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Retrospective and multifactorial single-cell 
profiling reveals sequential chromatin 
reorganization during X inactivation
 

Samy Kefalopoulou    1,2,5, Pim M. J. Rullens    1,2,3,5, Kim L. de Luca    1,2, 
Sandra S. de Vries1,2, Tessy Korthout1,2, Alexander van Oudenaarden    1,2, 
Peter Zeller    1,2,4,6   & Jop Kind    1,2,3,6 

The regulation of gene expression is governed at multiple levels of 
chromatin organization. However, how gene regulation is co-ordinated 
remains relatively unexplored. Here we develop Dam&ChIC, a method 
that enables retrospective and multifactorial chromatin profiling in 
single cells. Dam&ChIC employs chromatin labelling in living cells with 
m6A to acquire a past chromatin state, coupled with an antibody-mediated 
readout to capture the present chromatin state. Analyses of diverse factor 
combinations highlight its versatility and superior resolution. By tracking 
lamina-associated domain inheritance over the cell cycle, we showcase 
that Dam&ChIC provides retrospective single-cell chromatin data. When 
applied in random X chromosome inactivation, Dam&ChIC disentangles 
the temporal order of chromatin remodelling events. Upon mitotic exit and 
following Xist expression, the inactive X chromosome undergoes extensive 
genome–lamina detachment, preceding spreading of Polycomb. We 
anticipate that Dam&ChIC will be instrumental in unravelling the interconn
ectivity and order of gene-regulatory events underlying cell-state changes 
during development.

Gene regulation is orchestrated by multiple factors at different scales 
of chromatin organization. Among others, post-translational modifica-
tion of histone tails (hPTMs)1, the higher-order folding of chromatin2 
and genomic interactions of chromatin with nuclear scaffolds, such as 
the nucleolus and the nuclear lamina (NL)3, play key roles in regulating 
gene activities.

Over the past decade, progress in molecular technologies enabled 
profiling many such features of chromatin organization in single cells4–18,  
revealing more extensive cell-to-cell variability and dynamics than antici-
pated. To assess the interconnectivity between chromatin features, 

recent methods enabled simultaneous measurements of multiple factors 
from the same cell. Approaches such as multi-CUT&Tag19, MulTI-Tag20, 
nano-CT21, NTT-seq22 and scMAbID23 provide multifactorial information 
by using combinations of target-specific antibodies and in situ tagging 
of the chromatin. Despite their applicability and potential to reveal 
gene-regulatory hierarchies, the sparsity of information obtained by 
some of these methods poses a major challenge. As a result, our under-
standing of multifactorial control of gene regulation remains limited.

Furthermore, in situ tagging methods capture static end points 
of chromatin states and lack dynamic capabilities. Sequencing tools 
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adaptors (Fig. 1a, step 8). The adaptor design includes a T7 promoter 
for in vitro transcription (IVT), unique molecular identifiers (UMIs), 
the Illumina P5 sequence and cell-specific barcodes29,33, allowing linear 
amplification of the produced fragments and Illumina library prepara-
tion (Fig. 1a, step 9 and Extended Data Fig. 1a). Upon high-throughput 
sequencing, the unique sequence context of DamID and ChIC reads 
is leveraged to separate the pool of fragments in silico (Fig. 1a,  
step 10 and Methods). DamID reads almost exclusively align to genomic 
GATC motifs, contrary to ChIC-derived reads that do not display motif 
specificity (Extended Data Fig. 1b). pA-MNase has intrinsic preference 
for A/T-rich genomic regions34, and indeed, ~95% of ChIC reads start 
with either an A or T nucleotide (Extended Data Fig. 1c,d), which we 
use to achieve more confident read separation (Methods). Notably, 
the number of reads recovered for both modalities, is similar to when 
either method is performed individually (control datasets are hence-
forth referred to as DamID-only and ChIC-only) (Extended Data Fig. 1e). 
In the DamID-only and ChIC-only libraries, on-target reads separate 
from off-target signal by at least two orders of magnitude (Extended 
Data Fig. 1e). Therefore, the Dam&ChIC protocol yields sequencing 
libraries containing both DamID- and ChIC-derived fragments, which 
can be separated in silico based on sequence context.

Dam&ChIC maps diverse chromatin types with high resolution
To benchmark the integrated protocol and test its versatility in profiling 
different chromatin features, we generated single-cell data of diverse 
combinations of heterochromatic and euchromatic chromatin types. 
We used two previously established human KBM7 cell lines that con-
ditionally express either Dam fused to the core lamina protein LMNB1 
or untethered Dam. Dam–LMNB1 has been previously used to charac-
terize LADs in single cells7, while the untethered Dam enzyme marks 
accessible chromatin in single cells29. KBM7 cells have a near-complete 
haploid genome, ensuring that both Dam&ChIC measurements origi-
nate from the same chromosome copy. Expression of Dam–LMNB1 or 
untethered Dam in live cells was induced for 15 h, to enable m6A depo-
sition. Thereafter, we stained nuclei with antibodies specific to the 
hPTMs H3K4me3, H3K27me3 or H3K9me3. Additionally, we performed 
ChIC-only experiments for the same set of hPTMs and used matching 
DamID-only data, both derived from KBM7 cells.

For Dam–LMMB1 and the untethered Dam, Dam&ChIC recovers 
a median of ~12,300 and ~8,500 UMI-flattened (unique) reads per 
cell respectively, in all combinations (Fig. 1b). For the euchromatic 
H3K4me3 it recovers a median of ~2,600 unique reads per cell and 
for the heterochromatic H3K27me3 and H3K9me3 modifications 
a median of ~5,000 and ~5,500 unique reads per cell, respectively 
(Fig. 1b). Dam&ChIC thereby attains higher sensitivity compared with 
recently published multifactorial chromatin profiling methods, par-
ticularly considering the ploidy of KBM7 cells (Extended Data Fig. 1f). 
To normalize the two fragment types in the Dam&ChIC libraries, we 
computed observed over expected (OE) scores7. For the DamID read-
out, OE scores are calculated over the in silico genomic distribution 
of GATC motifs (Extended Data Fig. 1g and Methods). For ChIC, the 
distribution of maximum expected reads was generated with a bulk 
ChIC experiment against H3 (Extended Data Fig. 1g and Methods).

Further benchmarking of Dam&ChIC to ChIC-only and 
DamID-only data or matching ENCODE data from K562 cells, con-
firms highly specific single-cell genomic enrichment at the expected 
regions (Fig. 1c,d and Extended Data Fig. 1h–j). Moreover, correlation 
between Dam&ChIC and the corresponding ChIC-only and DamID-only 
datasets is high (Fig. 1e). Finally, dimensionality reduction of the entire 
Dam&ChIC dataset reveals consistent separation of cells based on 
chromatin type (Fig. 1f, left), regardless of the used experimental 
combinations (Fig. 1f, right). Altogether, these results demonstrate that 
Dam&ChIC is a versatile multifactorial method for profiling euchro-
matic and heterochromatic factors in single cells with high sensitivity 
and specificity.

for recording chromatin state transitions over time in the same cell 
remain an unresolved challenge; yet one that could provide unique 
insights into the direct role of chromatin dynamics in determining 
cellular outcomes. The capacity for molecular recording in eukaryotes 
is inherent to a few existing systems, based on expression of bacte-
rial methyltransferases fused to chromatin factors24–28. These fusion 
enzymes can label the genome with methylation marks in proximity to 
the sites of interaction with the chromatin. As their metabolic pathways 
are absent in eukaryotic cells, such labels can be retained over time and 
thus represent molecular footprints of past protein–DNA interactions 
that can be retrieved upon sequencing.

A single-cell technology with the ability to record protein–DNA 
interactions over a controlled period of time in vivo is (sc)DamID7,24–27,29. 
DamID involves the fusion of a protein of interest (POI) to the Escheri-
chia coli methyltransferase Dam that, upon conditional expression in 
live cells, deposits adenine-6-methylation (m6A). This mark is cumula-
tive and remains stable until DNA replication, thereby reflecting the 
genomic occupancy of the POI over time. However, information by 
scDamID alone is not sufficient to disentangle past and present chro-
matin states within the same cell.

To obtain both past- and present-state information, we hypoth-
esized that scDamID could be coupled with an approach that provides 
snapshot readouts at the time of cell collection. An ideal candidate tech-
nology for this purpose is sortChIC30, which recovers high-resolution 
single-cell chromatin profiles through in situ targeting of micrococcal 
nuclease (MNase) fused to protein A (pA-MNase), to specifically digest 
and amplify antibody-bound chromatin31,32. Building upon these two 
approaches, here we developed Dam&ChIC, a single-cell technol-
ogy that combines recording of chromatin states in living cells and 
antibody-directed chromatin digestion in situ, with two capabilities:  
(1) multifactorial measurements at high resolution, to dissect the 
interplay between chromatin states in single cells; and (2) retrospective 
measurements within the same cell, to uncover chromatin dynamics 
over time.

Here, we demonstrate that Dam&ChIC recovers high-quality 
multifactorial chromatin data, benchmarked against state-of-the-art 
methods. We provide the proof-of-concept for single-cell retrospective 
measurements, by studying the reorganization of lamina-associated 
domains (LADs) over the cell cycle. We employ Dam&ChIC in 
X-chromosome inactivation (XCI) and, unexpectedly, we uncover exten-
sive detachment of the inactive X from the lamina that occurs after 
expression of the XCI master regulator Xist, but precedes accumulation 
of Polycomb hPTMs. Initiation of this chromosome-wide detachment 
coincides with mitotic exit. Collectively, Dam&ChIC provides an experi-
mental and analytical framework to study hierarchies of chromatin 
regulatory events associated with cell-state transitions in single cells.

Results
Method design
The development of Dam&ChIC involves integration of two method-
ologies that are fundamentally different. In particular, DamID requires 
creating a cell line that conditionally expresses a Dam–POI to deposit 
m6A on proximal genomic GATC motifs over a desired time window. 
sortChIC involves antibody-directed pA-MNase activity to capture a 
static end-state in nuclei or fixed cells.

