fisher #BP227500) at room temperature for 5 minutes, 2x SSCT with 50% formamide at 92°C for 5 minutes
(for RAD21-mAID-HCT116, 37°C for 1 hour), and 2x SSCT with 50% Formamide at 60°C for 20 minutes. 50-100 pmol primary
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DNA-FISH probes diluted in 20 pL hybridization buffer (50% Formamide, 25% Dextran Sulfate [Fisher #BP1585], 10 pg RNAseA,
5 mM dNTPs [Invitrogen #18427088]) were added to each coverslip and heated to 92°C for 5 minutes (for RAD21-mAID-HCT116
and hiPSCs, 80°C for 30 minutes) before overnight incubation at 37°C in humid conditions. After hybridization, samples were washed
in 2x SSCT for 15 minutes at 60°C, then for 10 minutes each in 2X SSCT and 2X SSC at room temperature. 10 pmol secondary fluo-
rescent DNA oligo probes were diluted in 20 pL hybridization buffer (10% Formamide, 25x Dextran Sulfate) and added to each cover-
slip before incubation for 1 hour at room temperature in humid conditions. Samples were then washed for 5 minutes each in 2X SSCT
at 60°C, 2x SSC at room temperature, and 2x SSC with DAPI (1 ng/mL in 1x dPBS, Sigma #D9542) at room temperature (for STORM
microscopy, DAPI staining was omitted). Samples were briefly rinsed with 1x dPBS and mounted on to glass slides with SlowFade
Fold Antifade mountant (Invitrogen #S36936).

RNA-FISH with immunofluorescence (immunoRNA-FISH)

Cells were plated on coverglass as described above. Samples were washed briefly with 1x dPBS before fixation in 4% PFA for 10 mi-
nutes at room temperature followed by three washes of 5 minutes each in 1x dPBS. Samples were permeabilized overnight at 4°C in
70% ethanol with 1% SDS. The next day, samples were washed twice briefly with 2x SSCT before addition of 0.03125 pM primary
intronic oligo probe diluted in hybridization buffer (25% Dextran Sulfate, 50% Formamide, 1% SDS [Invitrogen #15553027]). Mineral
oil was layered on top of the probe-containing hybridization mix to prevent evaporation. Samples were denatured at 60°C for 3 mi-
nutes before overnight incubation at 42°C in humid conditions. Samples were briefly washed three times with 2X SSC at room tem-
perature followed by incubation in 2x SSC at 65°C for 20 minutes and 2x SSC at room temperature for 4 minutes. 0.05 uM secondary
fluorescent oligo probes diluted in hybridization buffer were added to each coverslip and allowed to incubate at 37°C for 1 hour. Sam-
ples were washed with 2x SSC with DAPI (1 ng/mL in 1x dPBS, Sigma #D9542) for at 37°C 5 minutes followed by 2XSSC at 37°C for
5 minutes. For immunoRNA-FISH, samples were then washed with 1x dPBST (1x dPBS with 0.05% Tween20) twice for 5 minutes
each at room temperature. Primary antibody (anti-LMNA, 1:1000, SCBT #sc376248) was diluted in blocking buffer (1x dPBS, 3%
BSA, 0.1% Tween20, 0.4 U/pL RNase OUT [Invitrogen #1077019]) and samples were incubated for 1 hour at room temperature. Sam-
ples we washed three times for 5 minutes each with 1x dPBST at room temperature before fluorescent secondary antibody (1:2000,
Invitrogen #A32727) diluted in blocking buffer was added and let incubate for 1 hour at room temperature. Three washes with 1x
PBST for 5 minutes each was followed by incubation with DAPI for 5 minutes (1 ng/mL in 1x dPBS, Sigma #D9542) then a brief rinse
with 1x PBS and mounting on to glass slides with SlowFade Fold Antifade Mountant (Invitrogen #S36936). Samples were imaged
immediately.

