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and René H. Medema1,2,8,*
1Oncode Institute, The Netherlands Cancer Institute, Plesmanlaan 121, 1066CX Amsterdam, the Netherlands
2Division of Cell Biology, The Netherlands Cancer Institute, Plesmanlaan 121, 1066CX Amsterdam, the Netherlands
3Division of Gene Regulation, The Netherlands Cancer Institute, Plesmanlaan 121, 1066CX Amsterdam, the Netherlands
4Division of Oncogenomics, The Netherlands Cancer Institute, Plesmanlaan 121, 1066CX Amsterdam, the Netherlands
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SUMMARY
Acquired drug resistance is a major problem in the treatment of cancer. hTERT-immortalized, untransformed
RPE-1 cells can acquire resistance to Taxol by derepressing the ABCB1 gene, encoding for the multidrug
transporter P-gP. Here, we investigate how the ABCB1 gene is derepressed. ABCB1 activation is associated
with reduced H3K9 trimethylation, increased H3K27 acetylation, and ABCB1 displacement from the nuclear
lamina. While altering DNA methylation and H3K27 methylation had no major impact on ABCB1 expression,
nor did it promote resistance, disrupting the nuclear lamina component Lamin B Receptor did promote the
acquisition of a Taxol-resistant phenotype in a subset of cells. CRISPRa-mediated gene activation supported
the notion that lamina dissociation influences ABCB1 derepression. We propose a model in which nuclear
lamina dissociation of a repressed gene allows for its activation, implying that deregulation of the 3D genome
topology could play an important role in tumor evolution and the acquisition of drug resistance.
INTRODUCTION

Chemotherapy is one of the main pillars of cancer treatment;

however, chemotherapeutic drugs lose efficacy over time due

to acquired drug resistance.1,2 This acquired drug resistance

can be the result of genetic mutations, as exemplified by mu-

tations in receptor tyrosine kinases that cause resistance to

tyrosine kinase inhibitors.3,4 Alternatively, drug resistance

can arise through elevated gene expression of the drug target

itself, or by altered expression of proteins involved in drug

metabolism.5 The cause of this altered gene expression can

be a genetic mutation or amplification of one of its upstream

regulators, but changes in gene expression can also be due

to epigenetic changes.6,7 Well-known examples of the latter

are changes in DNA methylation that result in altered gene

expression in cancer.8 How exactly these changes are

induced during the evolution of drug resistance is currently

unclear.

Here we have investigated the process of gene activation in

the evolution of drug resistance in non-transformed immortalized

human cells in culture.We have used derepression of theABCB1

gene as our model system to study gene regulation and acquired

drug resistance.
This is an open access article under the CC BY-N
Extensive research has shown that the ABCB1 gene (also

known as multidrug resistance gene or MDR) encoding the

P-glycoprotein (P-gP) drug-efflux pump, is upregulated in

many cancers cells exposed to increasing doses of Taxol and

a variety of other chemotherapeutic drugs.9,10 The contribution

of P-gP to Taxol resistance in patients remains debated, with

the possible exception of ovarian cancer, where it has been

shown that Taxol resistance correlates with increased ABCB1

expression.11 In the same tumor type, ABCB1 has been found

fused with active promoters in Taxol-resistant samples.12,13

Prior studies have investigated the mechanisms of the ABCB1

upregulation in cellular systems, and found that DNA-copy num-

ber amplifications of ABCB1 locus can be linked to acquired

chemoresistance.14 Additionally, recent studies have shown

that epigenetic alterations can also drive the upregulation of

ABCB1. Particularly, several studies in Taxol-resistant cancer

cell lines demonstrated that loss of repressive marks of hetero-

chromatin, such as DNA methylation, in the regulatory region

was associated with active transcription of the ABCB1

gene.15–18

Although prior reports suggest a role for themethylation status

in ABCB1 regulation, the influence of the higher-order chromatin

structure on gene expression and drug resistance is not yet
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understood. In general, alterations in chromatin organization

have been correlated to changes in gene expression,19–23 and

consequently, dysregulation of thesemay influence the function-

ality of the genome, leading to pathogenesis. It is well under-

stood that the three-dimensional (3D) genome is maintained by

a multilayer of structural units like chromosome territories, nu-

clear compartments, topological associating domains (TADs),

and lamina associated domains (LADs). While chromosome

compartments are proposed to be formed by block co-polymer-

ization or micro-phase separation, TADs are often defined by

CTCF and the cohesin complex.24–26

Several investigations have found alterations of the 3D genome

involving TAD perturbations in cancer26–28 as well as in autoim-

mune diseases and limb malformations.29,30 Furthermore, a

recent study reported mutations in CTCF-binding sites in 200 pa-

tient samples of colorectal cancer.31 In addition to genomic orga-

nization in TADs, in the cell nuclei extensive chromatin regions are

associated with the nuclear lamina (NL), which are mostly tran-

scriptionally repressed32–36 (reviewed in van Steensel and Bel-

mont37). This raises the question ofwhether alterations in NL inter-

actions could drive tumor evolution, and in particular, if such

changes can lead to acquired drug resistance. Studies in

Drosophila suggest that depletion of NL components alters

geneexpressionof several chromatin regions, leading to defective

cell differentiation.38–40 However, in the context of drug resis-

tance, it has not yet been examined whether 3D genome disorga-

nization and detachment from the NL could be a potential mech-

anism of gene re-activation and consequently chemoresistance.

In order to explore novel mechanisms of gene re-activation

and Taxol resistance, we generated Taxol-resistant cell lines

derived from hTERT-immortalized, untransformed RPE-1 (RPE)

cells. Consistent with our previous work,41 we find that these

cells become resistant to Taxol through re-activation of the

ABCB1 gene. In Taxol-sensitive cells, ABCB1 is located in an

LAD together with other inactive genes. We show that modifying

chromatin marks by drug inhibition of DNA and histone-methyl-

transferase enzymes does not have a significant effect on the

ABCB1 expression. In addition to the observed changes in chro-

matin modifications, we identify important changes of the 3D

genome topology when comparing the Taxol-sensitive versus

the Taxol-resistant lines, particularly in the NL interactions.

Furthermore, the disruption of Lamin B Receptor (LBR), an NL

component, is able to derepress the locus leading to a Taxol-

resistant phenotype. Therefore, this research provides a new un-

derstanding, from a high-order chromatin perspective, of how

cells may gain resistance to chemotherapeutics such as Taxol.

RESULTS

Transcriptional activation of ABCB1 drives Taxol
resistance in RPE-TxR
In order to gain more insight into the processes that can lead to

acquired drug resistance, we explored the molecular mecha-

nism underlying ABCB1 upregulation in the context of chemo-

therapy resistance. We made use of a previously described

Taxol-resistant cell line derived from hTERT-immortalized, un-

transformed RPE-1 cells obtained after prolonged exposure to

increasing doses of Taxol (RPE-Taxol resistant, RPE-TxR).41
2 Cell Reports 42, 113124, October 31, 2023
The RPE-TxR cell line is a polyclonal population of cells that ac-

quired Taxol resistance during the drug-selection process. The

generated cell line could proliferate under a Taxol concentration

20-fold higher than the parental RPE-1 (RPE-Taxol sensitive,

RPE-TxS) (Figures 1A and 1B). Inhibition of the drug-efflux

pump P-gP, by Tariquidar showed a re-sensitization of the

RPE-TxR, indicating that Pg-P mediates resistance to Taxol in

this cell line (Figures 1A and 1B).41 We independently generated

additional Taxol-resistant RPE polyclonal cell lines (TxR-3 and

TxR-4) and confirmed that P-gP expression also conferred Taxol

resistance in these lines (Figures S1A and S1B). To interrogate

whether enhanced P-gP protein expression was due to tran-

scriptional activation of the ABCB1 gene, which encodes for

P-gP, we performed RT-qPCR analysis and observed that the

mRNA level of ABCB1 was increased in all of these polyclonal

lines (Figures 1C and S1C). In addition, we performed single-

molecule RNA FISH (smRNA FISH) by generating a fluorescently

labeled DNAprobe targetingABCB1 intronic regions. This allows

the visualization of nascent mRNAs, which enables the direct

visualization of active transcription sites in the nucleus.42 smRNA

FISH revealed an increased number of active ABCB1 transcrip-

tion sites (TSs) in RPE-TxR compared with RPE-TxS (Figures 1D

and 1E), indicating that de novo transcription was taking place in

RPE-TxR. In order to confirm that ABCB1 transcriptional activa-

tion was causal to Taxol resistance, we performedCRISPR inter-

ference (CRISPRi) experiments in RPE-TxR cells. Indeed, tran-

scriptional downregulation of the ABCB1 gene in RPE-TxR

cells resulted in re-sensitization to Taxol (Figures S1D–S1G).

Taken together, we corroborate in three independently gener-

ated cell populations that the major mechanism underlying ac-

quired Taxol resistance in RPE-1 cells is through transcriptional

activation of the ABCB1 gene.

Chromosome 7 amplification is not sufficient to activate
ABCB1

It is well described that genetic rearrangements and DNA muta-

tions can lead to ABCB1 transcriptional activation.13,43,44 To un-

derstand whether this was the mechanism of ABCB1 gene re-

activation in RPE-TxR cells, we set out to analyze the ABCB1

locus in this cell population. For this, we performed copy number

analysis in both RPE-TxS and RPE-TxR cells. Interestingly, chro-

mosome 7, whereABCB1 is located, was amplified in a subset of

TxR cells (Figure 2A). We therefore assessed whether ABCB1

gene amplification in RPE-1 cells was sufficient to promote

ABCB1 upregulation and Taxol resistance. We performed

Taxol-tolerance assays in a clonal cell line with three copies of

chromosome 7, where ABCB1 is located (Clone 20, Figure 2B).