In Dam&ChIC, Dam expression is induced in living cells (Fig. 1a, 
step 1), which are subsequently collected, permeabilized or fixed, and 
stained with an antibody of interest (Fig. 1a, step 2). Afterwards, single 
nuclei are sorted in 384-well plates via fluorescence-activated cell sort-
ing (FACS) (Fig. 1a, step 3) and further processed with robotic liquid 
handling (Methods). The molecular processing includes activation of 
pA-MNase (Fig. 1a, steps 4–5), blunt-ending of the pA-MNase-produced 
fragments (Fig. 1a, step 6), DpnI digestion to specifically enrich for 
genomic fragments containing m6A-marked GATC motifs (Fig. 1a, 
step 7), and ligation of both types of fragments with blunt-end forked 
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Fig. 1 | Dam&ChIC design and mapping of diverse chromatin feature 
combinations in single cells. a, Graphical overview of the single-cell Dam&ChIC 
method. b, Violin plots depicting the unique number of reads obtained per cell  
by Dam&ChIC for different combinations of Dam constructs and antibodies. 
Violins show a kernel density estimation of the distribution of data points.  
c, Single-cell heatmaps of each chromatin feature profiled with Dam&ChIC. 
In silico bulk profiles are shown as OE values. Corresponding in silico bulk 
profiles of ChIC-only datasets in KBM7 cells are shown for comparison. For 
the untethered Dam, the in silico bulk of a corresponding publicly available 
DamID-only dataset in KBM7 cells20 is used for comparison. d, Heatmaps showing 
chromatin features profiled with Dam&ChIC aligned on KBM7 expressed 
genes. Genes (rows) are ordered on their relative expression levels, determined 

by publicly available RNA-seq data29. Line plots indicate scaled averages of 
the heatmaps for each mapped chromatin feature. e, Hierarchical clustering 
depicting genome-wide Pearson correlations relating all in silico bulk Dam&ChIC 
chromatin data and corresponding ChIC-only datasets, or a publicly available 
DamID-only dataset29. Data were binned in 1-kb bins. Data labelled as ‘Dam’ or 
‘Dam–LMNB1’ (Dam&ChIC colour label), contain the respective DamID readouts 
from all experimental combinations with hPTMs. f, UMAP representations of 
Dam&ChIC data binned in 100-kb genomic bins. Each cell (dot) is represented 
twice, once for each measurement. Left; coloured by chromatin target, right; 
coloured by experimental combination. Black lines in the left UMAP connect the 
same cell. Source numerical data are available in source data.
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Untangling past and present chromatin states in single cells
Previous findings with a DamID-microscopy technology indicated 
that over a 15-h time window, LAD dynamics are extensive, yet con-
strained to a 1-µm zone underneath the NL, and they can be efficiently 
detected by DamID35. In contrast to DamID, ChIC detects LADs that are 
in contact with the lamina at the time of cell collection. To explore the 
possibility to capture temporal dynamics of LADs during interphase, 
we induced expression of the Dam–LMNB1 fusion protein for a period 
of 15 h to record genome–lamina interactions on the DNA. Next, the 
cells were collected and stained with an antibody against LMNB1 to 
detect current-state genome–lamina interactions with ChIC. Provided 
that genome–lamina interactions are dynamic, we expect that past 
interactions will be detected exclusively by DamID (Fig. 2a; past interac-
tions), whereas very recently established interactions are exclusively 
measured by ChIC (Fig. 2a; de novo interactions).

We obtained high-quality single-cell LAD profiles for both 
Dam&ChIC measurements (Extended Data Fig. 2a,b). First, we examined 
the overlap in LAD detection between modalities. For this purpose, we 
calculated the contact frequency (CF), a metric of the fraction of cells 
for which a region is in contact with the lamina (Extended Data Fig. 2b)7. 
Upon visual inspection of the data, we observed that although the major-
ity of LADs are detected by both readouts across cells, some are identi-
fied exclusively by DamID and to a lesser extent by ChIC alone (Extended 
Data Fig. 2c and Fig. 2b). This was confirmed by differences in the fraction 
of 100-kb bins that are identified by DamID, ChIC or both (Fig. 2c,d and 
Extended Data Fig. 2d,e). Notably, regions with intermediate CFs display 
the largest discrepancy between measurements, indicative of dynamic 
associations with the lamina (Fig. 2e). In contrast, regions with higher CFs 
are comparably detected between Dam&ChIC readouts (Fig. 2e), sug-
gesting a more stable contact of these regions over time in single cells.
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Fig. 2 | Single-cell retrospective profiling of genome–lamina interactions. 
a, Schematic of the chromatin dynamics that Dam&ChIC resolves between the 
time of Dam–POI induction (past) and collection (present). b, ‘Mirror plots’ of 
five example cells showing Dam&ChIC LAD signal, as OE values in 1,100-kb-bins. 
c, Combined single-cell heatmap with binarized LAD signal in 100-kb genomic 
bins, detected by either DamID (green), ChIC (magenta) or both measurements 
(white). Line plots represent the CF, which is the fraction of cells for which a bin 
is detected by DamID, ChIC or both. d, Quantification of the frequency by which 
each LAD is measured in a single cell by DamID, ChIC or both. Boxen plot shows 
a large number of quantiles to provide details of data distribution. e, Scatter-
plot comparing the CF of DamID and ChIC measurements of Dam&ChIC. Black 
uninterrupted line indicates rolling mean, with 95% confidence interval. Diagonal 
dashed line indicates complete agreement between both measurements. 
Slope is quantified at different positions. f, Single-cell heatmaps for DamID and 
ChIC for two LADs, with cells ordered by latent time (left-most gradient bar). 

Middle bar indicates LAD state, with the same colours as used in c. LAD signal 
is log-transformed OE in 100-kb genomic bins. Blue and yellow boxes indicate 
establishment and release of each domain, from and towards the same genomic 
location. g, Pairwise Pearson’s correlation coefficient of latent time assignment 
between any pair of LADs, plotted against genomic distance. Black line indicates 
rolling mean, with 95% confidence interval. h, Hierarchical clustering of 
latent time-averaged start and end positions of LADs (‘anchors’ where LADs 
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in f. LAD signal is log-transformed OE in 100-kb bins. i,j, Quantifications of 
A/T content (i) and gene density (j) in 100-kb genomic bins on anchor regions 
(Methods) compared with the rest of the LAD. Box shows the quartiles of  
data and whiskers extend to the full distribution. Two-sided t-test P 
value = 4.848 × 10−15 (i) and P = 9.426 × 10−5 (j). Source numerical data are  
available in source data.
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Inherited LADs from G2 to G1 cells are expected to be captured in G1 phase by 
both DamID and ChIC. Non-inherited LADs are expected to be recovered only by 
DamID, while de novo LADs are expected to be recovered only by ChIC. c, Boxen 
plot of pairwise z-score normalized Jaccard similarity between DamID of G2 
cell and ChIC of the same G2 cell (left), descending G1 cell (middle) or random 
G1 cell (right). Boxen plot shows a large number of quantiles to provide more 
information about the shape of the distribution. Two-sided t-test P values are 
P = 1.99 × 10−11 (left versus middle) and P = 5.25 × 10−127 (middle versus right).  

d, Single-cell heatmaps of DamID and ChIC measurements of Dam&ChIC, 
showing two LADs on Chromosome 2, one weakly inherited (left LAD) and 
another faithfully inherited (right LAD). Cells are grouped according to the 
recovery of the left LAD by DamID and/or ChIC as: non-inherited, de novo, 
inherited or non-LAD. The CF for each readout is plotted above per cell group. 
e, Scatter-plots for the recovery of frequency of inherited LADs (n = 516) against 
different (epi)genomic features. Y axis is the same across all plots. The black lines 
represent a linear regression fit with its 95% confidence interval in the shaded 
area. From left to right Pearson Correlation coefficients (ρ) are 0.77, 0.50, −0.39 
and −0.26 and P values of two-sided testing for non-correlation are 3.029 × 10−101, 
3.271 × 10−34, 1.599 × 10−20 and 2.150 × 10−09. Source numerical data are available in 
source data.
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Given the variability of LAD detection in the present Dam&ChIC 
dataset, we reasoned that the ratio between DamID and ChIC in a given 
cell should contain information on the direction of LAD dynamics. High 
ChIC and low DamID signal is indicative of de novo genome–lamina 
interactions; conversely, low ChIC and high DamID signal implies 
that a LAD recently detached from the lamina. To derive these fea-
tures from Dam&ChIC data, we extrapolated principles of RNA and 
chromatin velocity36–38 and used the ratio between DamID and ChIC 
as an approach to pseudo-order LADs across cells (Extended Data 
Fig. 2f). The resulting latent time37 orders each LAD according to its 
state of establishment and release over time (Fig. 2f, Extended Data 
Fig. 2f,g). In agreement with previous findings that genome–lamina 
interactions are co-ordinated in cis7, we find that neighbouring LADs 
change co-ordinately, with a decay over distance (Fig. 2f,g). Of note, 
LAD pseudo-ordering in latent time reveals polarity in the establish-
ment of some LADs, with defined anchors of attachment (blue boxes, 
Fig. 2f), and a mirroring pattern of detachment (yellow boxes, Fig. 2f). 
In a systematic analysis, we identified the genomic position of estab-
lishment and release for all LADs and observed that LADs can establish 
and release either from the centre or the border of the domain (Fig. 2h). 
Notably, we found that LAD anchor regions have enriched A/T content 
(Fig. 2i), harbour fewer genes (Fig. 2j) and are depleted from hPTMs 
H3K4me3 (Extended Data Fig. 2h) and H3K27me3 (Extended Data 
Fig. 2i). H3K9me3 levels are equally enriched on anchors and the rest 
of the LAD (Extended Data Fig. 2j). Thus, anchors have distinct (epi)
genomic features compared with non-anchor LAD regions.

Collectively, we demonstrate that Dam&ChIC enables disentan-
gling of past and present chromatin states in the same cell and we 
showcase its implementation to characterize dynamics and domain 
organization of LADs.

Spatial genome positioning is partially inherited upon mitosis
We next set out to implement Dam&ChIC to study the inheritance of spa-
tial genome organization over a cell division. Previous work described 
repositioning of LADs in daughter cells after mitosis35. These observa-
tions were made through imaging LAD inheritance, but left sequence 
identity and the underlying patterns of genome–lamina reorganization 
elusive. To address this, we sought to leverage Dam&ChIC to measure 
retrospectively genome–lamina interactions in the same cell before 
and after mitosis.

We synchronized KBM7 cells in G1/S using a double thymidine 
block and expressed Dam–LMNB1 concurrently with the last thymidine 
incubation (Fig. 3a and Methods). We collected cells in G2 and early G1 
phase (Extended Data Fig. 3a) and utilized a fluorescence-based sample 
multiplexing strategy for single-cell sorting39,40 (Extended Data Fig. 3b 
and Methods). The experimental setup ensures that Dam–LMNB1 is still 
present during S and G2 to label and record G2 LADs (Extended Data 
Fig. 3c) and cell collection 1 h in G1 prevents de novo accumulation of 
m6A as shown previously35. Therefore, in early G1 cells, LADs inherited 

through mitosis will be detected by both DamID and ChIC (Fig. 3b, cells 
1 and 2, uncoloured boxes), non-inherited LADs (those that reposition 
away from the lamina after mitosis), will be exclusively recovered by 
DamID (Fig. 3b, cells 1 and 2, green boxes) and de novo established LADs 
exclusively by ChIC (Fig. 3b, cell 2, purple box).

To validate our synchronization and induction approach, we first 
confirmed that G2-synchronized cells display typical LAD profiles 
(Extended Data Fig. 3c). We then computed the z-score normalized  
Jaccard index, to measure the pairwise similarity between DamID 
and ChIC measurements (Methods) between: (1) DamID and ChIC of 
the same cell in G2; (2) DamID and ChIC of the same cell in early G1; or  
(3) DamID and ChIC of random cells in G1. We observed a significant drop 
in similarity between DamID and ChIC LAD profiles in G1 compared with 
G2 cells, corroborating previous microscopy findings of LAD reshuffling 
after mitosis35. Yet, the similarity in G1 cells is still considerably higher 
than what is observed when comparing random cells (Fig. 3c). This sug-
gests that LADs are partially inherited from G2 to early G1.

