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Microscopy and genomics are used to characterize cell function, but approaches to connect the two types of information are
lacking, particularly at subnuclear resolution. Here, we describe expansion in situ genome sequencing (ExIGS), a technology
that enables sequencing of genomic DNA and superresolution localization of nuclear proteins in single cells. Applying ExIGS to
progeria-derived fibroblasts revealed that lamin abnormalities are linked to hotspots of aberrant chromatin regulation that
may erode cell identity. Lamin was found to generally repress transcription, suggesting variation in nuclear morphology may

affect gene regulation across tissues and aged cells. These results demonstrate that ExIGS may serve as a generalizable
platform to link nuclear abnormalities to gene regulation, offering insights into disease mechanisms.

Since the earliest advancements in microscopy, scientists
have identified cells by size, shape, structure, and the appear-
ance of organelles. The morphology of the nucleus is espe-
cially important in pathology, as abnormalities in nuclear
shape or chromatin texture are routinely used to diagnose
cancer and hematologic disorders (7, 2). In contrast, with the
advent of single-cell sequencing, many now define cell types
and states using epigenomic, transcriptomic, and proteomic
measurements. Yet for many diseases, the connections be-
tween established phenotypic markers and these diverse -om-
ics measurements are not well understood. In recent years,
emerging spatial genomics methods have begun to connect
microscopy and sequencing modalities, revealing the varied
organization of cells within tissues (3, 4). While the majority
of these approaches focus on measuring transcriptomes at
cell resolution, we currently lack methods to connect nuclear
abnormalities to changes in genome organization across dis-
ease contexts.

The spatial organization of the genome within the nucleus
is central to gene regulation (5, 6), maintenance of genome
integrity (7), and the cell cycle (8). For cells in the human
body to carry out specialized functions, euchromatin localizes
to transcriptional hubs, while heterochromatin associates
with landmarks like the nuclear lamina for repression and
protection from DNA damage (9). These functional interac-
tions generally take place at nanometer scale, and disrup-
tions to this precise localization have been implicated in
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aging and disease phenotypes (10, 11). While it seems likely
that nuclear abnormalities observed across disease contexts
may disrupt spatial genome organization, current ap-
proaches are limited in their ability to simultaneously meas-
ure both modalities. Optical superresolution and electron
microscopy techniques to visualize DNA packing (12-18) and
epigenetic domains (19) at nanoscale reveal general organiz-
ing principles, but lack the ability to identify genomic loca-
tions. In contrast, emerging whole-genome imaging methods
based on DNA FISH measure genomic regions and protein
localization (20-24), but are constrained in quantifying DNA-
protein interactions by probe targeting restrictions and the
diffraction limit of optical microscopy.

We previously developed in situ genome sequencing (IGS)
(25), a method for sequencing genomic DNA within intact nu-
clei. IGS combines advantages of microscopy and sequencing
approaches - like microscopy, it provides direct 3D localiza-
tion and is compatible with multiplexed protein imaging; like
sequencing, it provides genome-wide measurements. How-
ever, the spatial resolution of IGS is subject to the optical dif-
fraction limit, whereas the genomic resolution is constrained
by the amount of amplified DNA that fits within the nucleus.
To overcome these limitations, we sought to combine IGS
with expansion microscopy (ExM) (26). In ExM, samples are
embedded in a polyacrylate gel and uniformly expanded, al-
lowing for superresolution imaging using a diffraction-lim-
ited microscope. While prior methods have used expansion
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for chromatin imaging (27, 28) and in situ detection of RNA
(29, 30), here we develop an approach to simultaneously se-
quence genomic DNA and image nuclear features at na-
noscale resolution.

Expansion in situ genome sequencing

Here, we present expansion in situ genome sequencing (Ex-
1GS), a technology for measuring the organization of chroma-
tin within single nuclei at enhanced genomic and spatial
resolution. ExXIGS integrates and builds upon in situ genome
sequencing (IGS) (25) and expansion microscopy (ExM) (26)
to enable sequencing of genomic DNA and superresolution
immunofluorescence (IF) imaging directly within expanded
samples. In developing this protocol, we incorporated strate-
gies from ExM protocols that achieve higher expansion fac-
tors (31, 32), while also developing new innovations for
linking genomic DNA to the gel and optimizing sequencing
enzymatics. The resulting workflow for ExXIGS consists of
three phases: 1) expansion library construction and IF, 2) in
situ and ex situ sequencing, and 3) computational multi-
modal integration.

In Phase 1, we link transposed genomic DNA and proteins
to a polyacrylate gel for imaging and subsequent sequencing
in expanded samples. We first fix cells and perform a mild
acidic treatment to make chromatin accessible for whole-ge-
nome coverage (33). We then use Tn5 transposase to inte-
grate sequencing adapters into the genome, creating DNA
fragments in their native spatial positions (34) (Fig. 1A, i).
Next, we circularize these fragments by ligating DNA hairpin
adapters with unique molecular identifiers (UMIs), followed
by immunostaining of proteins (Fig. 14, ii). To preserve the
relative spatial locations of genomic DNA and proteins dur-
ing expansion, we developed an approach where we add DNA
oligo hooks complementary to the DNA hairpin containing
5' acrydite and 3' amine groups. We then perform a chemi-
cal treatment to convert all amines (in both hooks and pro-
teins) to acydite groups that co-polymerize with the gel to
anchor both DNA and proteins in place (Fig. 1A, iii). We then
digest, expand, and re-embed the samples in a secondary gel,
followed by superresolution IF imaging (Fig. 1A, iv). After IF
imaging, we passivate the gel to neutralize its charge and en-
able enzyme Kinetics. Subsequently, we carry out rolling cir-
cle amplification (RCA) to generate clonal DNA amplicons for
in situ sequencing in Phase 2. (Fig. 1A, v).

In Phase 2, we reuse the bi-modal sequencing strategy
from IGS (25), in which we read out 3D locations and UMI
barcodes in situ, while acquiring genomic DNA sequences
and UMI barcodes “ex situ” from an Illumina sequencer. To
sequence over 20 bases in an expanded gel, we developed an
optimized in situ sequencing-by-synthesis (SBS) protocol (35)
(Fig. 1B) with synergistic innovations in gel porosity for in-
creased enzymatic diffusion (fig. S1), a split barcode design to
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minimize signal decay (fig. S2), and computational correction
of spectral bleed-through and molecular phasing (fig. S3). We
then perform in situ PCR amplification of fragments and ex
situ paired-end sequencing of genomic DNA and UMIs (Fig.
1C).

In Phase 3, we computationally integrate in situ and ex
situ sequencing data, superresolution imaging of nuclear pro-
teins, and expansion factor quantification. We first identify
in situ 3D amplicons (fig. S4) and match them to ex situ
paired-end sequencing reads via their UMIs (Fig. 1D and see
the materials and methods), resulting in spatially-resolved
genomic reads (Fig. 1E). To integrate these reads with the su-
perresolution imaging, we register and segment images for
each protein and calculate the nearest distance to every ge-
nomic read (Fig. 1F and fig. S5). Lastly, we scale all observed
spatial distances between reads and proteins by the expan-
sion factor, which is calculated by computationally aligning a
low-resolution image of the sample before and after expan-
sion (Fig. 1G and fig. S6). Throughout this workflow, nuclei
are filtered based on quality control metrics for expansion IF,
in situ sequencing, and computational matching (table S1 and
see the materials and methods). Collectively, these three
phases of the ExIGS workflow enable linking of genomic DNA
and proteins, superresolution imaging, bi-modal sequencing,
and computational data integration in expanded nuclei.

Validation of EXIGS

We first sought to validate that ExIGS preserves 3D nuclear
structure and provides enhanced genomic and spatial resolu-
tion compared to methods without expansion. We adapted
the gel chemistry from Magnify (31), which has been shown
to produce a mechanically stable gel with higher expansion
factors and minimal distortion. Since the genome is a poly-
mer, we reasoned that transposing genomic fragments prior
to expansion would prevent shearing of chromosomes during
expansion. By comparing transposed nuclei before and after
expansion, we observed that expansion was isotropic, with an
expansion factor between 4.5 and 5.5 in all samples (fig. S6).
Furthermore, we observed that DNA amplicons were pre-
dominantly found within the nucleus and formed a sharp
edge at the nuclear boundary.

To assess genomic resolution, we generated ExIGS data
from 63 skin fibroblasts (table S2) and compared it to pub-
lished IGS data of 106 skin fibroblasts (25) (PGP1). We ob-
served that ExXIGS increased the median number of reads per
nucleus from 328 + 114 in unexpanded fibroblasts to 4,875 +
1,425 in expanded fibroblasts, an increase of over 10-fold (Fig.
1H). As expected, reads from each chromosome occupied dis-
tinct spatial territories in the nucleus (36) (fig. S7). To further
validate that ExXIGS preserves 3D genome structure, we clus-
tered reads into homologous chromosomes (see the materials
and methods) and saw that the average pairwise distances
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between genomic regions strongly resembled Hi-C data (fig.
S8). Lastly, we quantified genomic fragment resolution (25-
400 bp), transcription start site (TSS) enrichment scores, and
evenness of whole-genome coverage (fig. S9), and found that
they were similar to that of IGS.

To evaluate our ability to co-localize DNA and proteins
using expansion, we generated ExIGS data from 109 IMR-90
fibroblasts (table S3), a commonly-used cell line in epigenet-
ics and genome structure studies (37). These data were paired
with expansion IF imaging of Lamin A/C, H3K9me3 (consti-
tutive heterochromatin), and SC35 (nuclear speckles). To
quantify spatial resolution, we calculated full width at half
maximum (FWHM) values for DNA amplicons and the nu-
clear lamina with and without expansion, which revealed a
substantial improvement for the IF (222 nm with vs. 561 nm
without; fig. S10). We also located ExIGS reads relative to
each protein stain (fig. S5 and see the materials and meth-
ods); notably, 33.6% of distances were smaller than 200 nm,
a lower estimate of the optical diffraction barrier (38). To val-
idate the accuracy of protein-DNA contacts, we calculated
Lamin A/C, H3K9me3, and SC35 contact frequencies (< 200
nm) for non-overlapping 500 kb genomic bins and compared
it to bulk IMR-90 ATAC-seq (Fig. 1I). Across the genome, we
found that nuclear speckle contact frequency was correlated
with chromatin accessibility (o = 0.31), whereas nuclear lam-
ina and H3K9me3 contact frequencies were correlated with
inaccessibility (o = 0.42 and 0.21). We also show that ExIGS
enables measurement of DNA-protein associations at higher
genomic resolution (up to 10 kb) across a greater proportion
of the genome compared to diffraction-limited IGS or DNA
FISH-based methods (fig. S11). Collectively, these analyses
demonstrate that integration of untargeted 3D genome se-
quencing and expansion can greatly enhance the genomic
and spatial resolution of DNA and protein measurements.

ExXIGS connects morphological variation and spatial
chromatin organization

One of the main regulatory features of chromatin organiza-
tion is the nuclear lamina, a meshwork of architectural A-
and B-type lamin proteins that resides at the periphery of the
nucleus (39-41I). Lamin proteins not only maintain the struc-
tural integrity of the nucleus (41), but also play a functional
role in transcriptional silencing(43, 44), with prior work
demonstrating that synthetically tethering a genomic locus
to the nuclear lamina represses most nearby genes (42-46).
While most commonly associated with peripheral hetero-
chromatin, there is emerging evidence that lamins may also
localize to the nuclear interior (47, 48) and interact with eu-
chromatin (49-51). However, these interactions have been
difficult to characterize with genomic techniques such as
ChIP-seq or DamID that do not distinguish between periph-
eral and internal lamin (52).
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These difficulties are particularly relevant to the study of
laminopathies (53), a group of rare genetic disorders that in-
cludes Hutchinson-Gilford progeria syndrome (HGPS, hence-
forth progeria). Progeria presents as accelerated aging in
children due to a mutation in the Lamin A/C gene that pro-
duces an abnormal form of the protein known as Progerin
(64). In cell culture models of progeria, microscopy ap-
proaches have demonstrated that the gradual accumulation
of Progerin results in morphological abnormalities, including
nuclear invaginations that extend into the nuclear interior
(65). These abnormalities are associated with decreases in
levels of Lamin B1 (55, 56) with Progerin hypothesized to act
in a dominant negative fashion (57). Relatedly, genomics
methods have shown that progeria cells exhibit progressive
disruption of epigenetic domains (58-63) and genome struc-
ture (59, 64). Though more prominent in progeria, many of
these hallmarks, including Progerin, morphological abnor-
malities and loss of Lamin B1, have also been observed in nor-
mal aging contexts (65-68). Given this broad relevance and
the unique capabilities of EXIGS to co-localize genomic DNA
and nuclear proteins at nanoscale, we decided to use progeria
fibroblasts as a model system to directly connect morpholog-
ical variation to spatial chromatin organization within indi-
vidual cells.