Strikingly, ABCB1 amplification did not lead to increased

mRNA levels or acquired Taxol resistance (Figures 2C–2E).

This suggests that in order for RPE-1 cells to acquire Taxol resis-

tance, rather than increased copies of ABCB1, other modifica-

tions are required.

ABCB1 gene activation in RPE-TxR is associated with
changes in chromatin modifications and DNA contacts
at the ABCB1 locus
To further understand the mechanism of ABCB1 upregulation in

RPE-TxR cells, we set out to investigate whether ABCB1



Figure 1. Transcriptional activation of ABCB1 drives Taxol resistance in RPE-TxR
(A) Crystal violet staining of viability assay on Taxol-naı̈ve RPE-TxS and resistant RPE-TxR cell lines.

(B) Relative survival plots of the RPE-TxS and RPE-TxR cell lines. Error bars show the average ± SD of three independent experiments (n = 3) and the calculated

IC50. The curve was drawn from the log(inhibitor) vs. response equation Y = Bottom + (Top � Bottom)/(1 + 10^(X-LogIC50)).

(C) ABCB1 mRNA levels determined by qRT-PCR and normalized to GAPDH expression levels. Error bars show the average ± SD of three independent ex-

periments (n = 3). The y axis is shown in logarithmic scale.

(D) Representative smRNA-FISH images of RPE-TxS and RPE-TxR for theABCB1 gene and DAPI. The images are projections of 0.5-mmsections and a total 5 mm

in thickness. Scale bar, 15 mm.

(E) Quantification of the number of ABCB1 transcription sites (TS) found per cell. Error bars show the average ± SD of three independent experiments (n = 3), 60

cells per replicate and condition.
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expression is accompanied by changes in chromatin modifica-

tions at the ABCB1 locus. To this end, we analyzed histone

marks and DNA methylation patterns by chromatin immunopre-

cipitation and bisulfite treatment, respectively, followed by

massive parallel sequencing. We found that, compared with

RPE-TxS, RPE-TxR lost the repressive modification H3K9me3

and gained active marks (H3K27ac and H2AZ) in the promoter

region of the ABCB1 gene (Figures 3A–3C). In addition, a de

novo peak of H3K27ac upstream of ABCB1 was detected in

RPE-TxR (Figure 3B, arrow, and Figure S2A). Bisulfite

sequencing analysis showed no significant decrease on DNA

methylation at the ABCB1 promoter in RPE-TxR (Figure S2B).

Analysis of previously published Hi-C data for RPE-1 cells45

demonstrated that ABCB1 is found in a TAD together with two

other genes, ABCB4 and RUNDC3B (Figure S2C). Interestingly,

in addition to the 7-fold increase observed in the ABCB1 mRNA

levels, the RNA-sequencing experiments also showed an upre-

gulation of ABCB4 and RUNDC3B in RPE-TxR (Figure S2D).

The same was seen in the additional independently generated

RPE-1-derived Taxol-resistant cell lines (TxR-3 and TxR-4)

(Figures S2E and S2F). Because changes in gene regulation

are often associated with local changes in chromosome
folding,46 we performed targeted locus amplification (TLA) in

RPE-TxS and RPE-TxR. This strategy allows to selectively

amplify and sequence DNA on the basis of the crosslinking of

physically proximal sequences similarly to 4C-seq.47 We identi-

fied changes in chromatin contacts of the ABCB1 locus in RPE-

TxR compared with RPE-TxS (Figure 3D). In RPE-TxS, ABCB1

preferentially interacts with regions enriched for H3K9me3 and

low for H3K36me3, associated with heterochromatin and tran-

scriptionally active regions, respectively48,49 (Figures 3A, 3D,

and S2G). However, in RPE-TxR, contacts also occurred in

less enriched H3K9me3 domains. Moreover, new interactions

with the promoters of the transcribed genes SLC25A40,

CROT, DMTF1, and TMEM243 were observed, marked by

H3K36me3 and H3K4me3 (Figures 3D, S2G, and S2H). These

new interactions were also enriched on H3K4me1 and

H3K27ac, enhancer-associated marks50 (Figure S2G), suggest-

ing that the ABCB1 gene could potentially be regulated by prox-

imal enhancers. Therefore, we conclude that chromatin marks

undergo major changes at the ABCB1 locus during the acquisi-

tion of Taxol resistance. This is also the case for ABCB1 DNA in-

teractions, suggesting that genes are more likely to interact with

regions with similar chromatin nature.
Cell Reports 42, 113124, October 31, 2023 3



Figure 2. Chromosome 7 amplification is not sufficient to activate ABCB1

(A) Copy number variation analysis in RPE-1 Taxol-sensitive and RPE-1 Taxol-resistant cells. Chr7 region is shown and ABCB1 location is depicted in red.

(B) Copy number analysis showing all chromosomes in RPE-1 cells (Clone 20). Chromosome 7, with one extra copy, is highlighted in green, where ABCB1 is

found. Data are obtained from a single replicate.

(C) RNA-sequencing data showing the normalized read counts of the ABCB1 gene in Parental vs. Clone 20 from (B).

(D) Crystal violet staining of viability assay on Clone 20 and RPE-1 Parental cells.

(E) Relative survival plots of the Parental and Clone 20 cell lines. Error bars show the average ±SD of two independent experiments (n = 2) and the calculated IC50.

The curve was drawn from the log(inhibitor) vs. response equation Y = Bottom + (Top � Bottom)/(1 + 10^(X-LogIC50)).
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ABCB1 gene activation in RPE-TxR is associated with
detachment from the NL
As gene silencing has been linked to association with the NL,37

we also performed pA-DamID of Lamin B2. This is an anti-

body-based variant of the DamID technology that allows visual-

ization of genome-NL interactions with high temporal resolu-

tion.51 We observed that in RPE-TxS the pA-DamID signal

intensity of theABCB1 locus was very high (Figure 4A, blue curve

TxS profile), indicating that it is in an LAD. In contrast, in RPE-TxR

cells, the pA-DamID signal intensity in the ABCB1 region was

greatly reduced (Figure 4A, red curve TxR profile), indicating

that a major NL detachment of the region containing ABCB1
4 Cell Reports 42, 113124, October 31, 2023
and its neighboring has taken place during the acquisition of

drug resistance. Interestingly, SLC25A40, CROT, DMTF1, and

TMEM243, which had higher contact interactions with ABCB1

in RPE-TxR (Figure 3D, TLA analysis), were also found detached

from the NL in RPE-TxS (Figure 4A). This suggests that when

ABCB1 loses its interaction with the NL, it tends to gain interac-

tions with other inter-LAD (iLAD) genes. In addition to this, we

could also observe a possible ‘‘compensatory’’ movement of

the regions farther from the ABCB1 locus, which increased NL

contacts in the Taxol-resistant cell lines (Figure 4A, red curve

TxR profile). Possibly the site that is left vacant by the release

of the ABCB1 locus from the lamina tends to establish (weak)



Figure 3. ABCB1 gene activation in RPE-TxR is associated with changes in chromatin modifications and 3D genome

(A) NormalizedChIP signal for H3K9me3 (B) H3K27ac or (C) H2AZ in RPE-TxS and TxR cell lines. In H3K27ac an arrow shows a de novo peak in theABCB1 region.

Gray bars show the region where ABCB1 is located and the observed changes in histone marks. ABCB1 gene is labeled in red, two isoforms are depicted. ChIP

data show read-based normalization signal based on pooled biological replicates (n = 2) (see STAR Methods for details).

(D) TLA analysis of theABCB1 gene in RPE-TxS (top) and RPE-TxR (bottom) (gene annotation hg19). Sequencing expanding regions immediately neighboring the

ABCB1 gene have higher coverage. Colored lines show new contacts formed in RPE-TxR with the indicated colored genes. Data are obtained from a single

replicate.
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interactions with whatever is closest. In order to measure the

overall changes in lamina interactions between the resistant

and the sensitive cell lines, we quantified the pA-DamID signals.

We used genes as units, and we calculated an NL association

score for every gene starting from GATC counts (see STAR

Methods section). We then correlated the pA-DamID signal be-

tween RPE-TxS and RPE-TxR (Figure 4B). We could confirm

ABCB1 as one of the genes losing LaminB2 signal in the TxR

cells (Figure 4B). Interestingly, even though we found most

genes maintaining their pA-DamID signal (R = 0.89), there was

a significant number of other genes losing pA-DamID interac-

tions in the Taxol-resistant cell line.