Notably, the degree of inheritance varies extensively between 
LADs (Fig. 3d), with some domains showing considerable heteroge-
neity (Fig. 3d, left LAD), while others display stable inheritance across 
cells (Fig. 3d, right LAD). We therefore wondered what features endow 
LADs with higher propensity to be inherited through mitosis than 
others. We found size and A/T content of LADs positively correlating 
with inheritance (Fig. 3e, left-most panels), which is further verified by 
increased similarity in the G1 population for large LAD sizes (Extended 
Data Fig. 3d). H3K27me3 enrichment and gene density show a nega-
tive correlation with inheritance (Fig. 3e, right-most panels), whereas 
H3K9me3, H3K4me3, SINE and LINE content show weak negative or no 
correlation with LAD inheritance (Extended Data Fig. 3e). These data 
indicate that larger, A/T-rich, gene- and H3K27me3-poor LADs are more 
faithfully inherited upon mitosis, corroborating previous findings that 
LADs in single cells are organized through multivalent contacts of large 
stretches of A/T-rich DNA7.

In summary, we show the ability of Dam&ChIC to capture chro-
matin transitions over a cell division, providing a unique framework 
to obtain insights into epigenetic inheritance.

The inactive X chromosome detaches from the nuclear lamina
We next sought to utilize Dam&ChIC to dissect the interplay between 
chromatin features during XCI, an ideal model to study hetero-
chromatin formation. During XCI, dramatic remodelling results in 
transcriptional repression of the inactive X chromosome (Xi), to 
ensure dosage compensation of X-linked genes between males (XY) 
and females (XX)41–43. Heterochromatin formation initiates by coat-
ing of the Xi by the long noncoding RNA Xist44–46 and subsequent 
deposition and spreading of Polycomb hPTMs H2AK119Ub and 
H3K27me347–50. While remodelling of the hPTM landscape on the Xi 
has been extensively studied, its nuclear positioning remains unclear. 
Previous studies suggest that the Xi associates with different nuclear 

Fig. 4 | Genome–lamina interactions are lost at Polycomb domains on the 
inactive X chromosome. a, Schematic of various Dam&ChIC combinations 
obtained during vitamin C differentiation. b, UMAP (n = 1,656 cells) based on 
H3K27me3 levels on autosomal genes of Dam–LMNB1/H3K27me3-profiled 
cells, coloured by differentiation day. c, Scatter-plot of allelic X-chromosome 
H3K27me3 OE levels per single cell in the Dam–LMNB1/H3K27me3 dataset, 
coloured by differentiation day. Dashed lines indicate manually set threshold 
used to classify cells as ‘no XCI’, ‘CAST/EiJ inactive’, ‘129S1/Sv inactive’ or 
‘Undetermined’. d, CF values of Dam–LMNB1 on either allele for cell categories 
defined in c, along the entire X chromosome. y axes in CF plots run from 0 to 1. For 
categories that undergo XCI, single-cell heatmaps of the active (Xa) and inactive 
(Xi) X chromosome are shown below, with respective cell numbers. Plotted cells 
span all differentiation time points that XCI takes place, based on c. Bottom bar 
shows calls of the anchors, defined as LMNB1-retaining H3K27me3-depleted 
regions on Xi (S4m, bottom right quadrant). e, CF values of Dam–LMNB1 and 

corresponding H3K27me3 on either allele in the inactive state for cell categories 
defined in c along the entire X chromosome. y axes in CF plots run from 0 to 1.  
f, Hexbin plot of Dam–LMNB1 CF values in cells where the indicated allele is 
inactivated (left: CAST/EiJ, right: 129S1/Sv). For each LAD, average CF is shown 
for the Xa versus the Xi allele. Hexbins are coloured based on log-transformed 
enrichment of H3K27me3 (Xi/Xa). g, CF values of Dam–LMNB1 and H2AK119Ub 
on either allele in the inactivated state, as in e. h, CF values of Dam–LMNB1 and 
H3K9me3 on either allele in the inactivated state, as in e. i, Published Xist CHART-
seq data derived from differentiated mouse ES cells (d7)66 for the X chromosome. 
The y axis is expressed as scaled read density values. j, Comparison of Dam–
LMNB1 (left) and Dam–scFv-H3K27me3 (right) levels between cells in which NL 
anchors are H3K9me3-bound (x axis) or unbound (y axis). Hexbins are coloured 
by anchor abundance. Two-sided t-test with resulting P values are P = 0.001 (left) 
and P = 0.014 (right). Source numerical data are available in source data.
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compartments, such as the nucleolus or the lamina51–57. Whether 
this interaction is dynamic and how it is linked to other hPTMs has 
remained ambiguous.

To address this, we induced random XCI in vitro58,59, by differentiat-
ing two female hybrid (CAST/Eij × 129/Sv) mouse embryonic stem (ES) 
cell lines expressing Dam–LMNB160 or Dam–scFv-H3K27me3 (ref. 27)  
with vitamin C (Fig. 4a). We obtained Dam&ChIC datasets of Dam–
LMNB1/H3K27me3 (n = 1,656 cells), Dam–LMNB1/H3K9me3 (n = 573 
cells), Dam–LMNB1/H2AK119Ub (n = 1,213 cells), Dam–scFv-H3K27me3/
LMNB1 (n = 921 cells), Dam–scFv-H3K27me3/H3K9me3 (n = 497 cells) 
and Dam–scFv-H3K27me3/H2AK119Ub (n = 1,404 cells) at sequential 
time points between day 0 and 6 of differentiation (Fig. 4a). Dam&ChIC 

data were split on alleles based on single-nucleotide polymorphisms 
(Methods), yielding consistently high numbers of unique counts per 
allele for all measurements (Extended Data Fig. 4a).

First, we examined the Dam–LMNB1/H3K27me3 dataset. The 
H3K27me3 readout was used to estimate both the progression of dif-
ferentiation, and the progression of XCI. Dimensionality reduction 
using autosomal H3K27me3 enrichment revealed the expected gradual 
transitioning of cells over differentiation time (Fig. 4b), further cor-
roborated by gradual accumulation of H3K27me3 on the Hox cluster 
locus (Extended Data Fig. 4b). We observed strong allelic H3K27me3 
enrichment, which we used to categorize cells according to which X 
allele was inactivated (Fig. 4c and Extended Data Fig. 4c,d).
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Fig. 5 | Detachment initiates before spreading of Polycomb, but follows Xist 
expression. a, Same UMAP as in Fig. 4b, based on H3K27me3 levels on autosomal 
genes, coloured by Monocle3-inferred pseudotime. b, Average OE H3K27me3 
(top) and Dam–LMNB1 (bottom) levels (y axis) across pseudotime (x axis) for 
the inactive X. Cells are coloured according to differentiation day. c, CF of Dam–
LMNB1, H3K27me3 and their overlap for groups of 100 cells progressively slid 
along pseudotime (y axis) for a dynamic region of the inactive X (right) and the 
active (left). d, Single-cell heatmaps (n = 1,656) for H3K27me3 (left) and Dam–
LMNB1 (right) for the entire inactive X. Cells (y axis) are ordered along pseudotime. 
The colour scale indicates log-transformed OE values for each readout.  

e, Scatter-plot of the average inactive X (Xi) Dam–LMNB1 (x axis) and H3K27me3  
(y axis) OE levels. Cells are coloured according to differentiation day. Distributions 
above and on the right show average density per day. Arrow is manually drawn 
based on directionality of cells over differentiation days. f, Same as e, but with the 
inverse readout: Dam–scFc-H3K27me3 (y axis) / LMNB1 (x axis). g, Same as e, for 
Dam–LMNB1 (x axis) / H2AK119Ub (y axis). h, Same as e, for Dam–LMNB1 (x axis)/
Xist expression (y axis). Xist levels are represented as transcripts per million.  
i, Summary of the order of events profiled during vitamin C differentiation, with 
each plotted as average OE values per differentiation day. 95% confidence interval 
is shown in the shaded area. Source numerical data are available in source data.
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Notably, we found extensive depletion of LMNB1 signal across 
single cells, which is specific to the Xi, but does not occur on the Xa 
(Fig. 4d and Extended Data Fig. 4e). This is confirmed in the reciprocal 
control dataset measuring H3K27me3 with DamID and LMNB1 with 
ChIC (Extended Data Fig. 4f–h). Loss of genome–lamina interactions 
extends through megabase-sized regions across the entire X chromo-
some. These are interspersed by regions retaining lamina interactions 
(henceforth referred to as ‘anchors’), covering roughly 29% of the Xi 
(Fig. 4d, bottom bar and Extended Data Fig. 4m). Of note, detaching 
regions are highly enriched with H3K27me3, as opposed to anchors 
that are devoid of H3K27me3 (Fig. 4e,f and Extended Data Fig. 4i,m). We 
further wondered whether detaching regions coincide with enrichment 
of H2AK119Ub49, which shows overlapping distributions and is depos-
ited by Polycomb complexes before H3K27me3 (refs. 50,61–63). Using 
our Dam–LMNB1/H2AK119Ub and Dam–scFv-H3K27me3/H2AK119Ub 
datasets, we found a strong allelic enrichment of H2AK119Ub on the 
X chromosome over differentiation (Extended Data Fig. 4j–l), and 
confirmed that, similar to H3K27me3, detaching regions are enriched 
with H2AK119Ub (Fig. 4g). Altogether, this data indicates that spatial 
nuclear repositioning of the Xi is linked to accumulation of Polycomb 
hPTMs H3K27me3 and H2AK119Ub.

Genomic regions with constitutive genome–lamina interactions 
are generally enriched in repressive hPTMs H3K9me2/3 (ref. 26). 
We therefore wondered if anchors are H3K9me3-enriched. Indeed, 
our Dam–LMNB1/H3K9me3 and Dam–scFv-H3K27me3/H3K9me3 
datasets show a high enrichment of H3K9me3 on anchors (Fig. 4h 
and Extended Data Fig. 4m), consistent with previous observations 
of non-overlapping patterns of enrichment between H3K9me3 and 
H3K27me3 along the Xi64,65. Notably, anchors are devoid of Xist spread-
ing, as measured previously by CHART-seq66 (Fig. 4i), and they pre-exist 
in cells that did not yet undergo XCI (Extended Data Fig. 4n). Finally, we 
wondered whether anchors are differentially used across cells, and if 
this is linked to the pre-existing H3K9me3 state. Therefore, we quanti-
fied LMNB1 and H3K27me3 levels for H3K9me3-enriched or depleted 
anchors across single cells, and found that anchors enriched with 
H3K9me3 are more likely to interact with the lamina and less likely to 
be H3K27me3-rich (Fig. 4j). This suggests that X chromosome regions 
lacking H3K9me3 are predetermined to detach from the lamina and 
accumulate H3K27me3 during XCI.

In summary, Dam&ChIC provides allelically-resolved single-cell 
maps of genome–lamina interactions and heterochromatic hPTMs 
from the same cell. We show that large X-chromosome regions detach 
from the lamina, and instead become strongly enriched with Polycomb 
hPTMs during XCI. Regions resistant to detachment are refractory to 
Xist spreading and Polycomb deposition and coincide with pre-existing 
H3K9me3 domains.

Detachment precedes Polycomb domain formation on the Xi
As genome–lamina interactions and Polycomb hPTMs show a mutually 
exclusive pattern on the Xi, we were prompted to dissect the temporal 
relationship between these events. To identify the onset of detachment 
and H3K27me3 accumulation, we ordered cells along the differentiation 
trajectory by inferring pseudotime67,68 (Fig. 5a). Detachment seems to 
coincide with the emergence of H3K27me3 around day 3 of differentia-
tion (Fig. 5b), with a seemingly concurrent onset of both events based 
on progressive pseudobulk profiles (Fig. 5c) and single cells (Fig. 5d). 
In addition, while H3K27me3 domains are progressively expanding 
outwards from sites already present in undifferentiated cells69, LADs 
gradually shrink along the Xi (Fig. 5c).

