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In most eukaryotic cells, euchromatinis localized in the nuclear interior,

whereas heterochromatinis enriched at the nuclear envelope (NE). This
conventional chromatin organization is established by heterochromatin
tethering to the NE; however, its importance for cellular homeostasis is
largely unexplored. One tether is constituted by the lamin B receptor (LBR)
inmammals, but the enigmatic nature of other redundant tethers has
hampered functional analyses. Here we demonstrate that downregulation
of abundant, ubiquitous NE proteins can induce the global detachment

of heterochromatin from the NE and its repositioning to the nuclear
interior. We identify LBR and lamina-associated polypeptide 2 (LAP2) as
key factors for peripheral heterochromatin positioning in differentiated
and pluripotent mammalian cells. Their long-term loss leads to changesin
three-dimensional chromatin organization and areductionin repressive
epigenetic marks, especially H3K27me3. These changes are associated
with massive deregulation of gene expression, activation of antiviral innate
immunity, and defectsin cell fate determination.

Heterochromatin is positioned at the nuclear periphery and around
nucleoli, whereas euchromatin resides in the nuclear interior and in
the vicinity of nuclear pore complexes'”. This ‘conventional’ nuclear
architecture is an almost universal feature of eukaryotic nuclei and
is achieved by tethering of heterochromatin to the nuclear envelope
(NE)®’. In metazoan cells, peripheral heterochromatin is tethered to
thenuclear lamina, anetwork formed by proteins of the inner nuclear
membrane (INM) and nuclear lamins'®?, comprising the A-type lamins,
AandC, and the B-type lamins, Bland B2, in mammals. Genomicregions

at the nuclear lamina are referred to as lamina-associated domains
(LADs). Theyareupto10 Mbinsize, gene-poor, enriched in epigenetic
heterochromatic marks, and correspond by-and-large to the Bcom-
partments defined by Hi-C, especially the B.2 subcompartment™™,
Up to 40% of genomic regions are assigned as LADs, but many LADs
dynamically reshuffle into nucleolus-associated domains (NADs) upon
cell division>"*™,

Anoutstanding questionin the field concerns the mechanisms that
govern the peripheral positioning of mammalian heterochromatin.
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The prevailing hypothesis posits that heterochromatin attachment
to the NE of mammals is accomplished by two molecular assemblies,
referred to as A- and B-type tethers®. The A-type tether is organized
by A-type lamins and functionalized by unknown proteins of the INM,
whereas the B-type tether is constituted by the INM protein lamin B
receptor (LBR)®, which binds lamin B1*. The presence of either the
A-type or B-type tether is sufficient to maintain heterochromatin at
the periphery, with the dominance of the respective tethers differing
according to the differentiation stage of the cells®.

Peripheral positioning of heterochromatin has beenimplicatedin
the regulation of gene expression and thereby cell fate specification
during differentiation and development”>'**2*_Artificial tethering
of genomic loci to the nuclear lamina can lead to their repression®?°,
indicating that peripheral localization can promote gene silencing.
LADs impede transcriptional activity and store silent genomic loci in
the absence of their activating factors**%, although certain peripher-
ally tethered loci can escape repression® ', Conversely, disruption of
heterochromatin, local chromatin decondensation or transcriptional
activation of genes can cause the relocation of genes into the nuclear
interior’”*, suggesting that chromatin structure influences peripheral
gene localization.

The anchorage of heterochromatin at the NE seems to be a
fundamental feature of metazoan genome organization. However,
a full understanding of the mechanisms governing heterochroma-
tin localization to the INM as well as of the functional relevance of
peripheral heterochromatin sequestration are currently lacking,
because of theinnate redundancy of the tethering mechanism. Besides
its potential role in repressing genes found in LADs, it is not clear
if other aspects of genome homeostasis and nuclear function are
jeopardized when heterochromatin is detached from the nuclear
periphery.

We set out to identify which mammalian INM proteins contribute
to bulk heterochromatin tethering to the NE. We show that the down-
regulation of a suite of ubiquitously expressed NE proteins leads to
detachment of heterochromatin from the nuclear periphery, and we
identify major contributions of LBR and lamina-associated polypeptide
2 (LAP2) to peripheral heterochromatin localization. Loss of these
tethers causes changes in gene expression, chromatin organization,
histone methylation, transposon repression and cell differentiation,
highlighting the functional importance of heterochromatin attach-
ment to the NE.

Results

Depletion of abundant NE proteins causes detachment of
constitutive heterochromatin

The attachment of constitutive heterochromatin to the NEin mamma-
lian cellsis assumed to be redundantly governed by LBR and undefined
INM proteins®. Toidentify NE-heterochromatin tethers and considering
redundancy, we employed a reverse genetics approach and collectively
depleted 12 abundant, ubiquitously expressed NE factors using a mix-
ture of siPOOLs™. The targeted factors comprised the A-type lamins
(lamin A and lamin C), the B-type lamins (lamin B1 and lamin B2) and
eight INM proteins (LBR, the four LEM (LAP2, emerin, MAN1)-domain
proteins LAP23, emerin, MAN1 and LEMD?2, the SUN domain proteins
SUN1and SUN2, and LAPI; Fig.1a). Only 11siPOOLs (si-11) were needed
for depletion of the 12 factors, because lamin A and lamin C can be
depleted by the same siPOOL.

To examine effects on heterochromatin positioning, we initially
analysed HCT116 cells, a near-diploid human carcinoma cell line
(Fig. 1b). Heterochromatin was visualized by immunofluorescence
using an antibody against H3K9me3 that marks constitutive hetero-
chromatin and is enriched in LADs"**¥, Immunoblotting of a subset
of the targeted factors confirmed their downregulation (Fig. 1c), which
was further verified by RNA sequencing (RNA-seq; Extended DataFig.1a
and Supplementary Table 1). HCT116 cells treated with control small

interfering RNA (si-Ctr) displayed the typical peripheral enrichment
of H3K9me3 and a few intranuclear heterochromatin foci (Fig. 1b). In
contrast, cells treated with the si-11 pool showed a strong decrease in
peripheral H3K9me3 staining and a striking accumulation of intra-
nuclear heterochromatin clusters, reminiscent of chromocentres
(Fig. 1b). Comparison with Hoechst and co-staining with a nucleolar
marker indicated that a fraction of H3K9me3-positive foci was in the
vicinity of nucleoli, indicating that some LADs may be converted into
NADs (Extended Data Fig. 1b).

To quantify the loss of peripheral heterochromatin, we deline-
ated the nuclear contours based on the Hoechst signal and measured
the mean integrated density of H3K9me3 in an ~0.4-pm-wide ring at
the nuclear periphery relative to the entire nucleus (Fig. 1d). These
quantifications showed a significant decrease in H3K9me3 at the NE
upon depletion of the 12 targeted NE proteins in both HCT116 and
humanretinal pigment epithelial cells (RPE-1cells) (Fig. 1e). Analysis of
H4K20me3 and H3K27me3, which decorate constitutive and facultative
heterochromatin, respectively, supported the global loss of hetero-
chromatin from the NE (Extended Data Fig. 1c,d). The repositioning
of H3K9me3-positive heterochromatin into the nuclear interior was
confirmed in human RPE-1 cells (Fig. 1b) as well as in mouse NIH/3T3
fibroblasts and embryonic stem cells (mESCs) (Extended DataFig. 1e,f).
Taken together, depletion of these 12 factors is sufficient to induce
the detachment of heterochromatin from the NE in a variety of mam-
malian cell lines.

Depletion of LBR and lamin A/C is insufficient to globally
release constitutive heterochromatin from the NE

Landmark studies in mouse rod cells have demonstrated that the
absence of LBRandlamin A/Cis sufficient to cause nuclear chromatin
inversion®. We therefore examined whether downregulation of LBR
and lamin A/C was also sufficient for heterochromatin detachment
fromthe NEin HCT116 cells. Since siRNA-mediated downregulation of
A-type lamins was inefficient (Fig. 1c), we generated LMNA knockout
(KO) cells (Extended Data Fig. 2a). We then compared the effect of
LBR depletion on peripheral heterochromatin positioning in HCT116
wild-type (WT) and LMNA KO cell lines (Extended DataFig.2b-d). The
individual loss of either LBR (siP-LBR) or lamin A/C (LMNA KO cells)
slightly reduced enrichment of H3K9me3-positive chromatin at the
NE and caused the formation of small intranuclear heterochromatin
foci. Their combined loss clearly exacerbated these defects. However,
only the combined depletion of all other ten NE factors in LMNA KO
cells led to a gross reduction of peripheral heterochromatin and the
formation of large intranuclear chromatin clusters (LMNA KO, si-10).
This shows that the absence of LBR and lamin A/C is insufficient to
release heterochromatin from the NE to the same extent as the loss of
all 12 proteins, indicating that factors other than LBR and lamin A/C
contribute tobulk heterochromatintetheringin HCT116 cells. Evenin
the presence of lamin A/C (HCT116 WT), loss of the other ten proteins
had astronger effect thanloss of LBR alone, supporting a contribution
of other factors (Extended Data Fig. 2b-d).

Identification of mammalian INM proteins that anchor
heterochromatin

Toidentify the factors that promote NE tethering of constitutive het-
erochromatin, we used H3K9me3 staining and the localization of cen-
tromeres as acomplementary readout. Many centromeres are localized
at the nuclear periphery throughout the cell cycle, and the remain-
ing portion is found adjacent to nucleoli*®* *°. Consistent with recent
analyses in HeLa cells*’, we observed that ~60% of centromeres were
localized closetothe NEin HCT116 WT cells (Extended DataFig. 3a,b).
Asimilar fraction of centromeres was located near the NE in LMNA KO
cells, whereas RNA interference (RNAi)-mediated depletion of the
othertenselected NE factors (si-10) diminished peripheral centromere
localization to less than 10%.
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Fig.1|H3K9me3-stained heterochromatinis detached from the nuclear
periphery of human cells upon depletion of eight INM proteins and the
nuclear lamins. a, The selected set of 12 NE factors and their corresponding

categories (lamins: lamin A, lamin C, lamin Bl and lamin B2; INM proteins: LBR,
LAP2, emerin, LEMD2, MAN1, SUN1, SUN2 and LAPI) targeted by acombination
of siPOOLs (si-11, including one siPOOL that targets both lamin A and lamin C).
Eachindividual siPOOL is composed of ~-30 different siRNAs. b, Representative
confocalimages of HCT116 and RPE-1cells either treated with control siRNA
(si-Ctr) or acombination of 11siPOOLs for 72 h, fixed and subjected to
immunofluorescence using an anti-H3K9me3 antibody. DNA was stained with
Hoechst. N =3 experiments. Scale bars, 5 um. ¢, Immunoblots confirming the

downregulation of select NE proteins upon si-11 depletion. The asterisk indicates
anunspecificband in the HCT116 lamin B2 blot. d, Quantification procedure of
the fraction of H3K9me3-positive heterochromatin at the nuclear rim. H3K9me3
intensity was quantified in an -0.4-pm-wide ring at the nuclear periphery and
expressed as the ratio of the average integrated fluorescence intensities at

the nuclear rim over the entire nuclear area (nuclear rim + nuclear interior).

e, Quantification of accumulation of the H3K9me3 signal at the NE of HCT116
cells (total number of cells, n > 227; P<1.0 x 10 ") and RPE-1 cells (total number of
cells,n>86,P<1.0 x1075) treated asin b (***P < 0.0001, two-sided Welch's t-test,
mean +s.d., N =3 experiments). Numerical and statistics source data as well as
unprocessed blots are available as source data.
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To deconvolute which of these factors promote NE-heterochro-
matin tethering, we used HCT116 LMNA KO cells. We grouped the ten
remaining factors into five bins corresponding to their respective
protein families (B-type lamins, LBR, LEMs, SUNs and LAP1; Figs. 1a
and 2a). We first downregulated each group individually, using si-10
as positive control. As expected, we observed a significant decrease
in peripheral H3K9me3-marked heterochromatin upon depletion of
LBR (step1inFig. 2a; Extended DataFig.4a,b,g), but alarge fraction of
heterochromatin remained at the NE. Depletion of the other factors
did not lead to discernible effects on peripheral H3K9me3 staining.
Consistently, knockdown of LBR also strongly reduced the fraction
of peripheral centromeres from 60% to 25% (Extended Data Fig. 3c).
Centromere localization was also affected by the depletion of LEM
proteins and slightly by LAP1.

In the second deconvolution step, we depleted each of the four
remaining protein groups together with LBR in the LMNA KO cells
(step 2 in Fig. 2a). This revealed that the LEM protein family had
the strongest impact on both readouts (Extended Data Figs. 4c,d,g
and 3d). Only co-depletion of LAP1 and the B-type lamins with LBR
caused a small reduction in the fraction of peripheral centromeres
(Extended Data Fig. 3d).

To pinpoint which LEM proteins contribute to peripheral hetero-
chromatin positioning, we individually downregulated LAP2, emerin,
LEMD2 or MAN1together with LBR (Fig.2a, step 3). Thisled to a signifi-
cant effect of LAP2 depletion for both readouts. Cells co-depleted of
LBR and LAP2 contained large chromocentre-like heterochromatin
clusters and displayed a reduction in peripheral H3K9me3-positive
heterochromatin (Fig. 2b,c,f). Co-downregulation of LBR and LAP2
also strongly affected peripheral centromere positioning, reducing
the fraction of centromeres at the nuclear periphery to -10%, akin to
co-depletion of LBR and all LEMs (Fig. 2d,e). Co-depletion of none of
the other LEM proteins with LBR caused significant changes, indicating
that LAP2 and LBR are chiefly responsible for peripheral centromere
positioning. Notably, downregulation of LBR and LAP2 was not suf-
ficient to fully recapitulate the si-10 phenotype (Fig. 2c,e), suggesting
that additional factors may contribute.

Testing the remaining three groups (B-type lamins, SUNsand LAP1)
inconjunction with LBRand LAP2 co-depletion (step 4; Extended Data
Figs.3eand4e-g) did not show any further enhancement of the pheno-
type. Collectively, these experimentsidentify the INM proteins LBRand
LAP2 asthe major playersintethering of constitutive heterochromatin
tothe NEin HCT116 LMNA KO cells.

The membrane-anchored isoforms of LAP2 promote
heterochromatin attachment to the NE

Human cells express four isoforms of LAP2 (a, 3, y and §; Fig. 3a), of
which LAP2a and LAP2f are the most abundant*’. All isoforms can
interact with chromatin viatheir N-terminal LEM-like and LEM domains.
LAP2f, y and 6 are embedded in the INM (Fig. 3a), whereas LAP2a
localizes to the nucleoplasm. We next wished to examine whether it
isindeed the membrane-bound isoforms that synergize with LBR in

promoting heterochromatin localization to the NE, especially in cells
that still contain A-type lamins. To ensure the equal absence of LBRin
all cells, we first generated HCT116 LBR KO cells (Extended Data Fig. 5a).
H3K9me3 localizationinthese cells was slightly perturbed, evident by
more prominent intranuclear heterochromatin foci and an uneven
H3K9me3 distribution at the NE (Fig. 3b, si-Ctr). Additional downregu-
lation of the other NE proteinsincluding LAP2 caused aglobal detach-
ment of heterochromatin from the NE, as expected (Fig. 3b,c, si-10b).
Theindividual depletions of either LAP2 or lamin A/Cinthe HCT116 LBR
KO background caused similar effects on peripheral heterochromatin
localization, leading to areduced accumulation of the H3K9me3 signal
atthe NEand more accentuated intranuclear heterochromatin clusters.

For group-specific depletion of LAP2 isoforms, we exploited
siPOOLs targeting either LAP2a alone or all membrane-bound iso-
forms together. These isoform-specific depletions worked, as shown
inLAP2immunofluorescence andimmunoblotting analyses (Fig. 3b,e).
Downregulation of the membrane-bound isoforms (siP-LAP2[3, yand §)
butnot of LAP2a mirrored the effect of downregulation of all LAP2 vari-
ants (siP-LAP2). This was confirmed by an analysis of centromere posi-
tioning (Fig. 3d). We conclude that the INM-bound isoforms of LAP2
promote heterochromatin tethering to the NE. Notably, co-depletion
oflamin A/C together with the membrane-bound or all LAP2 isoforms
affected H3K9me3 localization more strongly, again indicating an
A-type lamin-dependent contribution to heterochromatin tethering
that remains to be defined.