In order to detect changes in NL association at single-cell res-

olution, we generated RPE-1 cells with a fluorescent endoge-

nous label at the ABCB1 locus using the ANCHOR3 system.53

The ANCHOR3-system relies in the stable integration of a short,

non-repetitive sequence (ANCH) that is placed adjacent to the

locus of interest. The ANCH-sequence can then be recognized

byOR3 proteins that are fused to fluorescent eGFP and accumu-

late at the ANCH-sequence to form a focus53 (Figure 4C). We

generated and validated RPE-1 cells, which had the ANCH

endogenously integrated in ABCB1, and stably expressed

OR3-GFP (Figures S3A–S3C). From these cells, we derived a
new Taxol-resistant cell line resistant to similar doses of Taxol

as the original TxR (Figures 1A and S3B–S3D). In order to mea-

sure the distance from ABCB1 to the NL in TxS and TxR

ANCHOR3 cells, we performed immunofluorescence with a

LaminB1 antibody (Figures 4D and S3E). Based on the fluores-

cent signal of LaminB1, we were able to segment the NL as an

iso-surface in 3D (Figure S3F). By additionally segmenting the

ANCHOR3-foci of the individual cells as iso-surfaces, we were

able to measure the shortest distance between the nuclear pe-

riphery and its corresponding ANCHOR3-foci in 3D (Figures

4E, S3E, and S3F). Strikingly, we could observe that in

ANCHOR3 TxR cells, ABCB1 was located farther away from

the NL compared with TxS (Figure 4E). It is significant to note

that some of the ANCHOR3 TxR cells had two ANCHOR3-foci,

suggesting that ABCB1 has been amplified, consistent with

what we observe in Figure 2A (Figure S3E). Importantly, by pA-

DamID, we could confirm that four other independently gener-

ated Taxol-resistant cell lines (TxR-3, TxR-4, TxR-5, and

TxR.6), even though variable scores, also had significantly lower

interactions with the NL in the ABCB1 locus (Figures S3G and

S3H). Overall, these results indicate that a local rewiring of NL in-

teractions occurs in the ABCB1 genomic region in the RPE-1

Taxol-resistant cells.
Cell Reports 42, 113124, October 31, 2023 5



Figure 4. ABCB1 gene activation in RPE-TxR is associated with detachment from the NL

(A) Change in NL interactions of ABCB1 and flanking regions in RPE-TxR compared with RPE-TxS, detected by pA-DamID.51 Data are visualized as in Brueckner

et al.52 Bottom panels: gene annotation track (hg38); ABCB1 gene is marked in red. Middle panels: pA-DamID tracks of NL interactions in Taxol-sensitive cells

(TxS, blue line) and Taxol-resistant cells (TxR, red line). n indicates the number of independent biological replicates that were combined. Noise was suppressed by

a running mean filter of indicated window size. Shading between the lines corresponds to the color of the sample with the highest value. Dashlines mark the fifth

and 95th percentiles of genome-wide pA-DamID values. Top panels: domainograms; for every window of indicated size (vertical axis) and centered on a genomic

position (horizontal axis), the pixel shade indicates the rank of the change in pA-DamID score (experimental [TxR] minus control [TxS]) compared with the

genome-wide changes in pA-DamID scores across all possible windows of the same size. Only significant changes (within the fifth or the 95th genome-wide

quantiles) are colored. Blue: pA-DamID score is highest in control samples; red: pA-DamID score is highest in experimental samples. (Color key genome-wide

quantile is shown on the right of the panel.)

(B) pA-DamID signals were quantified as described in the method section using genes as units extended of ± 10 kb (n = 2). Every point represents a single gene;

ABCB1 is highlighted in red. Graphs represent the pA-DamID Z score signal correlated between Taxol-resistant cells and Taxol-sensitive cells. The two cell lines

show a strong overall correlation (Pearson correlation coefficient R = 0.89), but the ABCB1 gene shows amarked difference in pA-DamID signal between the two

cell lines.

(C) Schematic representation of the ANCHOR3-system53 to visualize the endogenous ABCB1 locus.

(D) Z-projection example image of immunofluorescence staining with LaminB1 antibody and the OR3-ABCB1 focus. Scale bar, 2 mm.

(E) Quantification of the shortest distance in three-dimensional space from the ANCHOR3-ABCB1 foci to the nuclear lamina in RPE-1 ANCHOR3 TxS and TxR.

The analysis is performed as described in STAR Methods. Red bar represents the median of n = 91 TxS and n = 118 TxR cells from three independent ex-

periments, ****p < 0.0001, Mann-Whitney test.
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Transition to Taxol resistance is not primarily driven by
repressive chromatin modifications of the ABCB1

genomic locus
In order to test whether altering the chromatin modifications of

the ABCB1 locus is sufficient to derepress ABCB1 in RPE-TxS,

we made use of different drugs to perturb the epigenetic land-
6 Cell Reports 42, 113124, October 31, 2023
scape. The addition of 5-aza deoxycytidine (5-AZA) for 24 h

was able to reduce the levels of DNMT1, the enzyme responsible

for DNA methylation deposition (Figures 5A, 5B, and S4A). In the

ABCB1 promoter, a decrease of DNA methylation was also

observed upon DNMT1i (Figures S4B and S4C). A similar trend

for the levels of H3K27-trimethylation occurred when treating



Figure 5. Transition to Taxol resistance is not primarily driven by repressive chromatin modifications of ABCB1 genomic locus

(A) Western blot showing the levels of the chromatin proteins and controls (a-TUBB) upon treatment with the indicated epigenetic drugs with for 24 h.

(B) Western blot quantification over TUBB control and normalized to DMSO. Each dot represents an independent western blot experiment (n = 2).

(C) ABCB1 mRNA levels determined by qRT-PCR and normalized to GAPDH expression levels upon drug addition and RPE-TxR as a control for ABCB1

expression, Error bars show the SD of three technical replicates.

(D) pA-DamID Z score signals were quantified using genes as units as Figure 4B (n = 2). Every point represents a single gene; ABCB1 is highlighted in red. Graphs

represent the pA-DamID signal correlated between DMSO vs. 5AZA 62.5 nM 72 h- (left) and DMSO vs. GSK126 500 nM 72 h-treated cells (right). Pearson

correlation: 0.96 and 0.97, respectively.

(E) Crystal violet staining of colony-formation assay under 20 nM of Taxol and the corresponding chromatin drug in RPE-1 iCut WT cells. One million cells were

plated per condition.

(F) Quantification of the number of Taxol-resistant colonies from (E). Error bars show the average ± SD of independent experiments (n = 3). ns, p > 0.05, Mann-

Whitney test.
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cells with GSK126 (EZH2 inhibitor), which interferes with

H3K27me3 deposition (Figures 5A, 5B, and S4D). Under these

treatments, we performed RT-qPCR in RPE-TxS to check

ABCB1 expression levels.We observed that both drugswere un-

able to induce transcription of the ABCB1 gene (Figure 5C). We

next performed pA-DamID under the same drug treatments in

order to assessABCB1NL contacts (Figure 5D). Correlations be-

tween the pA-DamID signal between DMSO-treated and DNMTi

or EZH2i did not show any change in NL interactions, including

the ABCB1 locus (Figure 5D). In order to assess the relative po-
sition of ABCB1 within the nucleus at single-cell resolution, we

also treated RPE-1 ANCHOR3 cells with chromatin-perturbing

drugs (Figures S4F and S4G). In this set up, we could also not

observe a significant increase in distance between ABCB1 and

the NL (Figure S4G). Thus, altering the levels of the H3K27-meth-

yltransferase EZH2 or the DNA methyltransferase DNMT1 is not

sufficient to perturb the localization of ABCB1within the nucleus

or to derepress the gene.

We next asked if altering H3K27-trimethylation or DNAmethyl-

ation at the ABCB1 promotor is sufficient to precondition the
Cell Reports 42, 113124, October 31, 2023 7
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locus for derepression. To this end, we performed colony-forma-

tion assays using a combination of these drugs and Taxol. For

the chromatin-modifying drugs, we determined a dose that did

not induce a proliferation defect (Figures S4A and S4H). We

pre-treated RPE-TxS cells with DNMT1i or EZH2i for 24 h fol-

lowed by an overnight co-treatment with 20 nM Taxol. Next

morning the chromatin-modifying drugs were washed out and

only 20 nM Taxol was present for 15 days. Neither the DNMT1

nor EZH2 inhibitor were able to increase the number of Taxol-

resistant colonies (Figures 5E and 5F). In fact, DNMT1i in combi-

nation with Taxol led to a decrease in Taxol-resistant colonies

compared with the DMSO control (Figures 5E and 5F). To boost

the drug efficacy, we treated RPE-TxS cells for 72 h with a higher

dose of DNMT1i and maintained the same EZH2i dose. Even

though we observed protein depletion by western blot (Fig-

ure S4I), ABCB1 mRNA levels quantified by qPCR remained

similar to the DMSO-treated condition (Figure S4J). It has been

suggested that alterations in H3K9me2 by the G9a inhibitor

affect LAD organization.54,55 Therefore, we also inhibited the

H3K9me2 methyltransferase G9a with BIX-01294 followed by

RT-qPCR analysis and NL interactions assessment. Like

DNMT1 and EZH2 inhibitors, the G9ai was not able to increase

ABCB1 mRNA levels or displace ABCB1 from the NL

(Figures S4A and S4E–S4K). Unfortunately, we were unable to

reliably measure levels of H3K9me2 by chromatin immunopre-

cipitation (ChIP), so it is not clear if this treatment results in

altered H3K9me2 levels at the ABCB1 locus. Also, due to the

toxicity of this inhibitor following 24 h of treatment (Figure S4H),

we could not assess colony formation under Taxol pressure.

Nonetheless, these data do suggest that the disruption of chro-

matin-modifying enzymes by drug inhibition is unable to trigger

activation of ABCB1 gene transcription in RPE-1 cells, and

thereby remain Taxol-sensitive.