To resolve the precise chronology between detachment and 
H3K27me3 deposition, we scattered for each cell along XCI their Dam–
LMNB1 and H3K27me3 levels on the Xi. This confirmed their inverse 
relationship, and revealed that reduction of Dam–LMNB1 levels occurs 
before H3K27me3 accumulation, in cells belonging to early differentia-
tion time points (Fig. 5e, arrow). To substantiate our approach, we used 

simulations with controlled temporal ordering of the two readouts and 
confirmed that the observed left-upward mobility in Fig. 5e corresponds 
to the scenario where detachment precedes H3K27me3 accumulation 
(Extended Data Fig. 5a–c). Reassuringly, we identify the same pattern 
in the inverse Dam&ChIC experiment (Dam–scFv-H3K27me3/LMNB1), 
detecting an even earlier onset of detachment (Fig. 5f). Similar analyses 
showed that detachment also precedes H2AK119Ub accumulation on 
the Xi (Fig. 5g), and that H2AK119Ub precedes H3K27me3, confirming 
previous reports (Extended Data Fig. 5d,e)50,61–63. Despite the fact that 
both Polycomb hPTMs start accumulating on the Xi after the onset of 
detachment, these processes continue to consolidate over time.

As detachment seems to happen earlier than formation of Poly-
comb domains, we next set out to characterize its temporal relationship 
with expression of Xist, which is known to interact with and recruit 
Polycomb complexes to the X chromosome61,70,71. To this end, we per-
formed scDam&T-seq29,33 during vitamin C differentiation and meas-
ured genome–lamina contacts and transcriptomes from the same cells 
(Extended Data Fig. 5f–j). Unlike H2AK119Ub and H3K27me3 (Fig. 5e–g), 
detachment of the Xi from the lamina follows Xist expression (Fig. 5h,i).

Taken together, we demonstrate that the loss of genome–lamina 
interactions is an early event in mouse random XCI, temporally linked 
to Xist and Polycomb. These data highlight the ability of Dam&ChIC to 
uncover the hierarchical order of events during chromatin remodelling 
with unprecedented detail.

Detachment of the Xi occurs upon mitotic exit
Prompted by the increased LAD reorganization we saw in KMB7 
cells upon mitosis, we asked whether detachment of the Xi is cell 
cycle-related. To answer this question, we profiled genome–lamina 
interactions with both readouts of Dam&ChIC (Dam–LMNB1/LMNB1) 
during vitamin C differentiation. This dataset allows distinguishing 
past from present genome–lamina interactions in the same cells. Using 
solely inactive X-chromosome data, we estimated the ratio between 
past and present genome–lamina interactions to infer chromatin 
velocity and latent time over the differentiation trajectory (Fig. 6a,b 
and Methods). This analysis recapitulates the direction of differentia-
tion, as shown by the progressive distribution of cells from different 
experimental time points across latent time (Extended Data Fig. 6a). 
Reassuringly, the velocity model fails to deduce directionality when 
randomly coupled DamID and ChIC readouts are used (Extended 
Data Fig. 6b). Ordering of single-cell Xi profiles based on latent time 
shows the typical loss of genome–lamina interactions for both DamID 
and ChIC (Fig. 6c,d and Extended Data Fig. 6c). When comparing the 
dynamics of genome–lamina interactions measured by DamID and 
ChIC across latent time, we recover a temporal delay between both 
measurements, reflecting the rapid detachment of the Xi from the 
lamina (Extended Data Fig. 6d).

To pinpoint whether detachment of the Xi is linked to a specific 
cell-cycle state, we used Hoechst-based DNA content data, which 
were measured for each cell during single-cell sorting (Extended 
Data Fig. 6e). Single cells displaying the highest ratio between past 
(Dam–LMNB1) and present (LMNB1) genome–lamina interactions 
on the Xi (Fig. 6e), show the highest G1 phase enrichment (Fig. 6f and 
Methods). Moreover, when projecting cell-cycle phase enrichment 
over the genome–lamina interaction dynamics of single cells (Fig. 6g,h 
and Extended Data Fig. 6f), we observe that detachment of the Xi from 
the lamina coincides with the transition from G2 to G1 phase. Taken 
together, the co-occurrence of lamina detachment and entry into G1 
phase suggests that genome–lamina interactions of the Xi might be 
lost over mitosis.

Discussion
Advantages and limitations of Dam&ChIC
We developed a chromatin-profiling technology for simultaneously 
profiling two distinct chromatin features at high resolution, or for 
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measuring retrospectively chromatin-state transitions over time in the 
same cell. Unlike other methods, Dam&ChIC does not involve in situ 
tagging of the genome, which essentially allows measurements of only 
two chromatin features at a time, yet with unprecedented sensitivity. 
It is a suitable method to examine the interplay between features that 
range from euchromatic to constitutively heterochromatic, and inter-
rogate co-ordinated gene regulation at the scale of large domains down 
to individual genes and promoters.

The challenge with any DamID-based methodology is the require-
ment to engineer and optimize cell lines, which is a substantial time 
investment. However, many cell lines have already been established 
besides those used in this study, such as for DNA repair proteins72 
single-chain antibodies and engineered chromatin reader domains27. 
We expect the repertoire of Dam–POI fusions to continue expanding, 
broadening the applicability of the method.

Of note, as a plate- and FACS-based approach, Dam&ChIC is ideal 
for medium-throughput experiments, providing flexibility at a low cost 
compared with high-throughput approaches. Additionally, using the 

FACS-recorded data on various cellular characteristics, it is possible 
to enrich rare cells of interest based on known cell (surface) markers30, 
multiplex samples by fluorescence-based hashing39,40, or integrate 
cell-cycle information in single-cell analyses. We anticipate that future 
iterations of Dam&ChIC that render it compatible with combinatorial 
indexing or microfluidics will substantially increase its throughput.

Recording chromatin dynamics over time with Dam&ChIC
Tracking chromatin changes over time in the same cell has been an 
attractive yet challenging concept. Such technologies would enable 
the study of poorly understood aspects of epigenetic regulation; for 
example, how past chromatin changes affect present cellular states. 
With Dam&ChIC we set first steps in this direction, by experimentally 
integrating the cumulative past chromatin information recorded 
by DamID, with snapshot information measured by ChIC. Currently, 
Dam&ChIC is limited to recording short-term chromatin dynamics, 
given the absence of a maintenance machinery in eukaryotes that 
propagates the m6A mark during DNA replication. Consequently, the 
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Fig. 6 | Retrospective measurements link detachment of the Xi to cell cycle 
phase. a, UMAP (n = 1,482 cells) based on Dam–LMNB1 levels in 100-kb-bins of 
the Xi coloured according to differentiation day. Streamlines on top of UMAP 
represent chromatin velocities inferred by the ratio of Dam–LMNB1 and LMNB1 
in 100-kb-bins of the Xi, using scVelo29. b, Same UMAP as in a, but with cells 
coloured according to scVelo-inferred latent time, which is purely based on Dam–
LMNB1/LMNB1 dynamics, not on the underlying UMAP. c, Single-cell heatmap 
showing log-transformed Dam–LMNB1 OE values on the entire inactivating 
X chromosome, with cells ordered along the inferred latent time shown in b. 
d, Scatter-plots showing the ratio of Dam–LMNB1 (x axis) and LMNB1 (y axis) 
in each cell for X chromosome bin 844 (marked in c). Length of arrows reflect 
the Dam–LMNB1/LMNB1 velocity of bin844 in that cell. Arrows are coloured 

according to differentiation day (top) or latent time (bottom). (e) Same UMAP as 
in a, coloured according to the ratio between Dam–LMNB1 and LMNB1. f, Same 
UMAP as in a, coloured according to the z-score normalized G1 cell cycle-phase 
enrichment, which is calculated with a k-nearest neighbours approach over the 
neighbourhood a cell belongs to (Methods). g, Scatter-plot of average Dam–
LMNB1 (x axis) and LMNB1 (y axis) OE levels on the Xi. Each dot represents the 
Xi in one cell, coloured according to differentiation day. Distributions above 
and on the right show average density per day. Arrow is manually drawn based 
on directionality of cells over differentiation days. h, Same scatter-plot as in 
g, with points coloured according to the ratio between z-score-normalized G1 
and G2 cell-cycle phase enrichment (Methods). Cell-cycle data are available in 
Supplementary Table 3.
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time window to study chromatin dynamics with Dam&ChIC currently 
spans between two replication cycles. The present Dam&ChIC protocol 
is therefore very suitable to disentangle the role of chromatin dynamics 
in cell cycle-related phenomena, or other relatively rapid chromatin 
changes. A candidate to aid propagation of the exogenous m6A mark 
over many cellular generations is the Dam mutant L122A, which has 
been shown to transfer m6A only on hemi-methylated DNA73, similar to 
DNMT1 for DNA CpG methylation. In the future, improved engineered 
versions of such exogenous methyltransferases could make tracking of 
chromatin dynamics over multiple cell generations feasible.

Sequential chromatin remodelling during XCI
We used Dam&ChIC to explore the interplay of chromatin features, 
with a main focus on nuclear localization of the X chromosome during 
XCI. Leveraging both multifactorial and retrospective measurements, 
we assembled a set of observations that shed light on the timing and 
hierarchies of factors underlying heterochromatin formation. We show 
that upon Xist expression, the Xi undergoes extensive loss of genome–
lamina interactions, initiated after mitotic exit in G1 phase. Detachment 
is followed by Polycomb-deposited H2AK119Ub enrichment, which 
precedes, as previously shown, H3K27me3 enrichment.

Previous microscopy-based studies have described the nuclear 
periphery or the nucleolus as the preferred nuclear locations of the 
Xi53,54. More recent findings indicated that the Xi is actively recruited 
to the NL through interactions of Xist with the lamin B1 receptor 
(LBR)57. Contrary to that, we find extensive lamina detachment across 
megabase regions on the Xi, which occurs early during XCI, follow-
ing Xist expression. However, some genome–lamina interactions are 
retained in H3K9me3-rich anchor regions that seem resistant to spread-
ing of Xist and are present before XCI initiation. Given this order of 
events, our data support previous findings that XCI initiation is not 
determined by artificial tethering of the X chromosome to the NL74. 
Moreover, it is possible that detaching regions may instead form inter-
actions with the nucleolus.

The observation that detachment occurs on domains with high 
Polycomb hPTM enrichment, suggests an antagonistic interplay 
between genome–lamina interactions and Polycomb during XCI.  
A similar phenomenon has recently been described in two unrelated sys-
tems, namely K562 cells and preimplantation embryos, where depletion 
of H3K27me3 led to increased genome–lamina interactions60,75. Despite 
the clear precedence of detachment over Polycomb spreading, we find 
that the two processes are not sequentially completed. Instead, both 
gradually consolidate over XCI, indicative of potential interplay whereby 
upon initial detachment, deposited Polycomb marks may further hinder 
genome–lamina interactions. Polycomb complexes are recruited to the 
X chromosome by Xist, with a strong interdependency in spreading76, 
whereas Xist expression precedes detachment. A compelling avenue of 
future research could be to elucidate whether detachment is function-
ally linked to spreading of Xist, Polycomb and transcriptional silencing.