The role of LAP2 peripheral heterochromatin localization was
confirmed by a rescue experiment exploiting HCT116 cells lacking
LBR, LAP2 and LMNA/C (LBR/TMPO/LMNA triple KO (TKO); Extended
Data Figs. 5f and 6i). Re-expression of LAP2[3-GFP partially rescued
the enrichment of H3K9me3-positive chromatin at the NE (Fig. 3f,g).
Inthe rescued cells, we also noticed a still more prominent nucleolar
association of H3K9me3 thanin WT cells.

Loss of LBR and LAP2 causes widespread changes in gene
expression

Most differentiated eukaryotic cells position their heterochromatin
underneath the NE; however, the biological consequences of a global
loss of peripheral heterochromatin have not been explored. Having
a system that allowed the detachment of heterochromatin at will,
we set out to determine the consequences on gene expression and
genome organization.

Theinitial RNA-seq analysis had shown that the short-term deple-
tion of NE proteins in WT HCT116 cells by RNAI (si-11, 72 h) affected
gene expression very mildly (Extended Data Fig.1a). Only asmallnum-
ber of genes became deregulated more than two-fold (41). The 28
upregulated genes included genes from inter-LAD (19) and LAD (9)
regions (Extended DataFig. 6a; LADs previously identified by DamID"),
whereas the 13 downregulated genes mainly comprised genestargeted
by si-11. Furthermore, ATAC-seq (Assay for Transposase-Accessible
Chromatin with sequencing), which measures the accessibility of
genomic regions*’, demonstrated that only a small fraction of the

Fig.2|The INM proteins LBR and LAP2 promote the peripheral positioning

of H3K9me3-positive heterochromatin. a, Schematic depiction of the
deconvolutionapproach performed in HCT116 LMNA KO cells. The proteins
targeted by si-10 were initially distributed into five groups: LBR, B-type lamins
(lamin B:lamin Bland lamin B2), LEM family (LEMs: LAP2, LEMD2, MAN1 and
emerin), SUN proteins (SUNs: SUN1and SUN2) and LAP1. The corresponding sets
of siPOOLs were first individually tested (step 1), identifying LBR. In the following
steps, the contributions of additional factors were evaluated as outlined. Arrows
indicate the major additional factors affecting peripheral heterochromatin
identified in each step. b, Representative confocal images of H3K9me3-positive
heterochromatinin HCT116 LMNA KO cells treated with si-Ctr or the indicated
combination of siPOOLs for 72 h (step 3 of deconvolution), identifying LAP2.
Scalebars, 5 pum. ¢, Quantification of the accumulation of H3K9me3 at the NE

for b (total number of cells n 2133, NS P> 0.05, ***P < 0.0001, one-way analysis
of variance (ANOVA), mean + s.d., N = 3 experiments). d, Analysis of centromere
positioning at the NE (also Extended Data Fig. 3). Representative confocal images
of CREST, CLIMP-63 and Hoechst (DNA) throughout five microscopy slices
inHCT116 LMNA KO cells treated with si-Ctr or the indicated combination of
siPOOLs for 72 h (step 3 of deconvolution). Scale bar, 5 pum. e, Quantification of
the proportion of centromeres at the nuclear periphery in cells treated with si-Ctr
or the indicated combinations of siPOOLs for 72 h (total number of cells n > 28,
NS P>0.05,*P<0.05,*P<0.01,***P<0.0001, one-way ANOVA, mean +s.d., N=3
experiments). f,Immunoblotting of LBR, LAP23 and select other NE proteins to
determine the efficiency of siRNA-induced protein depletion. Numerical and
statistics source data as well as unprocessed blots are available as source data.
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genome (-0.9%, |log,-fold change| > 1) exhibited altered accessibility
following short-term depletion of NE tethers (Extended DataFig. 6b,c).
Thus, the short-term effects of RNAi-induced heterochromatinrelease
from the NE on gene expression are minor, even though chromatin
forms large intranuclear clusters. We also conducted the experiment

a
HCT116 LMNA KO

for six days, which stimulated more pronounced changes in gene
expression (Extended Data Fig. 6d,e), indicating that the duration of
downregulation may matter.

To analyse the effects of persistent detachment of heterochro-
matin from the NE, we generated a panel of HCT116 KO cell lines that
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Fig. 3| The INM-bound isoforms of LAP2 contribute to peripheral hetero-
chromatin anchorage. a, Schematic depiction of the four isoforms of LAP2
expressed in human cells. Note that the presence of LAP28 at the protein level
is still contested. b, Representative confocal images of H3K9me3 localization
inHCT116 LBRKO cells treated with si-Ctr or the indicated combinations of
siPOOLs for 72 h. si-10b refers to the siPOOL mixture including siP-lamin A/C
but notsiP-LBR. Scale bars, 5 um. ¢, Quantification of the accumulation of
H3K9me3 at the NEin b (total number of cells n > 137, ****P < 0.0001, one-way
ANOVA, mean + s.d., N =3 experiments). d, Quantification of the proportion
of centromeres at the nuclear periphery in cells treated as in b (total number
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N
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of cellsn>27,NSP>0.05, ***P<0.0001, one-way ANOVA, mean +s.d., N=3
experiments). e, Immunoblotting of LAP2 (detecting LAP2a and LAP2f3,
asterisks), lamin A/C and emerin to determine the efficiency of siRNA-induced
protein depletion. f, Representative confocal images of H3K9me3 localization
inHCT116 WT and LBR/TMPO/LMNA TKO cells as well as of TKO cells expressing
LAP2(-GFP after 48 h of transient transfection. Scale bars, 5 pm. g, Quantification
of the accumulation of H3K9me3 at the NE in f (total number of cells n > 35,
***+p < (0.0001, one-way ANOVA, mean = s.d., N=3 experiments). Numerical
and statistics source data as well as unprocessed blots are available as
source data.
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carrysingle, double and triple deletions of the genes for LBR, LMNA/C
and LAP2 (TMPO gene) (Extended Data Fig. 5a-f), focusing mostly on
the LBR/TMPO double KO (DKO) and LBR/TMPO/LMNA TKO cell lines.
These cells proliferated nearly like WT cells (Extended Data Fig. 5g,h).
We then examined how the loss of LBR, LMNA/C and/or LAP2 affected
the localization of peripheral heterochromatin using antibodies
for H3K9me3 and H3K27me3 (Fig. 4a,b). Consistent with RNAi, we
observed a decrease in H3K9me3 at the NE in the DKO and TKO back-
grounds, accompanied by the appearance of intranuclear clusters of
heterochromatin. Similarly, H3K27me3-positive heterochromatin
was detached from the NE, showing that facultative heterochromatin
isalso affected.

Bulk RNA-seq revealed that the deletion of heterochromatin
tethers caused widespread changes to the transcriptome (Fig. 4c,
Extended DataFig. 6f and Supplementary Table 1). Hundreds of genes
were deregulated by more than four-fold (1,659 in LBR/TMPO DKO
genes; 1,360 in TKO), among them transcription factors, which may
amplify the effect. About 80% of deregulated genes were upregulated,
with a slight preference for genomic regions originally assigned to
LADs (Fig. 4d). When comparing the different genotypes, we noted
that deletion of LBR alone already caused considerable changes
(Extended Data Fig. 6f). LBR and TMPO co-deletion was synergistic
when considering downregulated genes, consistent with the notion
that the combined loss of LBR and LAP2 leads to a greater extent of
heterochromatin collapse, potentially burying genes and diminishing
gene expression.

To discern functionally linked clusters among the upregulated
genesthat mightbe partofacellularresponse totheinflicted changes,
we performed Gene Ontology (GO) analysis (Fig. 4e). This identified
GO terms pertaining to antiviral innate immunity, chemokine signal-
ling and extracellular matrix organization. STRING analysis of the top
upregulated protein-coding genes (Extended Data Fig. 6g) identi-
fied a gene cluster of cytokine genes (for example, /[FN1B) and innate
immunity factors (Fig. 4f), including cytosolic dsSRNA sensors* (RIG-1,
MDA-5/IFIH1), oligoadenylate synthases** (for example, OAS2) and
APOBEC cytidine deaminases™® that are potent inhibitors of retroviral
replication. However, an induction of innate immunity can be caused
by diverse cellular problems, including a dysregulation of epigenetic
gene silencing and thereby expression of retrotransposons such as
endogenous retroviruses (ERVs)**™*, defects in pre-mRNA splicing®,
or loss of R-loop resolution causing the occurrence of cytoplasmic
RNA-DNA hybrids®. To deduce whether the expression of transpos-
able elements (TEs) was altered following loss of NE-heterochromatin
tethers, we analysed our bulk RNA-seq data. This indeed revealed a
deregulation of TEsin both the LBR/TMPO DKO and LBR/TMPO/LMNA

TKO celllines, especially of LTR retrotransposons (Fig.4g). Inaddition,
we also observed a dysregulation of splicing, including changes in
intronretention (Extended Data Fig. 6h). Itis currently unclear whether
these changes in TE expression and splicing or other defects govern
innate immune activation.

Persistent loss of heterochromatin tethers causes defects in
the maintenance of repressive epigenetic marks

To examine how altered gene expression relates to changesingenome
organization, we first analysed alterations in genome accessibility.
ATAC-seq revealed that both DKO and TKO cells showed ~14% of
detected genomic regions changing accessibility more than two-fold
(Fig. 5a and Supplementary Table 2). Increased and decreased acces-
sibility were almost balanced (Fig. 5a). Genes with increasing acces-
sibility largely overlapped between DKO and TKO cells (59%, Fig. 5b),
indicating that changes are not random. Among the more accessible
genomic regions, genes originally positioned in LADs were slightly
overrepresented (Fig. 5¢), indicating that LAD genes are preferen-
tially affected by the long-term loss of peripheral heterochromatin
localization. Further analysis showed a weak correlation between the
expression of protein-coding genes and accessibility changes in pro-
moter regions (Fig. 5d, R= 0.2 for DKO and TKO), suggesting that other
effects contribute.

Considering the extensive upregulation of gene expression,
we wondered whether there were any defects in the maintenance
of repressive histone marks and therefore examined their levels by
quantitative immunoblotting. Strikingly, although H3K9me3 and
H4K20me3 remained nearly unaffected, H3K27me3 was strongly
reduced in the LBR/TMPO DKO and LBR/TMPO/LMNA TKO cells
(Fig. 5e,f and Extended Data Fig. 6i,j). We also observed a reduction
in H3K9me2. Notably, there were no major changes in mRNA levels
of polycomb repressive complex (PRC) components that would
directly explain the decrease in H3K27me3 (Extended Data Fig. 6k
and Supplementary Table 4). Only the mRNA levels of CBX2 (PRC1com-
ponent) dropped, whereas CBX7 was upregulated. CBX7 is normally
expressed in pluripotent cells and replaced by CBX2 during lineage
commitment™, indicating a potential confusion in cell state-specific
gene expression.

The reduction in H3K27me3 levels suggested that de-repression
of H3K27me3-marked genes might contribute to the upregulation of
gene expression. H3K27me3 chromatin immunoprecipitation (ChIP)
indeed revealed that the mean H3K27me3 peak intensity strongly
droppedinthe DKO and TKO cells (Fig. 6a), consistent with the reduc-
tion in overall H3K27me3 levels (Fig. 5f). Most peaks were strongly
reduced, and only a small fraction of regions showed an increased

Fig.4|Genomic deletion of LBR and LAP2 in HCT116 cells releases
heterochromatin from the NE, perturbs gene expression, and activates the
innate immunity pathway. a, Representative confocalimages of HCT116 WT and
theindicated KO cell lines, fixed and subjected to immunofluorescence using
antibodies against H3K9me3 or H3K27me3. DNA was stained using Hoechst. Scale
bar, 5 um. b, Quantification of the accumulation of H3K9me3 at the NE relative
toits total nuclear signal (total number of cells n > 91, NS P> 0.05, *P< 0.01,
**P<0.001, ***P< 0.0001, one-way ANOVA, mean + s.d., N = 3 experiments)

and H3K27me3 signal (total number of cellsn > 92, *P < 0.05,**P< 0.01,
*P<0.001, ***P<0.0001, one-way ANOVA, mean + s.d., N =3 experiments) at
the nuclear rimin the various KO backgrounds (a). ¢, Volcano plots showing
differentially expressed genes identified by RNA-seq (HCT116 LBR/TMPO DKO
and LBR/TMPO/LMNA TKO versus HCT116 WT cells, N = 3 experiments). Numbers
of genes with adjusted P < 0.05 and |log,(fold change)| > 2 areindicated in the
volcano plots (two-tailed Wald test and Benjamini-Hochberg procedure).

Left: table summarizing two- and four-fold changes in gene expression

(llog,-fold change| (LFC)). Right: Venn diagrams indicating the overlap in up- and
downregulated genes between LBR/TMPO DKO and LBR/TMPO/LMNA TKO cells.
d, Stacked bar plots showing the proportion of differentially expressed genes

from cassigned to LAD and inter-LAD regions. A one-sided Fisher’s exact test
was used to evaluate the enrichment of upregulated genes in LADs compared to
inter-LADs (Pvalues: DKO 1.69 x 10%; TKO 1.99 x 107"). All loci with a[log,(fold
change)| >1and adjusted P < 0.05 were considered significant. e, GO analysis

of upregulated genes, showing the ‘Biological process’ category. Genes from
cwithadjusted P < 0.05and log,(fold change) > 2in HCT116 LBR/TMPO DKO

and LBR/TMPO/LMNA TKO cells were considered upregulated. A one-sided
Fisher’s exact test was used to determine terms with significant enrichment.
Thexaxis shows the -log;o(P,4) values for the respective terms. f, Heatmap

of innate immunity genes upregulated in the KO backgrounds and part of the
identified GO terms ‘negative regulation of viral genome’ and ‘defence response
tovirus’ frome.g, Volcano plots of RNA expressed from transposable elements
identified by TEtranscripts for LBR/TMPO DKO and LBR/TMPO/LMNA TKO

cells versus HCT116 WT cells (N =3, dashed lines indicate changes with P< 0.05
and |log,(fold change)| = 0.585; two-tailed Wald test and Benjamini-Hochberg
procedure). DNA, DNA transposon; LINE, long interspersed nuclear elements;
LTR, long terminal repeat retrotransposon; satellite, satellite repeats; SINE, small
interspersed nuclear elements. Numerical and statistics source data as well as
unprocessed blots are available as source data.
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Fig.5|LBR/TMPO DKO and LBR/ TMPO/LMNA TKO cells show changesin
chromatin accessibility and aglobal decrease in H3K27me3 and H3K9me2.

a, Stacked bar plot showing the proportion of differentially accessible ATAC-seq
peaks in nucleosome-free regions (Nfr) for LBR/TMPO DKO and LBR/TMPO/LMNA
TKO cells (VN =3). Allloci (no selection for genes) with [log,(fold change)| > 1and
adjusted P < 0.05 were considered significantly changed (two-tailed Wald test
and Benjamini-Hochberg procedure). b, Venn diagrams indicating the overlap in
changes in genome accessibility between LBR/TMPO DKO and LBR/TMPO/LMNA
TKO, related to a. ¢, Stacked bar plots showing proportions of differentially
accessible ATAC-seq peaks (|log,(fold change)| > 1and adjusted P< 0.05) from a
assigned to LAD and inter-LAD regions. A one-sided Fisher’s exact test was used to
evaluate the enrichment of peaks with increased accessibility in LADs compared
tointer-LADs. Pvalues: DKO 2.36 x 102%%; TKO 1.14 x 10**. d, Spearman
correlation between changes in gene expression (RNA-seq) and promoter

accessibility (ATAC-seq) for protein-coding genes. The promoter was defined
astheregion 3,000 bp upstream and 500 bp downstream of the transcription
start site (TSS). Significantly affected genes (|log,(fold change)| > 1and adjusted
P<0.05) in RNA-seq and ATAC-seq datasets (two-tailed Wald test and Benjamini-
Hochberg procedure) are highlighted in magenta and unchanged genes are
colouredin grey. Number of genes, n =13,768 for both comparisons; for both
DKO versus WT and TKO versus WT: R=0.20and P< 2.2 x 107, e, Representative
immunoblot of H3, H3K9me2, H3K9me3, H3K27me3 and H4K20me3 relative

to B-actinin LBR/TMPO DKO and LBR/TMPO/LMNA TKO cells. N = 3. See also
Extended DataFig. 6i,j. f, Quantification of protein levels (normalized to B-actin)
for histone modifications in LBR/TMPO DKO and LBR/TMPO/LMNA TKO cells (NS
P>0.05*P<0.05,*P<0.01,***P<0.0001, one-way ANOVA, mean s.e.m.,N=3
experiments). Numerical and statistics source data as well as unprocessed blots
are available as source data.
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H3K27me3 signal. When specifically looking at changesin the promoter
region of protein-coding genes, about one-third of upregulated genes
showed a decrease in H3K27me3 levels (Fig. 6b) and genes originally
positioned in LADs were preferentially affected (Fig. 6¢; an example
isshownin Fig. 6f).