Differentially expressed transcription factors do not
seem to play a role in ABCB1 expression and acquisition
of Taxol resistance
We next investigated whether potential upregulation of tran-

scription factors (TFs) in RPE-TxR cells could be responsible

for initiation of ABCB1 gene expression, and thereby change

local chromatin modifications and 3D genome organization at

the ABCB1 locus. We first performed motif scan to identify the

potential TFs binding to the promoters of the two ABCB1 iso-

forms. Subsequently, we hypothesized that gain of Taxol resis-

tance may be caused by aberrant expression of some of these

TF interactors, and therefore we identified all the differentially ex-

pressed TF binders of the two promoters in RPE-TxR compared

with RPE-TxS using mRNA sequencing (Figure S5A). To further

narrow down our searching, we speculated that the TFs respon-

sible for the ABCB1 derepression may potentially play an activa-

tion role for other upregulated genes in the resistant cells. Hence,

we also performed a motif analysis for the promoters of all the

upregulated genes in RPE-TxR in order to identify general pro-

moter activators in the resistant cell line. We mainly found signif-

icantly enriched motifs belonging to the POU and LHX TF home-

odomain family (Figures S5B and S5C). This implies that these

TFs may potentially be involved in the upregulation of many

genes on the RPE-TxR cell lines, including ABCB1. To test
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this, we overexpressed POU3F2, LHX6, and ZIC5, which

showed a clear upregulation in the resistant cells (Figure S5A),

in the Taxol-sensitive parental RPE cells. To that aim, we used

the Cas9-VP64-transcription activation system (CRISPRa) to

assess whether this would recapitulate ABCB1 activation in

the resistant cell line. Even though we observed by RT-qPCR a

significant increase of mRNA expression of the three TFs, similar

to the level of upregulation in RPE-TxR (Figure S5D), this did not

result in a Taxol-resistant phenotype (Figures S5E and S5F).

More importantly, downregulation of these TFs in RPE-TxR did

not perturb the Taxol-resistant phenotype (Figures S5G–S5I),

indicating that POU3F2, LHX6, and ZIC5 are not required to

maintain increased ABCB1 gene transcription in RPE-TxR cells.

However, we cannot exclude that they could be necessary to

establish the initial transcriptional upregulation. Also, it remains

possible that there is a transcription factor upregulated that is

responsible for ABCB1 re-activation that our analysis failed to

pick up.

ABCB1 upregulation in RPE-TxR is not caused by direct
activation of the promoter by trans-acting factors
We next wondered whether RPE-TxR cells upregulated addi-

tional TF that could lead to the activation of theABCB1 promoter.

Therefore, to further exclude TF activation as the initial trigger for

ABCB1 gene activation, we carried out a luciferase reporter

assay to assess the ABCB1 promoter activity in RPE-1 Taxol-

sensitive (TxS) and Taxol-resistant (TxR3-4) cells. To this end,

the ABCB1 promoter was cloned in a pGL3-basic vector fol-

lowed by transfection into RPE-TxS or RPE-TxR. If similar lucif-

erase activity was observed between cell lines, that would indi-

cate that there are not differentially expressed trans-acting

factors that lead to ABCB1 promoter activation. However, if

there is an increase of luciferase activity in RPE-TxR, a trans-

acting factor may be upregulated, therefore inducing ABCB1

promoter activation. Activity of the ABCB1 promoter was rela-

tively low compared with the pGL3-promoter plasmid, but

more importantly, we did not observe an increase of luciferase

activity in TxR cells compared with TxS (Figure S6A). This sug-

gests that RPE-1 TxR cells do not have a distinct transcriptional

program or differentially expressed TFs that could activate the

ABCB1 promoter. Instead, the 3D genome topology may be

the determining factor for the ABCB1 expression. Therefore,

we hypothesized that NL detachment observed in RPE-TxR

potentially could be a first step toward acquired drug resistance,

subsequently allowing recruitment of available TFs leading to

transcription activation of the ABCB1 gene.

LBR depletion facilitates acquisition of Taxol resistance
To further understand the importance of NL components in

ABCB1 gene expression, we generated different knockouts

(KOs) of NL proteins using CRISPR-Cas9 technology in RPE-1

Cas9 cells (RPE-1 iCut).56 We obtained a high cutting efficiency

of the Lamin B Receptor (LBR) gene in a polyclonal cell popula-

tion (Figure 6A). Moreover, we could confirm by western blotting

that LBR was depleted effectively (Figure 6B). To explore the

reorganization of the LAD landscape that takes place upon

LBR depletion, we performed pA-DamID in the polyclonal

RPE-1 LBR KO cells. No significant rewiring of the genomic



Figure 6. LBR depletion facilitates acquisition of Taxol resistance

(A) Percentage of disrupted sequence (cutting efficiency) in RPE-1 iCut cells transfected with crRNAs targeting the LBR gene and using TIDE analysis. Black dots

show an independent biological replicate. Error bars show the SD.

(B) Western blot showing the levels of LBR and control (SMC1) proteins 7 days after transfection of LBR, LMNA, or LMNB1 crRNAs.

(C) Change in NL interactions of ABCB1 and flanking regions in LBR KO (crRNA-LBR) compared with RPE WT as analyzed in Figure 4A. Color key domainogram

as in Figure 4A.

(D) pA-DamID Z score signals were quantified using genes as units (n = 2) as in Figure 4B. Every point represents a single gene; ABCB1 is highlighted in red.

Graphs represent the pA-DamID Z score signal correlated between LBR KO and RPE WT. Pearson correlation: 0.9.

(E) Crystal violet staining of colony-formation assay under 20 nM of Taxol in RPE-1 iCut WT cells, transfected with only tracrRNA or tracrRNA and crRNA-LBR

(LBR KO). One million cells were plated per condition.

(F) Quantification of the number of Taxol-resistant colonies from (E). Error bars show the average ±SD ofWT (n = 5), tracr (n = 7), and crRNA-LBR (n = 7) replicates.

WT vs. LBR *p = 0.049, tracr vs. LBR *p = 0.041, Mann-Whitney test.
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region containing the ABCB1 locus from the NL was detected in

this polyclonal population by pA-DamID (Figure 6C). ABCB1 pA-

DamID signal in LBR KO compared with wild type (WT) was not

significantly changing (Figures 6C and 6D). In addition, the over-

all ABCB1 mRNA levels were not increased in the LBR KO pop-

ulation (Figure S6B). Complete depletion of Lamin B1 (LMNB1) or

Lamin A/C (LMNA), structural and supporting components of the

NL, had no obvious effect onABCB1 transcriptional regulation or

ABCB1 NL detachment (Figures S6B–S6D). Several genes,

mainly with an intermediate lamina association score, showed

decrease in NL association following LMNA/C KO. Interestingly,

genes with high lamina association score become even more
associated with the NL, including ABCB1 (Figure S6D). This sug-

gests a reorganization of DNA-NL contacts following Lamin A/C

ablation genome-wide, in agreement with previous findings.57–59

We next asked whether perturbations in NL components were

sufficient to precondition ABCB1 for derepression to precondi-

tion cells for the acquisition of Taxol resistance. Seven days after

the KO generation, we performed colony-formation assays using

20 nM of Taxol. Upon LBR depletion, we observed an increase in

the number of Taxol-resistant colonies in multiple independent

experiments (Figures 6E and 6F). This implies that the loss of

LBR can facilitate derepression of the ABCB1 gene when cells

are exposed to Taxol. It should be noted, however, that only a
Cell Reports 42, 113124, October 31, 2023 9
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small fraction of cells in the population acquired Taxol resistance

(Figure 6E), and the absolute number of Taxol-resistant colonies

we obtained varied from experiment to experiment, suggesting

the importance of other factors in activating the ABCB1 gene.

Nevertheless, the number of Taxol-resistant clones is signifi-

cantly higher in LBR KO cells than what we observe in the

parental lines. This was not the case for Lamin A/C- and Lamin

B1-depleted cells (Figures S6E and S6F).

In order to investigate whether depletion of LBR induced

ABCB1 upregulation in other in vitro models, we performed

RNA interference experiments in various cancer cell lines. We

selected a triple-negative breast cancer cell line (MDA-MB-

231), a head-and-neck squamous cell carcinoma (FaDu), and a

lung adenocarcinoma cell line (A549). Using RT-qPCR analysis,

we found that MDA-MB-231 and FaDu had slightly higher

ABCB1 mRNA levels than RPE-1 cells. In contrast, the ABCB1

mRNA levels detected in A549were considerably increased (Fig-

ure S7A). Depletion of LBR by small interfering RNA (siRNA) led

to a decrease of LBR protein levels 48 h post-transfection in all

cell lines (Figure S7B). We also assessed whether the siRNAs

were affecting normal cell proliferation, which showed minimal

effects (Figure S7C). After 48 h, colony-formation assays under

different concentrations of Taxol for each of the cell lines were

performed. As control, we confirmed that depletion of LBR by

siRNA led to an increase in the number of Taxol-resistant col-

onies in RPE-1 cells (Figures S7D and S7E). As expected, based

on the high level of ABCB1 expression, A549 cells were resistant

to high levels of Taxol, and depletion of LBR had minimal effects

(Figures S7D and S7E). The effect of LBR depletion in MDA-MB-

231 also resulted in increased numbers of Taxol-resistant col-

onies, similar to what we observe in RPE-1 cells (Figures S7D

and S7E). LBR depletion in FaDu cells resulted in a decrease

of Taxol-resistant colonies (Figures S7D and S7E). These data

imply that loss of lamina interaction is a key event for the dere-

pression of ABCB1, but additional factors are required to

achieve complete derepression.

Based on these data, we propose that in RPE-1 cells, and

possibly across various other in vitro models, LBR may act as

a regulator of the ABCB1 gene expression and its depletion

can contribute to acquired Taxol resistance. Additionally, these

data suggest that NL association may act as a critical threshold

that needs to be overcome in order to derepress a gene, and as

such, loss of lamina association seems to represent a key step in

the process of transcriptional derepression.