We performed ExIGS and expansion IF imaging of Lamin
A/C on 196 nuclei from a progeria skin fibroblast cell line at
passage 19, 22, and 25 (n = 64, 134, and 100; table S4). As a
control, we used the skin fibroblasts previously examined for
validation of genomic resolution (n = 63). Inspection of the
Lamin A/C images corroborated that the frequency of lamin
abnormalities increased with passage (55) (Fig. 2A). While
lamins in control fibroblasts were generally located in a uni-
form layer at the nuclear periphery (Fig. 2B, left); progeria
fibroblasts exhibited distorted nuclear shapes, peripheral
lamin thickening, and invaginations reaching into the nu-
clear interior (Fig. 2C, left). We next turned to the paired Ex-
IGS sequencing data to examine how these lamin
abnormalities affect chromosome organization. Chromo-
somes in both control and progeria fibroblasts organized into
territories (Fig. 2, B and C, right), but their 3D paths through
the nucleus varied based on the lamin environment. In con-
trol fibroblasts, chromosomes often traversed both the nu-
clear interior and periphery (Fig. 2D), whereas in progeria
fibroblasts, chromosomes more closely followed the contours
of the inner lamin topology (Fig. 2E and fig. S12). These com-
bined visualizations highlight the unique observations ena-
bled by combining spatial genomics and superresolution
imaging in the same cell.

To move beyond visualization, we developed an image
analysis workflow to systematically quantify lamin abnormal-
ities across cells. The workflow classifies nuclear regions oc-
cupied by Lamin A/C as either peripheral or internal (>600
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nm from nuclear boundary), then uses these classifications to
calculate two metrics: the percentage of each nucleus occu-
pied by 1) total lamin and 2) internal lamin (Fig. 2F, fig. S13,
table S5, and see the materials and methods). When we ap-
plied this workflow to every progeria fibroblast, we observed
that both percentages generally increased with cell passage,
but exhibited a wide spread, indicative of variation in periph-
eral lamin thickening and internal lamin (Fig. 2G). We also
observed that control fibroblasts displayed lower lamin per-
centages, and validated that we could recapitulate the in-
crease in lamin abundance using non-expansion imaging,
albeit at lower spatial resolution (fig. S14). To determine if
this increase is mediated by wild-type Lamin A/C or Progerin
(which are both detected by the Lamin A/C antibody), we per-
formed expansion IF imaging of Lamin A/C, Progerin, and
Lamin B1 on matched passages (see the materials and meth-
ods). We confirmed that the Progerin-specific stain was
nearly identical to that of Lamin A/C, while Lamin B1 de-
creases with passage (fig. S15), corroborating reports that
Progerin dominates the structure of the lamin meshwork
(67). Together, these results demonstrate that EXIGS can cap-
ture morphological variation at high resolution across single
cells.

We next sought to quantify how lamin abnormalities af-
fect specific regions of the genome. We observed that 98.3%
of 500 kb genomic bins were closer on average to lamin in
progeria fibroblasts than in controls. We then performed
bulk ATAC-seq on control and passage 22 progeria fibroblasts
and saw that changes in average distance were correlated
with changes in chromatin accessibility (r = 0.31; fig. S16).
This suggests that regions with increased proximity to the
lamin in progeria fibroblasts generally became more re-
pressed. We then examined these trends at single-cell resolu-
tion, ordering all control and progeria fibroblasts by lamin
percentage (Fig. 2H). Across all cells, we saw that many re-
gions localized away from the lamin in control cells, but grad-
ually gained lamin proximity in progeria fibroblasts. When
we performed principal component analysis on single-cell
lamin distances (see the materials and methods), we found
that per-cell principal component 1 (PC1) scores correlated
with lamin percentage (r = 0.46), while PC1 loadings corre-
lated with ATAC-seq tracks of control fibroblasts (r = 0.64).
Though most progeria studies focus on loss of heterochroma-
tin (568-63), these findings suggest that increased proximity
of lamin to euchromatin is a major axis of single-cell varia-
tion, with concomitant changes in chromatin accessibility.

EXIGS reveals local hotspots of disrupted euchromatin
organization

One strength of single-cell genomics methods is that they can
distinguish between a population of cells in an intermediate
state versus a mixture of distinct states. In a similar vein,
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imaging methods can distinguish between global changes
that affect the whole cell versus local changes in subcellular
neighborhoods. Given our observations that nuclear abnor-
malities generally disrupt chromatin organization in progeria
fibroblasts, we hypothesized that this could occur in two dis-
tinct ways inside the nucleus: 1) lamin abnormalities cause a
global decay of active and inactive chromatin compartmen-
talization, resulting in aberrant lamin-chromatin contacts all
throughout the nucleus, or 2) lamin abnormalities disrupt
chromatin organization at local hotspots, but leave compart-
mentalization in the rest of the nucleus relatively undis-
turbed.

To distinguish between the “global decay” and “local
hotspot” models, we devised a metric to quantify normal
chromatin organization in micron-scale neighborhoods. In
normal cells, chromatin activity is strongly associated with
spatial location, with active regions typically localizing to the
nuclear interior and inactive regions localizing to lamin at
the nuclear periphery. Therefore, we reasoned we could use
bulk ATAC-seq of control fibroblasts to annotate ExIGS reads
based on their canonical chromatin activity in normal cells
(euchromatin or heterochromatin). These annotations allow
us to identify regions with disrupted spatial associations in
progeria, though we note that they do not necessarily reflect
the region’s current functional state in progeria cells.

For each nucleus, we defined a set of spatial neighbor-
hoods containing all ExIGS reads within a 2 micron radius
(Fig. 3A), then calculated the correlation between distance to
lamin (Fig. 3B, left) and normal chromatin activity (Fig. 3B,
middle), measured via ATAC-seq of control fibroblasts) for
each neighborhood. In “organized” neighborhoods with pos-
itive correlations, lamin is in closer proximity to heterochro-
matin, whereas in “disrupted” neighborhoods with negative
correlations, lamin is closer to euchromatin (Fig. 3B, right).
We reasoned that if the global decay model was true, most
neighborhoods would have correlations around zero, i.e.
lamin would have no preference for heterochromatin or eu-
chromatin. In contrast, if the local hotspot model was true,
we would observe both strongly organized and strongly dis-
rupted neighborhoods.

When we calculated all neighborhood correlations for a
passage 22 progeria fibroblast, we observed many organized
neighborhoods throughout the cell (80.9%), with a few con-
centrated hotspots of disrupted neighborhoods (Fig. 3C). For
comparison, we performed the same analysis for a control fi-
broblast (Fig. 3D) and a passage 25 progeria fibroblast with
substantial internal lamin (Fig. 3E). We found that the con-
trol fibroblast had organized neighborhoods throughout
(100%), while the passage 25 fibroblast had fewer organized
neighborhoods (61.2%) and a higher incidence of disruption
hotspots. When we calculated the distributions for all cells
and sorted by lamin percentage, we observed that the
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distribution mean gradually shifted toward zero (Fig. 3F).
However, even the most abnormal progeria fibroblasts con-
tained some organized neighborhoods, suggesting that chro-
matin organization does not globally decay, but rather that
disruption is concentrated in local hotspots. We note that this
analysis lets us identify disruption hotspots within individual
cells, but cannot quantify the extent to which regions in these
hotspots are transcriptionally silenced.

We next sought to quantify the relationship between local
disruption hotspots and the accumulation of lamin abnor-
malities. When we plotted all cells by mean neighborhood
correlation and lamin percentage (Fig. 3G, top), we observed
a strong negative correlation (r = -0.52), corroborating that
progeria fibroblasts with more lamin generally exhibit
weaker chromatin organization. We also observed a similar
correlation between these mean correlations and percent in-
ternal lamin (Fig. 3G, bottom), suggesting this disruption
might be linked to internal lamin structures that extend into
canonical euchromatic regions of the nucleus. Given this as-
sociation, we next asked if disruption hotspots were more
likely to be found next to internal lamin. Overall, we observed
that reads within hotspots were not more likely to touch in-
ternal lamin than those outside of hotspots (13.8% vs. 15.3%),
nor were neighborhoods touching internal lamin more likely
to be disrupted (fig. S17). This suggests that while the pres-
ence of lamin abnormalities is associated with increased fre-
quency of disrupted neighborhoods, they do not uniformly
cause chromatin disruption.

Lastly, we sought to characterize if hotspots show a pref-
erence for specific genomic regions. We quantified the per-
centage of reads in each 500 kKb genomic bin that fell within
a hotspot and observed that hotspots were evenly distributed,
with 95% of bins displaying percentages between 3.2% and
9.9% (fig. S18). Despite the lack of genomic preferences, we
hypothesized that random disruptions to euchromatin organ-
ization could still adversely affect cell function. To test this,
we performed GREAT enrichment analysis (69) on all hotspot
reads that fell within accessible regions and observed that the
most enriched GO cellular components were “actin cytoskel-
eton”, “anchoring junction”, “focal adhesion”, and other
terms associated with cell-to-cell communication and the ex-
tracellular matrix (table S6). The increased proximity of fi-
broblast-related components to lamin may also increase their
likelihood of aberrant repression, and we hypothesize that
this may mediate dysfunctional fibroblast phenotypes ob-
served in progeria, including increased cytoskeletal stiffness
and polarity defects (70, 7I). More broadly, we posit that
lamin abnormalities do not display an intrinsic preference for
specific genomic regions, but affect the chromatin organiza-
tion in the nuclear interior, where they are more likely to dis-
rupt genes that are canonically active in a given cell type.
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Lamin abnormalities are associated with repression
and present in tissues and aging

Given our observations of aberrant chromatin organization
in progeria fibroblasts, we next sought to determine if these
disruptions affect transcription. While lamin proximity is
generally associated with transcriptional repression (42-46),
it is unclear whether lamin abnormalities maintain this asso-
ciation, particularly for internal lamin structures within the
nucleus (49-51). Thus, to quantify transcriptional activity at
lamin abnormalities, we performed expansion IF imaging of
Lamin A/C and serine-5 phosphorylated RNA polymerase 11
(Pol II Ser5P, which marks transcriptional initiation) in con-
trol fibroblasts (Fig. 4A) and progeria fibroblasts from
matched passages (19, 22, and 25; Fig. 4D). With the na-
noscale resolution provided by expansion, we observed a uni-
versal depletion of Pol II foci near lamin, whether internal or
peripheral (Fig. 4, B and E). In control fibroblasts, the density
of Pol II foci was low close to lamin (< 200 nm) and gradually
increased with distance (Fig. 4C). The same was true of pro-
geria fibroblasts, regardless of whether Pol II foci were near
peripheral or internal lamin (Fig. 4F and see the materials
and methods). This indicates that lamin abnormalities are
also associated with transcriptional repression, and suggests
that the co-localization of lamin and canonically active chro-
matin observed in our ExIGS data may be linked to stochastic
repression of gene programs important to cell identity.

We next sought to determine if similar lamin variation ex-
ists and affects gene regulation within non-progeria contexts.
Though progeria is an extreme phenotype, there is some evi-
dence that lamin abnormalities may be present to varying ex-
tents in tissues (65) and natural aging (66, 72). Since patients
with progeria commonly develop cardiovascular disease (73),
we decided to first focus on lamin variation between and
within cell types in the heart. We performed expansion IF im-
aging of Pol II Ser5P, Lamin A/C, and pericentriolar material
1 (PCM1, a cardiomyocyte marker) on mouse heart tissues
(Fig. 4G) and observed that cardiomyocytes (PCM1+ cells;
Fig. 4H, left) and non-cardiomyocytes (PCM1- cells; Fig. 41,
left) exhibited diverse nuclear morphologies, including prom-
inent internal lamin folds (Fig. 4, H and I, right). When we
systematically quantified these morphologies, we observed
similar levels of lamin variation compared to passaged pro-
geria fibroblasts (Fig. 4J) and Pol II Ser5P depletion near both
peripheral and internal lamin (Fig. 4K). Collectively, these re-
sults suggest that lamin variation is prevalent in tissues and
may be linked to transcriptional heterogeneity within a cell
type.

We next hypothesized that the abundance and spatial or-
ganization of lamin may be an important regulatory mecha-
nism of transcriptional heterogeneity. Given our findings
that Pol II foci are depleted in a 200 nm zone surrounding
lamin, we leveraged our superresolution imaging to calculate
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the percentage of each nucleus within this “repressive zone”.
In an elliptical control fibroblast, only 35% of the nuclear vol-
ume fell within the repressive zone (Fig. 4L, left), compared
to 64% in a progeria fibroblast (Fig. 4L, middle left) and 66%
in a mouse cardiomyocyte containing internal lamin folds
(with an adjusted 150 nm threshold; Fig. 4L, right). Struck by
these differences, we decided to ask if lamin variation poten-
tially contributes to transcriptional heterogeneity in aging
(74, 75) by imaging a skin fibroblast cell line derived from a
92-year-old donor. As previously observed in cells from older
individuals (65, 66, 72), we observed substantial lamin abnor-
malities (fig. S19), including internal lamin structures and ab-
normal nuclei that increase repressive volume (Fig. 4L,
middle right). When we calculated repressive volume per-
centage for all cells, we observed that old fibroblasts (mean =
51.2%) mostly fell between control (mean = 46.7%) and pas-
sage 25 progeria fibroblasts (mean = 65.8%; Fig. 4M), suggest-
ing that lamin variability may lead to cellular heterogeneity
and transcriptional repression in aging.