Image acquisition

Confocal fluorescence microscopy

All confocal immunofluorescent images were acquired using a Leica SP8 confocal microscope using Leica Application Suite X Soft-
ware (Version: 3.5.9.29787) and a Leica HC PL APO CS2 63x/NA1.40 oil objective. Microscope is equipped with four lasers: 405 nm,
488 nm, 552 nm and 638 nm and three HyD detectors. For DNA and RNA-FISH, images were acquired in the standard mode with
100% gain and each field of view consisted of 1024x1024 pixels while H3K9me2 imaging consisted of 2048x2048 pixels. For all
DNA-FISH and immunoRNA-FISH experiments in this study, individual nuclei were imaged as Z-stacks at 0.120 um increments
with a range of 30-60 planes per nucleus. Channel shift alignment was performed using 0.1 um TetraSpeck fluorescent beads (In-
vitrogen #T7279). All nuclei imaged in this study were selected at random. Representative images are planes, therefore, only alleles
localized within that plane will be visible. Allimages are single-plane confocal images except OligopSTORM imaging, unless otherwise
indicated.

Stochastic optical reconstruction microscopy

Stochastic Optical Reconstruction Microscopy (STORM) images were performed using a Nanoimager-S 70 (Oxford Nanoimaging)
using NimOS NanoimagerTM Software (Version: 1.7.210222-3a3ef15d. Build number: 4. 2016-2019 Oxford Nanoimaging Ltd. All
rights reserved). Microscope was equipped with four lasers: 405 nm, 488 nm, 561 nm and 640 nm with 498-551 and 576-620 nm
band-pass filters for channel 0 and 666-705 nm band-pass filters for channel 1. A 100x/NA1.4 oil immersion objective (Olympus)
was used to collect fluorescence signal and imaged onto a Hamamatsu Flash 4 V3 sCMOS camera with a pixel size of 117 nm
and a field of view of 50 pm x 80 pm. HILO (Highly Inclined and Laminated Optical sheet illumination) was used for all imaging ses-
sions. During imaging, all cells in this study were randomly selected. Samples were imaged using a Magnetic imaging chamber
(Quorum Tech #CM-S22-1) using freshly prepared STORM imaging buffer (10% [w/v] Glucose, 50 mM Tris pH8.0, 10 mM NaCl,
1% 2-Mercaptoethanol [Bio-rad #1610710]), and 1% Glucose Oxidase Solution (56 mg/mL Glucose Oxidase [Sigma #G2133],
2 mg/mL Catalase [Sigma #C3556] diluted in a buffer of 10 mM Tris pH8.0 and 50 mM NaCl) replaced every 45 minutes. Conventional
fluorescence images for anti-LMNB1 and DNA-FISH were acquired for each field of view prior to STORM imaging. During STORM
image acquisition, each field of view was simultaneously illuminated with 405 nm and 647 nm illumination with 15 ms exposure for
30,000 frames each.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Microscopy analysis

Locus radial positioning and probe center-center distance

Confocal 3D images were deconvolved using Leica Lightning Process Deconvolution (Version 3.5.6.21594) using automatic settings
based on coverglass thickness, mountant refractive index, and pinhole size during image acquisition. Representative images show a
single focal plane unless noted otherwise. For distance from the lamina measurements, 3D reconstructions were generated using
Imaris v8.1.2 software (Bitplane AG, Switzerland). The nuclear lamina was generated using the Surfaces tool on fluorescent signals
from anti-LMNB1 antibodies and using automatic settings. DNA or RNA-FISH dots were generated using the Spots tool using a
300 nm diameter from fluorescent signals from oligo probes. Distance from the center of the FISH spot to the center of the lamina
was measured in three dimensions using the Measurements tool.

To measure the distance between the center of DNA-FISH probe pairs, 3D reconstructions of each dot was generated using the
Spots tool using a 300 nm diameter from fluorescent signals from each oligo probe. Using the Measurements tool, the distance be-
tween the center of one spot to the center of another spot was measured. For each FISH experiment performed in this study, data
represents measurements from at least two biological replicates and equal to or greater than 50 nuclei per condition, unless other-
wise stated.

H3K9me2 thickness

Confocal 3D images were deconvolved as described above. Representative images show a single focal plane. 3D reconstructions
were generated with Imaris v8.1.2 software (Bitplane AG, Switzerland) using the Surfaces tool with automatic settings based on the
fluorescent signal from anti-H3K9me2 antibodies. To calculate H3K9me2 thickness, the Measurements tool was used to measure the
distance from the inside surface to the outer surface of the H3K9me2 surface. For each condition in this study, 10 independent nuclei
were acquired and five measurements from each were taken at different regions around the nuclei circumference resulting in 50 mea-
surements per condition. For the FXN-CRISPRIi experiments, H3K9me2 thickness was not significantly different between dCas9-
KRAB introduction with a scramble guide versus the FXN-specific guides, therefore the collective measurements from all three con-
ditions were pooled and the 90™ percentile value was used as the H3K9me2 thickness. For all other experiments performed, the
H3K9me2 thickness used was the 90" percentile value from experimental control nuclei.