Correlation analysis confirmed a weak negative correlation
between changes in H3K27me3 and gene expression (R = -0.20 DKO;
R=-0.22TKO; Fig. 6d), suggesting that altered H3K27me3 levels may
explainderegulation forafraction of genes. This notion was supported
by comparing the mean H3K27me3 intensity profiles for the top 100
up-and downregulated genes between WT and KO cells, which showed
areduction of the H3K27me3 mean signal strength for upregulated
genes, and an increase for downregulated genes (Fig. 6b,f). Similarly,
we also analysed changes in H3K27me3 for upregulated TEs (Fig. 4g),
and noticed a drop in the mean H3K27me3 signal for upregulated TE
copies originally positioned in LADs in both the DKO and TKO cells
(Extended Data Fig. 6] and Supplementary Table 3). For comparison,
we also performed H3K9me3 ChIP, which did not reveal similar changes
inthe profiles.

Loss of peripheral heterochromatin tethering causes changes
in 3D genome organization
To analyse how the release of heterochromatin from the NE impacts
genome organization, we mapped the 3D genome topology using
Pico-C**>*. We generated datasets for HCT116 WT, DKO and TKO
cells, obtaining maps at low kilobase (kb) resolution (Fig. 7a and
Extended Data Fig. 7a-c). These revealed extensive new interac-
tions both within and between chromosomes in the KO genotypes
(exemplified for chromosomes 4 and 5in Fig. 7a, rectangular areas;
Extended Data Fig. 7d). Analysis of trans compartment interactions
showed that novel contacts are preferentially established between B.2
compartments, the compartment type housing LADs (Fig. 7b). This
might indicate that, upon release of LADs from the NE, the collapse
of heterochromatin into intranuclear clusters yields novel B.2-B.2
contacts, which is especially prominent in the TKO background, in
line with the strength of chromocentre formation (Figs. 7b and 4a).
Inaddition, a substantial fraction of the genome (29.3% DKO; 32.5%
TKO) changed compartment identity (Fig. 7c). Shifts to more active
compartments (from B to A) prevailed, whereas transitions from A
to B were less prominent. Most widespread were transitions from B.1,
whichis enriched in H3K27me3-marked facultative heterochromatin,
intothetranscriptionally more active A category (Fig. 7c, lower graphs).
Notably, the genomic environment seems toimpose abias to the direc-
tion of compartment switches: loci switching from B.1to A and from
B.1to B.2 are preferentially surrounded by A and B.2 compartments,
respectively (Fig. 7d and Extended Data Fig. 7e,f). Compared to the
rest of the genome, genes encompassed by the 469 regions switching
from B.1to A in both the DKO and TKO cells are overrepresented for
upregulated genes (Extended Data Fig. 7g).

Interestingly, the compartment most affected in its dimensions
is the B.2 compartment, which has undergone a net reduction in size.
When the affected genomic B.2 regions are aligned with LADs assigned
by DamlID, the fraction of changing B.2 regions show a high LMNB1 DAM
signal, indicating that they originate from LADs, whereas stable B.2
regions are enriched for NADs (Fig. 7e). Thus, compartment changes
are probably caused by LAD untethering from the NE. When we zoom
intosuchB.2regions that undergo switches, their changes seemto be
influenced by their surrounding genomic neighbourhood and changes
inhistone modifications. For example, shrinking of aB.2 compartment
isaccompanied by areductionin the broad H3K9me3 mountain across
the B.2 domain and a drop in the H3K27me3 ChIP signal in the neigh-
bouring B.1regions (Extended Data Fig. 7f,h). We also observed a gain
of pronounced topologically associating domain (TAD) substructure
incompartments changing from B.2to B.1and A. These regions showed
amarked increase inaccessibility by ATAC-seq, probably explained by
denovo CTCF loading, consistent withan enrichment of CTCF binding
sitesinlost B.2compartments (Fig. 7f). Conversely, compartments that
adoptaB.2statelose their TAD substructure (Extended Data Fig. 7i).

Loss of LBR and LAP2 affects the differentiation of mESCs

LADs are established shortly after fertilization®, with cumula-
tive changes accompanying lineage commitment and cell fate
determination®*®°. Chromatin organization in mESCs is globally
affected by the deletion of lamins®, pointing at an important function
ofthe nuclear periphery in genome organization in pluripotent cells.

To investigate the role of the identified NE-heterochromatin
tethers in mESCs, we generated Lbr/Lmna DKO, Lbr/Tmpo DKO and
Lbr/Tmpo/Lmna TKO in the blastocyst-derived mESC line E14TG2a
(Extended Data Fig. 8). We maintained these cells in a naive pluripo-
tent ground state in the presence of LIF/2i®’. Immunofluorescence
analysis of H3K9me3, H4K20me3 and H3K27me3 revealed that both
Lbr/Tmpo DKO and Lbr/Tmpo/Lmna TKO cells lost the enrichment of
heterochromatin at the nuclear periphery and showed an accumula-
tion of chromocentre-like heterochromatin clusters in the nuclear
interior (Fig. 8a-c).Incontrast, Lbr/LmnaDKO cells maintained alarge
fraction of heterochromatin at the nuclear rim, while also showing
intranuclear clusters.

To examine the effects of loss of heterochromatin tethering to
the NE on genome organization and gene expression, we performed
ATAC-seqand RNA-seq, focusing on Lbr/Tmpo DKO and Lbr/Tmpo/Lmna
TKO cells. Compared to what we had observed in differentiated HCT116
cells (Figs.4 and 5), ATAC-seq showed fewer changes in chromatin acces-
sibilityin mESCs (Extended Data Fig. 9a,b and Supplementary Table 2),
with a larger fraction of genomic regions becoming less accessible,
probably because chromatinin stem cellsis generally more accessible
at the outset. Consistently, RNA-seq identified prominent changes
ingene expression (Fig. 8d), with downregulation of genes prevailing
inboth DKO and TKO cells (Extended Data Fig. 9c).

Fig. 6 | ChIP-seq analysis of changes in H3K27me3 in LBR/TMPO DKO

and LBR/TMPO/LMNA TKO cells. a, Metagene profiles (top) and heatmap
(bottom) of the RPGC-normalized H3K27me3 ChiIP-seq signal for HCT116 WT,
LBR/TMPO DKO and LBR/TMPO/LMNA TKO cells, ranked according to H3K27me3
enrichmentin HCT116 WT cells (V=3 experiments). RPGC, reads per genomic
content (1x normalization). b, Stacked bar plots showing the proportion of
genes with the indicated status of H3K27me3 (two-sided quasi-likelihood F-test)
among the downregulated, unchanged and upregulated protein-coding genes
(related to aand Fig. 4c). ¢, Stacked bar plots showing the proportion of regions
with differential H3K27me3 signal (two-sided quasi-likelihood F-test) froma
assigned to LAD and inter-LAD regions (|log,(fold change)| >1and adjusted
P<0.05) assigned to LAD and inter-LAD regions. A one-sided Fisher’s exact test
was used to evaluate the enrichment of peaks with decreased H3K27me3 signal
in LADs compared to inter-LADs. Pvalues: DKO 8.94 x 108, TKO 9.25 x 107°.

d, Spearman correlation between changes in gene expression (RNA-seq) and
H3K27me3 ChlIP-seq signal in the promoters (=3,000 to +500 bp of TSS) of

protein-coding genes. Significantly affected genes (|log,(fold change)| >1and
adjusted P < 0.05) in RNA-seq (two-tailed Wald test and Benjamini-Hochberg
procedure) and H3K27me3 ChiP-seq datasets (two-sided quasi-likelihood F-test)
are highlighted in magenta and unchanged genes are coloured in grey. Number
of genes, n=2,954; DKO versus WT R=-0.20 and P< 2.2 x107%; TKO versus WT,
R=-0.22andP< 2.2 x107", e, Metagene profiles of RPGC-normalized H3K27me3
ChlIP-seqsignal for the top 100 up- and downregulated genes from Fig. 4c for
HCT116 LBR/TMPO DKO and LBR/TMPO/LMNA TKO cells relative to WT. Start

and End represent gene start and end. RPGC, reads per genomic content

(1x normalization). f, RNA-seq, ATAC-seq and H3K27me3 ChlIP-seq profiles for
anexample upregulated gene (ADAM28), originally positioned inaLAD region,
comparing HCT116 WT, DKO and TKO cells. The region overlaid in grey highlights
the start of the gene. Gene upregulation coincides with increased accessibility
(ATAC-seq) inits promoter and a drop in H3K27me3 throughout its gene body
(ChIP-seq). Statistics source data are available as source data.
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Fig.7|Loss of peripheral heterochromatin tethering drives 3D genome
reorganization and epigenetic remodelling. a, Pico-C contact maps of
chromosomes 4 and 5in HCT116 WT, DKO and TKO cells, revealing increased
long-range cis and transinteractions between B.2 compartments (black
boxes) that are more pronounced in TKO. log, ratio maps (mutant/control)
are shown (middle (DKO) and right panel (TKO)), highlighting interaction
gains. Compartment annotations (A.1,A.2, B.1,B.2) are shown below. (N=3
experiments). b, Aggregate trans-compartment contact maps show a specific
increasein B.2-B.2 interactions in DKO and TKO, compared to control.

¢, Genome-wide compartment trends. Top: compartment distribution across
the genome. Bottom: fraction of loci undergoing compartment changes,
predominantly gains or losses of B.2 identity. d, Neighbourhood analysis of loci

switching from B.1to B.2 (right) or to A compartments (left) in TKO cells shows
that most loci gain the identity of their local neighbourhood. e, DamID profiles
for LMNB1and NAD at lost, stable or gained B.2 loci. Lost B.2 regions are enriched
for LMNBI1, whereas stable B.2 loci show higher NAD association. f, De novo motif
analysis reveals enrichment of CTCF and AP-1complex motifs (for example,
FOSLI) at sites undergoing compartment switching. g, Deeply sequenced Pico-C
maps (8-kb resolution) illustrate local structural changes at B.2 regions in DKO
and TKO, accompanied by changes in chromatin accessibility (ATAC-seq), histone
modifications (H3K9me3 and H3K27me3) and transcription (RNA-seq). LMNB1
and NAD data are from ref. 94, HP1a data from ref. 95, and CTCF binding from
ENCODE (UCSC Genome Browser, TFBS Clusters v3). Numerical source data are
available as source data.
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GO analysis highlighted the upregulation of genes related to
retrotransposon silencing, interferon response, piRNA processing,
and, for the TKO, adaptive immunity (Fig. 8e). Upregulated genes
related to ‘retrotransposon silencing and piRNA processing’ comprised

piRNA pathway genes, including Ddx4/Vasa, Piwil2, Piwil4, Mael-
strom (Mael), Tdrd1 and Tdrd5® (Fig. 8f), but we did not observe a
significant upregulation of TEs (Extended Data Fig. 9d). As both the
DKO and TKO cell lines maintain expression of pluripotency markers
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Fig. 8| Deletion of LBR and LAP2 in mESCs causes heterochromatin
positioning defects, deregulation of gene expression and aberrant
differentiation. a, Representative confocalimages of WT, Lbr/Lmna DKO,
Lbr/Tmpo DKO and Lbr/Tmpo/Lmna TKO E14TG2a mESCs, fixed and subjected to
immunofluorescence using anti-H3K9me3, anti-H4K20me3 and anti-H3K27me3
antibodies. DNA was stained using Hoechst. Note that mouse cells possess
chromocentres, which are clusters of centromeric heterochromatin typically
found attached to the NEin WT cells. Scale bar, 5 pm. b, Schematic depiction
ofthe quantification method. The fraction of antibody-stained heterochromatin
at the nuclear rim was quantified using ten line scans across the NE per

analysed cell nucleus, with each line reaching 1 pminto the nucleus and the
cytoplasm. ¢, Quantification of fluorescence signal at the nuclear rimina,
showing the mean normalized fluorescence intensity at each point of the line
scan (top) and the highest peak mean intensity (bar plots). Lbr/Lmna DKO,
Lbr/Tmpo DKO and Lbr/Tmpo/Lmna TKO mESCs (total number of cells
n=12,*P<0.01,***P<0.0001, Welch’s t-test, N = 3 experiments, mean + s.d.).

d, Volcano plots showing differentially expressed genes identified by RNA-seq
(Lbr/Tmpo DKO and Lbr/Tmpo/Lmna TKO versus WT cells, N = 3). Genes with an
adjusted P < 0.05 (two-tailed Wald test and Benjamini-Hochberg procedure) are

marked as up- or downregulated if [log,(fold change)| > 1. e, GO analysis showing
the ‘Biological process’ category. Genes from d with P < 0.05 and log,(fold
change)| = 1in Lbr/Tmpo DKO and Lbr/Tmpo/Lmna TKO cells were considered
upregulated. A one-sided Fisher’s exact test was used to determine terms with
significant enrichment. The x axis shows the -log,,(P,q;) values for the respective
terms. f, Heatmap of piRNA pathway genes upregulated in Lbr/Tmpo DKO and
Lbr/Tmpo/Lmna TKO cells. g, Representative phase contrastimages of E14TG2a
WT, Lbr/Tmpo DKO, Lbr/Lmna DKO and Lbr/Tmpo/Lmna TKO cells after ten days
of embryoid body differentiation. Scale bar, 200 um. h, Quantification of cell
numbers after ten days of embryoid body differentiation (****P < 0.0001, one-
way ANOVA, mean + s.e.m., N =3 experiments). i, Representative immunoblot

of H3K27me3 and H3 relative to B-actin in Lbr/Tmpo DKO and Lbr/ Tmpo/Lmna
TKO cells. N=3 experiments. j, Quantification of H3K27me3 (normalized to
B-actin) in Lbr/Tmpo DKO and Lbr/Tmpo/Lmna TKO cells (****P < 0.0001, one-way
ANOVA, N =3 experiments, mean + s.e.m.). k, Heatmap displaying the expression
of marker genes for the three germ layers, primed epiSCs and pluripotency in
Lbr/Tmpo DKO and Lbr/ Tmpo/Lmna TKO cells as identified by RNA-seq after ten
days of embryoid body differentiation. Numerical and statistics source data as
well as unprocessed blots are available as source data.

(Pou5f1/0ct4, Nanog) and do not show signs of precocious differentia-
tion when maintained in LIF/2i (Extended Data Fig. 9e), it will be inter-
esting to investigate whether the upregulation of piRNA biogenesis
genes reflects an induced innate immune response to the activation
of retrotransposons®* or the emergence of cells that have adopted a
different cell state®.

Finally, we used embryoid body differentiation (EB) to examine
whether loss of heterochromatin tethering affects differentiation. By
withdrawal of LIF/2i, cells were induced to differentiate into the germ
layers endoderm, mesoderm and ectoderm, and allowed to cluster
into EBs by growth in suspension for six days. After EB reattachment
to gelatin-coated plates, we observed a marked reduction in both
the size of the EBs and the total number of cells recovered after ten
days of differentiation, both for the DKO and TKO cells. This sug-
gests that a large proportion of cells are unable to successfully
transition from pluripotency to a differentiated state (Fig. 8g,h and
Extended Data Fig. 9f). At the same time, global H3K27me3 levels
were drastically reduced in differentiated DKO and TKO cells (Fig. 8i,j).

RNA-seq revealed that cells contained in the developed EBs
showed changes in the relative abundance of germ-layer markers
(Fig. 8k, Extended DataFig. 9fand Supplementary Table1). The expres-
sion of markers for endoderm (Foxal, Dab2) and mesoderm (Foxf1,
Hand2 and Hand1) was reduced in the KO cells, whereas ectoderm,
especially neuroectoderm, markers (Sox1, Nestin) were significantly
increased, indicating that the induced changes in chromatin organiza-
tionimpair cell fate determination. The ectoderm differentiation path-
way is considered the ‘default’ differentiation pathway, as ectoderm
enhancers are already accessible in E4.5 pluripotent epiblast cells,
whereas endo- and mesoderm enhancers are not®. We particularly
noticed astrong upregulation of genes expressed in neuroectoderm,
in particular factors involved in GABAergic synaptic transmission,
indicating that some cells might have further differentiated preco-
ciously (Extended Data Fig. 9g). In conclusion, mESCs that have lost
NE-heterochromatin tethers change their gene-expression profile,
have severe defects in forming EBs, and are compromised in the fidelity
of cell fate determination.