Collectively, these results offer a model of how nuclear ab-
normalities may disrupt gene regulation in aging. In normal
fibroblasts, lamins form a uniform layer along the nuclear pe-
riphery that is primarily associated with silenced heterochro-
matin (Fig. 4N, left). However, in models of accelerated aging,
lamin gradually accumulates over passaging, which eventu-
ally manifests in nuclear abnormalities such as irregular
shape, thickening of the peripheral lamina, and internal
lamin structures (Fig. 4N, right). As these abnormalities
worsen, they become more likely to co-localize with canoni-
cally active chromatin in local hotspots of the nucleus. Given
that lamin is predominately repressive, we hypothesize that
chromatin within these hotspots may be aberrantly silenced,
heterogeneously disrupting gene programs important to cell
function. However, further studies are needed to directly con-
nect lamin abnormalities to aberrant chromatin silencing
and its associated transcriptional consequences across aging
contexts.

Discussion
In this work, we describe ExIGS, an approach to unify in situ
sequencing of genomic DNA and superresolution imaging of
proteins. To demonstrate these abilities, we used progeria fi-
broblasts as a model system to directly connect morphologi-
cal variability to spatial chromatin disruption in individual
cells. In this system, we found that lamin abnormalities are
linked to hotspots of aberrant chromatin repression that may
disrupt fibroblast activity. Finally, with expansion imaging,
we showed that lamin is generally repressive and is morpho-
logically variable across aging cells and tissues. We envision
that future studies will reveal how generalizable these obser-
vations are across diverse contexts and individuals.

Based on these collective findings, we posit that lamin
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abundance and organization may be underappreciated fac-
tors in transcriptional control and cellular heterogeneity. As
we showed in cardiac cells, nuclear morphology is extremely
diverse within tissues, and nuclei with increased lamin sur-
face area may exist in more repressed states. Repression is
crucial in development as cells differentiate and narrow their
range of fates, but has also been observed in aging contexts
like senescence, possibly as an adaptation mechanism to pre-
vent aberrant transcription (76). This idea is particularly in-
triguing in light of recent studies suggesting that internal
lamin structures form as a response to DNA damage (77),
which may explain how cellular stress triggers repression.
Collectively, these observations may even help explain the
mechanisms underlying the decay of epigenetic information
(78) and the increase in transcriptional variability (74, 79) re-
ported across aging contexts. To this point, we performed in
situ library construction in rat cardiomyocytes and mouse
small intestine tissue (fig. S20) to demonstrate applicability
across cell and tissue types and highlight that ExIGS can be
readily adapted to new species without custom probe design.
In summary, we envision that ExIGS will serve as a launching
point for a new generation of spatial methods that connect
superresolution imaging phenotypes to diverse genomic
readouts.

Materials and methods

Cell culture

Human skin fibroblast cell lines (AG08468, AG09602) and
Hutchinson-Gilford progeria syndrome cell lines (AG01972)
were obtained from the Coriell Institute, while a human lung
fibroblast cell line (IMR-90) was procured from ATCC (CCL-
186). All cell lines were cultured in Eagle's Minimum Essen-
tial Medium (ATCC #30-2003) supplemented with non-essen-
tial amino acids, L-glutamine, 15% fetal bovine serum (FBS,
Avantor #89510-186), and 1x Penicillin-Streptomycin (Hy-
clone #SV30010) at 37°C in a 5% CO,. For ExIGS and immu-
nofluorescence assays, approximately 5,000 cells were seeded
onto ethanol-sterilized 40 mm coverslips (Bioptechs #4.0-
1313-0319) within silicone gaskets (Grace Bio-Labs #621301)
and allowed to adhere for 24 hours.

Mice

Male wild type C57BL/6 mice were purchased from Jackson
Laboratories. Mice were housed in an Association for Assess-
ment and Accreditation of Laboratory Animal Care
(AAALAC) approved animal facility at Harvard University. All
experimental procedures were performed in accordance with
Institutional Animal Care and Use Committee (IACUC)
guidelines. During tissue harvest, the heart was collected and
freshly embedded in OCT blocks from a 9 week old male
mouse.
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In situ library construction in expansion gels
Cell fixation and permeabilization: Cells (AG08468, AG01972)
were washed twice with 1X Phosphate-buffered saline (PBS,
Cytiva #SH30256.02) for 5 min each, fixed with 4% methanol-
free paraformaldehyde (Biotium #22023), in PBS for 10 min
at room temperature and quenched with 100 mM Tris pH 8
(Corning #46-031-CM) in PBS for 10 min with gentle shaking.
Following three 5 min washes with 1X PBS, cells were perme-
abilized with 0.5% Triton X-100 (Sigma-Aldrich #X100-
100ML) in PBS for 10 min and washed three times with 1X
PBS for 5 min. Cells were then treated with 0.1 N HCI for 10
min and washed three more times with 1X PBS for 5 min
each. Next, cells were stained with 1 ug/mL of DAPI (Invitro-
gen # D1306) in PBS for 10 min, washed with 1X PBST (Boston
BioProducts #BB-170X) for 5 min three times, and a 10 by 10
image montage was taken using a 10x objective and 1x zoom
with a 2 um z-step to identify nuclei prior to expansion.

Adapter annealing: Adapter oligos (Ad1 and Ad2) and mo-
saic end complement oligo (ME) (table S7) were resuspended
at 100 uM in nuclease-free water. Adapters were annealed
separately with ME (25 uM each of Adl and Ad2 adapters, 50
uM ME, 10 mM Tris pH 8, and 50 mM NaCl) using a thermal
ramp from 95°C to 25°C over 1 hour in a thermocycler. An-
nealed adapters were mixed with glycerol (1:1) and stored at
-20°C.

Tn5 loading and tagmentation: To load the Tn5 enzyme, 1
uL of Tn5 was mixed with 1 uL of annealed adapters and 2
uL of Tn5 loading buffer (50 mM Tris-HCI pH 8, 100 mM
NaCl, 0.1 mM EDTA, 0.1% NP-40, 1 mM DTT, and 50% glyc-
erol), and incubated at room temperature for 30 min. 2X high
salt tagmentation was prepared (66 mM Tris acetate, 132 mM
potassium acetate, and 33% DMF, excluding Mg-acetate). We
performed two rounds of tagmentation to enhance efficiency.
In the first round, cells were incubated in a tagmentation mix
(50 uL 2x High Salt Buffer, 5 uL. Loaded Tn5, 1 uL PIC, 44 uL
nuclease free water) for 1-3 hours at 4°C. The tagmentation
reaction was initiated by adding Mg-acetate (Sigma #63052)
to a final concentration of 10 mM and incubating cells at 37°C
in a humidified box for 1 hour. Following the first tagmenta-
tion, cells were washed three times for 10 min each with Tn5
wash buffer (50 mM EDTA, 0.01% SDS in 1X PBS) at 45°C,
followed by two washes with 1X PBST for 5 min each. For the
second tagmentation, the cells were pre-incubated with tag-
mentation mix lacking Mg-acetate for 3 hours at 4°C, fol-
lowed by the addition of Mg-acetate and incubation
overnight at 37°C. After the final tagmentation, cells were
washed three times for 10 min each with Tn5 wash buffer at
45°C. To de-hybridize blocked ME from DNA fragments, the
sample was washed with 40% formamide/2X SSC at 37°C for
15 min, followed by two final 5 min washes with 1X PBST be-
fore proceeding with hairpin annealing.

Hairpin annealing and hybridization: Hairpin oligos
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(table S7) were combined at a concentration of 250 nM each
in 4x SSC and annealed using a thermocycler programmed
with an initial denaturation step at 95°C for 5 min, followed
by a gradual cooling ramp from 95°C to 20°C at a rate of 1°C
per cycle. Cells were incubated with the hairpin mix for 2
hours at 37°C, followed by three 5 min washes with 1X PBST
at room temperature.

Gap-fill ligation: Cells were washed with 1X Ampligase
buffer (Lucigen #A3210K) at room temperature. Next, the
gap-fill ligation mix, containing 1x Ampligase buffer, 50 mM
KCl, 2 U/uL Phusion polymerase (NEB #M0530S), 10% forma-
mide, 0.1 U/uL. Ampligase (Lucigen #A3210K), and 10 mM
dNTPs, was added to the cells. The sample was then incu-
bated for 1 hour on ice with gentle shaking to facilitate diffu-
sion. Subsequently, the cells were incubated at 37°C for 1
hour, followed by 45°C for 1 hour. After incubation, the cells
were washed three times with 1X PBST for 5 min at room
temperature.

Immunostaining: After the gap-fill ligation reaction, cells
were blocked in 2% BSA (Thermo Scientific #P137525) in 1X
PBST for 1 hour at room temperature. Cells were then stained
with primary antibodies (Lamin A/C, SC35, H3K9me3; for de-
tails, see table S8) diluted 1:200 in 2% BSA /PBST overnight
at 4°C. After primary antibody staining, cells were washed
three times for 10 min each with 1X PBST at room tempera-
ture. Cells were then stained with secondary antibodies (table
S8) diluted 1:200 in 2% BSA in PBST for 1 hour at room tem-
perature. Following incubation, cells were washed three
times for 10 min each with 1X PBST.

Hairpin hook oligo hybridization: To preserve the relative
spatial locations of genomic DNA and proteins during expan-
sion, we developed a novel approach involving the use of
hook oligos (table S7) that contain a 5'-acrydite and 3'-
amine group and are complementary to the DNA hairpins.
Following the addition of these oligo hooks, we performed a
chemical treatment (Methacrylic acid N-hydroxysuccinimide
ester, MA-NHS) to convert all amine groups (present in both
the oligo hook and protein) into acrydite groups (80). This
modification allows the acrydite groups to co-polymerize
with the gel network during the expansion gel embedding
step. The dual acrydite modifications at both the 5’ and 3
ends of the oligo hook ensures that all hairpins are securely
anchored in place. The hook oligos were hybridized at 2 uM
final concentration each in 10% formamide, 4X SSC at 37°C
for 3 hours. Cells were then washed twice with 20% Forma-
mide in 2X SSC for 15 min each at 37°C, followed by three 5
min washes with 1X PBST to remove any remaining wash
buffer.

MA-NHS Treatment: A 1M stock solution of Methacrylic
acid N-hydroxysuccinimide ester (MA-NHS, Sigma-Aldrich
#730300) was prepared by dissolving 183.16 mg of NHS ester
in 1000 uL of anhydrous dimethyl sulfoxide (DMSO) (Thermo
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Fisher Scientific, catalog number 276855). Aliquots were
stored at -20°C in a falcon tube with desiccant (Drierite #
23001) until use. For treatment, an aliquot of IM MA-NHS
ester was thawed and diluted to a 5 mM solution with PBS.
Cells were then treated with the 5 mM MA-NHS ester solu-
tion for 1 hour at room temperature, followed by three washes
with 1X PBST for 10 min each.

Expansion gel formulation: The Magnify expansion gel
formulation was adapted from Klimas et al. 2023 (31) and op-
timized for ExIGS. The optimized formulation provided a
dense network of acrylate polymers, ensuring maximum link-
ing efficiency of genomic fragments while maintaining a
comparable expansion factor for nanoscale resolution of ge-
nomic structures. The final gel composition included 4% N,N-
Dimethylacrylamide (Sigma-Aldrich #274135), 6% acrylamide
(Sigma-Aldrich #A4058), 34% sodium acrylate (AK Scientific
#R624), 0.001% N,N'-Methylenebis(acrylamide) (bis-acryla-
mide; Sigma-Aldrich #M7279), 1% NaCl (Sigma-Aldrich
#57653), 0.15% ammonium persulfate (APS; Sigma-Aldrich
#A3678), and 0.15% N,N,N',N'-Tetramethylethylenediamine
(TEMED; Sigma-Aldrich #T9281) in 1X PBS. The gel stock was
prepared and stored in aliquots at -20°C for long-term stor-
age.