DNA-FISH probe volume

Deconvolved confocal 3D images, as described above, were segmented based on the fluorescent signal from the oligo probes and
volume was measured using a modified version of TANGO 3D-segmentation plug-in for ImageJ/Fiji as previously described.*®
STORM

Images were analyzed using custom-written Matlab codes using MatLab R2020a and all mages were drift-corrected post-acquisition
(Nanoimager sotware, Oxford Nanoimaging). STORM bin files were overlapped with the corresponding conventional fluorescent im-
ages to manually crop the region of interest containing the DNA-FISH signal. Bin files were then used for cluster localization by Vor-
onoi segmentation based on a minimum of 500 localizations per cluster/puncta. The degree of compaction was determined by the
radius of gyration, Bcalculated as the root-mean square distance of localization positions from their centroid position, similar to.””+12?
Representative Gaussian renderings were generated from isolated clusters and heatmap density renderings were generated using
Voronoi-Area Density Maps in MatLab.

Genomic analyses

ChIP-seq analysis

Raw base calls were demultiplexed with bel2fastq v2.20 (lllumina, San Diego, CA) based on the indexes used during the library prep-
aration. ChlP-seq single-end reads were quality controlled using FastQC (v0.12.1)."? Adapter trimming, read de-duplication, and low
complexity filtering was performed using fastp (v0.23.2)."** Processed reads (target > 30 million per library) of 120 bp were aligned to
the human reference genome (GRCh38.p13) using Bowtie2 (v2.5.1) with default parameters.'?® Reads mapping with MAPQ > 20 to
chr 1 to 22, X and Y were retained and deduplicated using Sambamba (v1.0.0)'2® with the filter string ‘mapping_quality>=20 and
ref_name =~ /"chr[0-9XY]/ and not duplicate‘’. To mitigate read biases, the bam files containing the filtered aligned reads were
down-sampled to match the library with the fewest mapped reads per condition using SAMtools (1.16.1)'?” ‘samtools view -b -s".
All ChIP-seq experiments were performed in biological duplicates for every antibody—condition pair — input, LMNB1, and RAD21
across NTC, scr-CRISPRi, FXN-CRISPRI, and FRDA in fibroblasts; and vehicle-, triptolide-, and triptolide + auxin-treated
HCT116 — except the H3K9me2 samples (n = 1) and the LMNB1 HCT116 samples (n = 3). genome-wide Spearman correlations be-
tween replicates were computed with deepTools (v3.5.1)"?® using 500 kb bins with all duplicate and triplicate pairs achieving p > 0.9.
Upon confirming high concordance, replicates were merged into a single, high-coverage dataset per antibody and condition for all
downstream analyses.

ChIP-seq coverage tracks and peak calls

Coverage tracks for pooled condition-antibody datasets were generated by first extending the reads to 120bp, scaling the libraries to
counts per million (CPM) and normalizing them to their corresponding input libraries. Blacklisted regions (https://github.com/Boyle-
Lab/Blacklist/tree/master/lists) were excluded from subsequent analyses at this stage.'?® For broad domains (LMNB1 & H3K9me2),
enrichment over input was calculated using log2 rations in 1kb across the genome using bamCoverage and bamCompare from
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deepTools.Track visualization was performed using pyGenomeTracks (v3.8)'*° after calculating the sliding average signal across a
10-bin window. Regions of enrichment were identified based on a 2-state Hidden-Markov Model using HMMDomainCaller as pre-
viously published'®" with few modifications (https://github.com/rikrdo89/HMM_caller). We used BEDtools (v2.30.0),'** bedops
(v2.4.41),"*3 eulerR (v7.0.2),"* and Intervene (v0.6.5)'°° to evaluate and demonstrate a high degree of overlap between our LAD calls
and published LAD calls from LMNB1 DamlID-seq (4DN accession: 4DNESXZ4FWA4T, vanSteensel lab)'*'%” in human fibroblast
cells (HFFc6). All H3K9me2 and LMNB1 ChIP-seq tracks are displayed as log2 transformed tracks of enrichment over input - log,
(ChIP/Input) - unless otherwise noted. For narrow peaks (RAD21), ChlP-seq coverage tracks were calculated by using the ‘bdgcmp’
option of MACS2 (v2.2.6)'*® with the ‘FE’ (fold-enrichment) method by normalizing the ChIP bam files over the corresponding
input controls. Peaks were called using MACS2 '8 with the significance cut-off g-value <=0.01 and the following parameters ‘—nom-
odel—shift 0—extsize 100"
ChiIP-seq signal analyses
ChlP-seq signal profiles for LMNB1 and H3K9me2 were generated genome-wide over their corresponding enriched regions with
deepTools ‘computeMatrix scale-regions‘ and then visualized the aggregate profiles with ‘plotProfile using the mean normalized
signal. As a background control, we generated an equivalent number of random regions matched for size and chromosome using
shuffleBed from BEDtools, computed their mean signal in the same way, and overlaid both observed and shuffled signals as
line plots.