Transcription-driven CRISPRa activation of neighboring
genes can detach ABCB1 from the NL and lead to Taxol
resistance
To further explore the role of NL in ABCB1 regulation, we exam-

ined whether NL detachment would lead to ABCB1 gene activa-

tion. It has been previously described that the CRISPRa induces

detachment of genes from the NL, and in some instances this

also causes detachment of flanking genes.52 We therefore at-

tempted to detach ABCB1 from the NL by activation of its neigh-

boring genes. We used CRISPRa to specifically activate the pro-

moter of ABCB1, ABCB4, or RUNDC3B or a combination of

the latter two (Figure 7A). Next, we performed Lamin-pA-

DamID to map NL interactions (Figures 7B, 7C, S8A, and S8B).
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We observed that in control cells, ABCB1 is located at the NL,

together with the ABCB4 and RUNDC3B genes (Figures 7B,

7C, S8A, and S8B, blue lines). As expected and showed in pre-

vious research,52 upon CRISPRa single gene activation, local NL

detachment was detected in the regulatory regions and most of

the transcription units of these genes (Figures 7B, S8A and S8B,

red line). Strikingly, simultaneous activation of ABCB4 and

RUNDC3B caused not only detachment of these two genes,

but also of ABCB1 (Figure 7C, red line). Next, we asked whether

this was accompanied by upregulation of ABCB1 expression.

We observed that transcription activation of ABCB1 by

CRISPRa led to an expected increase of mRNA of ABCB1 (Fig-

ure 7D). Surprisingly, activating ABCB4, RUNDC3B, or the com-

bination via CRISPRa also triggered the activation of ABCB1

(Figures 7D and S8C), and was accompanied by an increase in

occurrence of Taxol-resistant colonies (Figures 7E and S8D–

S8G). We next performed ChIP-qPCRs on the ABCB1 regulatory

region (P2) and observed a decrease in the H3K9me3 signal in

both CRISPRa-ABCB1 and CRISPRa ABCB4-RUND3CB

compared with the CRISPRa parental cell line (Figures 7F and

S8J). However, even though CRISPRa-ABCB1 presented an

enrichment of H3K27ac in the ABCB1 promoter, the combina-

tion of ABCB4 and RUNDC3B did not show this (Figures 7G

and S8J). To rule out the possibility that the ABCB1 transcription

initiation by ABCB4 and RUNDC3B was a consequence of

cross-activation of the ABCB1 promoter, we generated new sin-

gle guide RNAs (sgRNAs) targeting upstream and downstream

of the ABCB1 regulatory regions (Figure S8K). We could confirm

that these sgRNAs, even though in the same TAD as ABCB1,

could not initiate transcriptional activation, as shown by RT-

qPCR (Figure S8L). Therefore, we can conclude that ABCB1

transcription is linked to loss of H3K9me3 and NL detachment,

potentially caused by activation of ABCB4 and RUNDC3B and

not due to cross-activation of the sgRNAs. Also, these observa-

tions are compatible with a model in which NL detachment is a

key step for gene activation driving acquired drug resistance.

However, it should be noted that it is equally well possible that

active transcription of neighboring genes, subsequently leading

toNL detachment of the gene of interest, is what can trigger gene

re-activation.

DISCUSSION

In this study we describe a novel mechanism by which cells can

upregulateABCB1, a gene involved in Taxol resistance. Our data

provide the first direct link between 3D genome reorganization

and drug resistance. We have shown that Taxol resistance of

RPE-TxR cells can be entirely attributed to the activity of the

P-gP drug-efflux pump.41 In RPE-TxR, ABCB1, the gene encod-

ing for P-gP, is upregulated through transcriptional activation.

This transcriptional activation coincides with an enrichment of

active histone marks and a depletion of repressive marks in the

chromatin environment of the ABCB1 promoter. However,

directly altering the chromatin landscape in RPE-TxS cells by

drug inhibition of chromatin regulators did not lead to initiation

of ABCB1 expression. In addition to the altered chromatin mod-

ifications in the promoter region, we noted a clear detachment of

the ABCB1 locus from the NL in the Taxol-resistant cells. In



Figure 7. Transcription-driven CRISPRa activation of neighboring genes can detach ABCB1 from the NL and lead to Taxol resistance

(A) Schematic representation of the Chr7q21.12 region indicating the locations where the sgRNAs were targeting for CRISPRa ABCB1, ABCB4, or RUNDC3B

activation. Two regions were independently targeted to upregulate ABCB1: P1 (proximal promoter, 6 sgRNA were used) and P2 (internal promoter, a single

sgRNA was used).

(B) Local NL detachment caused by CRISPRa ABCB1 or (C) simultaneously CRISPRa ABCB4 and RUNDC3B as analyzed in Figure 4A. Color key domainogram

as in Figure 4A.

(D) ABCB1mRNA levels determined by qRT-PCR and normalized toGAPDH upon CRISPRa activation of ABCB1 (P2) or combination of ABCB4 and RUNDC3B.

Error bas represent the SD of three independent experiments (n = 3).

(E) Crystal violet staining of viability assay on CRISPRa cell lines upon activation of ABCB1 (P2) and the combination of ABCB4 and RUNDC3B.

(F) ChIP-qPCR of H3K9me3 and (G) H3K27ac in theABCB1 regulatory region for CRISPRaWT,ABCB1, or the combination ofABCB4 andRUNDC3B (B4-RUND).

TS marks the transcription start site of the promoter. ChIP signal was normalized over input and a positive control specific for each mark. Area fill represents the

SEM of six technical replicates coming from two independent experiments.
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conjunction with that, disruption of the LBR, a key NL protein, led

to enhanced acquisition of drug resistance, implying that NL

detachment is a key step for ABCB1 gene activation.
ABCB1 amplification and Taxol resistance
Complex genetic rearrangements have been observed in the

ABCB1 locus, which can also lead to acquired Taxol resistance.
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Among themwe can include gene amplifications and extra chro-

mosomal DNA sequences containing the ABCB1 gene.60,61 By

copy number analysis and microscopy, we detected a partial

amplification of chromosome 7 in RPE-TxR cells, where

ABCB1 is located. It has been previously shown that upon

chemotherapy treatment, chromosome 7 can be amplified lead-

ing to multidrug resistance.11,60,62 Importantly, we show that a

gain of chromosome 7 alone is not enough to acquire Taxol resis-

tance in RPE-1 cells, as ABCB1 remains transcriptionally

repressed. We hypothesize that in order for RPE-1 cells to acti-

vate transcription of ABCB1 (hence acquire Taxol resistance), a

modification of its chromatin landscape is needed rather than

accumulating increased copies of ABCB1.

Role of histone modifications and DNA methylation in
the ABCB1 locus
ABCB1 gene regulation is thought to be driven by DNA methyl-

ation.63 Some studies have shown that low DNAmethylation sta-

tus of theABCB1 promoter is linked to gene activation15,16; how-

ever, other studies were unable to confirm these findings.17,18

Here we show that there is a switch from inactive to active chro-

matin in the ABCB1 promoter in RPE-TxR cells. Nonetheless, we

do not observe significant changes in DNA methylation pattern.

Depletion of the DNA methyltransferase DNMT1 in RPE-TxS

cells did not directly alter ABCB1 gene expression or Taxol

sensitivity. The same was observed when inhibiting the H3K27

methyltransferase EZH2, suggesting that the active chromatin

environment observed in the ABCB1 promoter region in RPE-

TxR cells may be secondary to gene activation during the pro-

cess of transcriptional derepression. In mammalian cells, disrup-

tion or inhibition of the H3K9me2 methyltransferase G9a has

been shown to lead to weakened NL-LAD interactions38,55,64,65;

however, our experiments show that G9a inhibition does not lead

to ABCB1 detachment from the NL or an increase in ABCB1

gene expression. Interestingly, Bian et al. described that periph-

eral tethering of the HBB locus depends on both G9a-induced

H3K9me2 and Suv39h1/2-induced H3K9me3 deposition.64

This suggests that modifying a single histone chromatin mark

may not be sufficient to trigger ABCB1 detachment from the

NL. Possibly, the change in chromatin features on the ABCB1

gene are the consequence rather than cause of transcriptional

activation.

How depletion of LBR may derepress ABCB1
Studies in Drosophila have found that depletion of lamins can

lead to derepression of NL-associated genes.39,66 Here, we

found that ABCB1 is partially activated upon depletion of LBR

but not lamins. We speculate that depletion of LBR may lead

to leaky ABCB1 gene expression in at least two different ways.

In one model, loss of LBR may cause stochastic detachment

of ABCB1 from the NL. In this respect it is important to note

that our LBR KO cells are polyclonal, and that alterations in 3D

genome organizationmay vary across the cells in the population.

In mouse and human cells, LBR has been implicated in

anchoring heterochromatin to the NL.57,67,68 In our study, we

observe that ABCB1 contacts with the NL are not significantly

altered after LBR depletion in general, but that LBR depletion

can prime a subset of cells in our polyclonal population for acti-
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vation of the ABCB1 gene when exposed to Taxol. If stable con-

tacts with the NL are essential for robust repression of ABCB1,

then occasional detachment could account for the increased

occurrence of Taxol-resistant clones in LBR-depleted cells.

Indeed, NL interactions can be intrinsically stochastic, and the

NL contact frequency is inversely linked to gene expression.69,70

Notably, LBR has also been shown to catalyze a chemical reac-

tion involved in cholesterol production.71 Cholesterol is an

important component of the nuclear membrane, which can

directly affect nuclear integrity.72 The fact that only a small pro-

portion of cells acquire Taxol resistance could suggest that other

mechanisms need to co-occur in order to fully activate ABCB1.