Conclusion
Several aspects of chromatin regulation have been poorly understood 
due to the limitations posed by conventional technologies. Dam&ChIC 
introduces unique possibilities to investigate in depth the interplay 
between diverse chromatin factors, and to track retrospectively tem-
poral changes within the same cell. Our single-cell multifactorial chro-
matin data and retrospective analyses elucidate aspects of chromatin 
regulation that are involved in the inheritance of chromatin upon mito-
sis and the formation of heterochromatin during XCI. These properties 
establish Dam&ChIC as a tool in the rapidly growing set of single-cell 
chromatin technologies.
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Methods
Methods developed or utilized in the present work are also available 
on protocols.io77.

Dam–POI cell lines
KBM7 cells expressing Dam–LMNB1 or untethered Dam under the 
control of the destabilizing domain system were generated previ-
ously using lentiviral transductions7. Female mouse F1 hybrid Cast/
EiJ × 129/Sv ES cells were a kind gift from the J. Gribnau laboratory. The 
Dam–LMNB1 or Dam–scFv-H3K27me3 constructs were previously 
integrated in these cells using CRISPR targeting27,60. Both ES cell lines 
express the Dam–POI under the control of the AID degron system. In 
Dam–scFv-H3K27me3 ES cells, expression of the Dam fusion protein is 
additionally controlled by tamoxifen-inducible nuclear translocation 
via the oestrogen receptor.

Cell culture
All cell lines were cultured in a humidified chamber at 37 °C in 5% CO2 
and regularly tested for Mycoplasma. Human haploid KBM7 cells were 
cultured in suspension in IMDM (Gibco, 12440053) supplemented with 
10% FBS (Sigma, F7514) and 1% pen–strep (Gibco, 15140122). Mouse F1 
hybrid ES cells were cultured on a monolayer of irradiated primary 
mouse embryonic fibroblasts in CM+/+, as described previously27. 
CM+/+ consists of G-MEM (Gibco, 11710035) supplemented with 10% 
FBS, 1% pen–strep, 1× GlutaMAX (Gibco, 35050061), 1× non-essential 
amino acids (Gibco, 11140050), 1× sodium pyruvate (Gibco, 11360070), 
0.1 mM β-mercaptoethanol (Sigma, M3148) and 1,000 U ml−1 ESGROm-
LIF (EMD Millipore, ESG1107). Before differentiation, mouse ES 
cells were passaged at least once in feeder-free conditions, on 0.1% 
gelatin-coated six-well plates and cultured in medium containing 
40% CM+/+ and 60% BRL-conditioned CM+/+ medium. Expression 
of the Dam–POI in the mouse ES cell lines was suppressed by 0.5 mM 
indole-3-acetic acid (IAA; Sigma, I5148).

Induction of Dam–POI expression
In KBM7 cells, Dam was induced with 0.5 nM Shield-1 (Glixx Labora-
tories Inc, GLXC-02939) that stabilizes the protein. In hybrid mouse 
ES cells, 24 h before induction the cells were cultured in 1 mM IAA 
(Sigma, I5148), to ensure protein degradation. For induction the cells 
were washed three times with PBS and fresh medium without IAA was 
added, followed by the addition of 1 μM 4-hydroxytamoxifen (Sigma, 
SML1666). In detail, Dam–LMNB1 mouse ES cells were induced for 6 h 
without IAA and Dam–scFv-H3K27me3 mouse ES cells were induced for 
20 h without IAA and the last 6 h with 4-hydroxytamoxifen.

In vitro differentiation of mouse hybrid ES cells with ascorbic 
acid (vitamin C)
ES cells were depleted from any remaining mouse embryonic fibro-
blasts and 24–48 h later confluent wells were passaged and plated in 
AA differentiation medium: IMDM supplemented with 15% FBS, 1% pen–
strep, 1× GlutaMAX, 1× non-essential amino acids, 50 μg ml−1 ascorbic 
acid (Sigma, A4544) and 0.1 mM β-mercaptoethanol58,59. Expression of 
the Dam–POI was suppressed by addition of 0.5 mM IAA. The medium 
was refreshed every day during the course of differentiation.

Cell-cycle synchronization with double thymidine block
KBM7 cells were passaged 48 h before the initiation of synchroniza-
tions and received 2 mM thymidine (Sigma, T1895) for 15 h, followed by 
9 h of release and a second thymidine block for 13 h. Synchronization 
tests were performed before Dam&ChIC experiments, to define the 
cell-cycle progression of these cell lines based on the DNA content. In 
the single-cell Dam&ChIC experiment, KBM7 cells were synchronized 
with a double thymidine block as above. During the second thymidine 
block, 0.5 nM of Shield-1 was added to enable stabilization of Dam–
LMNB1. Afterwards, both thymidine and Shield-1 were washed out, 

cells were released to progress through S-phase, and collected in G2 
phase (8 h post-thymidine release; equivalent to 1 h in G2) and as early 
as possible in G1 phase (13 h post-thymidine release; equivalent to 1 h 
in G1). While the Dam-deposited m6A mark is typically not propagated 
upon DNA replication in the absence of the Dam–POI, this setup ensures 
that (1) Dam–LMNB1 is still present during S and G2 at sufficient levels 
to allow recovery of LADs and (2) measurements of de novo m6A from 
any non-degraded protein in G1 are prevented, because of insufficient 
time to accumulate DamID signal by that collection time point35.

Preparation of samples for Dam&ChIC
Cell collection and permeabilization to isolate nuclei. Nuclei 
isolation was carried out as described previously40. In brief, cells 
were collected in 15-ml Falcon tubes and washed three times with 
room-temperature PBS0. After counting, 0.5–1 million cells per staining 
were used for permeabilization in ice-cold wash buffer 1 (20 mM HEPES, 
pH 7.5, 150 mM NaCl, 66.6 μg ml−1 spermidine (Sigma, S2626-1G), 1× 
cOmplete protease inhibitor cocktail (Roche, 11836170001), 0.05% 
saponin (Sigma, 47036-50G-F) and 2 mM EDTA), in protein low-binding 
tubes (Eppendorf, 0030108094). The samples were washed once at 
300g for 4 min at 4 °C, before the addition of the primary antibody. For 
all subsequent steps, the nuclei were kept always on ice. Subsequent 
washes were carried out with the same centrifuge settings.

Cell collection, ethanol fixation and permeabilization. For ethanol 
fixation, cells were collected in 15-ml Falcon tubes and washed three 
times with room-temperature PBS0. After counting, 0.5–1 million cells 
were fixed with 70% ice-cold ethanol for 1 h at −20 °C. Fixed cells were 
washed once and permeabilized in ice-cold wash buffer 1F (20 mM 
HEPES, pH 7.5, 150 mM NaCl, 1× cOmplete protease inhibitor cocktail 
and 0.05% Tween). Afterwards, samples were stained with CellTrace 
dyes (CellTrace CFSE, CellTrace Far Red, CellTrace Yellow) for 20 min 
at 4 °C or frozen at −80 °C for long-term storage in wash buffer 1F that 
also contained 66.6 μg ml−1 spermidine, 2 mM EDTA and 10% dimethyl-
sulfoxide (DMSO).

Sample multiplexing based on CellTrace staining. Samples 
stained with different combinations of CellTrace dyes were mixed in 
one ‘super-sample’ to enable parallel processing and minimize batch 
effects, as described before39,40. Specifically, samples from each day of 
the vitamin C differentiation time-course were stained with a unique 
combination of CellTrace dyes. This enabled the distinction of up to 
eight populations. In the synchronization and mitosis experiment, 
the G2 sample was stained with CellTrace Yellow and CellTrace CFSE, 
and the early G1 sample was stained with CellTrace CFSE, CellTrace Far 
Red and CellTrace Yellow (Extended Data Fig. 3b). For all experiments, 
equal cell numbers from each sample were combined together to a final 
total amount of 0.5–1 million cells for subsequent antibody staining.

Antibody staining and pA-MNase targeting
Nuclei or fixed cells were stained with the primary antibody over-
night at 4 °C on a roller, in wash buffer 1 or 1F, respectively. Specifi-
cally, anti-histone H3 (Abcam, ab176842) was used at 1:400 dilution, 
anti-LMNB1 (Abcam, ab16048) was used at 1:200 or 1:400 dilution; 
anti-H3K27me3 (Cell Signaling Technologies, 9733S) at 1:200 dilu-
tion; anti-H3K9me3 RM389 (Thermo Fisher, MA5-33395) at 1:200 dilu-
tion; anti-H3K4me3 (Thermo Fisher, MA5-11199) at 1:400 dilution; and 
anti-H2AK119Ub (Cell Signaling, D27C4) at 1:400 dilution. After one 
wash with wash buffer 2 (for nuclei; 20 mM HEPES, pH 7.5, 150 mM NaCl, 
66.6 μg ml−1 spermidine, 1× cOmplete protease inhibitor cocktail and 
0.05% saponin) or wash buffer 2F (for fixed cells; 20 mM HEPES, pH 7.5, 
150 mM NaCl, 66.6 μg ml−1 spermidine, 1× cOmplete protease inhibitor 
cocktail and 0.05% Tween), pA-MNase was added at a final concentra-
tion of 3 ng μl−1 for KBM7 samples and 0.6 ng μl−1 for mouse ES cells and 
vitamin C samples, in the respective buffers. Hoechst 34580 was added 
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in the same mix at a final concentration of 2.5 μg ml−1. The samples 
were incubated in a roller at 4 °C for 1 h, followed by two washes in the 
same wash buffer, and finally passed through a cell-strainer for sorting.

Single-cell sorting and FACS gating strategies
FACS sorting was performed on a BD FACS Influx or BD FACS Jazz 
System, with sample and plate cooling. Gating was based on size 
(forward-side scatter), exclusion of doublets and Hoechst-defined 
DNA content (Extended Data Fig. 3b). For experiments in which dif-
ferent samples were multiplexed, an additional gating strategy based 
on fluorescence of CellTrace dyes ensured distinction of the different 
populations (Extended Data Fig. 3b). One cell per well was sorted in 
hard-shell 384-well plates that were pre-filled with 5 μl per well min-
eral oil using the Freedom EVO liquid handling platform (Tecan) and 
100 nl per well wash buffer 3 (for nuclei; 20 mM HEPES, pH 7.5, 150 mM 
NaCl, 66.6 μg ml−1 spermidine and 0.05% Saponin) or wash buffer 3F 
(for fixed/permeabilized cells; 20 mM HEPES, pH 7.5, 150 mM NaCl, 
66.6 μg ml−1 spermidine and 0.05% Tween). After sorting, plates were 
sealed with aluminium seals (Greinier, 676090), spun at 2,000g for 
1–2 min at 4 °C, and kept at 4 °C until further processing.