Locus-specific LMNB1 ChIP-seq signal —at the FXN (Chr 9: 69 030 000-69 079 000) and TJP2 (Chr 9: 69 121 000-69 274 000) loci—
was quantified using two complementary approaches.

1) Subsampling bootstrap for background estimation: We summarized the logz(Input)-normalized ChlP-seq signal over each
entire locus with deepTools multiBigwigSummary (whole-region mode). To model background, 10000 random regions per lo-
cus—matched for length, GC content, and mappability —were generated with BEDtools shuffleBed, excluding hg38 blacklist
intervals from the Boyle-Lab repository. These 10000 background values were uniformly shuffled and divided into ten non-
overlapping blocks of 1000 observations each (m-out-of-n subsampling). The mean signal of each block acted as a
pseudo-replicate, producing an empirical background distribution of ten values per locus. We calculated the delta enrichment
for each locus as the difference between its observed mean signal and the mean of its background pseudo-replicates, and
visualized the distributions in R (v4.3.2)'%° using the ggplot2 (v3.4.4)'“° package.

Bin-wise paired comparison across conditions: Each locus was divided into 1 kb bins via deepTools multiBigwigSummary
bins. For each bin, we extracted the logz(Input)-normalized LMNB1 signal under two conditions (e.g., WT vs FRDA or Scr-
CRISPRI vs FXN-CRISPRI). Treating each bin as a matched pair, we assessed shifts in signal distributions with a paired Wil-
coxon signed-rank test in R using ‘ggpubr::stat_compare_means(method="wilcox.test", paired=TRUE, ref.group="WT")". To
assess the magnitude of pairwise differences, we computed the effect size (r) for the Wilcoxon signed-rank test using the wil-
cox_effsize() function from the rstatix R package. This nonparametric effect size is derived by dividing the Wilcoxon Z statistic
by the square root of the number of observations (r=2Z/ \/N), providing a standardized measure of effect independent of sam-
ple size. Effect sizes were interpreted according to conventional thresholds: small (r = 0.1), medium (r = 0.3), and large (r > 0.5).

N
-

To quantify global changes in ChlP-seq signal across conditions in the transcription inhibition experiments (vehicle, triptolide,
triptolide + auxin), we resource generated genome-wide coverage matrices using deepTools v3.5.1 fin reference-point mode,
with each window treated as centered on its midpoint. This produced a tabular matrix of normalized scores per condition for
each of the indicated set of regions. We next employed the dsCompareCurves utility (v1.2.0) utility to compare signal distributions
across conditions. For each bin, paired Wilcoxon signed-rank tests were applied (threshold p < 0.05) to identify significant changes
in occupancy between treatments. To estimate the robustness of these differences, 1000 bootstrap resamples of the paired differ-
ences were generated, and 95% confidence intervals around the mean difference curve were computed. Windows passing the Wil-
coxon significance cutoff were flagged as differentially occupied. The resulting mean difference profiles and confidence bands were
plotted in R (v4.3.2) using ggplot2 (v3.4.4).