In a second model, depletion of LBR may not only affect the

ABCB1-NL contact frequency, but may also compromise the

repressive potential of the NL. LBR may play a direct role in

this repression, e.g., through its interaction with HP1,73 or indi-

rectly by controlling the protein composition of the NL. This

partially defective repression in LBR-depleted cells could then

allow for emergence of Taxol-resistant clones. It would be inter-

esting to assess how exactly loss of LBRmodifies the chromatin

landscape within the ABCB1 region. In fact, it has been shown

that the N-terminal nucleoplasmic domain of LBR represses

transcription and promotes condensation of chromatin.74 In

both models, interactions of ABCB1 with the NL contribute to

its repression.

Forced detachment of ABCB1 from the NL coincides
with gene activation
The generation of CRISPRa cell lines targeting ABCB4 and

RUNDC3B allowed for detachment of ABCB1 from the NL, and

we find that this is associated with ABCB1 gene activation.

This further suggests a causal effect between NL detachment

and ABCB1 gene activation. However, we cannot fully rule out

that the activated ABCB4 and RUNDC3B promoters act as en-

hancers of the nearby ABCB1 promoter, because enhancer ac-

tivity has been observed for many promoters.75 Also, we cannot

rule out that transcriptional activation of neighboring genes can

act as an initiator of ABCB1 expression prior to NL detachment,

which subsequently arises as a consequence of transcriptional

activation. Interestingly, a decrease of gene expression has pre-

viously been observed by tethering chromosomes to the nuclear

periphery.76–78 Notably, recent research has shown that intrinsic

features of promoters influence their sensitivity to the repressive

LAD environment.32 According to this study, the ABCB1 pro-

moter is classified as repressed in K562 cells and thereby to

have the potential to be activated if taken out from its native

repressive LAD environment.

Cell-type-specific roles of LBR and lamins
We find that depletion of LBR, but not Lamin A/C, or B, can

render the ABCB1 locus permissive to gene activation. In

another study, Lamin A/C together with LBR were shown to be

involved in tethering heterochromatin to the nuclear periphery

during development.57 Interestingly, a recent study shows that

loss of Lamin B1 leads to detachment of LADs together with

global chromatin re-distribution and de-compaction, supporting

the idea that NL has a role in chromatin dynamics and potentially

in gene regulation.79 Our results show that only LBR depletion
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has a positive effect on the induction of Taxol resistance in

RPE-1 cells. This could be because in differentiated cells, NL

components may have different relevance on lamina destabiliza-

tion. Certainly, LBR may have cell-type-specific effects, as we

observed with the depletion of LBR in the various cancer cell

lines. Importantly, we did not observe LBR expression changes

in RPE-TxR cells compared with RPE-TxS (Figure S6G). This

suggests that altered LBR expression is not per se required for

activation of a gene associated with the NL. Instead, it may be

that LBR depletion destabilizes NL interactions. We speculate

that other mechanisms could be occurring during promoter NL

detachment in the RPE-TxR cells. The same could be speculated

for A549 or other cells with high levels of both ABCB1 and LBR.

Limitations of the study
While all our results are compatiblewith amodel inwhich gene re-

activation is primed by NL detachment of the locus containing

that gene, our study does not definitively establish detachment

of ABCB1 from the NL as the first step in ABCB1 gene derepres-

sion. The exact sequence of events leading to increased tran-

scription remains unclear and might not always follow the same

sequence of events. While CRISPRa experiments with ABCB4

and RUNDC3B suggest that NL detachment could be the initial

event in ABCB1 activation, the potential influence of their tran-

scription on the ABCB1 promoter cannot be ruled out. Also, the

effect of LBR loss on the acquisition of drug resistance varies

across different cell lines, and the low frequency of drug-resistant

colonies in some of the tested cell lines introduces a certain

amount of uncertainty in quantitation. Finally, while our polyclonal

LBR KO cell line displayed an increase in the frequency of drug-

resistant colonies, we could not capture ABCB1 transcription

activation and NL detachment in the polyclonal LBR KO line,

making it impossible to conclude that LBR loss is sufficient to

detach the ABCB1 locus from the NL. While it is possible that

NL interaction of the ABCB1 gene is lost in a subset of cells in

this polyclonal population, we currently lack the evidence for

this. To address this, single-cell RNA-sequencing and single-

cell DamID will have to be employed in future studies, but given

the low frequency of Taxol resistance, there are still several chal-

lenges to overcome to provide this level of evidence.

Taken together, we propose that acquisition of Taxol resis-

tance in RPE-1 cells requires theABCB1 locus to loosen its inter-

actions with the NL. This key step could be followed by changes

in the local chromatin state that might help to keep the locus de-

tached from the NL, altogether leading to ABCB1 gene expres-

sion. Whether lamina detachment is a critical step in the dere-

pression of an inactive gene likely depends on the contribution

of lamina association in the regulation of gene expression of a

given gene. One could envision that 3D genome rearrangements

are an important priming step in the activation of a gene that is

tightly associated to the NL, while activation of a TF is more likely

to be the crucial event for activation of genes that display a more

relaxed lamina association.
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30. Lupiáñez, D.G., Kraft, K., Heinrich, V., Krawitz, P., Brancati, F., Klopocki,

E., Horn, D., Kayserili, H., Opitz, J.M., Laxova, R., et al. (2015). Disruptions

of topological chromatin domains cause pathogenic rewiring of gene-

enhancer interactions. Cell 161, 1012–1025. https://doi.org/10.1016/j.

cell.2015.04.004.

31. Katainen, R., Dave, K., Pitkänen, E., Palin, K., Kivioja, T., Välimäki, N.,
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MDA-MB-231 NKI Cryostorage N/A
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sgRNAs for CRISPRa, see Table S1 This paper N/A
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RT-qPCR and ChIP-qPCR primers, see Table S3 This paper N/A

RT-qPCR primers position, see Table S4 This paper N/A
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http://cisbp.ccbr.utoronto.ca

Deposited data

GEO accession code This paper GSE163315

GEO accession code,

ChIPseq RPE TxS cells

Friskes et al.80 GSE210402

Other

Code to align and process

pA-DamID samples from Novaseq

GitHub (Bas van Steensel) https://github.com/vansteensellab/

pADamID_ABCB1_Novaseq

Code to process pA-DamID

dominograms and correlation plots

GitHub (Bas van Steensel) https://github.com/vansteensellab/

domainograms/tree/manjon_etal
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Rene H

Medema (r.medema@nki.nl).

Materials availability
Cell lines used in this study contains the ANCHOR3 system that has been licensed from NeoVirTech (France). Cell line recipients will

need to have an MTA from NeoVirTech.
Cell Reports 42, 113124, October 31, 2023 19

mailto:r.medema@nki.nl
https://www.adobe.com/au/products/photoshop.html
https://www.adobe.com/au/products/photoshop.html
https://www.adobe.com/au/products/illustrator.html
https://www.adobe.com/au/products/illustrator.html
https://www.microsoft.com/en-au/microsoft-365/microsoft-office
https://www.microsoft.com/en-au/microsoft-365/microsoft-office
https://www.graphpad.com/
https://bio-bwa.sourceforge.net/
https://github.com/macs3-project/MACS
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
http://ccb.jhu.edu/software/tophat/index.shtml
http://www.bitplane.com/imaris/imaris
http://www.bioinformatics.babraham.ac.uk/projects/bismark/
http://www.bioinformatics.babraham.ac.uk/projects/bismark/
https://bioconductor.org/packages/biomaRt/
http://131.174.198.125/bioinfo/gimmemotifs/
http://cisbp.ccbr.utoronto.ca
https://github.com/vansteensellab/pADamID_ABCB1_Novaseq
https://github.com/vansteensellab/pADamID_ABCB1_Novaseq
https://github.com/vansteensellab/domainograms/tree/manjon_etal
https://github.com/vansteensellab/domainograms/tree/manjon_etal


Article
ll

OPEN ACCESS
Data and code availability
d RNA-seq, ChIP-seq, TLA and pA-DamID data have been deposited at GEO and are publicly available as of the date of publi-

cation. Accession numbers are listed in the key resources table. All data reported in this paper will be shared by the lead contact

upon request.

d This paper reports original code for pA-DamID analysis, has been deposited at GitHub and is publicly available as of the date of

publication. Links to them are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
METHOD DETAILS

Cell lines and cell culture conditions
hTert-immortalized retinal pigment epithelium (RPE-1) and derived cell lines were maintained in DMEM/F-12 + Glutamax (Gibco, Life

Technology) supplemented with 1% penicillin/streptomycin and 6% fetal bovine serum (FBS, S-FBS-EU-015, Serana). RPE-1 iCUT

(Cas9) cells to generate the KOs were obtained from.56 A549 cancer cell lines were grown in Advanced RPMI 1640 (Gibco, Life Tech-

nology) supplemented with 1% penicillin/streptomycin, 1% sodium pyruvate, 2% HEPES buffer and 10% fetal bovine serum. MDA-

MB-231 and FADU cell lines were maintained in DMEM (Gibco, Life Technology) supplemented with 1% penicillin/streptomycin, 1%

sodium pyruvate, 2% HEPES buffer and 10% fetal bovine serum. All cell lines were routinely checked for mycoplasma.

RPE-1 ANCHOR3 cell lines generations
RPE-1 ANCHOR3 cells were generated from RPE-1 iCUT (Cas9) cells.56 Three independent Phusion PCRs were done in order to

amplify first the ANCH3 sequence from pANCH3 (NeoVirTech, France), second the homology right arm from the integration point

downstream the ABCB1 locus (250bp).

Primers:50GAATTCGAGCTCGGTACCAGAAGAGAAAGAAGAGCATTTATCAGGGG30, 50GCCGAGCTTGGCACCATA GCAGGAC

AATAGGCAATGTT3’. And third, homology left arm from the integration point downstream the ABCB1 locus (250bp).