Discussion

We have demonstrated that the collective downregulation of a set of
ubiquitously expressed NE proteins leads to the detachment of het-
erochromatin from the nuclear periphery. Among these factors, we
identified LBR and the membrane-bound isoforms of LAP2 as the major
NE tethers for bulk H3K9me3-marked heterochromatin, including
centromeres. Their persistent loss causes changes in gene expression,
chromatin organization and the maintenance of repressive histone

marks, especially of H3K27me3. mESCs lacking these tethers have
defectsinthe transition from pluripotency to differentiation and cell
fate determination.

The current model of nuclear organization posits that the con-
ventional radial positioning of chromatin is driven by the active teth-
ering of heterochromatin to the nuclear lamina®. This view is based
ongroundbreakingstudies of theinverted chromatin architecturein
rod cell nuclei of nocturnal animals® and on modelling approaches
exploiting polymer simulations’. Insupport of this model, we find that
downregulation of theidentified tethers leads to adetachment of bulk
heterochromatin from the NE, providing direct experimental evidence
fortheimportance of active tethering to peripheral heterochromatin
positioning. Following loss of tethering, the detached heterochro-
matin accumulated prominently around nucleoli, suggesting that
some of the affected genomic regions are converted into NADs®®*’,
consistent with the known reshuffling of genes between LADs and
NADs even in unperturbed, dividing cells'*"”. Because LADs and NADs
both provide a mostly repressive environment for gene expression,
this repositioning is not expected to cause immediate effects on gene
activity. In addition, some of the detached heterochromatin formed
dense nucleoplasmic foci reminiscent of chromocentres, supporting
a model proposing a tug of war between adhesive forces executed
by NE-heterochromatin tethers and cohesive forces generated by
heterochromatin bundling factors™.

Our systematic deconvolution experiments revealed amajor role
of LBR and LAP2 in the peripheral positioning of constitutive hetero-
chromatin. LAP2 was originally identified as a lamin Bl interactor”,
which would place it in the B-type tether category, but a functional
interplay with A-type laminsisalso possible. To tether heterochroma-
tin, LBRand LAP2 must decode specific molecular cues of heterochro-
matin such as epigenetic histone marks, heterochromatin-resident
proteins or DNA methylation. LBR canrecognize several such hetero-
chromatin features, including HP1 (which binds H3K9me3>7®), the
methyl CpG binding protein MeCP2”* and H4K20me2”. In contrast,
it is unclear how LAP2 promotes NE attachment of constitutive het-
erochromatin. LAP2 possesses an N-terminal DNA-binding LEM-like
domain of unknown specificity that may contribute to tethering’. The
adjacentbarrier-to-autointegration factor (BAF)-binding LEM domain’’
is unlikely to confer heterochromatin specificity, because BAF binds
chromatin irrespective of its epigenetic status’®. In addition, LAP23
possesses an internal region thatinteracts with HDAC3”’ to support NE
anchorage of so-called lamina-associated sequences (LASs)®’. These
DNA elements are characterized by extended GAGA motifs found
prominently in polycomb response elements®. GAGA motifs associ-
ate with the transcriptional repressor cKrox, which serves as a bridge
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to HDAC3 and LAP2(%°. Our data suggest that LAP2’s role in tethering
heterochromatin goes beyond LASs, because its downregulation also
affected constitutive heterochromatin, including centromeres. Thus,
itremains to be defined how the membrane-bound isoforms of LAP2
functionastethers. Interestingly, de(p)letion of A-type lamins exacer-
bated the effect of LBR and LAP2 loss on peripheral heterochromatin
localization, indicating that A-type lamin-associated factors might also
contribute. These may include LAP1, the LEM protein emerin (which
delocalizes to the endoplasmic reticulum upon deletion of A-type
lamins®?), or nucleoplasmic factors such as PRR14%>%*,

Short-term depletion of NE factors by RNAi caused the global
release of heterochromatin from the nuclear periphery, but had lit-
tle immediate consequences on chromatin accessibility and gene
expression. In contrast, deletion of the genes encoding for LBR and
LAP2 caused massive changes in the transcriptome, indicating that
their persistent absence has more severe consequences. In HCT116
DKO and TKO cells, we observed a significant general decrease in the
levels of silencing heterochromatin marks, especially in H3K27me3
and H3K9me2. About one-third of the upregulated protein-coding
genes displayed a reduction in H3K27me3, linking the decrease in
maintenance of this epigenetic mark to the deregulation of the genome.
The drop in H3K27me3 suggests that facultative heterochromatin
might be especially vulnerable upon release from the NE. Micro-C
revealed that a considerable fraction of B.1compartments, which are
usually enriched in H3K27me3-marked chromatin™®, change their
identity to either A or B.2. Although changes to B.2 will be neutral for
gene expression, shifts to A bring genes into a different, permissive
chromatin environment, making them more susceptible to activation.
The question arising is whether the reduction in H3K27me3 drives
the compartment changes or whether, in reverse, altered chromatin
positioning disrupts the maintenance of epigenetic marks. We favour
amodel of heterochromatin release from the NE being causative for
changes in 3D genome organization, with subsequent defects in epi-
genetic maintenance in cycling cells (Extended Data Fig. 10). The res-
toration rate of H3K27me3 after replicationis known to correlate with
dense chromatin®®. Thus, changes in 3D genome organization upon
release of peripheral heterochromatin may perturb the nucleationand
spread of polycomb domains that occur every cell cycle®, leading to
the erasure of H3K27me3-marked nucleosomes over time. We propose
that the peripheral positioning of polycomb domainsin close vicinity
to constitutive heterochromatin at the nuclear lamina may support
the maintenance of their epigenetic state.

Among the factors that were upregulated in HCT116 KO cells, we
identified a cluster of type I interferon-regulated innate immunity
genes. Currently, we do not know what the cause for activation of
innate immunity is, but this response coincided with deregulation of
LTR retrotransposons. Interestingly, we observed adrop in H3K27me3
atupregulated TEs originally positioned in LADs. Recently, H3K27me3
has been suggested to contribute to silencing of TEsin diverse eukary-
otes such as plants, ciliates and fungi®*®. Although H3K9 and DNA
methylation prevail in TE repression in mammals, it is possible that
H3K27me3, perhaps together with a decrease in H3K9me2, may also
contribute to the de-repression of TEs, in particular of LTRs. We also
noted changes in splicing, potentially caused by the spatial reposition-
ing of genomic loci relative to nuclear speckles®.

In summary, the massive deregulation of gene expression in KO
cells might be the cumulative effect of different classes of change.
We propose that these include (1) immediate deregulation of a minor
fraction of genes upon release of heterochromatin from the nuclear
periphery, (2) deregulation of genes by inflicted changesin 3D genome
organization with a long-term impact on compartment identity and
epigenetic control, (3) indirect consequences of the former, for exam-
ple, by effects onthe expression levels of transcription factors, and (4)
acellular response to the consequences of the inflicted changesingene
expression and genome organization (innate immunity activation).

Afeature of pluripotent cells is an open state of chromatin organi-
zation, enabling plasticity for reorganization during cell fate deter-
mination and differentiation®’. mESCs lacking the heterochromatin
tethersalready displayed changesin gene expressioninthe pluripotent
state. Downregulation of genes prevailed, probably because the open
state of chromatinin ESCs was affected by the formation of intranuclear
heterochromatin clusters. When ESCs exit pluripotency, the correct
establishment and maintenance of different heterochromatin types
accompany cell lineage determination and differentiation®*°% Consist-
ent with this notion, we observed defects in cell fate determination
and differentiation when NE-heterochromatin tethers were deleted,
extending recent work ablating lamin and LBR expression®’. Upon
induction of differentiation, a large fraction of cells were unable to
transition out of pluripotency. At the same time, proliferating cells
showed defects in cell fate determination, suggesting an important
contribution of peripheral heterochromatin localization during a
developmental period thatinvolves substantial alterationsin genome
organization. The confusionin cell fate manifested in asignature indi-
cating precocious differentiation into neurectoderm, the default dif-
ferentiation pathway of mESCs, suggesting that cells were unable to
properly integrate the upstream differentiation signals.

We suspect that the peripheral attachment of heterochromatinis
importantalso for other cellular features, whether it be replication tim-
ing and DNA repair or the mechanical rigidity of cell nuclei, especially
in cell types that experience deformation or mechanical strain. The
conventional nuclear architecture with a sheet of heterochromatin
spread out underneath the NE seems to have evolved to prevent the
undesired collapse and clustering of heterochromatin, which may
impair cellular plasticity, probably with fatal consequences for devel-
opment and differentiation.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods
Antibodies
The following primary antibodies were used in this study: rabbit
anti-H3K9me3 (Abcam 8898, 1:500), mouse anti-H3K9me3 (Active
Motif AB_2935892,1:500), mouse anti-H3K9me2 (Abcam 1220, 1:500),
rabbitanti-H4K20me3 (Abcam 9053), rabbit anti-H3K27me3 (Millipore
07-449,1:500, and Active Motif AB_2561020,1:500 (ChIP)), rabbit anti-H3
(Abcam 1791, 1:1,000), H2Av antibody (Active Motif 61686), rabbit
anti-LBR(hu) (Abcam 32535, 1:500), rabbit anti-lamin A/C (Protein-
tech,10298-1-AP, 1:1,000), mouse anti-lamin A/C (Kerafast, LASS2D9,
1:500), rabbit anti-lamin B1(Abcam 16048, 1:500), rabbit anti-lamin B2
(Abcam155319,1:500), rabbit anti-LAP1 (Abcam 86307,1:500), mouse
anti-LAP2 (BD Transduction Laboratories 611000, 1:1,000), rabbit
anti-Lap2 (Proteintech 1465-1-AP,1:1,000), rabbit anti-emerin (Abcam
40688, 1:1,000), rabbit anti-LEMD2 (Sigma HPA017340, 1:200), rab-
bit anti-SUN1°, rabbit anti-SUN2 (Sigma HPA001209, 1:500), mouse
anti-beta-actin (SantaCruz sc-47778,1:1,000), mouse anti-CLIMP-63
(Enzo Life Sciences ALX804-604-C100, 1:200), human anti-CREST
(ImmunoVision HCT0100, 1:1,000), rabbit anti-Lbr(mouse) (Abnova
PAB15583, 1:2,000) and rabbit anti-emerin(mouse) (Novus Biologi-
cals NBP1-87692, 1:1,000). The rabbit anti-RRP12 antibody has been
described previously”. The specificity of the H3K9me2 and H3K9me3
antibodies used in this study were validated previously’® and confirmed
using siPOOLs targeting their cognate histone methyltransferases.
The secondary antibodies used included mouse Alexa Fluor
488 (ThermoFisher Scientific, A-11001), mouse Alexa Fluor 594
(ThermoFisher Scientific, A-11005), rabbit Alexa Fluor 488 (Ther-
moFisher Scientific, A-11034), rabbit Alexa Fluor 594 (ThermoFisher
Scientific, A-11012), human Alexa Fluor 647 (ThermoFisher Scientific,
A-21445) used for immunofluorescence at 1:300, and mouse Alexa
Fluor Plus 680 (ThermoFisher Scientific, A32729) and rabbit Alexa
Fluor Plus 800 (ThermoFisher Scientific, A32735) used for blotting
at1:10,000.

Celllines and cell culture

HCTI116 (CCL-247; ATCC), hTERT-RPE-1 (kind gift from J. Mansfeld,
Institute of Cancer Research, London) and NIH/3T3 (kind gift from V.
Vogel, ETHZ) cells were grown in Dulbecco’s modified Eagle medium
(DMEM; Gibco), supplemented with 10% fetal calf serum (FCS; Eurobio
Scientific) and 100 pg ml™ penicillin/streptomycin (Corning) at 37 °C,
5% CO,. ES-E14TG2a mESCs (CRL-1821; ATCC) were grown in DMEM
(Sigma) supplemented with 13% FCS (Sigma), 0.32% 2-mercaptoethanol
(Gibco) and 100 pg ml™ penicillin/streptomycin (Corning). Mediawere
freshly supplemented with 1,000 units ml™ recombinant mouse LIF
protein (ESGRO), 1 pM MEK/ERK inhibitor PD0325901 (Sigma) and
3 UM GSK inhibitor CHIR99021 (Sigma, 2i). The cells were plated at a
density of 2.65 x 10° cells per cm? on plates coated with 0.2% gelatin
from porcine skin (Sigma), then grown at 37 °C, 8% CO,, and passaged
every 48 h using 0.05% trypsin-EDTA for detachment (Gibco). Cells
were frozenin FCS (Sigma) supplemented with10% dimethyl sulfoxide
(DMSO; Gibco).

Cell proliferation and viability assays

To examine cell proliferation inHCT116 KO cell lines, cells were seeded
at a density of 4 x 10* per well of a six-well plate, allowed to settle
for 4 h, and counted at O h, 20 h and 44 h in a counting chamber
(Neubauer). To measure the cell viability of E14TG2a mESCs during
differentiation, cells were seeded into 96-well plates coated with 0.2%
gelatin from porcine skin (Sigma) at a density of 1,000 cells per well
using an EL406 microplate washer dispenser (BioTek) and grown in
the absence of LIF/2i. Cell viability was measured 24, 48 and 72 h after
seeding by the addition of 10 pg pl™ resazaurin (Sigma). After 4 h of
incubation, fluorescence was measured using a Tecan Infinite 200
plate reader with an excitation wavelength of 544 nm and emission
wavelength of 590 nm.

Flow cytometry

To perform cell-cycle analysis of HCT116 cells, cells were fixed in 70%
ethanol at 20 °C overnight. Staining was performed with 300 uM
propidium iodide (Sigma) in 1 ml of staining buffer (50 mM HEPES
pH7.5,700 mM NacCl, 12 mM CacCl,). Cells were incubated for 15 min
at room temperature (r.t.) before analysis on a BD LSRFortessa flow
cytometer (BD Biosciences) utilizing a 488-nm laser and detected
with a 610/20 filter at the Flow Cytometry Core Facility of ETH Ziirich.
The flow cytometry results were analysed using FlowJo v10.8 software
(BD Life Sciences) utilizing univariate Watson (Pragmatic) modelling.

Molecular cloning

The coding region of full-length LAP2f3 was amplified from
pPEGFP-N3-LAP2B?’ and cloned into Kpnland Notl sites of pPCDNAS/FRT/
TO (Invitrogen), which had been modified by inserting the enhanced
green fluorescent protein (EGFP) coding sequence into the Xhol and
Apalrestriction sites, allowing for the expression LAP23-EGFP.

Transient transfection of cells

Transfection of HCT116 cells with plasmid vectors was carried out using
jetPRIME (Polypus). In each well of a six-well plate, 100 pl of jetPRIME
buffer, 3 pl of jetPRIME and 1 pg of plasmid DNA were mixed and incu-
bated for 15 min. This mixture was added to cells, and the medium was
exchanged the following day.

RNAi

RNAi-mediated depletion of target proteins was accomplished using
siPOOLs (siTOOLs Biotech) at a working concentration of 2 nM to
deplete the mRNAs encoding for the following proteins: human LBR,
LMNA, TORIAIPI (LAP1), EMD, TMPO (LAP2), LEMD2, LEMD3 (MANI),
SUN1,SUN2,LMNBI1,LMNB2, TMPOisoformalpha, TMPOisoformsbeta,
deltaand gamma, and mouse Lbr, Lmna, Torlaipl, Emd, Tmpo, Lemd2,
Lemd3, Sunl, Sun2, Lmnbl and Lmnb2. The siPOOL negative control
(siTOOLs Biotech) was used for all cell lines except for HCT116 cells,
for which the AllStars negative control (Qiagen), asingle non-targeting
siRNA, was used instead (because high concentrations of the siPOOL
control affected the HCT116 cell nuclear morphology, although the
other cell lines were seemingly unaffected). In each well of a six-well
plate, for every 1nM siPOOL, 20 pl of Opti-MEM (Gibco) and 0.1 pl of
RNAiIMAX (ThermoFisher Scientific) were mixed, incubated for 15 min
atr.t. and added to cells. For mouse cells, a double pulse of RNAi was
carried out, re-transfecting cells 48 h after the initial treatment. Sam-
ples were collected after atotal of 96 h.