Single-cell Dam&ChIC
Liquid dispensions were performed using the Nanodrop II liquid han-
dler (Innovadyne) and adaptor dispensions were performed using the 
Mosquito LV (STP Labtech), as described previously27,30,33. PA-MNase in 
single nuclei was activated by dispension of 100 nl per well of activa-
tion solution (wash buffer 3 or wash buffer 3F, containing 4 mM CaCl2). 
Plates were incubated at 4 °C for exactly 30 min, followed by dispen-
sion of 200 nl per well of stop solution (containing 0.04 M EGTA, 1.5% 
NP40 and 2 μg μl−1 Proteinase K). Plates were incubated at 65 °C for 6 h, 
followed by heat inactivation at 80 °C for 10 min. Plates were stored at 
−20 °C until further processing. After thawing plates on ice, 200 nl per 
well of Blunt-ending mix (containing 4 nl (0.02 U) Klenow, 4 nl (0.04 U) 
T4 PNK, 10 nl 10 mM dNTPs, 60 nl 10 mM ATP, 20 nl 25 mM MgCl2, 
10 nl 50% PEG8000, 6 nl 20 μg μl−1 BSA, 60 nl 10× PNK buffer and 26 nl 
ultrapure water) were dispensed, followed by incubation at 37 °C for 
30 min and heat inactivation at 75 °C for 20 min. Next, digestion with 
400 nl per well DpnI mix (containing 20 nl (0.4 U) DpnI, 40 nl 10× PNK 
buffer, 10 nl 20 μg μl−1 BSA and 330 nl ultrapure water) was conducted, 
followed by incubation at 37 °C for 8 h and heat inactivation at 80 °C 
for 20 min. Finally, the content of each well was barcoded through 
dispension of 50 nl per well of DamID2 adaptors at a final concentra-
tion of 25 nM and dispension of 950 nl per well ligation mix (containing 
75 nl (0.375 U) T4 ligase, 200 nl 10× ligase buffer and 675 nl ultrapure 
water) to a cumulative final volume of 2,000 nl per well, followed by 
incubation at 4 °C for 20 min, 16 °C for 16 h and heat inactivation at 
65 °C for 10 min. After each dispension step, the plates were sealed with 
aluminium seals and spun at 2,000g for 1 min at 4 °C.

Single-cell DamID-only and ChIC-only controls
For the DamID-only control, the single-cell Dam&ChIC protocol was 
performed as above, but the Blunt-ending mix did not contain the 
enzymes (Klenow and T4 PNK). Similarly, for the ChIC-only controls, 
the DpnI mix did not contain the DpnI enzyme.

Bulk sortChIC
To generate a normalization control for the ChIC readout of Dam&ChIC 
data (Extended Data Fig. 1g), we performed sortChIC in a population 
of 10,000 sorted KBM7 nuclei, stained with an anti-histone H3 anti-
body. Similarly, for antibody titrations, we performed bulk sortChIC 
in populations of 100 sorted nuclei. This protocol is an adaptation 
of the original sortChIC protocol30,40, with omission of A-tailing and 
all reaction volumes upscaled to a bulk format: Nuclei were sorted in 
0.5 ml low-binding tubes containing 5 μl of wash buffer 3/3 F, pA-MNase 
was activated with 5 μl respective activation solution and stopped with 

10 μl Stop solution. For blunt ending, 10 μl of reaction mix (contain-
ing 0.2 μl Klenow, 0.2 μl T4 PNK, 0.5 μl 10 mM dNTPs, 3 μl 10 mM ATP, 
1 μl 25 mM MgCl2, 0.5 μl 50% PEG8000, 0.3 μl 20 μg μl−1 BSA, 3 μl 10× 
PNK buffer and 1.3 μl ultrapure water) were added. Each sample was 
barcoded with the addition of 2 μl of a unique DamID2 adaptor60 at 
a final concentration of 25 nM, followed by addition of 48 μl ligation 
mix (containing 1 μl T4 ligase, 8 μl 10× ligase buffer and 39 μl ultrapure 
water), to a cumulative volume of 80 μl. All incubations were carried 
out as described in the single-cell Dam&ChIC protocol.

Single-cell Dam&T-seq
Single-cell Dam&T-seq was performed as described previously27,29,33 
with major reductions in reaction volumes, to facilitate cost efficiency. 
One live cell per well was sorted in hard-shell 384-well plates that were 
pre-filled with 5 μl per well mineral oil and 50 nl per well of 1.5 μM bar-
coded CELseq2 primers29,33. After sorting, plates were sealed with alu-
minium seals, spun at 2,000g for 1–2 min at 4 °C, and frozen at −80 °C 
until further processing. In brief, the volumes per step were adapted 
to 50 nl per well of Lysis mix, 75 nl per well of RT mix, 925 nl per well of 
Second Strand Synthesis mix, 250 nl per well of Proteinase K mix and 
150 nl per well of DpnI mix. Finally, 100 nl per well of barcoded DamID2 
adaptors33 were added to a final concentration of 25 nM and ligated 
with the addition of 400 nl per well of ligation mix to a cumulative final 
volume of 2,000 nl per well.

Library preparation
The content of all wells in a plate was pooled by centrifugation of the 
384-well plates on collection plates, transferred to Eppendorf tubes, 
and the aqueous phase was separated from the oil phase by a few rounds 
of centrifugation and transfers to clean tubes. Sample purification with 
beads followed, as described previously78, by incubation of the sample 
with 0.8 volumes of 1:10 diluted beads (CleanNGS; GC Biotech, CNGS-
0050) in bead-binding buffer (1 M NaCl, 20% PEG8000, 20 mM Tris-HCl, 
pH 8 and 1 mM EDTA), three washes with 80% ethanol and elusion with 
7 μl ultrapure nuclease-free water. The eluted sample was then in vitro 
transcribed at 37 °C for 14 h, using the MEGAScript T7 transcription 
kit (Invitrogen, AMB13345). For single-cell Dam&ChIC, the amplified 
RNA (aRNA) was purified using 0.8 volume beads, washed three times 
with 80% ethanol and eluted in 13 μl ultrapure nuclease-free water. The 
quality of the eluate was evaluated using the Agilent RNA 6000 Pico 
Assay and, if necessary, it was bead-purified again. For scDam&T-seq, 
upon first purification, the aRNA was fragmented with the addition of 
0.2 volume fragmentation buffer (500 mM potassium acetate, 150 mM 
magnesium acetate and 200 mM Tris acetate) at 94 °C for 90 s, and the 
reaction was stopped on ice and quenched with 0.1 volume 0.5 M EDTA, 
followed by another 0.8 volume bead cleanup. A maximum of 6 μl of 
100–200 ng aRNA was used for reverse transcription, followed by 8–11 
cycles of library PCR, depending on the amount of input aRNA, and the 
amplified material was purified twice, as described above, before final 
elution in 13 μl of ultrapure nuclease-free water. Libraries were quanti-
fied using the Qubit dsDNA High Sensitivity Assay and the Agilent High 
Sensitivity DNA Assay, and subsequently sequenced with single-end or 
paired-end sequencing on the Illumina NextSeq500 (75-bp reads) or 
the Illumina NextSeq2000 (100-bp reads).

Oligonucleotides
Oligonucleotides used for Dam&ChIC have been described previously33. 
DamID2 adaptor sequences can be found in Supplementary Table 1, as 
top and bottom oligonucleotides used for annealing. Random hexamer 
and library PCR primers can be found in Supplementary Table 2.

Data processing
Dam&ChIC data processing. Dam&ChIC data processing was largely 
based on the workflow and scripts described elsewhere29,33, but adapted 
to allow for computational separation of DamID and ChIC-derived 
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reads and further processing of ChIC reads. The key steps are described 
below (explanation and code are available on GitHub at https://github.
com/KindLab/DamChIC).

Raw data pre-processing. Reads were demultiplexed by comparing 
their sample barcode at the start of each read (R1 in case of paired-end 
sequenced libraries) conforming to the read layout of 5′-(3 nt UMI)
(8 nt barcode)TC(gDNA)−3′ for DamID and 5′-(3 nt UMI)(8 nt barcode)
WN(gDNA)-3′ for ChIC reads, to a reference list of barcodes and zero 
mismatches between the observed barcode and reference are allowed. 
Sample barcodes and UMIs were trimmed off the reads to retain only 
gDNA sequences. The UMI sequences were appended to the read name 
for downstream processing. Per sample barcode, DamID and ChIC 
reads remained mixed at this point.

Sequence alignments. The reads were aligned to a reference genome 
using bowtie2 (v.2.4.1) with parameters ‘--seed 42 --very-sensitive -N 1’.  
Before alignment, a ‘GA’ dinucleotide was prepended to the reads that 
was digested off DamID fragments during DpnI gDNA digestion. For 
human samples, reads were aligned to the reference genome hg19 
(GRCh37) and mouse samples to mm10 (GRCm38). For allele-specific 
processing for XCI experiments, data were aligned to reference 
genomes generated by imputing 129/Sv and CAST/EiJ single-nucleotide 
polymorphisms obtained from the Sanger Mouse Genomes project72 
onto the mm10 reference genome. The reads were assigned to either 
genotype by aligning reads to both references. Reads that aligned with 
lower edit distance (SAM tag ‘NM’) or higher alignment score (SAM 
tag ‘AS’) in case of equal edit distance to one of the genotypes were 
assigned to that genotype. Reads aligning with equal edit distance and 
alignment score to both genotypes were considered of ‘ambiguous’ 
genotype. Reads that yielded an alignment with mapping quality (BAM 
field ‘MAPQ’) lower than 10 were discarded.

In silico separation of DamID and ChIC reads. Reads were considered 
DamID in case of perfect alignment on genomic GATC motifs. Residual 
reads were considered ChIC and their original sequences (that is, with-
out prepended GA dinucleotide) were realigned using hisat2 (v.2.1.0) 
with parameters ‘--seed 42 --no-spliced-alignment --mp 2,0 --sp 4,0’. 
These ChIC-considered reads were further pruned given MNase’s 
strong adenine or thymidine-nucleotide cut preference (Extended Data 
Fig. 1c); only ChIC reads were kept that start with an ‘A’ or ‘T’ nucleotide. 
In addition, we observed that a larger fraction of ChIC reads (those that 
do not map on a genomic GATC motif) are ‘TC’-dinucleotide starting in 
Dam&ChIC libraries than in ChIC libraries (Extended Data Fig. 1d) and 
excluded TC-starting reads from Dam&ChIC-derived ChIC libraries.

PCR duplicate filtering. To exclude PCR read duplicates, both DamID and 
ChIC read counts were collapsed based on genomic position, strand 
and UMI sequence. In case of haploid KBM7 cells or allele-specific data 
processing, multiple reads with the same UMI counted as 1 and for 
diploid data processing, as 2. The number of observed unique UMIs 
was taken as the number of unique methylation events for DamID or 
unique MNase cut sites for ChIC.

Filtering of samples. To exclude single-cell samples from the analysis 
that failed we applied construct-specific cutoffs on UMI-unique reads 
for DamID: 1,000 for Dam and Dam–scFv-H3K27me3 and 5,000 for 
Dam–LMNB1. A general cutoff of 1,000 UMI-unique reads per sample 
was applied for ChIC. Samples in allele-specific analysis were included 
if ≥200 UMI-unique reads could be assigned to both parental alleles for 
DamID as well as ChIC-derived reads.

scDam&T-seq data processing. The scDam&T-seq data were pro-
cessed as before (explanation and code available on GitHub at https://
github.com/KindLab/scDamAndTools)33. For allele-specific processing, 

data were aligned to reference genomes generated by imputing 129/
Sv and CAST/EiJ single-nucleotide polymorphisms obtained from the 
Sanger Mouse Genomes project79 onto the mm10 reference genome. 
The reads were assigned to either genotype by aligning reads to both 
references. Reads that aligned with lower edit distance (SAM tag ‘NM’) 
or higher alignment score (SAM tag ‘AS’) in case of equal edit distance 
to one of the genotypes were assigned to that genotype. Reads aligning 
with equal edit distance and alignment score to both genotypes were 
considered of ‘ambiguous’ genotype. Reads that yielded an alignment 
with mapping quality (BAM field ‘MAPQ’) lower than 10 were discarded.