LAD boundary analysis

LMNB1-enriched domains were delineated in vehicle-treated RAD21-mAID-HCT116 cells by applying a two-state hidden Markov
model (HMM) to LMNB1 ChiP-seq signal, as described earlier, yielding 3052 total boundaries. To quantify boundary integrity under
transcriptional inhibition, we computed the mean normalized LMNB1 signal in a 50 kb window immediately outside each domain us-
ing deepTools computeMatrix reference-point. For each boundary, we compared the mean signal across three biological replicates
per condition - vehicle, triptolide, and triptolide + auxin - using a two-sided t-test. Triptolide-sensitive boundaries (n = 1152) were
defined as those exhibiting a statistically significant increase in mean LMNB1 signal (p < 0.05) in the 50 kb window upon triptolide
treatment relative to vehicle, indicating LMNB1 spreading across the boundary. Among the triptolide-sensitive set, boundaries
showing a significant reduction in mean signal (p < 0.05) in the same window upon auxin-mediated RAD21 degradation were defined
as RAD21-dependent boundaries (n = 471), reflecting restoration of boundary function. Signal enrichment plots display the right-flank
windows, with equivalent behavior observed on left-flank boundaries. Gene ontology analysis performed using Toppgene (ToppFUN,
default parameters, accessed May 17, 2025).
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Analysis of gene expression levels

To assess the baseline expression levels of FXN, C9orf72, ZNHIT6, HS1BP3, GNB2, and MRPLA43 across different human tissues, we
used the RNA consensus gene data from the Human Protein Atlas (https://www.proteinatlas.org/download/rna_tissue_consensus.
tsv.zip).*® The normalized transcripts per million (TPM) values were log,-transformed and z-normalized across all the tissues, and
these values were used to generate a heatmap plot in R using ComplexHeatmap (v2.20.0)."*":'%2 We also assessed the normal dis-
tribution of gene expression levels in human fibroblasts (HFFc6) using the publicly available RNA-seq data from the 4DN data portal
(accession ADNESFH3EHTU, Yue lab).'*%'%” The distribution of expression was performed using the log, of the average TPM across
2 replicates using geom_histogram from the ggplot2 package in R.

Analysis of publicly available genomic datasets

Genome-wide chromatin interactions in human fibroblasts (HFFc6) were assessed using available Hi-C and Micro-C data from the
4DN data portal. The accession numbers for the experiment sets used are 4DNESWST3UBH ' for Micro-C and 4DNESN49VY8X'44
for Hi-C, and they include normalized contact matrices, insulation score, compartment and boundaries coordinates, all of which were
visualized using pyGenomeTracks (v3.8)."%° Public Hi-C data from HCT116 treated with vehicle or actinomycin D (GSE279166) were
used to assess boundary integrity to complement our triptolide experiments in HCT116 cells. Using Coolpup (v0.8.0)'“° in local mode,
we centered on each of our previously identified LMNB1 boundary categories (triptolide sensitive, triptolide insensitive, RAD21
dependent) and averaged contacts within + 250 kb windows. Interactions were normalized to genome-wide expected values and
corrected with random-shift controls, yielding aggregate pileup matrices for each category. Differential pileup comparisons between
actinomycin D and vehicle were performed using Coolpup’s dividepups.py, which computes the element-wise ratio of both aggre-
gate matrices generating a “delta” heatmap. All matrices were pre-normalized to expected interaction levels and corrected with
random-shift controls prior to division. LMNB1 DamlID-seq datasets for human fibroblast HFFc6 (4ADNESXZ4FW4T) and HCT116
(4ADNES24XA7U8) with at least 2 replicates were obtained from the 4DN data portal. The corresponding normalized signal and
LAD calls were downloaded as bigwigs and bed files respectively. ATAC-seq in HFFc6 (4ADNESMBA9T3L) was retrieved as pro-
cessed bigBed and bigWig files. Track visualization, signal profiles, and comparisons for these datasets were performed using
the same pipelines and parameters described above to ensure consistency with the experiments in this study.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism 10 software by GraphPad (Version 10.2.0) and R v4.3.2. For each experiment, the
data were assessed for normality of distribution by Shapiro-Wilk test and homogeneity of variances by Levene’s test (https://www.
statskingdom.com/230var_levenes.html). Datasets displaying normal distributions were subjected to unpaired, two-tailed student’s
t-test or an unpaired t-test with a Welch correction for two groups, and one-way ANOVA or Welch’s ANOVA with Dunnett’s multiple
comparisons test for more than two groups. Datasets that did not follow a normal distribution, were analyzed using an unpaired
Mann-Whitney test or Kolmogorov-Smirnov test for two groups and a Kruskal-Wallis test with Dunn’s multiple comparisons
test for more than two groups. The type of statistical test applied to each dataset is specified in the figure legends. P-values are
as follows: “ns” >0.05, “*” <0.05, “**” <0.005, “***” <0.0005. Exact p-values can be found in Table S2.
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