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In the cell nucleus, chromatinis anchored to the nuclear lamina, a network

of lamin filaments and binding proteins that underly the inner nuclear
membrane. The nuclear laminaisinvolved in chromatin organization
through the interaction of lamina-associated domains within the densely
packed heterochromatin regions. Using cryo-focused ion beam milling in
conjunction with cryo-electron tomography, we analyzed the distribution
of nucleosomes at the lamin-chromatin interface at the nanometer scale.
Depletion of lamins A and C reduced nucleosome concentration at the
nuclear periphery, while B-type lamin depletion contributed to nucleosome
density in proximity to the lamina but not further away. We then investigated
whether specific lamins can mediate direct interactions with chromatin.
Using cryo-electron microscopy, we identified a specificbinding motif of the
lamin A tail domain that interacts with nucleosomes, distinguishing it from
the other laminisoforms. Furthermore, we examined chromatin structure
dynamics using a genome-wide analysis that revealed lamin-dependent
macroscopic-scale alterations in gene expression and chromatin
remodeling. Our findings provide detailed insights into the dynamic and
structural interplay between lamin isoforms and chromatin, molecular
interactions that shape chromatin architecture and epigenetic regulation.

Nuclear lamins provide mechanical support and safeguard the integrity
of the cell nucleus. At the nuclear lamina (NL), lamins contribute to the
organization of chromatin'2. In mammals, four main lamin isoforms
are expressed: the A-type lamins (A and C; A/C) and the B-type lamins
(Bland B2; B1/B2)*. During their posttranslational processing, lamins
A,Bland B2 are farnesylated at their C terminus. Notably, while lamin
Aloses its farnesyl group through a subsequent cleavage, the B-type
laminsretain their farnesylation, serving asanchors to the inner nuclear
membrane (INM)*. The two types of lamin proteins have been described
to form two separate but interconnected filamentous meshworks?®,
wherein the B-type lamin meshwork is localized closer to the nuclear
membrane®’. Previous investigations of the NL of mouse embryonic

fibroblasts (MEFs) showed a 14-16-nm-thick meshwork consisting of
~3.5-nm-thick lamin filaments®’.

Knockout (KO) of A-type lamins in MEFs greatly impacts nuclear
mechanics by reducing stiffness and structural integrity’®"* and
decoupling nuclear and cytoplasmic forces”. These observations
suggest direct interactions between lamins A/C and chromatin' at
the docking sites of heterochromatic regions %, These large sites,
commonly termed lamina-associated domains (LADs), can extend
up to 10 Mb in length and are typically enriched with the H3K9me3
repressive mark, rendering them transcriptionally inactive. How-
ever, 10% of the genes inside LADs are still expressed”. Interestingly,
A-type lamins were shown to also interact with euchromatic DNA?
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Fig. 1 | The local concentration and distribution of nucleosomes at the NE.

a, Anx-ytomographicslice, 8.8 Ain thickness, of an MEF cell thinned by
cryo-FIB. The nucleoplasm (Nuc), NL, NE and cytoplasm (Cyt) areindicated.

b, Segmented view of atomogram depicting the NE of a cell. Nucleosomes and
lamins are colored on the basis of their local concentration, from purple to
greenand yellow to red. The NPC was manually placed (gray, EMD-12814).c, The
local concentration of nucleosomes was defined as the number of neighboring
nucleosomes within a24-nm radius, plotted as a function of their distance

from the NL. The concentration plateaued at an average of seven neighbouring
nucleosomes (-1.4 x 10> nucleosomes per pm?3) beyond 60 nm from the NL.

d, Therelationship between nucleosome concentration and lamin concentration
is shown. For each lamin segment, the number of neighboring lamin filaments
was determined and plotted against the local nucleosome concentration of its
nearest nucleosome. e, The nucleosome concentration probability was plotted
as afunction of the distance to the closest lamin filament in each tomogram
(Extended Data Fig. 4g). Their associated distance of peaks is plotted in

e, showing amedian value of 47 nm.f, The nucleosome probability density asa
function of the distance between nucleosomes and lamins is plotted for each
tomogram (Extended Data Fig. 4i). The peaks are plotted against associated
distance valuesinf. The median distance was 22 + 5 nm. g, Images highlighting
examples of direct lamin-nucleosome interactions. h, The nucleosome
concentration is plotted against the distance to the center of the closest NPC.
i, Segmented view of ameasurementin h. The nucleosomes are colored on the
basis of their concentration. j, The concentration of lamin filaments is plotted
against their distance to the closest NPC. All box plots show a box between the
25thand 75th percentiles, the median as a horizontal line, the mean asablack
square and 1.5 s.d. as whiskers. Significance was calculated using a one-way
ANOVA. ***P < 0.0001, **P< 0.001, **P< 0.01 and *P < 0.05; not significant
(NS), P> 0.05. A total of 15 tomograms were used for the analysis shown in c—f,
handj.Graydashedlinesinc, h andj connect the mean values of each column.
Each colored triangle in e and f represents the most frequent minimal distance
between nucleosomes and lamin filaments, in each tomogram.
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