Sample embedding and expansion: We prepared a gel
chamber using a microscope glass slide and strips of scotch
tape on both sides, leaving a ~1 cm wide, ~60 um tall gap in
the middle. The glass slide was treated with Sigmacote
(Sigma #SL2) for 5 min to avoid the glass sticking to the gel.
The coverslip containing the cells was then inverted onto the
treated gel chamber and clamped with paper clamps ensur-
ing the formation of a leak proof chamber around cells. Next,
the expansion gel solution (94 uL Magnify gel, 1.5 uL 10%
TEMED, 1.5 uL 0.05% 4-Hydroxy-TEMPO (4H, Sigma
#176141), 1.5 uL 10% APS and 1.5 uL of H20) was carefully
added to the chamber using a 20 uL pipette tip. The setup
was incubated at 4°C for 30 min, then transferred to a hu-
midified box and incubated at 37°C for 2 hours to polymerize
the gel. The gel was then trimmed to the size of the sample
and incubated in digestion buffer (50 mM Tris-HCI pH 8.5, 1
mM EDTA, 0.8 M Guanidine HCl, 0.5% Triton X-100) con-
taining 8 U/mL Proteinase K (NEB #P8107S) for 12-16 hours
at room temperature. The gel was allowed to expand by wash-
ing it with nuclease-free water for 20 min three times.

Re-embedding the expanded gel: To stabilize the ex-
panded gel for downstream enzymatics, we re-embed it into
a secondary non-expandable acrylamide gel. A glass-bottom
6-well plate was primed for gel adhesion through a treatment
of 0.6% Bind-Silane (Sigma-Aldrich #M6514) in 20% Acetic
acid 80% Ethanol for 10 min, followed by two 5 min ethanol
washes and three water rinses. The expanded gel was cut into
smaller pieces, and each piece was transferred to a well of the
treated glass-bottom 6-well plate . The gel pieces were re-
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embedded by immersing them in a cold solution of 2.7%
acrylamide (Sigma-Aldrich #A3553), 0.005% APS, and 0.005%
TEMED for 10 min on ice. Excess acrylamide solution was
then removed by aspiration, followed by nitrogen perfusion
in a humid airtight container for 10 min. The nitrogen per-
fused container containing the gel was incubated at 37°C for
1 hour for gel polymerization. The re-embedded gel was
washed for 5 min three times with 1X PBST.

Imaging of immunostains: The 6-well glass-bottom plate
containing ExXIGS samples was transferred to the microscope
stage. Each sample well was filled with Illumina imaging
buffer and sealed with a transparent PCR plate seal (Bio-Rad
#MSB1001). Using Andor Fusion software, multiple fields
were acquired to capture immunofluorescence images of ex-
panded cells. Spatial positions and PFS (Perfect Focus Sys-
tem) offsets were saved for each field to facilitate subsequent
imaging steps. DAPI imaging was omitted to prevent ultravi-
olet photocrosslinking. See Microscopy settings section for
detailed acquisition parameters.

Gel Passivation: To neutralize the charge on the gel poly-
mers caused by the sodium acrylate, we performed gel pas-
sivation using 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC; Sigma-Aldrich #E7750) and N-Hydroxy-
succinimide (NHS; Sigma-Aldrich #130672) chemistry in a
two-step reaction. Initially, the gel was treated with 150 mM
EDC, 150 mM NHS, and 2 M ethanolamine (Sigma-Aldrich
#E9508) in 100 mM 2-(N-morpholino)ethanesulfonic acid
(MES; Sigma-Aldrich #M1317) buffer (pH 6.5) for 2 hours at
room temperature. Following this reaction, the solution was
discarded, and the gel was washed with 2 M ethanolamine in
62.5 mM sodium borate (Thermo Scientific Chemicals
#AAJ62902AK; pH 8.5) for 40 min at room temperature, fol-
lowed by three 5 min washes with 1X PBST. Following pas-
sivation, the sample was treated with 5 pg/ul SYTOX Green
(Thermo Scientific #S7020) and was imaged using a 10x ob-
jective to acquire a montage of stained nuclei.

Rolling circle amplification: For rolling circle amplifica-
tion (RCA), a 2 uM locked nucleic acid (LNA) modified RCA
primer (table S7) was hybridized in 20% formamide/2X SSC
for 3 hours at 37°C. The sample was then washed three times
with heated 20% formamide/2x SSC buffer at 37°C for 15 min
each, followed by three times with 1x PBST for 5 min each.
Following this, a 16 hour RCA reaction was performed at
30°C using a mixture containing 500 uM dNTP (NEB
#N0447S), 50 upM amino-allyl-dUTP (Thermo Scientific
#R1091), 1 mM DTT, and 1 U/uL EquiPhi29 in 1X EquiPhi29
buffer (Thermo Scientific #A39392).

BS(PEG)9 crosslinking: The gel was washed for 5 min
three times with 1X PBST and then crosslinked with 5 mM
bis-succinimide ester-activated PEG compound (BS(PEG)9,
Thermo Scientific #21582) in 1X PBS for 2 hours at room tem-
perature. The crosslinking was quenched by washing the gel
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with 1 M Tris-HCl1 (pH 8) for 20 min at room temperature,
followed by three additional 5 min washes with 1X PBST.

TdT Blocking: Free 3' OH groups were blocked by incor-
porating dideoxynucleotides in a terminal transferase (TdT)
mixture (200 uM ddANTP mix (AAT Bioquest #17205), 250 uM
CoCl2, and 0.4 U/uL terminal transferase in 1X TdT buffer
(NEB #MO0315S5)) for 1 hour at 37°C.

Library construction in rat cardiomyocytes: Rat neonatal
cardiomyocytes (Lonza R-CM-561) were cultured with growth
medium (Lonza CC-4515) on a plate pre-coated with 7 ug/mL
laminin (cat. 23017015). For ExIGS, approximately 5,000 cells
were seeded onto ethanol-sterilized 40 mm coverslips (Biop-
techs #40-1313-0319) within silicone gaskets (Grace Bio-Labs
#621301) and allowed to adhere for 24 hours. EXIGS libraries
were prepared and imaged as described above.

Library construction in mouse small intestine tissue:
Fresh frozen small intestine tissue in OCT was sectioned at
10 um and placed on an ethanol-sterilized 40 mm coverslip
(Bioptechs #40-1313-0319) previously treated with 0.1X poly-
L-lysine (Sigma #P8920) for 5 min at room temperature. Ex-
IGS libraries were prepared and imaged as described above,
with the following modifications: Tissue sections were fixed
in ice-cold 4% paraformaldehyde (PFA) for 20 min on ice, fol-
lowed by permeabilization with 0.5% Triton X-100 in 1X
phosphate-buffered saline at room temperature for 20 min.
Subsequently, sections were washed three times with 1X
PBST for 5 min each wash. ExIGS library preparation was
then performed as described above.

In situ sequencing-by-synthesis

Split-barcode design: The DNA hairpins containing UMI se-
quences were designed such that each 21 base UMI was split
into three 6-base barcodes and one 3-base barcode (fig. S2
and table S7). Each barcode was flanked by an upstream pri-
mer sequence, enabling sequential readout of individual ba-
ses via in situ sequencing-by-synthesis. Each barcode was
sequenced by hybridizing its corresponding primer, followed
by 3-6 rounds of fluorescent dANTP incorporation, imaging,
and cleavage. Once all bases of each barcode were sequenced,
free 3'-OH groups from sites that were not fully incorporated
were blocked to reduce background signal for subsequent
rounds of sequencing. The primer of the following primer-
UMI pair was then hybridized and the above steps were re-
peated to sequence all 21 bases of the UMI.

Sequencing primer hybridization: A 3 uM LNA modified
sequencing primer (table S7) was diluted in 4X SSC buffer
and heated at 60°C for 5 min to denature secondary DNA
structures. The sample was incubated with the heated primer
solution at 37°C for 1 hour. The sample was then washed for
10 min with PR2 buffer (supplied with Illumina MiSeq Kit)
three times at room temperature (RT) to remove any un-
bound or nonspecifically bound primers.
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Incorporation: Sequencing reagents were extracted from
a MiSeq v3 kit (MS-102-3003) reagent cartridge: incorpora-
tion mix (position 1), imaging buffer (position 2), and cleav-
age mix (position 4). These three mixes were aliquoted and
stored at -20°C, while the PR2 buffer was stored at 4°C until
use. The ExIGS incorporation mix was prepared using 0.5X
Illumina V3 incorporation mix, 2.5mM MgCl2, 1x Taq Poly-
merase buffer (50 mM KCI, 10 mM Tris HCI (pH 8.5 at 25°C),
1.5 mM MgCl, and 0.1% Triton X-100) in PR2 buffer.). The
sample was incubated with the ExXIGS incorporation mix on
ice with gentle shaking for 20 min, then transferred to 50°C
for 10 min. The sample was then returned to the ice block,
and fresh ExIGS incorporation mix was added. This process
was repeated a total of three times. After the final incorpora-
tion, the sample was gently washed for 5 min with 1X PBST
twice, and then washed with 1X PBST for 10 min three times.
The sample was subsequently washed with Illumina Imaging
Buffer for 10 min at room temperature to allow the gel to
equilibrate with the buffer. Fresh Illumina Imaging Buffer
was then added and the base was imaged.

Imaging of sequencing bases: The 6-well glass-bottom
plate containing ExIGS samples was placed on the micro-
scope stage. Each well was filled with Illumina imaging buffer
and sealed with a transparent PCR plate seal (Bio-Rad
#MSB1001). Previously saved XYZ positions and PFS offsets
from immunofluorescence imaging were used to relocate the
same cells to imaging each base. (See Microscopy settings sec-
tion for detailed acquisition parameters).

Cleavage: After imaging, the sample was washed three
times for 5 min each with 1X PBST. The fluorophores were
then cleaved by adding pre-heated Illumina cleavage buffer
onto the sample at 50°C on a heating block twice for 10 min
each. If necessary, photobleaching was performed on the
sample after every three bases. To do this, the sample was
imaged post-cleavage in cleavage buffer such that each field
of view containing cells was given 15 s of widefield white light
illumination at 100% laser power to minimize background
fluorescence. After cleavage (or optional photobleaching), the
sample was washed with 1X PBST three times for 5 min each,
followed by washes of PR2 buffer three times for 5 min each
at room temperature.

TdT Blocking: Once all the barcode bases for the given
primer were sequenced, free 3 '-OH groups were blocked by
incorporating dideoxy nucleotides using a terminal transfer-
ase reaction containing 200 utM ddNTP mix (AAT Bioquest
#17205), 250 uM CoCl2, and 0.8 U/uL terminal transferase in
1X TdT buffer (NEB #MO0315S)). The reaction was incubated
for 3 hours or overnight at 37°C. The sample was then washed
three times for 10 min each with 1X PBST to remove any un-
incorporated dideoxy nucleotides from the gel before pro-
ceeding with the hybridization of the next primer.
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Ex situ sequencing

DNA extraction: Following in situ sequencing of all UMI ba-
ses, in-gel PCR was performed to selectively amplify the UMI
and genomic fragment of each DNA amplicon and extract it
from the gel. The gel was first washed with water for 10 min
for a total of five times. Subsequently, the gel was carefully
removed from the plate using a razor blade and transferred
to a PCR strip tube. The gel weight was measured, and this
value was used to adjust the water volume in the PCR mix (1
mg gel = 1 uL. water). A 50 uL. PCR reaction was prepared
containing 1X NEBNext® High-Fidelity PCR Master Mix
(NEB #M0541L), 1 uM Ex situ custom forward primer, 1 uM
Ex situ custom reverse primer (table S7). This mix was added
to the PCR tube containing the gel, and the sample was stored
at 4°C overnight to allow for diffusion. The sample was then
subjected to an initial 5 PCR cycles, after which the reaction
was paused and stored at 4°C. The PCR cycling conditions
included an initial denaturation at 98°C for 2 min, followed
by 5 cycles of 98°C for 15 s, 65°C for 30 s, and 72°C for 1 min,
with a final extension at 72°C for 5 min. To determine the
optimal number of additional cycles of amplification, 5 uL of
the PCR reaction was used for gPCR (0.5 uM Ex situ custom
forward primer, 0.5 uM Ex situ custom reverse primer, 1X
NEBNext® High-Fidelity PCR Master Mix, and 1X SYBR
Green (Biorad #1708880). The cycle at which the sample
reached one-third of the maximum fluorescence (Cycle n) was
determined from the qPCR, and the remaining 45 uL PCR re-
action was amplified for that many (n) more cycles. Post-PCR,
the tube was incubated on a thermomixer at 500 rpm for 3
hours at 4°C to facilitate fragment diffusion out of the gel.
Finally, DNA was isolated from the PCR supernatant using a
Qiagen column cleanup kit (Qiagen #28006).

Paired-end sequencing: Libraries were sequenced on an
Illumina Novaseq 6000 platform with 10% phiX. 100bp
paired end reads were sequenced with a 8bp i7 to capture the
sample barcode and 100bp i5 to capture the in situ UMI se-
quence.

Expansion immunofluorescence

Preparation of cells: Cells (AG08468, AG09602, and
AGO01972) were washed twice with 1X PBS for 5 min each,
fixed with 4% methanol-free paraformaldehyde in PBS for 10
min at room temperature (Biotium #22023), and quenched
with 100mM Tris pH 8 in PBS for 10 min with gentle shaking.
Following three washes with 1X PBS, cells were permea-
bilized with 0.5% Triton X-100 in PBS for 10 min and washed
again.