CRISPR-Cas9-mediated generation of KO cell lines

CRISPR RNA guides were designed using the webtools ‘E-CRISP’ and
‘CHOPCHOP’. The guides 5’-GTGAAGTGGTAAGAGGTCGA-3’ and
5’-CAATGTGACGCTGCCGGCCG-3’ were used to target the first exons
of the LBR and TMPO genes, respectively. The DNA templates of the
guide RNA along with their reverse complement strands were ordered
assingle-stranded DNA oligonucleotides (Merck) and annealed, yield-
ingdouble-stranded DNA inserts with overhangs complementary tothe
vector pC2P-Cas9'°°. The inserts were ligated into the linearized vector.
To target the LMNA gene, the previously described pC2P-gLMNA/C
vector was used'’’. The resulting plasmids (1 pg) were transfected
into HCT116 cells using jetPrime (Polyplus). After 24 h, the cells were
detached and transferred to al0-cm plate and selected with 10 pg miI™*
of puromycin (Sigma) for 48 h. The puromycin was washed away, and
clones resistant to puromycin were picked, expanded and charac-
terized. Clones containing frameshift mutations were identified
using polymerase chain reaction (PCR) and Sanger sequencing, with
indels beingidentified using the TIDE web tool'**and through manual
inspection of the sequencing chromatograms. To screen the LBR KO
clones via PCR, the primers 5-GATCACGGTAGGTGGGTAACA-3’ and
5’-ATCCTCTGCCTTCAAACCGA-3’ were used. LBR KO clone #2 was
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used for the creation of the double and triple KO cell lines and in the
corresponding RNA-seq experiments. To screen the KO clones for
edits in the TMPO gene, the primers 5-TTTGTGTCCGCGAGTTTTT
GTTCCG-3’ and 5’-GCCAAACGCCCGCCTTTGTAG-3" were utilized.
Finally, edits made in the LMNA gene were uncovered using the
primers 5-TTTCTCCCCGACCCTTTTGC-3’ and 5’- GGCAAAGTTATC
GGCCTCCA-3".

CRISPR-Cas9-mediated gene KO of Lbr, Tmpo and Lmna in
ES-E14TG2a cells was done as previously described'®. In brief, paired
CRISPR/Cas9 sgRNAs targeting the start and stop codons of the
gene of interest were designed. The guide pair 5-GTTGAGGGT
GAAGTGGTCAG-3’ and 5-GTAGCACGGCATGATCAGAC-3’ was used
to target Lbr, 5-CGGGCACGGCACAGAACTCG-3’ and 5-CCAAGGGA
GCATACTTCGGGACG-3’ to target Tmpo, and 5’-GCGGCGCGCC
ACCCGCAGTG-3’ and 5-CTCGGCCTCGTGTAGTGCCG-3' to target
Lmna. The respective sgRNAs targeting the start codon were cloned
into pLentiCRISPR-EGFP (Addgene plasmid ID 75159), and those tar-
geting the stop codons were cloned into pLentiCRISPR-mCherry
(Addgene plasmid ID 75161), whereas for Lbr,both guides were cloned
into pX458-GFP (Addgene plasmid ID 48138). A total 0f 160,000 cells
were seeded into a well of a six-well plate. For co-transfection of
both vectors the next day, 2 pg of each vector was added to 250 pl
of reduced-serum medium (Opti-MEM; Gibco). In parallel, 250 pl
of Opti-MEM (Gibco) was mixed with 10 pl of Lipofectamine 2000
(L2000; Invitrogen). The two solutions were combined and incubated
atr.t. for 20 min, then 500 pl of the mixture was added to the cells
to yield a final volume of 1.5 ml of medium. Media were exchanged
after 6 h. At 48 h after transfection, the cells were sorted (BDFAC-
SAria, Flow Cytometry Core Facility, ETHZ) to isolate single GFP and
mCherry double-positive cells, or in the case of Lbr, GFP-positive
cells. These were plated in 96 gelatin-coated wells and grown to
colonies. Clones were characterized by PCR using primer pairs (PPs)
flanking the sgRNAs designed with Primer-BLAST'®*, immunoblot-
ting and by sequencing across the gene deletion site. The follow-
ing PPs flanking the sgRNAs binding sites were used: (1) Lbr KO:
PP1-F 5-AGTTGTCCAGTCTGATGCCTG-3’, PP1-R 5"-TGGGCCTATA
CCTCACTCCC-3’; PP2-F 5-ACAGTGTTTTTGCTACTGTTTAGC-3’,
PP2-R 5’-ACAAAGCTTGCCAAACATCAAAT-3’; (2) Tmpo KO: PP1-F
5’-TATCAGCGTCCGAGGGGAA-3’, PP1-R 5-TGCAGGTAGAGCTG
CACGTA-3’, PP2-F 5’-GTGATACGTCAATCCCCTGCT-3’, PP2-R 5-TGAG
ATCCGTGTAAGCATCCTG-3’; (3) Lmna KO, PP1-F 5’-AAGGGGTGTT
CTGCAGAGTG-3’, PP1-R 5-AGAATCAAGGGTCTTGCGGG-3’, PP2-F
5-CTTGCAGTCCCTCTTGCATC-3’, PP2-R 5’-AATCGCCGCACCTCTA
GACT-3’. The E14TG2a Lbr KO cell line was used to generate the
Lbr/Tmpo and Lbr/Lmna DKO cell lines. The Lbr/Lmna DKO was used
as abackground for generation of the Lbr/Tmpo/Lmna TKO cell line.

Embryoid body differentiation assay

Embryoid body (EB) differentiation assays were performed as
described in ref. 105. In brief, at day zero, 1 x 10° cells were seeded in
10-cm Petri dishes using media lacking LIF and 2i and carefully spread
evenly across the plate by swirling. On day three, the EBs were plated
ontotwo10-cmdishes. At day six, EBs from each dish were transferred
into gelatin-coated T75 flasks and grown until day ten. At days zero
and ten of differentiation, the cells were analysed by phase contrast
microscopy with a Nikon Ti-E with an air objective Plan Fluor x10 NA
0.30 Ph1 DL WD 15.2 mm objective. Images were acquired with Nikon
NIS-Elements software, and samples were taken for immunoblotting
and RNA extraction.

Immunoblot analysis

Whole-cell extracts were generated by taking up cells insodium dode-
cyl sulfate (SDS) sample buffer (75 mM Tris pH 7.8, 20% (vol/vol) gly-
cerol,4%SDS, 50 mMdithiothreitol (DTT) and 0.1% bromophenol blue)
andseparated by SDS polyacrylamide gel electrophoresis (SDS-PAGE).

Proteins were transferred onto a nitrocellulose membrane (Amersham
Protran, 10600015) by semi-dry blotting. The membranes were incu-
bated three times in blocking solution (5% (wt/vol) milk powder, 0.1%
Tween in 1x phosphate buffered saline (PBS)) for 5 min. The mem-
brane was incubated with the primary antibody diluted in blocking
solution at4 °C overnight, washed with blocking solution three times
for 5min, and then exposed to fluorescently labelled secondary anti-
bodies diluted in blocking solution for 35 min at r.t. Finally, the mem-
brane was washed three times with 0.1% Tween in 1x PBS for 5 min.
Signals were detected using an Odyssey (LI-COR) imaging system.

Immunofluorescence

For immunofluorescence, cells on coverslips were fixed with 2%
paraformaldehyde (Sigma-Aldrich) in PBS for 10 min at r.t. The cells
were washed twice for 3 min using 1x PBS, permeabilized with 0.2%
Triton-X100 (Sigma) or 0.2% Triton-X100 and 0.02% SDS in PBS for
12 min at r.t., then washed three times with 1x PBS for 5 min. Block-
ing was performed in blocking solution (2% bovine serum albumin,
Pan-Biotech) and 0.1% Tween in 1x PBS) for at least 45 min at r.t. Pri-
mary antibodies were incubated overnight at4 °Cinblocking solution
at different concentrations (anti-H3K9me3 1:500 (rb)/1:200 (ms),
anti-H3K27me3 1:500, anti-H4K20me3 1:500, anti-RRP121:2,000,
anti-LAP21:2,000, anti-LBR1:1,000, anti-lamin A/C1:1,000, anti-CREST
1:1,000, anti-CLIMP-631:200). The following day, the coverslips were
washed three times for 3 min using washing buffer (0.1% Tween in 1x
PBS). Secondary antibodies were diluted 1:300 in blocking solution,
addedtothecoverslips, and incubated for 35 min atr.t. The coverslips
were then washed three times using washing buffer, before a final
washwith 1x PBS for 3 min. Finally, the cells were stained with 1 pug mi™
Hoechst (Sigma-Aldrich, 63493) for 10 min at r.t. and washed with
1x PBS. The coverslips were mounted onto glass slides using 3 pl
of VECTASHIELD (Vector Laboratories) and sealed with nail pol-
ish. The samples were imaged with a Zeiss LSM 880 or a Zeiss LSM
780 confocal laser scanning microscope, using a x63, 1.4-NA oil
plan-apochromat objective. Details on microscopy are summarized
inSupplementary Table 5.

Quantification of fluorescently labelled chromatin at the
nuclear periphery
To quantify the fraction of antibody-labelled heterochromatin at the
nuclear periphery in differentiated cells, the cells were subjected to
immunofluorescence with theindicated antibodies. The images were
first splitinto separate channels. Segmentation of cell nuclei was per-
formed using the Hoechst channel with the nucleAlzer model'. To
compute the nuclear rim, mathematical morphology was used to
erode the mask image with a rectangular structuring element. The
size of the structuring element was set to equal 8 pixels of erosion
(~0.42 pm). The difference between the nuclear mask and its eroded
version determined the pixels that belong to the nuclear rim. If a few
pixels of random shift were noted in the images, this was fixed by
calculating the phase cross-correlation between the channels and
transforming the heterochromatin channel. The rim mask was then
applied to the channel used for heterochromatin labelling and the
underlying pixel intensities were summed and divided by the area
of the rim mask. The same was done with the entire nucleus, and the
average nuclear intensity was determined. Theratio of the average rim
and nuclear intensities was used for further statistics. The segmented
images were individually inspected, and cells for which the segmenta-
tionwas poor or faulty, for instance two cells being counted as one, were
excluded. The data were further analysed using GraphPad Prism 10
(GraphPad), differences between samples were tested for significance
(Welch’s ¢t-test or one-way ANOVA) and graphs plotted.

To quantify the fraction of heterochromatin at the nuclear peri-
phery of ES-E14TG2a cells, the above method did not produce robust
results due to the variable size and presence of chromocentres at
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the nuclear periphery. Therefore, for these cells, quantification of
the signal intensity of histone marks at the nuclear periphery was
performed using Fiji Image)'”’. For each cell nucleus, ten line scans
of 2 um distributed along the entire nuclear perimeter were taken,
each extending 1 um into the cytoplasm and 1 um into the nuclear
interior. The intensity of each point of the line scan was normalized
against the total nuclear signal and plotted using GraphPad. An ordi-
nary one-way ANOVA was performed on normalized values correspond-
ing to the peak signal at the NE using GraphPad Prism 10.

Quantification of centromere positioning

To measure the fraction of centromeres at the nuclear periphery,
fixed HCT116 cells were subjected to immunofluorescence using
anti-CREST and anti-CLIMP-63 antibodies, stained with Hoechst, and
images were taken on a Zeiss LSM 880 confocal laser scanning micro-
scope, using a x63, 1.4-NA oil plan-apochromat objective, taking 33
z-stacks of 0.39-um step size. These images were processed in Fiji, and
a composite stack of images containing Hoechst, a nuclear envelope
marker (CLIMP-63), and centromeres (CREST) was generated. Using
the measure function of Fiji, the number of centromeres positioned
within a 0.5-pum-wide ring at the nuclear periphery was determined
in 2D throughout stacked z-planes, thereby examining the entire 3D
nuclear space. Each centromere focus was only counted once, in the
plane where it was brightest. The distance of 0.5 pm was considered as
within the range of aLAD based on previous work'**°. For the distance
measurements, the measuring pointer was placed at the centre of each
focus, and the shortest distance to the nuclear periphery was deter-
mined. If the centromere foci were too close to each other, not allow-
ing resolution of single centromeres, these foci were counted as one
centromere. After the peripheral centromeres had been counted
and measured, the number of internal centromeres was determined
to calculate the fraction of peripheral centromeres over all centro-
meres. GraphPad Prism 10 was used to perform statistical tests and
plotgraphs.

Total RNA extraction and RNA-seq
To prepare samples for RNA-seq, three individual batches of cells
were plated on the same day and further processed in parallel. Freshly
collected cells were lysed with 500 pl of QIAzol lysis reagent (Qiagen
#79306) and mixed by gentle pipetting. Subsequently, 100 pl of chlo-
roform (Sigma) was added, and the samples were vortexed for 10 sand
spunat12,000gfor15sat 4 °C. The upper phase was transferred into
anew tube, 600 pl of isopropanol (Sigma) added, and the samples
were incubated overnight at —20 °C. After centrifugation at 16,0008
for10 minat4 °C, the RNA pellet was washed in 75% ethanol and resus-
pendedinRNase-free water (Invitrogen). DNase digestion of RNA was
performed using the RNase-Free DNase Set from Qiagen, following
the manufacturer’sinstructions. RNA was then precipitated by adding
sodium acetate (Sigma) to a final concentration of 0.3 M, and adding
three volumes of 100% ethanol overnight at —20 °C. RNA was recov-
ered by centrifugation at 16,000g for 10 min and washed twice with
70% ethanol. The RNA was dissolved in RNase-free water (Invitrogen).
RNA-seqwas performed at the Functional Genomic Center Zurich.
The quality of the isolated RNA was determined using a fragment
analyser (Agilent). Only samples with a260 nm/280 nm ratio between
1.8-2.1and a 28S/18S ratio within 1.5-2 were further used for library
preparation. An Illumina Ribo Zero Plus system (Illumina) was used
in the succeeding steps. Briefly, total RNA samples (25-1,000 ng)
were depleted of ribosomal RNA and then reverse-transcribed into
double-stranded complementary DNA (cDNA). The cDNA samples
were fragmented, end-repaired, and adenylated before ligation
of an anchor. Fragments containing the anchor on both ends were
selectively enriched by PCR at the same time adding the index with
unique dualindices. The quality and quantity of the enriched libraries
were validated using the fragment analyser (Agilent). The libraries

were normalized to10 nMin Tris-HCI10 mM, pH 8.5 with 0.1% Tween20.
The Novaseq X (Illumina) was used for cluster generation and sequenc-
ing according to a standard protocol. Sequencing experiments were
paired-end at 2 x 150 bp.

ATAC-seq

To prepare samples, three individual batches of cells were plated on
the same day in six wells (for si-11) or 10-cm plates (for KO cells). Cell
batcheswere then further processedin parallel, during all subsequent
steps. For collection of cells, the cells were washed twice with 1x PBS
and detached using 0.5 mM EDTA in 1x PBS. The cells were counted
and 80,000 cells were pelleted. Pellets were resuspended in 200 pl
of freezing medium (10% DMSO in FCS) and slowly frozen at —80 °C.
ATAC-seq was performed at QuickBiology (Monrovia, California).
The cells were washed and lysed to generate a crude preparation of
nuclei. This crude extract was then treated with Tn5 transposase. Tn5
transposase tagmentation simultaneously fragments the genome
and tags the resulting DNA with Illumina sequencing adapters. DNA
fragments were PCR-amplified and subsequently purified using the
MinElute PCR purification kit (Qiagen). The ATAC-seq library was pre-
pared asdescribed in the protocolinref.108. After quality control using
an Agilent TapeStation 4200 (Agilent Technologies) and Life Tech-
nologies Qubit 3.0 Fluorometer (Life Technologies), the libraries were
sequenced (150-bp paired-end reads) on an Illumina HiSeq sequencer.

ChIP

ChIP was carried out as previously described'” ™. In brief, 1% formalde-
hyde in DMEM was added to HCT116 WT, DKO or TKO cells for 10 min,
then quenched with 0.1 M glycine. Isolated nuclei were lysed and soni-
cated using a Bioruptor Pico ultrasonic cell disruptor (Diagenode) to
shear genomic DNA to an average fragment size of 200 bp. Chromatin
(20 pg) wasdiluted to atotal volume of 500 pl with ChIP buffer (16.7 mM
Tris pH 8.1, 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1% Triton X100)
and pre-cleared with 10 pl of packed sepharose beads for 2 h at 4 °C
(ref. 111). Pre-cleared chromatin was incubated with ChIP-grade
antibodies against H3K9me3 or H3K27me3 overnight, then 20 ng of
Drosophila melanogaster S2 chromatin and 0.5 pg of H2Av antibody
wereadded as spike-into eachsample. Dynabeads Protein A (Invitrogen,
10002D) or G (Invitrogen,10004D) was added™. After 4 hat4 °C, beads
were pelleted and washed, and bound chromatin was eluted with1% SDS
and 100 mM NaHCO,. After digestion with Proteinase K (Thermo Sci-
entific) at 50 °Cfor 3 h and reversion of crosslinking (65 °C, overnight),
DNA was purified with phenol/chloroform, ethanol-precipitated and
quantified by quantitative PCR. For ChlP-seq analyses, the quantity
of the isolated DNA was determined with a Qubit 4 fluorometer (Life
Technologies). Libraries were prepared using NEBNext Ultra Il DNA
Library Prep for lllumina (New England Biolabs, E7645S and E7645L),
following the manufacturer’s protocol. Briefly, ChIP and input samples
(15 ng) were end-repaired and polyadenylated. The adapters containing
theindex for multiplexing were thenligated. The quality and quantity of
the enriched libraries were validated using a4200 TapeStation system
(Agilent). Sequencing was performed on an Illumina NovaSeq6000
machine with single-end 100-bp reads.