Primers:50GCCTGCAGGTCGACTCTAGATTTGCGTTTGTTCATCAATAGAAGAAGGG30, 50CCTGCCAAAGTGACGCGAGGTCTAT

AATTATTGGCATCTGATTTCATG3’.

PCR products were run in 2% agarose gel and purified with a gel extraction kit. ANCH3 sequence withABCB1 homology armswas

cloned in a pUC19 plasmid with XbaI and KpnI restriction enzymes with a Gibson mix. sgRNA targeting ABCB1 (CCTATT

GTCCTGCTATGGCG) was cloned in a px459 following the manufacture protocol.81 RPE-1 iCUT cells were nucleofected with 1ug

of px459-sgRNA-ABCB1 and 2ug of pUC19-ANCH3 with M3814 (DNAPKi) to boost HDR-repair. Single clones were assessed for

ANCH3 integration by PCR (see Sup. Figure S3A). Clone 9 was picked for following experiments. pLenti-eGFP-OR3-GFP

(NeoVirTech, France), was transduced in Clone 9 followed by FACS sorting of GFP positive cells. From this population

(ANCHOR3-OR3 GFP polyclonal) LBR and LMNA KOs were generated as well as drug treatments were performed. ANCHOR3-

OR3-GFP cells were also treated with DMSO or Taxol to generate the ANCHOR3 TxS or TxR cells.

Drug treatments
Drugs were dissolved in DMSO and prepared at stock concentrations before usage at varying final concentrations as indicated in

each figure. For the 24h assay, cells were treated for 24h with the specific epigenetic drug dose, adding 20nM of Taxol overnight

followed by a wash out of the drugs and subsequently addition of 20nM Taxol again for 15 days. For the epigenetic drug treatment

combination (Combo), 250nM of 5-Aza-20-deoxycytidine (DNMT1i), 150nM of GSK126 (EZH2i) and 2uM of BIX-01294 (G9ai)

were used.

Luciferase assay
The ABCB1 promoter was cloned in a pGL3-basic (Promega) vector (pGL3-Basic Vector GenBank Accession Number U47295). The

ABCB1 internal promoter region (1kb) was PCR amplified from RPE-1 genomic DNA and inserted downstream of the luciferase re-

porter gene. The primers used were: gatcAAGCTTCATTAGCCAAATGCATGAGC (FWD) and GATCGGTACCTGGAAACAT

CCTCAGACTATGC (REV). pGL3-promoter (Promega) vector (pGL3-Promoter Vector GenBank Accession Number U47298) was

used as a control to assess transfection efficiency. For transfection of the pGL3 vectors, 2 million RPE-1 cells (TxS, TxR.3 or

TxR.4) were resuspended in nucleofection buffer (Solution I and II 4:1). Solution I (125mMNa2HPO4, 12.5 mMKCl, pH 7.75) Solution

II (55 mM MgCl2). After co-transfection of 100ng of Renilla plasmid (pRL-SV40 Vector GenBank Accession Number AF025845) and

1 mg pGL3-basic-empty, 1 mg pGL3-basic-ABCB1 or 1ug pGL3-promoter plasmid, cells were electroporated in an Amaxa 2D Nu-

cleofector using program U-023. Cells were plated in 6-well plates and next day medium was changed. Luciferase reporter assay

was performed 48h after nucleofection using a Dual-Luciferase Reporter assay kit (Promega). Cells were lysed directly on the plate

with passive lysis buffer for 15 min at room temperature. Luciferase and Renilla activity were measured with the substrates from the

kit using TECAN Infinite M200 PRO machine.
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Generation of CRISPRa cell lines
For RPE-1 CRISPRa, sgRNAs targeting human ABCB1 P1, ABCB1 P2, ABCB4, RUNDC3B, intronic regions and POU3F2, LHX6 and

ZIC5were individually cloned into the lentiCRISPR v2 plasmid. Specific sequences are found on Sup. Table S1. CRISPR vectorswere

co-expressedwith 3rd generation viral vectors in HEK293T cells using Fugene6 Transfection Reagent. After lentivirus production, the

mediumwas harvested and transferred to the designated cell lines. Two days post infection cells were put on puromycin selection for

two weeks.

tracrRNA:crRNA design and transfections in RPE-1 iCut
Alt-R crRNA (Integrated DNA technologies) for LBR, LMNB1 and LMNA were obtained from the Human CRISPR Knockout Pooled

Library (GeCKO v2).82 Specific sequences are found on Sup. Table S2 tracrRNA:crRNA duplex was transfected according to the

manufacturer’s protocol83.

RNA isolation and qRT-PCR analysis
RNA isolation was performed by using Qiagen RNeasy kit and quantified using NanoDrop (Thermo Fisher Scientific). cDNA was syn-

thesized using Bioscript reverse transcriptase (Bioline), Random Primers (Thermo Fisher), and 1000 ng of total RNA according to the

manufacturer’s protocol. Primers were designed with a melting temperature close to 60� to generate 90–120-bp amplicons, mostly

spanning introns. cDNAwas amplified for 40 cycles on a cycler (model CFX96; Bio-Rad Laboratories) using SYBRGreen PCRMaster

Mix (Applied Biosystems). Target cDNA levels were analyzed by the comparative cycle (Ct) method and values were normalized

against GAPDH expression levels. qRT-PCR oligo sequences and positions are summarized in Sup. Tables S3 and S4, respectively.

siRNA transfections
ON-TARGETplus SMARTpool set of 4 siRNAs targeting LBR, POU3F2, LHX6 or ZIC5 were from Dharmacon and were transfected

using RNAiMAX (Life Technologies) according to manufacturer’s protocol83 at a final concentration of 20nM. All transfections

were performed 48h before experiment, if not specified on the figure legend. siRNA sequences can be found on Sup. Table S5.

Density and colony formation assays
1 million cells were treated indicated dose of Taxol and allowed to grow out for 15 days. Plates were fixed in 80% Methanol and

stained with 0.2% Crystal Violet solution. Cell density was measured in ImageJ and normalized to control (WT) plate. For colony for-

mation assays, the number of Taxol-resistant cells were counted.

Viability assays
For viability assays, 1000 cells were plated in a 96-well plate and treated for 7 dayswith indicated drug concentrations. Subsequently,

plates were fixed in 80% Methanol and stained with 0.2% Crystal Violet solution.

Immunofluorescence
Cells were fixedwith 3.7% formaldehyde and permeabilizedwith 0.2%Triton X-100 for 10min. After, cells were blocked in 4%bovine

serum albumin (BSA) in PBS supplemented with 0.1%Tween (PBS-T) for 1h. Cells were incubated for 2h at 4�Cwith primary antibody

in PBS-T with 3%BSA, washed three times with PBS-T, and incubated with secondary antibody and DAPI in PBS-T with 3%BSA for

1h at room temperature (RT). Images were acquired with the use of a DeltaVision Elite (Applied Precision) equipped with a 60x 1.45

numerical aperture (NA) lens (Olympus) and cooled CoolSnap CCD camera. Nuclear intensity of the different chromatin marks was

evaluated in ImageJ using an in-hose developedmacro that enables automatic and objective analysis. The following antibodies were

used for immunofluorescence experiments: H3K27me3 (Actif Motif #39155, 1:500), and H3K9me2 (ab1220, 1:500), Lamin B1

(ab16048, 1:500). Secondary antibodies were anti-rabbit Alexa 488 (A11008 Molecular probes, 1:600), anti-mouse Alexa 568

(A11004 Molecular probes, 1:600). DAPI was used at a final concentration of 1 mg/mL.

Western blots
For Western blot experiments, equal amounts of cells were lysed with Laemmli buffer and separated by SDS–polyacrylamide gel

electrophoresis followed by transfer to a nitrocellulose membrane. Membranes were blocked in 5%milk in PBST for 1h at RT before

overnight incubation with primary antibody in PBST with 3% BSA at 4�C. Membranes were washed three times with PBST followed

by incubation with secondary antibody in PBST with 5% milk for 2h at RT. Antibodies were visualized using enhanced chemilumi-

nescence (ECL) (GE Healthcare). The following antibodies were used for Western blot experiments: SMC1 (Bethyl, A300-055a),

a-Tubulin (Sigma t5168), DNMT1 (Sigma, D4692), H3K27me3 (Actif Motif #39156), H3K27ac (Actif Motif #39133), H3K9me2

(ab1220), LaminB1 (ab16048), LaminA (sc6215) and Lamin B Receptor (ab232731). For secondary antibodies, peroxidase-conju-

gated goat anti-rabbit (P448 DAKO, 1:2000), goat anti-mouse (P447 DAKO, 1:2000) and rabbit anti-goat (P449) were used.

RNA FISH
RPE-1 cells were plated on glass coverslips and washed twice with BS before fixation in 4% PFA in PBS for 10 min at room temper-

ature. After two additional washes in 1x PBS coverslips were incubated in 70% ethanol at 4�C overnight. Coverslips were incubated
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for pre-hybridization in wash buffer (2x saline sodium citrate (SSC) with deionized formamide (Sigma) 10%) for 2–5 min at room tem-

perature. RNA FISH probe mix wash dissolved in hybridization buffer (wash buffer supplemented with 10% dextran sulfate). 38

probes labeled with Cy5 were targeted to the intronic regions of ABCB1 (Biosearch technologies). Coverslips were incubated in hy-

bridization solution for at least 4h at 37�C. Then coverslips were washed twice for 30 min with wash buffer followed by a quick rinse

with 2x SSC. Finally, coverslips were washed once for 5 min in 1x PBS before mounting on slides using Prolong gold DAPI mounting

medium (Life Technologies). Images were acquired with the use of a DeltaVision Elite (Applied Precision) equipped with a 60x 1.45

numerical aperture (NA) lens (Olympus) and cooled CoolSnap CCD camera. ABCB1 transcription start site quantification was per-

formed manually double blind.