Preparation of tissue: Fresh frozen heart tissue in OCT
was sectioned at 10 um and placed on an ethanol-sterilized
40 mm coverslip (Bioptechs #40-1313-0319) previously
treated with 0.1X poly-L-lysine (Sigma #P8920) for 5 min at
room temperature. Tissue sections were washed twice with
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1X PBS for 5 min each, fixed with 4% methanol-free para-
formaldehyde in PBS for 10 min at room temperature (Bio-
tium #22023), and quenched with 100mM Tris pH 8 in PBS
for 10 min with gentle shaking. Following three washes with
1X PBS, the tissues were permeabilized with 0.5% Triton X-
100 in PBS for 20 min and washed again with 1X PBS for 5
min three times.

Immunostaining: The cells and tissues were blocked in
2% BSA in 1X PBST for 1 hour at room temperature, followed
by staining with primary antibodies (Lamin A/C, Lamin B1,
Progerin, PCM1, RNA Polymerase Ser5p; for details, see table
S8) diluted 1:200 in 2% BSA in PBST overnight at 4°C. After
primary antibody staining, they were washed three times for
10 min each with 1X PBST at room temperature. Cells and
tissues were then stained with secondary antibodies (table
S8) diluted 1:200 in 2% BSA in PBST for 1 hour at room tem-
perature. Following incubation, they were washed three
times for 10 min each with 1X PBST.

Lamin antibody information: Lamin A and Lamin C are
produced from the same gene (LMNA) through alternative
splicing. Lamin A is slightly longer due to a unique C-termi-
nal tail, but both are considered A-type lamins and are tar-
geted by the same antibody. Based on the design of the
immunogen, the Lamin A/C antibody detects both wild-type
Lamin A/C and Progerin, whereas the Progerin antibody is
specific to Progerin.

MA-NHS treatment: A 1M stock solution of Methacrylic
acid N-hydroxysuccinimide ester (MA-NHS, Sigma-Aldrich
#730300) was prepared by dissolving 183.16 mg of NHS ester
in 1000 pL of anhydrous dimethyl sulfoxide (DMSO) (Thermo
Fisher Scientific #276855). Aliquots were stored at -20°C in a
falcon tube with desiccant (Drierite # 23001) until use. For
treatment, an aliquot of IM MA-NHS ester was thawed and
diluted to a 5 mM solution with PBS. Cells were then treated
with the 5 mM MA-NHS ester solution for 1 hour at room
temperature, followed by three washes with 1X PBST for 10
min each. Next, the cells and tissue sections were stained
with DAPI (1 ug/mL in PBS) for 10 min, washed with 1X PBST,
and a pre-expansion 10x10 montage was taken using a 10x
objective and 1x zoom with a 2-micron Z-step. Nuclei were
counted before tagmentation, and pre-expanded nuclei were
registered to measure the expansion factor downstream.

Expansion gel formulation: The ExIGS Magnify expansion
gel formulation adapted from Klimas et al. 2023 (31) was used
for expansion immunofluorescence. The final gel composi-
tion included 4% N,N-Dimethylacrylamide (Sigma-Aldrich
#274135), 6% acrylamide (Sigma-Aldrich #A4058), 34% so-
dium acrylate (AK Scientific #R624), 0.001% N,N'-Meth-
ylenebis(acrylamide) (bis-acrylamide; Sigma-Aldrich
#M'7279), 1% NaCl (Sigma-Aldrich #S7653), 0.15% ammonium
persulfate (APS; Sigma-Aldrich #A3678), and 0.15%
N,N,N',N'-Tetramethylethylenediamine (TEMED; Sigma-
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Aldrich #T9281) in 1X PBS. The gel stock was prepared and
stored in aliquots at -20°C for long-term storage.

Sample embedding and expansion: We prepared a gel
chamber using a microscope glass slide and strips of scotch
tape on both sides, leaving a ~1 cm wide, ~60 um tall gap in
the middle. The glass slide was treated with Sigmacote
(Sigma #SL2) for 5 min to avoid the glass sticking to the gel.
The coverslip containing the cells was then inverted onto the
treated gel chamber and clamped with paper clamps ensur-
ing the formation of a leak proof chamber around cells. Next,
the expansion gel solution (94 uL Magnify gel, 1.5 uL 10%
TEMED, 1.5 uL 0.05% 4-Hydroxy-TEMPO (4H, Sigma
#176141), 1.5 uL 10% APS and 1.5 uL of H20) was carefully
added to the chamber using a 20 uL pipette tip. The setup
was incubated at 4°C for 30 min, then transferred to a hu-
midified box and incubated at 37°C for 2 hours to polymerize
the gel. The gel was then trimmed to the size of the sample
and incubated in digestion buffer (50 mM Tris-HCI pH 8.5, 1
mM EDTA, 0.8 M Guanidine HCl, 0.5% Triton X-100) con-
taining 1% of 8 U/mL Proteinase K (NEB #P8107S) for 12-16
hours at room temperature. The gel was allowed to expand
by washing the gel with nuclease-free water for 20 min three
times.

Re-embedding of expanded gel: To stabilize the expanded
gel for downstream enzymatics, we re-embed it into a second-
ary non-expandable acrylamide gel. A glass-bottom 6-well
plate was primed for gel adhesion through a treatment of
0.6% Bind-Silane (Sigma-Aldrich #M6514) in 20% Acetic acid
80% Ethanol for 10 min, followed by two 5 min ethanol
washes and three water rinses. The expanded gel was cut into
smaller pieces, and each piece was transferred to a well of the
treated glass-bottom 6-well plate . The gel pieces were re-em-
bedded by immersing them in a cold solution of 2.7% acryla-
mide (Sigma-Aldrich #A3553), 0.005% APS, and 0.005%
TEMED for 10 min on ice. Excess acrylamide solution was
then removed by aspiration, followed by nitrogen perfusion
in a humid airtight container for 10 min. The nitrogen per-
fused container containing the gel was incubated at 37°C for
1 hour for gel polymerization. The re-embedded gel was
washed for 5 min three times with 1X PBST.

Microscopy settings: All fluorescence microscopy was per-
formed using an Andor Dragonfly 200 high-speed confocal
system coupled to a Nikon Ti2 microscope. Images were ac-
quired with a 40x oil immersion objective (Nikon Plan Fluor,
NA 1.30, WD 0.24 mm), a Zyla 4.2 megapixel sSCMOS camera
with the field of view of 2048x2048 pixels. The system was
equipped with PFS (Perfect Focus System) and an ASI
MS2000 XY automated stage to enable multi-position imag-
ing. Automated image acquisition parameters were set using
Andor Fusion software. For 3D multi-field imaging, a z-stack
step size of 0.3 um was used. XYZ positions and PFS offsets
were saved for each position within the acquisition protocol
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to ensure consistent focus and z-stack depth across all fields,
thereby reducing acquisition time. The combinations of exci-
tation lasers, dichroic mirrors, and emission filters that were
used for imaging are found in table S9.

Bulk ATAC-seq

Adapter annealing and Tn5 loading: Adapter oligos (Ad1 and
Ad2) and mosaic end complement oligo (ME) (table S7) were
resuspended at 100 uM in nuclease-free water. Adapters were
annealed separately with ME (25 uM each of Adl and Ad2
adapters, 50 uM ME, 10 mM Tris pH 8, and 50 mM NaCl)
using a thermal ramp from 95°C to 25°C over 1 hour in a ther-
mocycler. Annealed adapters were mixed with glycerol (1:1)
and stored at -20°C. To load the Tn5 enzyme, 1 uL of Tn5 was
mixed with 1 uL of annealed adapters and 2 uL of Tn5 loading
buffer (50 mM Tris-HCl pH 8, 100 mM NaCl, 0.1 mM EDTA,
0.1% NP-40, 1 mM DTT, and 50% glycerol), and incubated at
room temperature for 30 min.

Transposition: Cells (AG08468, and AGO01972) were
washed with 1X PBS, trypsinized (Thermo Scientific
#12604013), and centrifuged at 300 x g for 5 min, and the
pellet was resuspended in cold PBS. For the transposition re-
action, 10,000 cells in 5 uL of PBS were mixed with 42.5 uL
of 1X High Salt Buffer (33 mM Tris acetate, 66 mM potassium
acetate, 10 mM magnesium acetate, 0.1% NP-40, 16% DMF)
and 2.5 uL of loaded Tn5 transposase. The reaction was incu-
bated at 37°C for 30 min, then the reaction was stopped with
5 uL of 0.5 M EDTA. Transposed DNA was purified using a
Qiagen column cleanup kit (Qiagen #28006).

Library Preparation: The 15uL of purified DNA was mixed
in a PCR reaction containing 1X NEBNext® High-Fidelity 2X
PCR Master Mix (NEB #MO0541L), 1 uM foward primer, 1 uM
reverse primer (table S7). The sample was then subjected to
an initial 5 PCR cycles using the following program: 98°C for
2 min, followed by 5 cycles of 98°C for 15 s, 65°C for 30 s, and
72°C for 1 min, with a final extension at 72°C for 5 min, after
which the reaction was paused and stored at 4°C. To deter-
mine the optimal number of additional cycles offor linear am-
plification, 5 uL of the PCR reaction was used for gqPCR (0.5
uM Ex situ Adl primer, 0.5 uM Ad2 primer, 1X NEBNext®
High-Fidelity 1X PCR Master Mix, and 1X SYBR Green (Bio-
rad #1708880). The cycle at which the sample reached one-
third of the maximum fluorescence (Cycle n) was determined
from the qPCR, and the remaining 45 uL PCR reaction was
amplified for that many (n) more cycles. DNA was then iso-
lated from the PCR supernatant using a Qiagen column
cleanup kit (Qiagen #28006). The library was quantified with
a Qubit fluorometer and assessed for quality with a bioana-
lyzer before sequencing on an Illumina platform, targeting 5
million reads per sample.
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Multi-modal integration

All multi-modal integration steps were implemented using
custom MATLAB scripts available from the GitHub reposi-
tory. Some steps were adapted from in situ genome sequenc-
ing(25), but are described in full for clarity.

Field of view image processing: 3D nuclei bounds were
defined by performing threshold-based segmentation on each
field of view from base 1. Nuclei cut off at the edges of fields
and cellular debris were excluded from further processing.
Fields from each base of sequencing were registered to those
from base 1 using normalized cross-correlation to correct for
broad xyz offsets between sequencing rounds. Corrected
fields were then cropped based on the 3D nuclei bounds, cre-
ating five-dimensional nuclei stacks (x by y by z by channels
by bases).

Nucleus image processing: Cropped nuclei stacks were de-
convolved using a high-pass Gaussian filter to improve signal
resolution and capped at a maximum pixel intensity to pre-
vent outlier signals from skewing 3D registration. Processed
nuclei stacks from each base were then registered to each
other using an iterative approach to account for laser-specific
spectral aberration. First, nuclei stacks from base 1 were col-
lapsed across the channel dimension using a maximum in-
tensity projection and registered to similarly collapsed stacks
from base 2. The resulting transformation was applied to
each channel of the (un-collapsed) base 1 stacks, which were
then independently re-registered to the collapsed base 2
stack. This same process was then repeated to register stacks
from all bases to the registered basel stack.

Correction of sequencing-by-synthesis signals: Nuclei
stacks were corrected for spectral bleedthrough and molecu-
lar phasing from the optimized sequencing-by-synthesis pro-
tocol as follows: First, nuclei stacks for each base were
quantile normalized to identify high-confidence amplicons in
each channel. These high-confidence amplicons were then
used to calculate a linear fit representing the degree of bleed-
through between each permutation of two channels (e.g.,
bleedthrough was calculated unidirectionally from channel 1
to 2, but also from channel 2 to 1). To correct this bleed-
through, image stacks from the second channel were multi-
plied by the slope of the fit and subtracted from the first
channel, with negative values being capped at 0. Similar fits
were calculated for molecular phasing, but for pairs of subse-
quent bases from the same channel (e.g., a linear fit was cal-
culated between base 1, channel 1 and base 2, channel 1).
Following both types of correction, stacks from each channel
were subtracted by a minimum intensity value, capped at a
maximum intensity value, and divided by the maximum value
such that each pixel contains a value between 0 and 1 repre-
senting its normalized signal intensity.

Quantification of DNA amplicon signals: DNA amplicon
centers were identified by applying a 3D peak finding
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algorithm to registered nuclei stacks from base 1 and base 2,
and filtered based on pixel intensity. To quantify the signal
intensity of each DNA amplicon, a region-of-interest was de-
fined as a 3 (x) by 3 (y) by 3 (z) pixel volume centered on the
amplicon center. Each region was then quantified over all
channels and bases of sequencing by summing the fluores-
cence values of all pixels. The resulting 2D matrix (channels
by bases) was normalized such that the sum of squares for
each base equaled 1. A purity score for each amplicon was
calculated by multiplying the highest values in each base and
then performing a negative log transform i.e., -log10(prod-
uct(max(matrix,1),2)).