Micro-C (Pico-C)

Pico-C maps were obtained as described in refs. 54,112,113. Briefly,
HCT116 cells were fixed, and digestion tests were carried out to deter-
mine the optimal amount of MNase. MNase reactions were stopped
by the addition of ethylene glycol tetraacetic acid (EGTA), and the
samples were washed with MB2 (50 mM NacCl, 10 mM Tris-HCI pH 7.5
and10 mM MgCl,). After this, the supernatant was removed, and 112.5 pl
of extraction buffer (50 mM Tris-HCI pH 8, 50 mM NaCl, 1 mM EDTA,
1% SDS) and 12.5 pl of 2 mg ml™ Proteinase K were added. The sam-
ples were maintained at 65 °C overnight to reverse crosslinking. The
following day, phenol:chloroform:isoamylalcohol DNA extraction
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was carried out followed by RNA removal via RNase A treatment.
DNA concentrations were quantified using Qubitand runona3.5% Tris,
acetate and EDTA (TAE) gel or Bioanalyzer run. MNase concentrations
thatyielded -60-70% mono-nucleosomal and 40-30% di-nucleosomal
DNA were used in subsequent experiments. Once the optimal MNase
concentration was determined, libraries were generated using
~2million cells per individual library, as described in ref. 54.

Analysis of multi-omics data

Reference genomes and annotations. The reference genomes
for human (GRCh38; annotation version 108) and mouse (GRCm39;
annotation version 112) were obtained from ENSEMBL"*,

Bulk RNA-seq. The paired-end reads from bulk RNA-seq datasets were
processed to remove the Illumina universal adapter (AGATCGGAA
GAGCACACGTCTGAACTCCAGTCA) using Cutadapt (v4.4) with the
parameters‘-q25-m25™°. Theresulting filtered reads were aligned to
their respective reference genome using STAR aligner (v2.7.10b) with
default parameters"®. Coordinate-sorted alignment files were indexed
using SAMtools (v1.17)". Exon mapped reads were counted using
featureCounts from the subread package (v2.0.6)"%. Subsequent data
analysis was performed with custom scriptsinR (R Core Team, 2024).
Datawrangling and visualization were performed using the tidyverse
package (v2.0.0)". Differential expression analysis was conducted
using DESeq2 (v1.44)'%°. Differentially expressed genes were defined
as having an absolute log(fold change) > 1 and adjusted P < 0.05. Dif-
ferentially expressed genes were further subjected to GO analysis using
TopGO (Bioconductor.org)'.

To evaluate the expression of TEs, the filtered reads from above
were aligned to their respective reference genome using STAR aligner
(v2.7.10b) with the parameters ‘--winAnchorMultimapNmax 200
--outFilterMultimapNmax 100". The resulting alignment files were
used to quantify the read counts for genes and TEs using TETranscripts
(v2.2.3)'*. Differential expression analysis was performed using DESeq2
(v1.44) and differentially expressed TEs were defined as having an
absolute log(fold change) > 0.585 and adjusted P < 0.05.

ATAC-seq. ATAC-seq datasets were processed to remove the Nextera
adapter (CTGTCTCTTATACACATCT) using Cutadapt (v4.4) with the
parameters -q25-m 25", The resulting filtered reads were aligned to
the reference human genome using bowtie2 aligner (v2.5.1) with the
parameter ‘--very-sensitive’ (Bowtie2'?*). The alignment file was sorted
by coordinate, indexed, and filtered for mitochondrial reads using
SAMtools (v1.17). The filtered alignment file was further processed to
keep only uniquely mapped, non-duplicated reads using sambamba
(v1.0.1)'**. Reads were further processed using alignmentSieve from
deepTools (v3.5.5) to account for transposon dimerization before
insertion. Positive and negative strand alignments were shifted by
+4 bpand -5 bp, respectively. Additionally, fragments of 100 bp, corres-
ponding to nucleosome-free regions, were retained with the para-
meters ‘--minMappingQuality 25--maxFragmentLength 100 --ATACshift
--BED"'*. Peaks were called on the resulting BEDPE files using MACS3
(v3.0.1)"*® with the parameters ‘--call-summits --bdg --nomodel
--nolambda--gsize hs --keep-dup all --format BEDPE --qvalue 0.05". The
predicted peaks were filtered for ENCODE project blacklisted regions
using BEDTools (v2.31.0) intersect (ENCODE blacklist'?’; BEDTools'*®).

Peaks from the three replicates of a condition were intersected
using BEDTools (v2.31.0) with the parameter -f 0.50 -r’'?%. Peaks
detected in at least two of three replicates of a condition were con-
sidered consensus regions corresponding to open chromatin. Differ-
entially accessible regions were identified using DESeq2 (v1.44) and
annotated using the Chipseeker package (v1.40)'%.

To compare ATAC-seq with RNA-seq data, reads within peaks that
overlapped with protein-coding genes and within 3,000 bp upstream
and 500 bp downstream of the TSS were summed to obtain reads within

promoters. Spearman correlation was calculated using the ggpubr
R package (https://rpkgs.datanovia.com/ggpubr/).

ChIP-seq. ChIP-seq datasets were processed to remove the lllumina
adapters using Cutadapt (v4.4) with the parameters --poly-a-q 25 -m
25-aAGATCGGAAGAGCACACGTCTGAACTCCAGTCA -AAGATCGGAAG
AGCGTCGTGTAGGGAAAGAGTGT'™. The resulting filtered reads
were aligned to the reference human genome using bowtie2 aligner
(v2.5.1) with the parameter ‘--very-sensitive’ (Bowtie2'*). The alignment
file was sorted by coordinate, indexed, and filtered for mitochondrial
reads using SAMtools (v1.17). The filtered alignment file was further
processed to keep only uniquely mapped, non-duplicated reads using
sambamba (v1.0.1)"**.

For differential H3K27me3 binding analysis, the alignment files
were further filtered for ENCODE project blacklisted regions using BED-
Tools (v2.31.0) intersect (ENCODE blacklist'’; BEDTools"®). The result-
ing alignment files were analysed using the csaw R package (v1.42)"°.
Binary alignment map (BAM) files were read using windowCounts with
the parameters ‘width =2000, spacing = 500, ext =150". The global
background width was set to 10,000 bp, and only windows with more
thantwo-fold enrichment over the background level were considered
for analysis. After normalization for compositional bias and statistical
modelling, windows between KO and control samples were compared
using glmQLFTest. Windows fewer than 1,000 bp apart were consoli-
dated and subjected to animproved Bonferroni procedure to compute
combined Pvalues™. Regions with |log,-fold change| >1and adjusted
P<0.05were considered differentially affected.

To compare ChIP-seqwith RNA-seq data, H3K27me3 windows from
above were annotated using the Chipseeker package (v1.40)?’. The
windows that belonged to protein-coding genes and within 3,000 bp
upstream to 500 bp downstream of TSS were considered for further
analysis. For genes with isoforms, the ensemble canonical isoform was
considered. Ifanensemble canonicalisoform was not present, then the
transcript with H3K27me3 signal closest to the TSS was considered. If
two transcripts of a gene had an H3K27me3 signal equidistant from
the TSS, then the transcript with the longest length was chosen as a
representative of that gene. Spearman correlation was calculated
using the ggpubr R package (https://rpkgs.datanovia.com/ggpubr/).

For visualization, the filtered BAM files from above were con-
verted into normalized bigWig signal tracks using the bamCoverage
module of the deepTools package (v3.5.5)'%. The parameters used were
‘--effectiveGenomeSize 2913022398 --binSize 1--normalizeUsing RPGC
--extendReads 150 --outFileFormat bigwig’. For each condition, the
signal mean was calculated using the bigwigAverage module.

Peak calling was performed using SICER2 with the parameters
w1000 -f150-g 2000 -fdr 0.001’ for H3K27me3 and -w 20000 -f 150
-240000 -fdr 0.001’ for H3K9me3. Regions from the three replicates
ofacondition wereintersected using BEDTools (v 2.28.0) using default
parameters. Regions detectedinall three replicates of a condition were
considered for further analysis.

Heatmaps and metagene profiles were created using the com-
puteMatrix and plotHeatmap modules from the deepTools package
(v 3.5.6). The parameters for computeMatrix were ‘--referencePoint
center-b10000-a10000 -bs 50 --sortRegions descend --smartLabels
--missingDataAsZero -p max’, and for the heatmaps were ‘--sortRegions
keep --zMax 7.0 --yAxisLabel Mean coverage --xAxisLabel distance
from center --averageTypeSummaryPlot mean --refPointLabel center
--legendLocation none’.

Pico-C data analysis. Briefly, Pico-C reads were mapped to the hg38
genome using BWA-MEM (v0.7.17). Aligned reads were then processed
with Pairtools (v1.0.3"?) using the parse2 function to rescue complex
walks. The resulting pair files were sorted and converted to the FAN-C
pairs format (v0.9.18"). Duplicates were removed, and quality control
metrics were extracted. We then generated FAN-C .hic files. Principal
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component analysis was performed on these merged.hic files using
FAN-C, with a sample size of 100,000 interactions, focusing on dis-
tances between 100 kb and 1 Mb to assess variation and clustering
across the samples. Because biological replicates clustered well across
all stages, the .hic files of replicates were merged. The merged files
were binned at different resolutions and normalized using iterative
correction. We then used a custom Python script to determine the bin
size where 80% of bins had over 1,000 reads, as done previously”, to
getanideaofthe optimal resolution of each stage. Finally, the merged
FAN-C .hic files were converted to balanced cooler (v0.8.6"*) .mcool
files using cooler zoomify.

Compartment analysis. Compartment analysis was carried out using
Calder2™ with 20-kb binsize, which displayed good correlation (r>0.5)
with the RNA-seq and ATAC-seq signals. Compartment switches were
identified by extracting bins with different compartments between WT
and each of the mutant samples using GenomicRanges'". Common
switches across the mutant samples were identified using BEDTools'*
intersect. These shared switches were kept for subsequent analysis. To
quantify compartment enrichment around genomic features, we used
acustomR function that normalizes compartment annotations using
GenomicRanges (GRanges objects) toabinned matrix centred ontarget
regions (1 Mb by default). Each bin was annotated based on compart-
mentstate (A.1,A.2,B.1,B.2) and used to calculate the fraction of each
compartment across all bins. Input regions were imported from BED
files and converted to GRanges, and compartment annotations were
simplified for consistent labelling. The resulting data frame includes
per-bin percentages for downstream visualization. GGplot2 was then

used for plotting™.

Statistics and reproducibility. No statistical method was used to
predetermine sample size. The experiments were not randomized, and
the investigators were not blinded to allocation during experiments
and outcome assessment. Information on the statistical tests used for
each analysis and reproducibility is included in the relevant sections,
and described in the methods and figure legends, and relevant code

provided in the GitHub repository™.

Reporting Summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this Article.

Data availability

Sequencing data that support the findings of this study have been
deposited in the Gene Expression Omnibus (GEO) under accession
code GSE281919. Data supporting the findings of this study are avail-
able from the corresponding author on reasonable request. Source
dataare provided with this paper.

Code availability

Allrelevant code used for the analysis of high-throughput sequencing
datais available at GitHub (https://github.com/ps-puneetsharma/
lewis_et_al 2025).
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Extended Data Fig. 1| Heterochromatinis detached from the nuclear
periphery of human and mouse differentiated and pluripotent mouse cells
upon depletion of eight INM proteins and the nuclear lamins. a, Volcano

plot of RNA-seq analysis of si-11-treated vs. si-Ctr treated HCT116 cells (N=3
experiments). Genes with a|log,-fold change| > 1and an adjusted p-value < 0.05
were considered significant (two-tailed Wald test and Benjamini-Hochberg
procedure). b, Representative confocal images of HCT116 cells that were treated
either with si-Ctr or si-11 for 72 h, fixed and subjected to immunofluorescence
using anti-H3K9me3 and anti-RRP12 antibodies. DNA was stained using
Hoechst. Scale bar, 5 um. ¢, Representative confocal images of HCT116 cells
that were treated either with si-Ctr or si-11for 72 h, fixed and subjected to
immunofluorescence using anti-H3K27me3 and anti-H4K20me3 antibodies.

DNA was stained using Hoechst. Scale bars, 5 pm. d, Quantification of the
accumulation of H3K27me3 and H4K20me3 at the nuclear rim in HCT116

cells that were either treated with si-Ctr or si-11 (total number of cells: n > 52,
*p <0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, Welch’s t-test, mean +SD,N=3
experiments). e, Representative confocal images of NIH/3T3 cells and mESCs
(E14TG2a) treated either with control siRNAs (si-Ctr) or acombination of 11
siPOOLs (si-11) for 72 h, fixed and subjected to immunofluorescence using an
anti-H3K9me3 antibody. DNA was stained using Hoechst. Scale bars, 5 um.

f, Immunoblots confirming the downregulation of select mouse NE proteins.
Numerical and statistics source data as well as unprocessed blots are available
insource data.
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Extended Data Fig. 2| H3K9me3-stained heterochromatinis detached from
the nuclear periphery in HCT116 LMNA knockout cells upon the collective
depletion of eight INM proteins and the B-type lamins. a, Characterisation of
the HCT116 LMNA KO clone. Immunofluorescence and immunoblotting analyses
oflamin A/Cin parental HCT116 WT and HCT116 LMNA KO using anti-lamin A/C
antibodies. Manual decomposition of the sequence surrounding the PAMin

the LMNA KO clone confirms frameshift mutations in both alleles. Genomic
coordinates correspond to the location where the guide RNA binds. Scale bar,
5um. b, Representative confocal images of HCT116 WT and HCT116 LMNA KO
cells that were either treated with si-Ctr, an siPOOL against LBR (siP-LBR) or a

combination of 10 siPOOLSs (si-10), directed against lamins Bland B2 and the INM
proteins LBR, LAP1, Emerin, LAP2, LEMD2, MAN1, SUN1, and SUN2 (excluding

the siPOOL for lamin A/C) for 72 h, fixed and subjected to immunofluorescence
using an anti-H3K9me3 antibody. Scale bars, 5 pm. ¢, Quantification of the
accumulation of H3K9me3 at the nuclear rim (total number of cells: n > 199,
*p<0.05,*p <0.01,**p <0.001,***p < 0.0001, one-way ANOVA, mean = SD,

N =3 experiments).d, Immunoblotting of lamin A/C, LBR, LAP2f and select other
NE proteins to determine the efficiency of siRNA-induced protein depletion.
Numerical and statistics source data as well as unprocessed blots are available in
source data.
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Extended DataFig. 3| The INM proteins LBR, LAP2 and LAP1 promote the
peripheral positioning of centromeres. a, Quantification of centromeres at
the NE. Fixed cells were co-stained for centromeres (CREST antibody), CLIMP-63
(ER/NE network) and DNA (Hoechst). Z-stacks were acquired by confocal micro-
scopy throughout the cell volume. All centromeres < 0.5 um from the nuclear
periphery were considered to be positioned in LADs. The fraction of peripheral
centromeres was determined as the ratio between the number of peripheral
centromeres and all identified centromeres. Scale Bar, 5 um. b, Proof-of-concept
experiment determining the proportion of centromeres withinin 0.5 um-wide
ring at the nuclear periphery in si-Ctr and si-10-treated HCT116 LMNA KO cells
aswell asinsi-Ctr-treated HCT116 WT cells (total number of cells:n >22,N=2
experiments). ¢, Quantification of peripheral centromeres in HCT116 LMNA KO

cellstreated with si-Ctr or the indicated combination of siPOOLs for 72 h (Step 1
of deconvolution), identifying LBR (total number of cells: n > 29, *p < 0.05,