Filtering of samples. Single-cell samples for allele-specific analysis were 
included if ≥200 UMI-unique reads could be assigned to both parental 
alleles for DamID and ≥200 UMI-unique transcripts.

ChIP-seq data processing. External K562 ChIP-seq datasets were 
downloaded from the ENCODE database80. ChIP-seq reads were aligned 
using bowtie2 (v.2.4.1) with parameters ‘--seed 42 --very-sensitive 
-N 1’. ChIP-seq data were binned using the ‘bamCoverage’ func-
tion from DeepTools (v.3.3.2) with parameters ‘--ignoreDuplicates 
--minMappingQuality 10’. NarrowPeak calls were likewise downloaded 
from the ENCODE database from the corresponding ChIP-seq datasets.

Downstream analyses
Binning and calculation of OE values. DamID and ChIC data were 
binned using consecutive non-overlapping 100-kb bins. For gene-based 
analysis (Fig. 1c,d) data were binned at a higher resolution of 1 kb. To 
calculate OE values7,29, an ‘expected’ vector for DamID data was gener-
ated in silico by generating sequences of 65 nt (in both orientations) 
from the reference genome and aligning and processing them identi-
cally to the data. By binning the in silico-generated reads, the maximum 
amount of mappable unique events per bin was determined (Extended 
Data Fig. 1g, top). The expected for ChIC was generated experimentally 
by targeting pA-MNase to histone H3 (Extended Data Fig. 1g, bottom), 
unless stated otherwise.

Data binarization, contact frequency and combined single-cell 
heatmap. If specifically stated, data were binarized by setting a thresh-
old of log2(≥1) based on the bimodal distribution of OE values of 100-kb 
genomic bins (Extended Data Fig. 2a)7. The CF metric is used through-
out the manuscript and is defined by calculating the fraction of single 
cells that meet the binarization threshold for a given 100-kb bin7. The 
combined single-cell heatmap presented in Fig. 3c is determined by 
first binarizing the 100-kb binned data of both Dam&ChIC measure-
ments separately, resulting in two presence–absence m × n matrices; 
(1) DamID defined as Md = aij and (2) ChIC defined Mc = aij, where i is 
a cell and j a 100-kb bin. Both matrices are combined in one by simple 
summation as (Md + Mc) + Mc. In the resulting combined matrix 0 
denotes absence of both, 1 denotes the presence of only DamID, 2 
denotes the presence of only ChIC and 3 denotes the presence of both.

Dimensionality reduction on KBM7 Dam&ChIC data. The UMAP 
presented in Fig. 1f was computed by first calculating the first 50 prin-
cipal components (Python; sklearn v.1.0.2) on the RPKM normalized 
single-cell data binned at 100-kb resolution, on which UMAP (Python; 
umap v.0.5.2) was then run.

Single-cell LAD calling. Bulk LADs presented in Extended Data Fig. 1c 
are called by setting a threshold of log2(≥1) based on the bimodal dis-
tribution of OE values of 100-kb genomic bins Extended Data Fig. 1a7. 
Notably, LAD calls <300 kb were excluded and LAD calls intervened 
by ≤100 kb were combined into one. For single-cell LAD calling used 
for Fig. 2, LADs we first separately called on pseudobulk profiles of 
both Dam&ChIC readouts as described above. Only LADs that were 
identified by both readouts were kept for single-cell analysis (Extended 
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Data Fig. 2c). The resulting LAD co-ordinates were in each cell tested 
for having an average OE log2(≥1), if this requirement was met, the 
LAD was called in the given cell. This resulted in two LAD-based binary 
presence–absence matrices (1) DamID defined as Md = aij and (2) ChIC 
defined as Mc = aij, where i represents a cell and j represents a LAD.

Jaccard z-score normalization by matrix permutation. To compare the 
single-cell co-occurrence of DamID- and ChIC-identified LADs between 
different Dam&ChIC experiments and across LADs with different CFs, 
the Jaccard similarity index was computed, defined as JA,B = A⋂BA⋃B, 
where A represents the DamID and B the ChIC measurement from the 
same cell (Fig. 3b and Extended Data Figs. 2f and 3e). Two inherent prob-
lems are posed on this analysis that might introduce undesirable bias 
and ultimately unreliable comparison between different experiments 
or LADs: (1) typical sparsity of single-cell data results in non-uniformly 
distributed signal dropout and (2) binary similarity metrics can be sensi-
tive to site prominence that varies between different LADs, but which 
does not reflect true co-occurrence of DamID and ChIC signal. To solve 
both problems, we applied a previously described matrix randomization 
algorithm81, to permute the aforementioned presence–absence LAD 
matrix Mc n times (n = 100), without altering row and column totals. The 
resulting randomized matrices were used to compute Jaccard similarity 
with LAD matrix Md to serve for z-score normalization, which can be 
written as z = x − μ, where x is the similarity score of the observed, the 
mean similarity and the s.d. of the random controls.

Chromatin velocity. Chromatin velocity analysis presented in Figs. 2 
and 6 were performed using the scVelo Python package (v.0.2.5)37. An 
average OE value was calculated in the abovementioned LAD calls for 
each cell for both the Dam–LMNB1 and LMNB1 Dam&ChIC readout. The 
resulting Dam–LMNB1 matrix was provided to scVelo as the ‘spliced’ 
layer and the LMNB1 matrix as ‘unspliced’.

XCI dimensionality reduction and trajectory inference. Dimension-
ality reduction of the XCI analysis was performed with Seurat (v.4.1.0)82 
and Signac (v.1.3.0)83. The UMAP introduced in Fig. 5b is based on 
H3K27me3 signal on autosomal genes (5 kb upstream of TSS + gene 
body). Different batches (Dam&ChIC experiments) were integrated 
using Harmony (v.0.1.0)84. Pseudotime inference was performed using 
Monole3 (v.1.0.0)68.

z-score normalized cell cycle analysis on XCI data. The cell-cycle 
analysis on the XCI dataset presented in Fig. 6 is based on Hoechst 
staining of sorted cells, which reflects DNA content and therefore 
enables their categorization to the different cell cycle phases (G1, S or 
G2). However, these phases are not equally divided across single cells, 
as the majority of the cells in culture are in G1 phase (Extended Data 
Fig. 6e,g). To correct for this, we performed z-score normalization of 
the observed cell cycle distributions within k-nearest neighbours (k-NN; 
k = 100). For each neighbourhood, the observed cell cycle distribution 
was compared with n-times randomly sampled controls (n = 100). The 
z-score normalization was defined as follows, z = x − μ, where x is the cell 
cycle distribution of the observed, the mean similarity and the s.d. of the 
randomly sampled controls. The resulting score for each cell represents 
the cell cycle phase enrichment for the neighbourhood of that cell.

Definition of start- and end-point anchors in latent time ordering. 
For the analysis in Fig. 2h, the start and end point of LADs through latent 
time were determined as follows. All bins of each LAD were averaged 
over latent time, resulting in a one-dimensional vector containing 
LAD intensity as a function of latent time. These vectors were first 
smoothed using a Gaussian filter (sigma = 5) before the start increase 
and end decay were determined using a binary segmentation algorithm 
ruptures.Binseg85. From these single start and end points, 75 cells 
upstream and 10 cells downstream in latent time were averaged.

Simulating in silico data. To corroborate our interpretation of the 
temporal relationship between chromatin features in Fig. 5, in silico 
data were simulated and presented in Extended Data Fig. 5a–c. The in 
silico data were generated by an adapted function from scvelo.data-
sets.simulation37. In brief, the parameters for each reaction were 
randomly sampled from a log-normal distribution, and time events 
followed the Poisson law. Both the switch moment and noise levels 
were controlled. The adapted function is made available on GitHub at 
https://github.com/KindLab/DamChIC.

Definition of the inactive X chromosome. The Xi chromosome (Cast/
EiJ or 129/Sv allele) was determined based on one of the two measured 
features. In the case of Dam–LMNB1/H3K27me3 Dam&ChIC data the 
allele with the highest H3K27me3 signal was defined as the Xi. For 
Dam–LMNB1/H2AK119Ub Dam&ChIC, this was the allele with the high-
est H2AK119Ub signal. For both Dam–LMNB1/H3K9me3 and Dam–
LMNB1/LMNB1 Dam&ChIC data, this was the allele with the lowest 
Dam–LMNB1 signal. For all Dam&ChIC datasets that involved the Dam–
scFv-H3K27me3 DamID construct, the allele with the highest levels of 
H3K27me3 DamID signal was selected. Finally, for the scDam&T-seq 
dataset in Dam–LMNB1-expressing cells, the RNA expression levels 
of Xist were used.

Statistics and reproducibility
No statistical method was used to predetermine sample size. Cells of 
low quality were excluded as described in Methods. The experiments 
were not randomized and the investigators were not blinded to allo-
cation during experiments and outcome assessment. Each plate con-
tained cells of all experimental conditions to be compared, to ensure 
identical processing and minimize batch effects.

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

Data availability
All genomic and transcriptomic data generated in this study have been 
deposited at the Gene Expression Omnibus (GEO) under accession num-
ber GSE247458 and GSE288852. Previously published K562 ChIP-seq 
data that were used to benchmark Dam&ChIC data are available in the 
ENCODE database with numbers ENCSR668LDD (H3K4me3), ENCS-
R000EWB (H3K27me3) and ENCSR000APE (H3K9me3). Likewise, K562 
ATAC-seq data are available in the ENCODE database (ENCSR956DNB). 
The data of previously published single-cell multifactorial profiling 
methods that were used to compare to Dam&ChIC have been deposited 
under GEO under accession numbers GSE171554 (multi-CUT&Tag;12), 
GSE179756 (MulTI-Tag;13), GSE212588 (NTT-seq;15) and GSE198467 
(Nano-CT;14). Alu/SINE and L1/LINE annotations (Extended Data Fig. 3) 
were obtained from the RepeatMasker database (repeatmasker.org). 
Previously published CHART-seq data56 that were re-analysed here are 
available under GEO accession number GSE48649. Source data are 
provided with this paper.