Alignment of ex situ sequencing data: FASTQ files for R1,
R2, I1, and I2 were generated using bcl2fastq. Each FASTQ
file was then split into chunks of 5M reads using fastp (81).
The full UMI barcode sequence from I2 was then appended
to the read names of R1 and R2 to preserve their association
across alignment. Reads were trimmed for adapters, followed
by alignment to hg38 with bowtie2 (82) with -very-sensitive
and -k 5 parameters. Aligned reads were then sorted and UMI
barcode sequences were moved from the read names to a
read group. Chunked BAM files were then re-merged by sam-
ple.

Deduplication of uniquely aligned, multi-mapping, and
unmapped reads: Aligned reads were split into uniquely
mapped, multi-mapped, and unmapped subsets using
samtools flags (83). The first two subsets were further split
based on primary alignments, and reads from all subsets
were marked as PCR duplicates based on genomic position
and UMI sequence using the UMI-tools (84) group command
with the-edit-distance-threshold 2 parameter. Subsets were
then merged based on mapping quality, with multi-mapped
and unmapped reads being collapsed into a single entry per
UMLI. The resulting list of UMIs was filtered for index swap-
ping based on the frequency of each unique UMI-genomic lo-
cation combination.

Annotation of repetitive DNA elements: Both uniquely
mapped and multi-mapped reads were annotated based on
their overlap with repetitive DNA elements from the Repeat-
MasKker database (85) using bedtools (86). For multi-mapped
reads, overlap was calculated for all potential alignments and
collapsed into a single entry. Each overlapping read was an-
notated at the repeat name, family, and class levels.

Matching of in situ and ex situ UMIs: Spatially-resolved
ExIGS reads were generated by matching the normalized
UMI probability matrices from in situ sequencing images to
the UMI sequences read out via ex situ sequencing. A consen-
sus in situ UMI sequence was generated for each 3D amplicon
location by selecting the imaging channel with the highest
probability per base. For each consensus in situ UMI, a list of
ex situ UMIs with Hamming distances less than 4 was gener-
ated. A purity score was calculated for each 3D amplicon
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location by multiplying the corresponding probabilities from
the consensus UMI and performing a negative log transform.
A match score was calculated for each ex situ UMI by multi-
plying the corresponding probabilities from the in situ prob-
ability matrix and performing a negative log transform. The
ex situ UMI with the lowest match score per 3D location was
selected to create ExIGS reads with matched spatial and ge-
nomic positions. To match each nucleus to its corresponding
ex situ sequencing sample, the first 1000 3D amplicon loca-
tions were processed and the sample with the most matches
was selected. ExXIGS reads were filtered using both purity
scores and match scores. The threshold was adjusted for each
cell by calculating the number of informative bases and set-
ting the y-intercept to be 10 - 0.75*(non-informative bases).
Cells with less than 14 informative bases were filtered out.

Quantification of expansion factor: The 10x or 20x image
montage of the coverslip prior to expansion was projected
into 2D via maximum intensity z-projection and split into
tiles for nuclei segmentation. An Ilastik (87) model was
trained per montage and applied to all tiles. To get the loca-
tions of nuclei following expansion, either a 10x image mon-
tage of the gel was taken or an equivalent montage was
reconstructed by stitching together all 40x fields-of-view. Nu-
clei in the post-expansion montage were also projected into
2D and segmented using Ilastik.

To register the pre- and post-expansion montages, algo-
rithms were developed to calculate unique “positional finger-
prints”, which leverage that the relative spatial locations of
nuclei are preserved during expansion. For each nucleus, its
nearest neighbor by Euclidean distance was found and nor-
malized to an angle of 0 degrees and a distance of 1. Next, the
positions of all other neighboring nuclei were calculated rel-
ative to this normalized angle and distance. Nuclear finger-
prints were then compared for all pairs of pre- and post-
expansion nuclei, with neighbors within 15 degrees and dis-
tances of 0.8 - 1.2 being considered as matches. To minimize
computational resources, matching for each pair of nuclei
stopped after 25 non-matches were found. After matches for
all pairs were counted, the pairs with the highest numbers of
matches were visualized and used to calculate an affine trans-
form between the pre- and post-expansion montages.

The resulting affine transform was used to compare im-
ages of individual nuclei before and after expansion. For reg-
istration, 5x was used as an initial estimate of the expansion
factor. Images were registered in an iterative process, first
with a rigid transformation that considers only translation
and rotation, then with a similarity transformation that con-
siders scale as well. The correlation of the resulting images
was used to assess registration quality. For nuclei with suffi-
cient registration quality, the scale factor was derived from
the similarity transform matrix and multiplied by 5 to calcu-
late the expansion factor. The expansion factors for nuclei
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within a sample were very consistent, so the mean expansion
factor was applied to all nuclei.

Quantification of expanded resolution: To quantify the
feature width of DNA amplicons and the nuclear lamina with
and without expansion, pixel intensity was measured across
a 1 micron line scan. For the quantification of nuclear lamina
feature width with expansion, ExIGS immunofluorescence of
Lamin A/C in a human skin fibroblast was used, whereas for
without expansion, IGS immunofluorescence of Lamin B in
mouse early embryos was used. To calculate full width at half
max (FWHM) for each feature, first, the position correspond-
ing to the max value in the line scan was found. Then the
nearest local minima on either side of this position were iden-
tified, and the lower value was selected to calculate the half-
max value using the following equation: halfmax_value =
(max_value - lower_min)/2. The positions of the first and last
positions with values greater than the halfmax value were
then found and resolved further using linear interpolation.
Finally, the distance between these interpolated points was
taken as the FWHM.

Processing of expansion immunofluorescence imaging:
Paired expansion immunofluorescence images were regis-
tered to 3D amplicon locations using an interactive registra-
tion approach. 3D image stacks were first broadly aligned to
the first base of in situ sequencing using cross-correlation.
Image stacks were then cropped based on nuclei bounds and
then re-registered using image filling strategies that impute
the overall shape of nuclei. Laser-specific spectral aberrations
were corrected using fluorescent beads or background signals
present in all channels. For each non-Lamin A/C protein im-
munostain, an intensity-based segmentation threshold was
set for each sample based on visual inspection.

Segmentation of peripheral and internal lamin: To define
an overall region-of-interest for lamin segmentation, a convex
hull was generated based on base 1 of in situ sequencing. Two
pixel intensity-based thresholds were then set - the first to
define the locations of Lamin A/C, the second to define the
bounds of the nuclear volume. Each pixel defined as lamin by
the first threshold was then labeled as either peripheral or
internal lamin based on the minimum distance to the edge of
the nuclear volume. Pixels with an expansion-adjusted dis-
tance over 600 nm were labeled as internal lamin; all other
lamin pixels were labeled as peripheral lamin. For validation
in unexpanded progeria fibroblasts, a threshold of 1 micron
from the edge of the nuclear volume was used to label inter-
nal lamin. EXIGS reads in each nuclei were annotated by their
minimum distance to both labels. The number of pixels with
each label was then summed and used to calculate the per-
centage of each nuclear volume occupied by total lamin and
internal lamin. The volume and axes lengths of each nucleus
were also saved as per-cell statistics. EXIGS reads more than
200 nm outside the nuclear volume were marked and
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excluded from downstream analysis.

Quantification of Pol II Ser5P density and repressive
lamin zones: These quantifications depend on the Lamin A/C
segmentation, the nuclear volume segmentation, and the pe-
ripheral/internal lamin labels described above. For each pixel
in the nuclear volume, a minimum distance to the lamin was
calculated in voxel space and adjusted by expansion factor.
Pixels were binned into 50 nm increments and labeled by
whether they were closer to peripheral or internal lamin. Pol
II Ser5P foci were identified by applying a high-pass Gaussian
filter to deconvolve raw fluorescence images, which were
used as input to a 3D peak calling algorithm. For each cell,
the density of Pol II Ser5P foci was calculated at various dis-
tances from both peripheral and internal lamin. Nuclei with
less than 5000 internal lamin pixels were excluded from the
internal lamin distribution. The mean and 95% confidence
intervals across all cells were plotted for each distance incre-
ment to visualize the exclusion of Pol II Ser5P foci near both
peripheral and internal lamin.

Assignment of ExIGS reads to homologous chromosome
clusters: Nuclei with more than two spatial clusters per chro-
mosome were removed by visual inspection. The following
process was performed for each autosome and chromosome
X for every cell: First, a pairwise distance matrix was gener-
ated for all ExIGS reads aligned to a specific chromosome.
The distances for each read were sorted, and reads with a
20th percentile distance less than 20% of the max pairwise
distance were filtered out. Next, DBSCAN clustering was per-
formed with a neighborhood search radius of 10 and a mini-
mum neighbor threshold of 5, and points not belonging to a
cluster were also filtered. K-medoids clustering was then per-
formed with k = 2, these basic spatial clusters were used as
the input to the following block swapping algorithm.

To deconvolve intermingling homologs, an algorithm was
developed to weigh genomic position in addition to spatial
location. First, using the spatial cluster assignments from
above, a distance was calculated for each cluster by sorting
ExIGS reads by genomic position and calculating the length
of the path in 3D space. The algorithm then attempted to
swap every possible consecutive block of 5 reads or less to the
other cluster. If the resulting clusters lowered the combined
length of the two homologs, the swap was kept. The algo-
rithm stopped when there were no more swaps that would
lower the combined distance. Lastly, reads that contribute
disproportionately to the path length were filtered out. The
remaining reads were labeled as belonging to high-confi-
dence clusters for downstream analysis.

Cell removal criteria: After in situ sequencing images
were processed, cells not in focus or cut off by the edge of the
field of view were removed from downstream matching to ex
situ genomic reads. After computational matching of ex situ
reads, cells with under 20% high quality amplicon recovery
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or less than 1,000 matched genomic reads were removed. Af-
ter expansion IF image processing, cells with poor signal-to-
noise or cut off by the edge of the field of view were removed.
After all of these steps, putative non-diploid cells were re-
moved from downstream genomic analyses. The number of
removed cells for each sample can be found in table S1. Ex-
clusion criteria were not preestablished.

Estimation of ex situ amplicon recovery percentage: Am-
plicons with a purity score (see Matching of in situ and ex
situ UMIs) under 1 were labeled as high quality amplicons,
indicating high confidence in the in situ sequencing signal
quality for the associated 3D position. Recovery percentage
was then calculated by dividing the number of high quality
amplicons that matched to an ex situ genomic read by the
total number of high quality amplicons. High quality ampli-
cons that did not match to an ex situ genomic read could be
attributed to a number of experimental issues, such as ineffi-
cient in situ PCR amplification, unbalanced genomic librar-
ies, or uncertainty in computational matching due to UMI
similarity.

Genomic analyses

Comparison to Hi-C data: Hi-C data of IMR-90 fibroblasts
was downloaded from GSE63525 (88) and lifted over to hg38
using HiCLift (89). Lifted over contacts were then converted
to .hic format, normalized using Knight-Ruiz matrix balanc-
ing, and outputted as a contact frequency matrix at 1 Mb res-
olution using Juicer (90). To compare ExIGS to Hi-C, EXIGS
reads were assigned to non-overlapping 1 Mb genomic bins.
For every high-confidence cluster in each IMR-90 cell, a pair-
wise distance matrix was constructed for all reads in the clus-
ter. These distances were used to construct a mean spatial
distance matrix per chromosome, where the value of each el-
ement represents the average distance between a pair of ge-
nomic bins across all of the IMR-90 ExIGS data. For each
chromosome, a Pearson correlation was calculated between
the values of this mean spatial distance matrix and the corre-
sponding values of the normalized Hi-C contact frequency
matrix.

Processing of bulk ATAC-seq data: For bulk ATAC-seq of
control and progeria passage 21 fibroblasts, FASTQ files were
generated using bcl2fastq. Reads were trimmed for adapters,
followed by alignment to hg38 with bowtie (82). Aligned
reads were then sorted and filtered using samtools, followed
by deduplication of PCR duplicates. For various integrations
with ExIGS data, reads were partitioned into non-overlap-
ping 50 and 500 kb genomic bins spanning hg38. For bulk
ATAC-seq of IMR-90, aligned BAM files were downloaded
from ENCSR2000ML (91).

ExIGS contact frequency at nuclear landmarks: ExIGS
reads from IMR-90 fibroblasts were partitioned into non-
overlapping 500 kb bins spanning hg38. For each bin, the
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number of reads contacting (< 200 nm away) each im-
munostain were divided by the total number of reads in the
bin, yielding a contact frequency between 0 and 1. Spearman
correlations were calculated using the 500 kb contact fre-
quencies for each immunostain and the log2 transformed
binned ATAC-seq values from IMR-90. For Fig. 1G, the sign
of the ATAC-seq values were flipped for the purpose of visu-
alizing concordance with Lamin A/C and H3K9me3, which
are associated with repressed heterochromatin.