*p < 0.0, **p < 0.001, ***p < 0.0001, one-way ANOVA, mean £ SD,N=3
experiments). d, Quantification of peripheral centromeresin HCT116 LMNA KO
cells treated with si-Ctr or the indicated combination of siPOOLs for 72 h (Step 2
of deconvolution), identifying the LEM-domain family of proteins (total number
of cells:n>30, *p < 0.05,**p < 0.01, **p < 0.001, ***p < 0.0001, one-way ANOVA,
mean +SD, N =3 experiments). e Quantification of peripheral centromeres
inHCT116 LMNA KO cells treated with si-Ctr or the indicated combination of
siPOOLs for 72 h (Step 4 of deconvolution; total number of cells: n = 25, *p < 0.05,
**p <0.01,**p < 0.001, ***p < 0.0001, one-way ANOVA, mean+SD,N=3
experiments). Numerical and statistics source data are available in source data.
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Extended Data Fig. 4| The INM proteins LBR and LAP2 promote the peripheral
positioning of H3K9me3-positive heterochromatin. a, Representative
confocalimages of H3K9me3-positive heterochromatinin HCT116 LMNA KO cells
treated with si-Ctr or the indicated combinations of siPOOLs for 72 h (Step 1

of deconvolution), identifying LBR. Scale bars, 5 um. b, Quantification of the
accumulation of H3K9me3 at the nuclear rim (total number of cells: n > 234,
*p<0.05,**p < 0.0, **p < 0.001, ***p < 0.0001, one-way ANOVA, mean +SD,

N =4 experiments). ¢, Representative confocal images of H3K9me3-positive
heterochromatinin HCT116 LMNA KO cells treated with si-Ctr or the indicated
combination of siPOOLs for 72 h (Step 2 of deconvolution), identifying
LEM-domain family of proteins. Scale bars, 5 pum. d, Quantification of the

accumulation of H3K9me3 at the nuclear rim (total number of cells: n > 215,
*p<0.05,*p <0.01,**p <0.001, ***p < 0.0001, one-way ANOVA, mean = SD,
N =4 experiments). e, Representative confocal images of H3K9me3-positive
heterochromatinin HCT116 LMNAKO cells treated with si-Ctr or the indicated
combination of siPOOLs for 72 h (Step 4 of deconvolution). Scale bars, 5 pm.

f, Quantification of the accumulation of H3K9me3 at the nuclear rim (total
number of cells:n =142, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, one-
way ANOVA, mean + SD, N = 3 experiments). g, Immunoblotting of LBR and
select other NE proteins to determine the efficiency of siRNA-induced protein
depletion. Numerical and statistics source data as well as unprocessed blots are
available in source data.
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Extended Data Fig. 5| Characterization of HCT116 knockout cell lines.

a, Characterization of the HCT116 LBRKO clone #1. Immunofluorescence and
immunoblotting analyses of LBRin parental HCT116 WT and HCT116 LBR KO
using anti-LBR antibodies. Manual decomposition of the sequence surrounding
the PAM in the LBR KO clone #1 confirms frameshift mutations in both alleles.
Genomic coordinates correspond to the location where the guide RNA binds.

Used in Fig. 3. Scale Bar, 5 um. b, Characterization of the HCT116 LBR KO clone #2.

Manual decomposition of the sequence surrounding the PAM in the LBRKO
clone #2 confirms frameshift mutations in both alleles. Used in Fig. 4 and
Extended Data Fig. 6f, h, i. ¢, Characterization of the HCT116 TMPOKO clone,
confirming frameshift mutations in both alleles. d, Characterization of the
HCT116 LBR/TMPO DKO clone, confirming frameshift mutations in both TMPO
alleles. Derived from LBRKO clone #2. e, Characterization of the HCT116
LBR/LMNA DKO clone, confirming frameshift mutations in both LMNA

alleles. Derived from LBRKO clone #2. f, Characterization of the HCT116

LBR/TMPO/LMNA TKO clone. Manual decomposition of the sequence surround-
ing the PAMin the LBR/TMPO/LMNA TKO clone #1 confirms frameshift mutations
inboth LMNA alleles. Derived from LBR KO clone #2. g, FACS scatter plots
demonstrating the gating strategy and histograms showing analysis of

DNA content (propidium iodide (PI)) in HCT116 WT, LBR/TMPO DKO, and
LBR/TMPO/LMNA TKO used to assess cell cycle distribution. Peaks corresponding
to G,, S, and G, phases are indicated. h, Bar plot indicating the percentage of cells
with DNA content matching G, S, and G, phases in HCT116 WT, LBR/TMPO DKO,
and LBR/TMPO/LMNA TKO as assessed from the flow cytometry histogram of
DNA content; > G, refers to polyploid cells (*p < 0.05, **p < 0.01, one-way ANOVA,
mean +SEM, N = 3 experiments). i, Growth curve of HCT116 WT, LBR/TMPO DKO,
and LBR/TMPO/LMNA TKO. Growth rates were determined by cell counting.
(Mean +SEM, N = 3). Numerical and statistics source data as well as unprocessed
blots are available in source data.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Changes in the transcriptome and chromatin
organization upon loss of the heterochromatin tethers. a, Stacked bar plots
showing the proportion of differentially expressed genes (from Extended

Data Fig. 1a) assigned to LAD and inter-LAD regions (one-sided Fisher’s exact
test, p-value 0.19). b, Stacked bar plot showing the proportion of differentially
accessible ATAC-seq peaks in nucleosome-free regions (Nfr) for si-11-treated

HCT 116 cells after 72 h (N = 3). Loci with a [log,-fold change| > 1, adjusted

p-value < 0.05 were considered as significantly changed (two-tailed Wald test and
Benjamini-Hochberg procedure). ¢, Stacked bar plots showing the proportion of
differentially accessible ATAC-seq peaks from (b) assigned to LAD and inter-LAD
regions (one-sided Fisher’s exact, p-value 5.43e-160). d, Volcano plot showing
differentially expressed genes (RNA-seq of si-Ctr or si-11-treated HCT116 cells
after 6 d of RNAi (siRNA re-transfection at day 3) (N = 3 experiments); relates

to Extended Data Fig. 1a. Number of genes with an adjusted p-value < 0.05 and
|log,-fold change| > 1 (two-tailed Wald test and Benjamini-Hochberg procedure)
aremarked as up- or downregulated. e, Stacked bar plots showing the proportion
of differentially expressed genes (from d) assigned to LAD and inter-LAD regions
(one-sided Fisher’s exact test, p-value 0.997).f, Bar plots showing differentially
expressed genes identified by RNA-seqin all KO genotypes (N = 3 experiments).
Genes with an adjusted p-value < 0.05 and [log,-fold change| > 2 are considered
asderegulated (two-tailed Wald test and Benjamini-Hochberg procedure).

g, K-means clustering of the top 200 upregulated protein-coding genes in the

LBR/TMPO DKO cells into a functional cluster. The genes within the cluster
relating to the ‘defence response’ GO term are highlighted in green. Lines corres-
pond to high confidence interactions based on STRING (interaction score > 0.7)'".
h, Bar plots depicting the number of genes and transcripts identified in different
deregulated splicing events. Events with IncLevelDifference > |0.15| and

FDR < 0.05were considered significant. i, Representative immunoblot

of LBR, LAP2, lamin A/C, H3K27me3 and H3 relative to B-actin in the indicated
HCT116 KO backgrounds (N = 3 experiments). j, Quantification of H3K27me3
levels (normalized to 3-actin) in the different HCT116 KO backgrounds
(nsp>0.05,*p <0.05,*p<0.01,**p<0.001, ***p < 0.0001, one-way ANOVA,
mean +SEM, N = 3 experiments). k, Volcano plots showing transcriptional
changes in histone methyltransferases (HMT), PRC1, PRC2 and HUSH complex
members in HCT116 LBR/TMPO DKO and LBR/TMPO/LMNA TKO cell lines
compared to WT. Genes with [log,-fold change| > 1and p,q; < 0.05 (two-tailed Wald
test and Benjamini-Hochberg procedure) were considered deregulated. Gene
list: Supplementary Table 4.1, Metagene profiles of RPGC-normalized H3K9me3
and H3K27me3 ChiIP-seq signal for two-fold up- and downregulated copies of TE
classes (upregulated in Fig. 4c for HCT116 LBR/TMPO DKO and LBR/TMPO/LMNA
TKO cells relative to WT). The copies were assigned to LAD and inter-LAD regions.
Start and End represent TE copy start and end. RPGC: reads per genomic content
(Ix normalization). Numerical and statistics source data as well as unprocessed
blots are available in source data.
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Extended DataFig. 7| The loss of LBR and LAP2 leads to reorganisation

of 3D genome topology. a, Principal component analysis of Pico-C libraries
shows clear genotype separation across replicates, relates to Fig. 7. b, Pico-C
reaches sub-5 kb resolution in all genotypes (cutoff of 80% bins with minimum
1lkinteractions, as doneinref.15). c, Genome-wide Pico-C contact maps

reveal no large-scale genomic aberrations in DKO or TKO HCT116 cell lines.

d, Representative Micro-C maps from chr18 and chrX show genome-wide
changes in compartmentalization between control and TKO. e, Neighbourhood
analysis in DKO for the genomic regions commonly switching compartments
mirrors the trends observed in TKO (main Fig. 7d), with loci switching from B.1
to A or B.2adopting the identity of surrounding regions. The regions under
consideration are those common to DKO and TKO cell lines. f, B.1compartments
undergoing switching exhibitaccompanying changes in H3K9me3 and

H3K27me3 enrichment. g, Stacked bar plots showing proportion of genes within
the encompassed regions switching from B.1to A (from e) with the indicated
deregulation status compared to WT HCT116 cells. P-values (one-sided Fisher’s
exact test) are depicted for upregulated genes in B.1to A regions, compared to
the rest of the genome (DKO 8.36e-16; TKO 7.16e-20). h, Gene density is higher
around lost B.2 loci compared to stable or gained B.2 compartments. i, Deeply
sequenced Pico-C maps and chromatin profiles (ATAC-seq, CTCF, RNA-seq,
H3K9me3, H3K27me3) at a representative high-NAD region reveal a contrasting
trend to main Fig. 7g, with the spread of repressive histone marks upon B.2
compartment gain. LMNB1and NAD data’*; HP1a”; CTCF binding from ENCODE
(UCSC Genome Browser, TFBS Clusters v3). Statistics source data are available in
source data.
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Extended Data Fig. 8| Characterisation of mESCs knockout cell lines.

a, Characterisation of the E14TG2a Lbr KO. Genomic coordinates correspond to
thelocations that guides 1and 2 bind. Manual decomposition of the sequence of
the Lbr gene confirms deletion of the gene in both alleles. b, Characterisation of
the E14TG2a Lmna KO. Manual decomposition of the sequence of the Lmna gene
confirms deletion of the gene in both alleles. ¢, Characterisation of the E14TG2a
Tmpo KO. Manual decomposition of the sequence of the Tmpo gene confirms
deletion of the gene inboth alleles. d, Characterisation of the E14TG2a Lbr/Tmpo
DKO. Manual decomposition of the sequence of the Tmpo gene confirms deletion

of the gene in both alleles. This KO was performed on the Lbr KO background.

e, Characterisation of the E14TG2a Lbr/Lmna DKO. Manual decomposition of the
sequence of the Lmna gene confirms deletion of the gene in both alleles. This KO
was performed on the Lbr KO background. f, Characterisation of the E14TG2a
Lbr/Tmpo/Lmna TKO. Manual decomposition of the sequence of the Tmpo gene
confirms deletion of the gene in both alleles. This KO was performed on the
Lbr/Lmna DKO background. g, Immunoblot of Lbr and Lap2in the various
knockout backgrounds to validate the loss of these proteins. Unprocessed blots
areavailable in source data.
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Extended Data Fig. 9| Changes in the transcriptome, chromatin organisation
and cell differentiation upon loss of the heterochromatin tethers in mESCs.
a, Stacked bar plot showing the proportion of differentially accessible ATAC-seq
peaks in nucleosome-free regions (Nfr) in Lbr/Tmpo DKO and Lbr/Tmpo/Lmna
TKO mESCs (N =3 experiments). Loci with a|log,-fold change| > 1and an adjusted
p-value < 0.05 (two-tailed Wald test and Benjamini-Hochberg procedure)

were considered significant. b, Stacked bar plots showing the proportion

of differentially accessible ATAC-seq peaks assigned to LAD and inter-LAD
regionsin regions originally designated as LADs in mESCs™ (one-sided Fisher’s
exact test, decreased accessibility in LADs compared to inter-LADs, p-values:
DKO1.00e-16; TKO 8.73e-20). ¢, Stacked bar plots showing the proportion of
differentially expressed genes (Fig. 8d) assigned to LAD and inter-LAD regions
(one-sided Fisher’s exact test, downregulated genes in LAD compared to inter-
LAD counterparts, p-values: DKO 0.522; TKO 3.64e-07).d, Volcano plots of
transposable elementsin E14TG2a mESCs Lbr/Tmpo DKO and Lbr/Tmpo/Lmna

TKOvs. E14TG2a WT cells (N = 3 experiments). Genes with an adjusted

p-value < 0.5 are marked as up- or downregulated if [log,-fold change| > 0.585
(two-tailed Wald test and Benjamini-Hochberg procedure). e, Cell viability

of E14TG2a WT mESCs, Lbr/Tmpo DKO and Lbr/Tmpo/Lmna TKO cells during
differentiation, calculated with resazaurin reduction-based assay, expressed
asapercentage relative to the 24 h time point. (Mean + SEM, N = 3 experiments).
f, Bar plots of normalised read counts (RNA-seq) of marker genes for pluri-
potency, the three germ layers and primed epiSCs in E14TG2a WT, Lbr/Tmpo DKO
and Lbr/Tmpo/Lmna TKO cells after 10 days of embryoid body differentiation
(Mean +SEM, N = 3 experiments). g, Bar plots of normalised read counts
(RNA-seq) of select GABA receptor genes in E14TG2a WT, Lbr/Tmpo DKO and
Lbr/Tmpo/Lmna TKO cells after 10 days of embryoid body differentiation

(Mean +SEM, N = 3 experiments). Numerical and statistics source data are
available in source data.
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Extended Data Fig. 10 | Nuclear reorganization upon deletion of NE tethers
indifferentiated and pluripotent mammalian cells. a, Nuclear envelope
proteins observed to promote the peripheral positioning of different features
of heterochromatin in mammalian cells. The INM proteins LBR and LAP2 were
shown to contribute to the peripheral localisation of both H3K9me3 and

centromeresinall cell-types examined, both in the presence and absence of
lamin A/C. b, Model describing how the loss of LBR and LAP2 causes a global
reduction of heterochromatin at the NE, accompanied by repositioning of
heterochromatin into the vicinity of nucleoli and the formation of chromocenter-
like foci within the nuclear interior together with the downstream consequences.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Software and code

Policy information about availability of computer code

Data collection Confocal microscopy images were collected using Zeiss LSM 880 or a Zeiss LSM 780 Confocal Laser Scanning Microscope, using a 63x 1.4 NA
oil plan-apochromat objective using Zen software from Zeiss(v14). Phase contrast images were collected using a Nikon Ti-E with air objective
Plan Fluor 10x NA 0.30 Ph1 DL WD 15.2 mm and acquired with the Nikon NIS-Elements software. Figures were made using lllustrator v29
(Adobe).

Data analysis Image analyses were performed using the nucleAlzer model or ImagelJ v1.54F (NIH). Statistical analyses were performed in GraphPad Prism
v10. RNA-seq analysis used STAR aligner (v2.7.10b), SAMtools (v1.17), featureCounts, DESeq2 (v1.44, and TETranscripts (v2.2.3). ATAC-seq
were processed using Cutadapt (v4.4), bowtie2 aligner (v2.5.1), SAMtools (v1.17), sambamba (v1.0.1), deepTools (v3.5.5), and BEDTools
(v2.31.0), Chipseeker package (v1.40). ChIP-seq data were processed using Cutadapt (v4.4), bowtie2 aligner (v2.5.1), SAMtools (v1.17),
sambamba (v1.0.1), BEDTools (v2.31.0), csaw R package (v1.42), windowCounts, gimQLFTest, Chipseeker package (v1.40), ggpubr R package,
deepTools package (v3.5.5), deepTools package (v 3.5.6) and SICER2. Micro-C data analysis was performed using BWA-MEM (version 0.7.17),
with Pairtools (version 1.0.3), to FAN-C pairs format (version 0.9.18), Calder2, GenomicRanges and BEDTools (v2.31.0).