Code availability
All custom code generated as part of this study have been deposited 
on GitHub at https://github.com/KindLab/DamChIC.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Benchmarking of Dam&ChIC data against state-of-the-
art methods. (a) Bioanalyzer plot showing the amount and size distribution of 
linearly-amplified RNA (aRNA), derived after in vitro transcription (see Methods). 
Dam&ChIC was performed to profile Dam-LMNB1 and H3K27me3, alongside 
respective control DamID-only and ChIC-only experiments. Each aRNA product 
was derived from a 384-well plate containing 380 cells, barcoded and pooled 
together prior to amplification. The samples were processed in parallel.  
(b) Comparison of the fraction of reads mapping on a genomic GATC motif 
(black) between Dam&ChIC, DamID-only and ChIC-only. (c) Violin plots showing 
a quantification of the first nucleotide of invalid DamID reads (that is, not 
mapping on genomic GATC motifs) for Dam&ChIC, DamID-only and ChIC-only. 
(d) Violin plot showing a quantification of the first two nucleotides of invalid 
DamID reads for Dam&ChIC, DamID-only and ChIC-only. (e) Distribution of 
the unique number of Dam-LMNB1 (left) or H3K27me3 (right) reads recovered 
per cell by DamID-only, ChIC-only or Dam&ChIC. (f) Comparison of unique 

number of reads obtained per cell between Dam&ChIC and other multifactorial 
chromatin profiling methods19–22. (g) Genomic distribution of in silico GATC 
mappability (top, black) and mappability of pA-MNase cut sites derived 
experimentally with ChIC against H3 (bottom, grey). (h) Heatmaps showing 
chromatin features profiled with Dam&ChIC, aligned over LADs (n = 815) that 
were previously defined in KBM7 cells29. Line plots indicate scaled averages of the 
heatmaps for each mapped chromatin feature. (i) Genomic tracks of in silico bulk 
Dam&ChIC profiles compared to corresponding ChIC-only datasets in KBM7 
cells and corresponding ENCODE (ENCODE 2012) ChIP-seq or ATAC-seq datasets 
in K562 cells. (j) Tornado plots depicting in silico bulk Dam&ChIC data aligned 
on ENCODE ChIP-seq or ATAC-seq peak coordinates in K562 cells. Peaks (rows) 
are ordered on the peak signal of the corresponding Dam&ChIC dataset (that is, 
ATAC-seq peaks are ordered on Dam DamID data, H3K4me3 peaks are ordered on 
H3K4me3 ChIC data and so on). Source numerical data is available in source data.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Genome–lamina interactions are differentially  
detected by DamID and ChIC. (a) Distribution of log-transformed observed  
over expected (OE) values of 100-Kb binned pseudobulk Dam&ChIC data.  
(b) Single-cell heatmaps showing log-transformed observed over expected (OE) 
LAD signal (see Methods) in 100-Kb genomic bins on chromosome 1 of either 
the DamID (top) or the ChIC (bottom) readout. Line plots represent Contact 
Frequency (CF) values. (c) Comparison of LAD Contact Frequency on depicted 
chromosomes between the DamID (green) and ChIC (magenta) measurement of 
Dam&ChIC. Signal detected by both DamID and ChIC is shown in white. LAD calls 
(see Methods) are shown below each track. (d) Five example single cells aligned 
and grouped for all bulk-based LADs according to their detection in the given 
cell by neither measurement (black), DamID (green), ChIC (magenta) or both 
(white). DamID (left) and ChIC (right) measurements are split, and respective CF 
values for each category are shown as line plots at the top, with a shared y axis 
running from 0 to 1. LAD signal is shown as log-transformed OE in 100-Kb bins. 
(e) Boxenplot of multiple quantiles of z-score normalized Jaccard similarity (see 

Methods) between the DamID and ChIC readouts from the same cell and any two 
random cells. Two-sided t-test with resulting p-values is designated. p = 0.0.  
(f) Phase portrait of LAD477 coloured by latent time inferred by scVelo37, 
describing dynamics of the LAD based on the ratio of Dam&ChIC LMNB1 data 
(DamID: x and ChIC: y axes). LAD states are depicted with larger dots according to 
the likelihood of being off (black), attaching to the lamina (magenta), on (white) 
or detaching from the lamina (green). (g) Single-cell heatmaps for LAD477, with 
the DamID (right) and ChIC (left) measurements split and single cells sorted 
according to LAD477-based latent time (leftmost bar). The middle bar at the left 
indicates the LAD state (see Methods). LAD signal is shown as log-transformed OE 
in 100-Kb bins. (h-j) Boxplot showing (h) H3K4me3 (p = 8.467e−15) (i) H3K27me3 
(p = 6.378e−05) and ( j) H3K9me3 (p = 1.699e−01) Contact Frequency (CF) values, 
quantified in 100-Kb genomic bins on anchor regions (that is LAD region where 
LAD starts attaching and is released; Methods) compared to the rest of the LAD. 
Two-sided t-test with resulting p-values are designated. Source numerical data is 
available in source data.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Technical Report https://doi.org/10.1038/s41556-025-01687-w

Extended Data Fig. 3 | Technical validations of the LAD inheritance data.  
(a) Hoechst-based DNA content distributions of the non-synchronized control 
and the synchronized in G2 and synchronized in G1 samples prior to sample 
mixing and single-cell sorting for Dam&ChIC (b) Single-cell sorting strategy (see 
Methods), including the used gates based on size, singlets, Hoechst staining and 
CellTrace stainings that were used for multiplexing. CellTrace Far Red is noted 
as CTFR. (c) Single-cell heatmaps and corresponding Contact Frequency (CF) 
quantifications, comparing G2 synchronized with G2 non-synchronized cells. 
(d) Z-score normalized Jaccard similarity between DamID and ChIC readouts 

within G2 cells, within G1 cells, and between random G1 cells, across different 
LAD size quantiles. (e) Scatter-plots for the recovery of frequency of inherited 
LADs (n = 516) against different (epi)genomic features. Y axis is the same across 
all plots. The black lines represent a linear regression fit with its 95% confidence 
interval in the shaded area. From left to right, the Pearson Correlation coefficient 
(ρ) are 0.03, −0.31, −0.23 and −0.08. P-values of two-sided testing for non-
correlation are 4.922e−01, 8.894e−13, 2.230e−07 and 7.100e−02. Source numerical 
data is available in source data.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Technical Report https://doi.org/10.1038/s41556-025-01687-w

Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Detaching regions rich in polycomb marks are 
interspersed by H3K9me3-rich anchors. (a) Violin plots with number of unique 
counts per cell and allele for all readouts obtained with Dam&ChIC during 
differentiation. (b) Observed over expected (OE) levels of H3K27me3 over the 
Hoxa gene cluster on Chromosome 6, divided by experimental time point.  
(c) Number of cells in each differentiation day for all categories defined in  
Fig. 4c. Undetermined cells have high levels of H3K27me3 on both alleles.  
(d) Contact Frequency (CF) values of H3K27me3 on either allele for cell 
categories defined in Fig. 4c, along the entire X chromosome. Y axes in CF 
plots run from 0 to 1. Single-cell heatmaps of the active (Xa) and inactive (Xi) X 
chromosome are shown for categories that undergo XCI, with respective cell 
numbers. Bottom bar shows calls of the anchors. (e) Scatter-plot of allelic  
Dam-LMNB1 levels per single cell in the Dam-LMNB1/H3K27me3 dataset.  
(f) Scatter-plot of allelic Dam-scFv-H3K27me3 levels per single cell in the 
Dam-scFv-H3K27me3/LMNB1 dataset. Dashed lines indicate the manually set 

threshold used to classify cells as no XCI, CAST/EiJ inactive, or 129S1/Sv inactive. 
(g) Similar to (c), based on Dam-scFc-H3K27me3/LMNB1 data. (h) CF values of 
LMNB1 on either allele for the cell categories defined in (f). Y axes run from 0 to 1. 
(i) CF values of LMNB1 and corresponding Dam-scFv-H3K27me3 values on either 
allele in the inactive state for cell categories defined in (f). Y axes run from 0 to 
1. (j) Scatter-plot of allelic H2AK119Ub levels per single cell in the Dam-LMNB1/
H2AK119Ub dataset. Dashed lines indicate manually set threshold used to classify 
cells like in (f). (k) Similar to (j) for the Dam-scFv-H3K27me3/H2AK119Ub dataset. 
(l) Similar to (d) for H2AK119Ub. Data derives from the Dam-LMNB1/H2AK119Ub 
dataset. (m) Hexbin plots of Dam-LMNB1 (x axis) and H3K27me3 (y axis) CF for all 
X chromosome bins. Each hexbin is a collection of X chromosome bins. Dashed 
lines indicate manually set thresholds used to classify regions as anchors (yellow 
box; bottom right quadrant). Colour projection on hexbins is average H3K9me3 
CF. (n) Similar to (h), for H3K9me3. Data derives from the Dam-LMNB1/H3K9me3 
dataset. Y axes run from 0 to 1. Source numerical data is available in source data.
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Extended Data Fig. 5 | Sequential chromatin remodelling during XCI.  
(a) Simulated single-cell H3K27me3 (top) and Dam-LMNB1 (bottom) values, with 
controlled onset of both dynamics to enable comparison of their relative timing. 
Values are generated by randomly sampling from a log-normal distribution 
and the onset of dynamics is simulated by randomly sampling from a Poisson 
distribution. Simulated time difference (Δt) is 0.2. (b) Scatter-plot of simulated 
Dam-LMNB1 (x axis) and H3K27me3 (y axis) values from (a). Cells are coloured 
according to simulated time. (c) Same as (b), with cells following and coloured 
according to progressive Δt values. (d) Scatter-plot of the average inactive X (Xi) 
Dam-scFv-H3K27me3 (x axis) and H2AK119Ub (y axis) observed over expected 
(OE) levels. Cells are coloured according to differentiation day. Distributions 
above and on the right show average density per day. Arrow is manually drawn 

based on directionality of cells over differentiation days. (e) Lineplot showing 
Dam-scFv-H3K27me3 & H2AK119Ub dynamics on the Xi over differentiation. 
Values plotted as average OE with the 95% confidence interval in the shaded area. 
(f) UMAP (n = 1427 cells) based on transcriptomic data of scDam&T-seq, coloured 
by differentiation day. (g) Scatter-plot of allelic Xist expression per single cell, 
coloured by differentiation day. (h) Number of cells in each differentiation day 
for all categories of cells based on allelic Xist expression in (g). (i) Same UMAP 
as in (f) coloured by Monocle3-inferred pseudotime. (j) Xist expression (top) 
and Dam-LMNB1 (bottom) levels (y axis) across pseudotime (x axis) over the Xi. 
Xist levels are represented as transcripts per million and Dam-LMNB1 levels as 
OE. Cells are coloured according to differentiation day. Source numerical data is 
available in source data.
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Extended Data Fig. 6 | Velocity-based ordering pinpoints detachment during 
XCI. (a) Distribution of cells from Vitamin C differentiation days across latent 
time defined in Fig. 6b. (b) Same UMAP as in (a), based on Dam-LMNB1 levels 
in 100-Kb-bins of the Xi, with streamlines representing chromatin velocities 
of randomly coupled Dam-LMNB1 and LMNB1 readouts per cell. (c) Single-cell 
heatmap, showing log-transformed LMNB1 observed over expected (OE) values 
on the entire inactivating X-chromosome, with cells ordered along the inferred 
latent time shown in (b). (d) Average Dam-LMNB1 (black) and LMNB1 (grey) OE 

levels of the inactive X chromosome along latent time. Gap marks the moment of 
highest genome–lamina dynamics on the Xi. (e) Example Hoechst profile of 380 
sorted single cells from the Dam-LMNB1/LMNB1 Vitamin C experiment, showing 
their DNA content and respective cell-cycle stage. (f) Same scatter-plot as in  
Fig. 6g with raw cell cycle-phase annotations determined based on Hoechst 
values. Cell-cycle data is available in Supplementary Table 3. Source numerical 
data is available in source data.
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