Comparison of DNA-protein associations in IGS vs. Ex-
IGS: A table of IGS reads from PGP1 fibroblasts was down-
loaded from Payne et al. 2021 (25). This table contained a
column specifying the 3D distance between each read and the
nuclear exterior, which was defined for each nucleus by cre-
ating a 3D convex hull. IGS reads from PGP1 fibroblasts and
ExIGS reads from control fibroblasts were then assigned to
500 kb non-overlapping genomic bins. For each bin, the av-
erage distance from the nuclear exterior (for IGS) and Lamin
A/C (for ExIGS) was calculated. Pearson correlations calcu-
lated between these average distances and the total ATAC-
seq signal from IMR-90 fibroblasts (see Processing of bulk
ATAC-seq data) in each bin.

Quantification of DNA-protein association accuracy at
varying genomic resolutions: Each ExIGS read from IMR-90
fibroblasts was assigned to non-overlapping bins spanning
hg38 at 7 different genomic resolutions (1 Mb, 500 kb, 250 kb,
100 Kb, 50 kb, 25 kb, and 10 kb). These bin assignments were
used to associate each read with normalized chromatin ac-
cessibility values using bulk ATAC-seq of IMR-90 fibroblasts
from ENCSR2000ML (91). Rather than averaging spatial dis-
tances for reads in each bin, Pearson correlations were calcu-
lated over all ExIGS IMR-90 reads between spatial distances
to nuclear proteins (Lamin A/C and nuclear speckles) and
binned ATAC-seq values for all 7 genomic resolutions.

Percentage of genomic bins measured in ExIGS vs. DNA
FISH-based approaches: A table of processed DNA FISH loci
from IMR-90 fibroblasts was downloaded from Su et al. 2020
(21). Both DNA FISH loci and ExIGS reads were assigned to
on-overlapping bins spanning hg38 at 7 different genomic
resolutions (1 Mb, 500 kb, 250 kb, 100 kb, 50 kb, 25 kb, and
10 kb). For resolutions under 100 kb, DNA FISH loci were as-
signed to the genomic bin containing the midpoint of the tar-
geted region. For each genomic resolution, the number of
bins with at least one locus or read was divided by the num-
ber of total bins to get the percentage of bins measured by
each method.

Comparison of ATAC-seq and distance to lamin changes
in progeria fibroblasts: The normalized 500 kb binned ATAC-
seq values of passage 21 progeria fibroblasts were divided by
that of control fibroblasts and log2 transformed. The mean
spatial distance of each 500 kb bin to lamin was calculated
for all progeria fibroblasts and the corresponding mean
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distances of control fibroblasts was subtracted. The Pearson
correlation between the log2 transformed ATAC-seq values
and the differences in distances to lamin was calculated.

Neighborhood lamin-ATAC scores: A spatial neighbor-
hood was defined for each ExIGS read by identifying all
neighboring reads within a 200 nm radius. All EXIGS reads
were annotated using the log2 transformed ATAC-seq value
of the surrounding 50 kKb genomic bin. For each neighbor-
hood, a Pearson correlation was calculated using these nor-
malized ATAC-seq values and the minimum distance of each
ExIGS read to the lamin. Correlations above 0 were labeled
as “organized”, whereas those below zero were labeled as
“disrupted”. To calculate a total lamin-ATAC correlation per
cell (Fig. 3G), the neighborhood definitions were ignored, and
a single correlation was calculated for all EXIGS reads within
the cell.

Characterization of disruption hotspots: Neighborhoods
with a lamin-ATAC correlation under -0.1 were denoted as
“disruption hotspots”. To quantify hotspot frequency across
the genome (fig. S18), all ExIGS reads were partitioned into
non-overlapping 500 kb genomic bins, and the number of
reads in a hotspot were divided by the total number of reads
in each bin. Bins with less than 10 reads were excluded. For
the GO cellular components enrichment analysis, reads in
hotspots were inputted to GREAT (69).
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Fig. 1. Expansion in situ genome sequencing (ExIGS) workflow. (A) Workflow for expansion library construction
and immunofluorescence (IF). (i) Cell fixation and Tn5 transposition. (ii) Immunostaining and hairpin ligation. (iii) Gel
linking and gelation. (iv) Expansion and IF imaging. (v) Rolling circle amplification (RCA) and in situ sequencing. UMI,
Unique Molecular Identifier; RCA, Rolling Circle Amplification; dNTPs, Deoxyribonucleotide triphosphates. (B) Left,
one round of in situ sequencing-by-synthesis in an expanded IMR-90 nucleus. Right, zoomed in views show
representative DNA amplicons with different fluorescent signals for each round of in situ sequencing. Up to 21 rounds
of sequencing are performed to obtain 3D locations and UMI sequences. (C) In situ PCR of genomic fragments,
followed by ex situ paired-end sequencing to obtain genomic DNA and UMI sequences. A sample barcode (BC) is
added through a primer handle during PCR for sample multiplexing. (D) Table of spatially-resolved genomic reads
generated via matching of UMI sequences from (B) and (C). (E) Spatially-resolved reads for the IMR-90 fibroblast
shown in (B), colored by chromosome. (F) Expansion IF imaging of Lamin A/C, H3K9me3, and SC35 for the IMR-90
fibroblast first shown in (B). (G) DNA density stain (SYTOX Green) for the IMR-90 fibroblast first shown in (B) before
(top left) and after (bottom right) expansion. (H) Left, a PGP1 fibroblast with ~600 spatially-resolved IGS reads (25).
Right, a skin fibroblast with ~6,000 spatially-resolved ExIGS reads. Reads colored by chromosome number. (I) Top,
zoomed in views of the boxes shown in (F) for Lamin A/C, H3K9me3, and SC35 (nuclear speckles). ExIGS points
colored by expansion factor-adjusted distance to immunostain. Bottom, plots showing correspondence between
immunostain contact frequencies and IMR-90 ATAC-seq for single chromosomes at 500 kb resolution. All images
are 3D stacks, but are shown as maximum intensity z-projections for visualization purposes. Scale bars denoted as
“Ex"inB, E, F, and G represent observed distances in the expanded sample, while scale bars in Hand | represent true
expansion factor-adjusted distances.
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Fig. 2. ExIGS connects morphological variation and spatial chromatin organization in progeria fibroblasts. (A)
Expansion immunofluorescence (IF) images of Lamin A/C for control fibroblasts and progeria fibroblasts from
passages 19, 22, and 25. Scale bar in bottom right applies to all nuclei, 5 microns. (B) Left, Split visualization of a
control fibroblast. Both halves are an expansion IF image of Lamin A/C, top right half also contains overlaid ExIGS
reads, colored by chromosome. Dividing plane and eye indicate the perspective shown in (D). Right, Exploded view
of homologous chromosomes from the same control fibroblast, with ExIGS reads from each homolog connected
by genomic position. (C) Same as (B), but for a passage 22 progeria cell. Pink arrow marks an example of an internal
lamin structure. (D) Top, internal 3D view of the control fibroblast shown in (B) with two representative
chromosomes shown, colored by chromosome number. Lamin is colored by distance from the viewer's
perspective. Bottom, The same two chromosomes shown above, with ExIGS reads connected by genomic position
and colored by distance to lamin. (E) Same as (D), but for the passage 22 progeria cell shown in (C). Pink arrow
marks the same internal lamin structure marked in (C). (F) Representative results of the lamin segmentation
analysis. Each image is a single z plane of a pseudo-fluorescence image, created by splitting the raw fluorescence
image into two pseudo-channels using the peripheral and internal lamin segmentation, for visualization purposes
only. Scale bars, 5 microns. (G) All cells plotted by % lamin by volume and % internal lamin by volume, colored by
passage number. Large dots indicate the four cells shown in (F). (H) Top, Heatmap showing distance to lamin for
330 single cells by 500 kb genomic bins. Cells are sorted by lamin percentage. Distance to lamin values were
averaged across cell reads in a bin and smoothed by 1 Mb in either direction. Bottom, Tracks showing principal
component 1 (PC1) loadings and normalized ATAC-seq of control fibroblasts for the same 500 kb genomic bins. All
images except (F) are 3D stacks, but are shown as maximum intensity z-projections for visualization purposes.
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Fig. 3. ExIGS reveals local hotspots of aberrant chromatin organization. (A) Top, Expansion
immunofluorescence (IF) images of Lamin A/C for a passage 22 progeria fibroblast. Bottom, Side view (maximum
intensity projection in y) of the same cell. Circles indicate the neighborhoods shown in (B). (B) Left, ExIGS reads
colored by distance to lamin for the neighborhoods shown in (A). Middle, ExIGS reads colored by normalized 50 kb-
binned ATAC-seq of control fibroblasts for the same neighborhoods. Right, Plots of distance to lamin vs. normalized
ATAC-seq for the same neighborhoods. Correlation lines and values show the lamin-ATAC correlation for these two
neighborhoods. (C) Top, Visualization of all neighborhood lamin-ATAC correlations for the progeria fibroblast
shown in (A). Bottom, Distribution of all neighborhood lamin-ATAC correlations for the same cell. Dotted line
indicates the threshold between “organized” (heterochromatin closer to the lamin) and “disrupted” (euchromatin
closer to the lamin). (D) Neighborhood lamin-ATAC analysis of a control fibroblast. Left, Image is a single z plane of
a pseudo-fluorescence image, created by splitting the raw fluorescence image into two pseudo-channels using the
peripheral and internal lamin segmentation, for visualization purposes only. Middle, Visualization of all
neighborhood lamin-ATAC correlations. Right, Distribution of all neighborhood lamin-ATAC correlations. Scale
bars, 5 microns. (E) The same as (D), but for a passage 25 progeria fibroblast. (F) Distributions of neighborhood
lamin-ATAC correlation for all cells, sorted by lamin percentage. Dotted line indicates a correlation of 0. Passage
colorbar values are the same as those denoted in (G). (G) Top, Mean lamin-ATAC correlations vs. percent lamin by
volume for all cells. Bottom, Mean lamin-ATAC correlations vs. percent internal lamin by volume for all cells. Color
indicates control or progeria cell passage. All images except (D, left) and (E, left) are 3D stacks, but are shown as
maximum intensity z-projections for visualization purposes.
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Fig. 4. Lamin abnormalities are associated with transcriptional repression and present in tissues and aging. (A)
Left, Expansion immunofluorescence (IF) imaging of Lamin A/C and Pol Il Ser5P. Image is a single z plane. Right,
Zoomed in view of the boxed region. Arrow denotes a region of low Pol Il density near lamin. (B) The same region
from (A), but with each pixel inside the nucleus colored by minimum distance to the lamin. Yellow dots mark identified
Pol Il foci. Arrow denotes the same region of low Pol Il density. (C) Plot showing the Pol Il density at increasing
distances from the lamin for all control cells (n = 118). Upper and lower bounds represent 95% confidence intervals.
(D) Same as (A), but for a passage 22 progeria fibroblast. Image is a single z plane of a pseudo-fluorescence image,
created by splitting the raw fluorescence image into two pseudo-channels using the peripheral and internal lamin
segmentation, for visualization purposes only. Arrow denotes a region of low Pol Il density near internal lamin. (E)
Same as (B), but for the passage 22 progeria fibroblast shown in (D). (F) Same as (C), but for all progeria fibroblasts
(n = 349). The pink line was calculated using cells with sufficient internal lamin (n = 267). (G) DNA density (DAPI)
image montage of a cryosectioned mouse heart tissue. (H) Left, Expansion IF imaging of Lamin A/C (cyan) and Pol
Il Ser5P (magenta) for select cardiomyocytes (PCM1+). Right, Cardiomyocyte with lamin folds. Image is a pseudo-
fluorescence image, created by splitting the raw fluorescence image into two pseudo-channels using the peripheral
and internal lamin segmentation, for visualization purposes only. (I) Same as (H) but for non-cardiomyocytes (PCM1-
). (J) All mouse cardiomyocytes and non-cardiomyocytes plotted by % lamin by volume and % internal lamin by
volume, as in (2G). (K) Same as (F), but for all mouse cardiomyocytes (n = 46) and non-cardiomyocytes (n =48). (L)
Top, Representative control fibroblast (left), passage 22 progeria fibroblast (middle left), 92 year-old fibroblast
(middle right), and mouse cardiomyocyte (right) with each region in the nuclear volume colored by minimum
distance tolamin. Distances shown for a single z plane. Bottom, distributions of nuclear volume with respect to lamin.
Dotted lines indicate the 200 nm threshold for the repressive zone. (M) Violin plot showing the percentage of nuclear
volume in the lamin adjacent zone for control fibroblasts, progeria fibroblasts (passages 19, 22, and 25), 92 year-old
fibroblasts, mouse cardiomyocytes (mCM) and non-cardiomyocytes (mNC). Repressive zone for mouse cells was
defined as being within 150 nm of lamin to account for differing Pol Il Ser5P density distributions. Black line denotes
the median. (N) Schematic of how lamin abnormalities disrupt spatial chromatin organization and transcription in
progeria relative to normal fibroblasts. Euchromatin and heterochromatin refer to canonically active and inactive
chromatin regions in normal fibroblasts respectively. All images are 3D stacks, but select z planes are shown for
visualization purposes.
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Fig. S1: Optimization of re-embedding gel composition

Images of secondary re-embedding gels made using different Acry:Bis ratios, visualized with an
acrydite-modified fluorescent moiety. Higher acrylamide percentages form more dense gels with smaller
pores. We found that low acrylamide gels (2-2.5%) fail to completely polymerase, and higher acrylamide
gels (3-3.5%) have small pore size which disrupt diffusion of enzymes into the gel. We found that 2.7%
acrylamide gels polymerize and retain large enough pores to facilitate enzyme diffusion into the gel.
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Fig. S2: Split barcode design for sequencing-by-synthesis

(A) Schematic of the split barcode design used for in situ sequencing-by-synthesis. Including multiple
primers and performing a blocking step before each primer “resets” the gradual decay of
fluorescent signals caused by signal phasing.