All relevant code used for the analysis of high-throughput sequencing data is available at GitHub (https://github.com/ps-puneetsharma/
lewis_et_al_2025).
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

High-throughput sequencing data generated in this study are deposited at NCBI gene expression omnibus (GEO) database under the accession number GSE281919.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences

|:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

Determination of sample size did not involve any statistical calculations. Sample size was based on pilot experiments and on prior knowledge
of similar experimental approaches in the past. For experiments with variable outcomes, larger sample sizes were chosen to guarantee
reproducibility and statistical robustness.

One RNAseq replicate was excluded for the HCT116 LBR KO since the data did not cluster well in PCA analysis, suggesting an experimental or
technical deviation.

For all microscopic experiments, we performed individual replicates consecutively, with at least three independent replicates, except for
Extended Data Figure 3b.For RNA-seq, ATAC-seq and ChlP-seq, 3 individual batches of cells were plated on the same day. Cell batches were
then further processed in parallel, during all subsequent steps. For Micro-C, 3 replicates were used for the TKO cells and 4 replicates were
used for WT and DKO cells. The different replicates of cells were plated and harvested on the same day, and processed in parallel.

No randomization was done since the study did not include animals or human participants. Groups of cells were randomly chosen for imaging.

Blinding was not used in the manuscript. When developing the project, we used blinding of data to collect feedback from group members to
confirm correct interpretation of visual data and to check whether image analysis pipelines matched visual impressions.

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.
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Research sample
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Sampling strategy N/A

Data collection N/A
Timing N/A
Data exclusions N/A
Non-participation N/A
Randomization N/A

Ecological, evolutionary & environmental sciences study design
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All studies must disclose on these points even when the disclosure is negative.

Study description N/A
Research sample N/A
Sampling strategy N/A
Data collection N/A

Timing and spatial scale  N/A

Data exclusions N/A
Reproducibility N/A
Randomization N/A
Blinding N/A

Did the study involve field work? |:| Yes |X| No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
[1IBX] Antibodies ] ChlIP-seq
] Eukaryotic cell lines ] Flow cytometry
|Z| |:| Palaeontology and archaeology |:| MRI-based neuroimaging
|:| Animals and other organisms
|Z| |:| Clinical data
|Z| |:| Dual use research of concern
|Z| |:| Plants
Antibodies
Antibodies used rabbit anti-H3K9me3 (Abcam 8898, 1:1000 immunofluorescence and WB)

mouse anti-H3K9me3 (Active Motif AB_2935892, 1:200 immunofluorescence)

mouse anti-H3K9me2 (Abcam 1220, 1:500 WB)

rabbit anti-H4K20me3 (Abcam 9053, 1:500 immunofluorescence, 1:1000 WB)

rabbit anti-H3K27me3 [Millipore 07-449 (1:200 immunofluorescence, 1:500 WB) and Active Motif AB_2561020 (1:500 WB)]
rabbit anti-H3 (Abcam 1791, 1:1000 WB)

rabbit anti-LBR(hu) (Abcam 32535, 1:200 immunofluorescence, 1:500 WB)

rabbit anti-Lamin A/C (Proteintech 10298-1-AP, 1:1000 immunofluorescence and WB)

mouse anti-Lamin A/C (Kerafast LASS2D9, 1:200 WB)




rabbit anti-Lamin B1 (Abcam 16048, 1:1000 WB)

rabbit anti Lamin B2 (Abcam 155319, 1:500 WB)

rabbit anti-LAP1 (Abcam 86307, 1:500 WB)

mouse anti-LAP2 (BD Transduction Laboratories 611000, 1:1000 WB)

rabbit anti-Lap2 (Proteintech 1465-1-AP, 1:500 WB)

rabbit anti-Emerin (Abcam 40688, 1:500 WB)

rabbit anti-LEMD2 (Sigma HPA017340, 1:200 WB)

rabbit anti-SUN1 (home-made,Sosa et al., 2012, 1:1000 WB)

rabbit anti-SUN2 (Sigma HPA001209, 1:500 WB)

mouse anti-beta-actin (SantaCruz sc-47778, 1:1000 WB)

mouse anti-CLIMP-63 (Enzo life sciences ALX804-604-C100/ENZ-ABS669, 1:200 immunofluorescence)
human anti-CREST (ImmunoVision HCT0100, 1:1000 immunofluorescence)

rabbit anti RRP12 (home-made,Wyler et al., 2011, 1:1000 immunofluorescence)

rabbit anti-Lbr(mouse) (Abnova PAB15583, 1:1000 WB)

rabbit anti-Emerin(mouse) (Novus Biologicals NBP1-87692, 1:1000 WB)

mouse Alexa Fluor 488 (ThermoFisher Scientific, A-11001, 1:300 immunofluorescence)
mouse Alexa Fluor 594 (ThermoFisher Scientific, A-11005, 1:300 immunofluorescence)
rabbit Alexa Fluor 488 (ThermoFisher Scientific, A-11034, 1:300 immunofluorescence)
rabbit Alexa Fluor 594 (ThermoFisher Scientific, A-11012, 1:300 immunofluorescence)
human Alexa Fluor 647 (ThermoFisher Scientific, A-21445, 1:300 immunofluorescence)
mouse Alexa Fluor Plus 680 (ThermoFisher Scientific, A32729, 1:10000 WB)

rabbit Alexa Fluor Plus 800 (ThermoFisher Scientific, A32735, 1:10000 WB)
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Validation The primary antibodies rabbit polyclonal anti-H3K9me3 and mouse monoclonal anti-H3K9me2 were validated by Poleshko et al.
(2019) (https://pmc.ncbi.nlm.nih.gov/articles/PMC6795522/) and further validated in our laboratory by using siPOOLs targeting their
cognate histone methyltransferases.

The mouse H3K9me3 antibody from Active Motif has been validated by the manufacturer.

Rabbit polyclonal anti-H4K20me3 was validated by Lin et al.(2023) (https://pmc.ncbi.nlm.nih.gov/articles/PMC10697951/).

The specificity of the rabbit polyclonal anti-H3K27me3 antibodies (Millipore 07-449 and AB2561020) were determined by dot blot
(https://www.emdmillipore.com/US/en/product/Anti-trimethyl-Histone-H3-Lys27-Antibody, MM _NF-07-4497?ReferrerURL=https%3A
%2F%2Fwww.google.com%2F&bd=1#documentation; https://www.antibodyregistry.org/AB_2561020 ). Millipore 07-449 was further
confirmed through depletions experiments by Fillmore et al. (2015) (https://pmc.ncbi.nim.nih.gov/articles/PMC4393352/).

Polyclonal rabbit anti-H3 was validated in mouse samples (https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-
antibody-nuclear-marker-and-chip-grade-ab1791#), it runs at the expected height and it is widely used.

Primary antibodies against the nuclear envelope proteins were validated using siPOOLs and in some cases knock-out cells generated
in this study.

Mouse monoclonal anti-beta actin was validated in whole cell lysates of Jurkat, Hela, MCF7 and A-431 cells (https://www.scbt.com/
de/p/beta-actin-antibody-c4?srsltid=AfmBOorUfwiscpwUK2Nxbv3uvSMJ18h21x60gjcAdBjhTaXE49)d5kk7). It runs at the expected
height and it is widely used in the field.

Mouse monoclonal anti-CLIMP-63 was characterised by Schweizer et al., 1993 (https://journals.biologists.com/jcs/
article/104/3/671/23564/Characterization-of-a-novel-63-kDa-membrane).

Human polyclonal anti-CREST is described as being specific by the manufacturer (https://immunovision.com/index.php/autoimmune-
polyclonal-antibodies/autoimmune-positive-controls/).

The anti-RRP12 antibody was validated in-house using siRNAs.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HCT116 (CCL-247; ATCC) and ES-E14TG2a mESCs (CRL-1821; ATCC) were commerically obtained. hTERT-RPE-1 and NIH/3T3
cells were kind gifts from the labs of J. Mansfeld and V. Vogel respectively. All knockout cells used in this study were
generated in this study.

Authentication None of the cell lines used were authenticated by our laboratory.

Mycoplasma contamination Cell lines were routinely tested for mycoplasma infection via PCR.

Commonly misidentified lines  No such lines were used.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance N/A
Specimen deposition N/A
Dating methods N/A
|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight N/A




Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals N/A
Wild animals N/A
Reporting on sex N/A

Field-collected samples  N/A

Ethics oversight N/A
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  N/A

Study protocol N/A
Data collection N/A
Qutcomes N/A

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[] Public health

|:| National security
|:| Crops and/or livestock
|:| Ecosystems

XX XX X &

|:| Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

<
1)
%}

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

XXX X XXX X §
Ooogoogo

Any other potentially harmful combination of experiments and agents




Plants

Seed stocks N/A

Novel plant genotypes ~ N/A

Authentication N/A

ChlIP-seq
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Data deposition
|X| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE281919
May remain private before publication.

Files in database submission GSM9074416
hct116_wt_chip_input_repl

GSM9074417

hct116_wt_chip_input_rep2

GSM9074418

hct116_wt_chip_input_rep3

GSM9074392
hct116_lbr_tmpo_ko_chip_h3k27me3_repl
GSM9074393
hct116_lbr_tmpo_ko_chip_h3k27me3_rep2
GSM9074394
hct116_lbr_tmpo_ko_chip_h3k27me3_rep3
GSM9074395
hct116_lbr_tmpo_ko_chip_h3k9me3_repl
GSM9074396
hct116_lbr_tmpo_ko_chip_h3k9me3_rep2
GSM9074397
hct116_lbr_tmpo_ko_chip_h3k9me3_rep3
GSM9074398
hct116_lbr_tmpo_ko_chip_input_repl
GSM9074399
hct116_lbr_tmpo_ko_chip_input_rep2
GSM9074400
hct116_lbr_tmpo_ko_chip_input_rep3
GSM9074401
hct116_lbr_tmpo_Imna_ko_chip_h3k27me3_repl
GSM9074402
hct116_lbr_tmpo_Imna_ko_chip_h3k27me3_rep2
GSM9074403
hct116_lbr_tmpo_Imna_ko_chip_h3k27me3_rep3
GSM9074404
hct116_lbr_tmpo_Imna_ko_chip_h3k9me3_repl
GSM9074405
hct116_lbr_tmpo_Imna_ko_chip_h3k9me3_rep2
GSM9074406
hct116_lbr_tmpo_Imna_ko_chip_h3k9me3_rep3
GSM9074407
hct116_lbr_tmpo_Imna_ko_chip_input_repl
GSM9074408
hct116_lbr_tmpo_Imna_ko_chip_input_rep2
GSM9074409
hct116_lbr_tmpo_Imna_ko_chip_input_rep3
GSM9074410

hct116_wt_chip_h3k27me3_repl

GSM9074411

hct116_wt_chip_h3k27me3_rep2
GSM9074412




hct116_wt_chip_h3k27me3_rep3
GSM9074413
hct116_wt_chip_h3k9me3 repl
GSM9074414
hct116_wt_chip_h3k9me3_ rep2
GSM9074415
hct116_wt_chip_h3k9me3_rep3

Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e-g-UCSC) enable peer review. Write "no longer applicable" for "Final submission" documents.
Methodology
Replicates 3 biological replicates were used for HCT116 WT, HCT116 DKO and HCT116 TKO cells.
Sequencing depth Avg. total number of reads: 50 million
Avg Uniquely mapped reads: 40 million
Read length: 150 bp
Read type: paired-end
Antibodies H3K27me3 (Active Motif AB_2561020)

H3K9me3 (Abcam 8898)
H2Av (Active Motif 61686)

Peak calling parameters  Peak calling was done utilizing SICER2 with the parameters “-w 1000 -f 150 -g 2000 -fdr 0.001” for H3K27me3, and “-w 20000 -f 150 -
g 40000 -fdr 0.001” for H3K9me3. Regions from the three replicates of a condition were intersected using BEDTools (v 2.28.0) using
default parameters. Only regions detected in all 3 replicates of a condition were considered for further analysis.

Data quality H3K27me3 and H3K9me3 ChIP quality was assessed using multiBamSummary and plotFingerprint modules of deeptools. For
differential binding analysis csaw R package used which uses sliding window across the genome without making a prior assumption
about the location or width of the bound region.

Software ChIP-seq data were first processed using Cutadapt (v4.4), with the resulting filtered reads subsequently being aligned to the human
reference genome using bowtie2 aligner (v2.5.1). The mitochondrial reads were then removed using SAMtools (v1.17). Sambamba
(v1.0.1) was then used to generate uniquely mapped, nono-duplicated reads. To analyse differential H3K27me3 binding, BEDTools
(v2.31.0) intersect ENCODE blacklist was used to filter ENCODE project blackisted regions. The generated alignment files were
further analysed using csaw R package (v1.42). The produced BAM files were read using windowCounts. To integrate RNA-seq and
ChIP-seq data, Chipseeker package (v1.40) was first used to annotate H3K7me3 windows, with windows containing the promoter of
protein-coding genes being focused on. Spearman correlation was calculated using ggpubr R package. BAM files from this analysis
was visualised using deepTools package (v3.5.5). Peak calling was then performed using and SICER2. Heatmaps and metagene
profiles from ChlP-seq data were created using deepTools package (v 3.5.6).

Flow Cytometry

Plots

Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation HCT116 cells were fixed in 70% ethanol at -20°C O/N. Staining was performed with 300 uM propidium iodide (Sigma) in 1 mL
staining buffer (50 mM HEPES pH 7.5, 700 mM NaCl, 12mM CaCl2). Cells were incubated for 15 min at RT prior to analysis.
Instrument BD LSRFortessa flow cytometer (BD).
Software FlowJo™ v10.8 (BD).
Cell population abundance Single cells accounted for 98-5% of events.
Gating strategy Events were gated with FSC-A/YG610-A to define cell population. Single cells were gated with YG610-H/YG610-A. All single

cells were then analysed for cell cycle analysis.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Magnetic resonance imaging

Experimental design

Design type N/A
Design specifications N/A

Behavioral performance measures ~ N/A

Acquisition
Imaging type(s) N/A
Field strength N/A
Sequence & imaging parameters N/A
Area of acquisition N/A
Diffusion MRI (] Used [ ] Not used

Preprocessing

Preprocessing software N/A
Normalization N/A
Normalization template N/A
Noise and artifact removal N/A
Volume censoring N/A

Statistical modeling & inference

Model type and settings N/A
Effect(s) tested N/A
Specify type of analysis: [ | whole brain || ROI-based

Statistic type for inference N/A

(See Eklund et al. 2016)
Correction N/A

Models & analysis

n/a | Involved in the study
& |:| Functional and/or effective connectivity

|:| Graph analysis

|:| Multivariate modeling or predictive analysis

|:| Both
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	LBR and LAP2 mediate heterochromatin tethering to the nuclear periphery to preserve genome homeostasis

	Results

	Depletion of abundant NE proteins causes detachment of constitutive heterochromatin

	Depletion of LBR and lamin A/C is insufficient to globally release constitutive heterochromatin from the NE

	Identification of mammalian INM proteins that anchor heterochromatin

	The membrane-anchored isoforms of LAP2 promote heterochromatin attachment to the NE

	Loss of LBR and LAP2 causes widespread changes in gene expression

	Persistent loss of heterochromatin tethers causes defects in the maintenance of repressive epigenetic marks

	Loss of peripheral heterochromatin tethering causes changes in 3D genome organization

	Loss of LBR and LAP2 affects the differentiation of mESCs


	Discussion

	Online content

	Fig. 1 H3K9me3-stained heterochromatin is detached from the nuclear periphery of human cells upon depletion of eight INM proteins and the nuclear lamins.
	Fig. 2 The INM proteins LBR and LAP2 promote the peripheral positioning of H3K9me3-positive heterochromatin.
	Fig. 3 The INM-bound isoforms of LAP2 contribute to peripheral hetero­chromatin anchorage.
	Fig. 4 Genomic deletion of LBR and LAP2 in HCT116 cells releases heterochromatin from the NE, perturbs gene expression, and activates the innate immunity pathway.
	Fig. 5 LBR/TMPO DKO and LBR/TMPO/LMNA TKO cells show changes in chromatin accessibility and a global decrease in H3K27me3 and H3K9me2.
	Fig. 6 ChIP-seq analysis of changes in H3K27me3 in LBR/TMPO DKO and LBR/TMPO/LMNA TKO cells.
	Fig. 7 Loss of peripheral heterochromatin tethering drives 3D genome reorganization and epigenetic remodelling.
	Fig. 8 Deletion of LBR and LAP2 in mESCs causes heterochromatin positioning defects, deregulation of gene expression and aberrant differentiation.
	Extended Data Fig. 1 Heterochromatin is detached from the nuclear periphery of human and mouse differentiated and pluripotent mouse cells upon depletion of eight INM proteins and the nuclear lamins.
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