Quantification of the number of taxol-resistant colonies in siLBR treated cells
As a proliferation disadvantage was somehow observed when depleting LBR by RNA interference, we decided to quantify the num-

ber of Taxol resistant colonies relative to siLBR.We therefore calculated the siLBR effect by dividing the number of siLBR/siNT cells in

the non-Taxol clonogenic assays (Sup. Figure S7C).We next divided the number of Taxol resistant colonies in Sup. Figure S7D by the

siLBR effect. In the the non-Taxol clonogenic assays 100 cells were plated. In the clonogenic assays with Taxol 1 million cells were

plated.

ChIP-sequencing and ChIP-qPCRs of RPE-1 hTERT cells
Chromatin immunoprecipitations (ChIP) were performed as described previously84 with minor adjustments. Antibodies (5 mg) target-

ing specific histone modifications (H3K27ac, Actif Motif #39133; H3K9me3, ab8898; H2AZ, ab4174; H3K4me1, abcam 8895;

H3K4me3, abcam 8580; and H3K36me3, abcam 9050) were bound to Protein A magnetic beads (Invitrogen) a day before the

ChIP procedure. ChIP samples were then processed using a KAPA Biosystems kit for library preparation, sequenced on an Illumina

Hiseq2500 genome analyzer (with 65bp reads, single end), and aligned to the human reference genome (hg19) using the Burrows-

Wheeler Aligner (bwa) version 0.5.9. The mapped reads were filtered based on mapping quality (with a threshold of 20) using sam-

tools version 0.1.19. The MACS3 software was used with default parameters for peak calling. Genome browser tracks were gener-

ated using EaSeq (http://easeq.net).

For ChIP-qPCR analysis, the DNAwas amplified for 40 cycles using SYBRGreen PCRMaster Mix (Applied Biosystems) on a cycler

(model CFX96; Bio-Rad Laboratories). The target DNA levels were analyzed by the comparative cycle (Ct) method and values were

normalized against input DNA and positive control regions specific for each histone modification. The locations of the ChIP-qPCR

oligos are summarized in Table S3.

RNA-sequencing
Total RNA from cultured cells was extracted using RLT (Qiagen). Strand-specific libraries were generated using the TruSeq PolyA

Stranded mRNA sample preparation kit (Illumina). In brief, polyadenylated RNA was purified using oligo-dT beads. Following purifi-

cation, the RNA was fragmented, random-primed and reserve transcribed using Sup.erScript II Reverse Transcriptase (Invitrogen).

The generated cDNA was 30 end-adenylated and ligated to Illumina Paired-end sequencing adapters and amplified by PCR using

HiSeq SR Cluster Kit v4 cBot (Illumina). Libraries were analyzed on a 2100 Bioanalyzer (Agilent) and subsequently sequenced on

a HiSeq2000 (Illumina). We performed RNAseq alignment using TopHat 2.1.1. Differentially expressed genes were called with DE-

seq2, with an adjusted p value threshold of 0.05.

Image analysis in 3D
Immunofluorescent images of RPE-1 ANCHOR3 with Lamin B1 staining were acquired with an LSM 980 Airyscan 2 on Zeiss Axio

Observer 7 SP inverted microscope. Distance measurements in 3D were carried out in IMARIS (Oxford Instruments). The nuclear

lamina was segmented using thresholding and smoothing options of the surface creation wizard. The ANCHOR3-dots were detected

as spots of 0.8 mmsize and filtered onmaximum intensity. All ANCHOR3-segmentations weremanually reviewed and edited if neces-

sary. Once established for an experiment, the surface and spots creation wizards were run in batch. From the segmented images, the

parameter of shortest distance to spots at the ANCHOR3-locus were exported.

Bisulfite treatment and analysis
Bisulfite sequencing was performed with RPE-1 cells TxS (RPE-0), TxR (RPE-10 and RPE-20) and RPE-1 treated with DMSO,

DNMT1i (62.5nM) or G9ai (2uM) for 72h. gDNA extraction was performed with ISOLATE II Genomic DNA Kit (BIO-52067). Bisulfite

conversion-PCR was done by converting 500ng of genomic DNAwith the EpiJET Bisulfite Conversion Kit #K1461 according to prod-

uct manual. Targeted amplification of the two CpG islands in the ABCB1 promoter was achieved by using 3ul of converted DNA as

PCR template using Standard MyTaq HS Mix (BIO-25046). Used primer sequences: ABCB1 prom1 (GTTGATTGGTTGG

GTAGGAATAG and AAACTATCCCATAATAACTCCCAACTT); ABCB1 prom2 (TGGTAAGTTTATGGGGATTAAG and TAAACACTAC

AAAAACTTTCCTAT). After purification amplified regions were used as template for a second round of PCR with indexed primers us-

ing NEB 5x Taq master mix (M0285L). Libraries were sequenced on a MiSeq nano with 250pb paired-end reads. Reads were aligned

to Hg19 and methylation percentages were determined using Bismak version 0.23.0.
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TLA analysis
TLAwas performed as previously describedwithminormodifications.47 TLA libraries were sequenced on aMiSeq andwere analyzed

with a custom TLA mapping pipeline. TLA ligation data were mapped to hg19. Normalization and downstream analysis were done

using peakC16.

pA-DamID and sequencing
pA-DamID was performed as described previously with minor modifications.51 We used a 1:200 dilution for Lamin B2 (Abcam

ab8983, mouse) and a 1:500 dilution was used for Lamin B1 (Abcam ab16048, rabbit). pA-DamID library preparation was also per-

formed as previously described.51 However, during the performance of some of the experiments for this manuscript the NKI genomic

and sequencing facility performed a transition fromHiSeq to Novaseq Illumina platform. This required an adaptation of the pA-DamID

protocol to dual-color Illumina technology. Here we report the pA-DamID library preparation for Novaseq. After pA-DamID and

genomic DNA extraction 500 ng of genomic DNA were digested with 10 U of DpnI in CutSmart Buffer 1X, for 8 h at 37�C, followed

by heat inactivation at 80�C for 20min. To 10 ml of Digestionmix 5 ml A-tailingmix (0.5 mL of Cutsmart buffer 10X, 0.25 mL Klenow 50U/

uL, 0.05 mL dATP 100 mM, 4.2 mL H2O) were added. A-tailing was performed at 37� for 300, followed by heat inactivation for 200 at
75�C. Adapter ligation was performed by adding to the A-tailed mix 15 mL of adapter ligation mix (3 mL T4 Roche Ligase Buffer 10X,

0.5 mL T4 ligase (5 U/uL), 0,25 ml of x-Gene Stubby Adapter 50 mM (IDT),11.25 ml H2O) and incubated 16 h at 16�, followed by heat

inactivation at 65� for 10 min. Methyl Indexed PCR was performed by amplifying 4uL of ligated DNA with x-Gen Dual combinatorial

Indexes (IDT) at 125 nM final concentration, using MyTaq RedMix (Bioline) and the following PCR program: 1 X (10 94�C), 15 X (3000

94�C, 3000 58�C, 3000 72�C), 1X (20 72�C). Correlations between pA-DamID replicates can be found on Sup. Table S6. The bioinformatic

pipeline to align and process pA-DamID samples from Novaseq sequencing can be found here: https://github.com/vansteensellab/

pADamID_ABCB1_Novaseq

Visualization and measurement of gene detachment from the nuclear lamina
To visualize detachment of genes from the nuclear lamina we used a domainogram function as previously described.52 For the gene

correlation plots, the pA-DamID scorewas calculated usingGATC read counts. This is the sumof all GATC counts calculated over the

gene length +/� 10 kb calculated both for Dam-only and Lmnb2 samples. Gene scores then undergo to three types of normaliza-

tion:1) Library size by normalizing Dam and Lmnb2 samples for 1M of reads with a normalization factor. 2) Dam/Lmnb2 log2 ratio.

3) Z score normalization to minimize variability across experiments and obtain similar dynamic ranges.

Motif analysis
Genomic coordinates of all the genes were obtained from GRCh37 (Ensembl version 75) using biomaRt package85 and transcription

starting sites of the genes were extend 1 kb to both up- and down-stream to identify the promoter regions. The motifs presenting in

the promoters were identified using GimmeMotifs86 against the non-redundant Cis-bp database (version 3.0). To identify the over-

represented motifs, we used a similar method as described in.87 Briefly, we calculated for every motif the frequency in the promoters

of the upregulated genes and all the expressed genes. We computed relative motif frequency by dividing the individual motif fre-

quency by to total number of identified motifs. We calculated the log2-enrichment score by calculating the ratio of relative motif fre-

quency between the promoters of up-regulated genes and all the expressed genes. The p valuewas calculated using the Fisher exact

test on the following 2x2 table: for every motif M, we determine the number of the promoters belonging to the upregulated genes with

or without M and for the promoters of the expressed genes with or without M.

QUANTIFICATION AND STATISTICAL ANALYSIS

Except for pA-DamID, statistical analysis was performed using GraphPad Prism v9.3.1. pA-DamID experiments were processed and

analyzed in R with Rstudio, the figures were generated using ggplot2. The main packages and software are listed in the key resource

table and information about statistical analysis is available in the scripts (github). Statistical methods, number of replicates (n), and

error bars are described in figure legends and method details. Figures were prepared using Adobe Photoshop and Illustrator.
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