(B) Workflow for in situ sequencing-by-synthesis using the split barcode design shown in (A). Primer
hybridization is followed by repeated dNTP incorporation, imaging, and cleavage. Once all of the
bases of a primer is read out, free -OH groups are blocked and the process is repeated for each
primer.
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Fig. S3: Correction of sequencing-by-synthesis fluorescence signal

(A) Computational correction of spectral bleed-through. For each base and channel, a set of
high-confidence DNA amplicons is defined, and fluorescent signal is measured at these locations
for all other bases (e.g. we define a set of high-confidence T amplicons and measure the signal at
these locations in A, C, and G). These signals are used to calculate a fit that represents the degree
of bleed-through between each pair of channels, and are applied to correct the original images.

(B) Same as (A), but for signal phasing. For each base and channel, a set of high-confidence DNA
amplicons is defined, and fluorescent signal is measured at these locations in the next base (e.g.
we defined a set of high-confidence A amplicons in base 1 and measure the A signal at these
locations in base 2). These signals are used to calculate a fit that represents the degree of
bleed-through between subsequent bases, and are applied to correct the original images.
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Fig. S4: Registration and identification of 3D amplicon positions

(A) Images from each channel of in situ sequencing for base 1 of a skin fibroblast. Each image shows
maximum intensity projections in x, y, and z.

(B) The same images as (A), but following Gaussian high-pass filtering.

(C) The nucleus first shown in (A) after registration of base 2 images to base 1 images. Green
represents signal only in base 1, magenta represents signal only in base 2, and white represents
signal in both.

(D) The same images as (B), but with overlaid amplicon locations identified via 3D peak calling.
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Fig. S5: Expansion immunofluorescence imaging and segmentation

Image stacks showing either expansion immunofluorescence imaging of targeted nuclear proteins (Lamin
A/C, H3K9me3, and nuclear speckles) and their segmentation at various 3D slices of an IMR-90
fibroblast. Scale bar in bottom right applies to all images, 5 microns.
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Fig. S6: Quantification of expansion factor

(A) Left, DNA density (SYTOX Green) image montage of IMR-90 cells on a coverslip taken at 20x
resolution, prior to expansion. Top right, DNA density image montage of a subset of the same
IMR-90 cells in a gel following expansion, with individual fields of view taken at 40x resolution
and combined using field xy coordinates. Bottom right, registration of pre- and post- expansion
image segmentations. Green represents cells imaged only prior to expansion, white represents
cells imaged both before and after, magenta represents cells with imperfect initial registration,
which are later corrected during nuclei registration (B). Observed image sizes as marked.

(B) Nuclei registration of pre- (bottom left half) and post-expansion (top right half) DNA density
images. Scale bars represent observed distances. Sample shown had an expansion factor of
approximately 5.
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Fig. S7: Visualization of chromosome territories in a skin fibroblast

ExIGS genomic reads for each chromosome in a skin fibroblast. Reads from each chromosome were
assigned to one of two homologs for all autosomes and chrX (the donor of this cell line was female) based
on spatial and genomic position. Colored dots indicate the position of the ExIGS reads on the given
chromosome, gray dots represent ExIGS reads from other chromosomes. Black lines trace the 3D path
each homolog takes through the nucleus. Shown as a maximum intensity projection in z for visualization.
Scale bar in bottom right applies to all images, 5 microns.
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Fig. S8: Comparison to Hi-C data
(A) Left, Contact frequency matrix for chrl from Hi-C of IMR-90 fibroblasts from GSE63525(92) at
1 Mb resolution with Knight-Ruiz matrix balancing normalization. Middle, Inverse mean spatial
distance matrix for chrl from ExXIGS of skin fibroblasts at 1 Mb resolution. Right, comparison of
ExIGS mean spatial distance and normalized Hi-C contact frequency. Each point represents a pair
of 1 Mb genomic bins from the chromosome shown.
(B) Same as (A), but for chr5.
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Fig. S9: DNA fragment resolution and genomic coverage

(A) A histogram showing the genomic fragment sizes of all uniquely aligned ExIGS reads from skin
fibroblasts. The peak of the distribution (~100 bp) represents the average per-read genomic
resolution of the method.

(B) Transcription start site (TSS) enrichment for the same reads from (A). The absence of a large
peak centered on 0 suggests that HCI treatment is effective at minimizing Tn5’s inherent bias
towards accessible chromatin.

(C) Normalized genomic coverage of non-overlapping 500 kb genomic bins of ExIGS reads from
skin fibroblasts. Copy number was calculated by dividing by the median coverage and
multiplying by 2. 96.4% of autosomal bins with more than 10 reads displayed a copy number
between 1 and 3. Moderate peaks and valleys likely represent GC bias, points around zero likely
fall in low mappability regions. Colors represent bin chromosome.
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Fig. S10: Quantification of expanded resolution

Top, Quantification of 3D amplicon and nuclear lamina feature width (lamin B) from in situ genome
sequencing (IGS) of early mouse embryos. Bottom, Same as top, but for ExXIGS of human skin fibroblasts
(Lamin A/C). Feature widths were calculated using full width at half maximum measurements. The
improvement in resolution is likely greater for lamin than DNA amplicons because the latter is not a
diffraction-limited measurement (because amplicons are randomly imaged in 1 of 4 sequencing channels),
but may also be due to species (mouse vs. human) or lamin type (Lamin B vs. Lamin A/C) differences.
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Fig. S11: Benchmarking of DNA-protein association, genomic resolution, and coverage

(A) Left, Histogram of distance to nuclear boundary for IGS genomic reads. Peaks every ~300 nm
likely represent spatial resolution limits in the z dimension. Right, Plots showing correspondence
between distance to nuclear exterior and IMR-90 ATAC-seq for chromosome 1 at 500 kb
resolution. Correlation value shown is calculated across all genomic bins.

(B) Same as (A), but for distance to lamin A/C for EXIGS genomic reads.

(C) Plot showing Pearson correlations over all IMR-90 ExIGS reads between distance to nuclear
proteins (Lamin A/C and nuclear speckles) and binned ATAC-seq values at 7 different genomic
resolutions.

(D) Plot showing the percentage of bins at 7 different genomic resolutions measured by EXIGS in this
study vs. in a comparable study that applied whole-genome DNA FISH to human fibroblasts.



= —

Seld 1IN E Y
Position along chr. Chromosome

Fig. S12: Visualization of chromosome territories and lamin abnormalities in a progeria fibroblast
ExIGS genomic reads for each chromosome in a passage 25 progeria fibroblast, overlaid on expansion
immunofluorescence images of Lamin A/C. Both ExXIGS reads and IF images are shown as maximum
intensity z-projections for visualization. Scale bar in bottom right applies to all images, 5 microns.
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Fig. S13: Segmentation of peripheral and internal lamin
Top, Lamin A/C segmentation and annotation of EXIGS reads by distance to lamin at top, middle, and
bottom thirds of a control fibroblast. Bottom, Same as top, but for a passage 25 progeria fibroblast with
substantial internal lamin. Both ExIGS reads and IF images are shown as maximum intensity
z-projections of each third for visualization. Scale bar in bottom right applies to all images, 5 microns.
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Fig. S14: Validation of Lamin A/C accumulation in unexpanded progeria fibroblasts

(A) Reproduced from Fig. 2G. Control and progeria fibroblasts profiled with ExIGS and expansion
immunofluorescence (IF) imaging of Lamin A/C, plotted by percent lamin by volume and percent
internal lamin by volume.

(B) Same as (A), but for non-expansion IF control and progeria fibroblasts from matched passages.

(C) Top, Non-expansion IF of Lamin A/C for representative control and progeria fibroblasts from
each passage. Bottom, segmentation of peripheral and internal lamin for the cells shown above.
Scale bars, 5 microns. All images shown as single z-planes for visualization.
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Fig. S15: Expansion immunofluorescence imaging of Lamin A/C, Lamin B1, and Progerin

(A) Expansion immunofluorescence imaging of Lamin A/C and Lamin Bl in control fibroblasts,
progeria passage 19, and progeria passage 25. Scale bars, 5 microns, using a standard expansion

factor of 5. All images shown as maximum intensity projections for visualization.

(B) Violin plot showing the percentage of each nucleus occupied by Lamin B1. » = 91, 110, and 97

for control fibroblasts, progeria passage 19, and progeria passage 25.

(C) Expansion immunofluorescence imaging of Lamin A/C and Progerin for the same cells shown in

(A).

(D) Violin plot showing the percentage of each nucleus occupied by Progerin. Number of cells is the

same as (B).
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Fig. S16: Concordant epigenetic changes in progeria fibroblasts

(A) Scatter plot showing mean distance of ExIGS reads to lamin in control fibroblasts vs. progeria (all
passages). Each dot represents a non-overlapping 500 kb genomic bin. Dotted line indicates bins
where mean distance to lamin is roughly the same.

(B) Scatter plot showing normalized bulk ATAC-seq in control fibroblasts vs. passage 21 progeria
fibroblasts. As in (A), each dot represents a 500 kb genomic bin and dotted line indicates
similarity across conditions. ATAC-seq values are normalized by the mean over all bins in each
condition.

(C) Scatter plot showing the relationship between changes in normalized ATAC-seq and mean
distance to lamin from control to progeria fibroblasts. The x-axis displays log2 fold changes using
values from (B), while the y-axis displays differences usings values from (A). Positive correlation
indicates that decreases in chromatin accessibility (negative values on the x-axis) are associated
with closer proximity to the lamin (negative values on the y-axis).
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Fig. S17: Stochastic co-localization of disruption hotspots and internal lamin

(A) Representative progeria fibroblasts from passage 22 (top) and 25 (bottom) with disruption
hotspots that closely co-localize with internal lamin marked by white circles. Left and middle
columns show a single z-plane for visualization, containing the lamin IF and segmentation. The
right column shows ExIGS reads in a maximum intensity z-projection for a 1.8 micron thick
section, labeled by hotspots.

(B) Same as (A), but with disruption hotspots that do not co-localize with internal lamin are marked.
All scale bars, 5 microns.

(C) Top, Density plot showing distance to internal lamin for neighborhoods within disruption hotspots
vs. those not in disruption hotspots. Bottom, Density plot showing neighborhood lamin-ATAC
correlations for EXIGS reads touching internal lamin (< 200 nm away) vs. those not touching
internal lamin.
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Fig. S18: Disruption hotspots show random genomic distribution
(A) Histogram of percentage of reads falling within a disruption hotspot for non-overlapping 500 kb
genomic bins.
(B) Percentage of reads falling within a disruption hotspot by genomic position. Each dot represents a
non-overlapping 500 kb genomic bin.



Fig. S19: Visualization of nuclear abnormalities in fibroblasts from a 92 year-old donor

Expansion immunofluorescence (IF) images of Lamin A/C for 92 year-old donor fibroblasts with nuclear
abnormalities. All images are 3D stacks, but are shown as maximum intensity z-projections for
visualization purposes. Scale bar in bottom right applies to all nuclei, 5 microns.
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Fig. S20: In situ library construction in rat cardiomyocytes and mouse small intestine tissue
(A) In situ genomic library in mouse small intestine tissue. Blue, DNA density (Sytox Green);
Yellow, DNA amplicons.
(B) In situ genomic library in rat cardiomyocytes. Yellow, DNA amplicons. Scale bars show distance
after expansion.



Table S1.
ExIGS cell and amplicon filtering statistics

Table S2.
ExIGS data for control fibroblast dataset

Table S3.
ExIGS data for IMR-90 dataset

Table S4.
ExIGS data for all progeria datasets
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