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Abstract:  

Somatic cell fate is an outcome set by the activities of specific transcription factors and the chromatin 
landscape and is maintained by gene silencing of alternate cell fates through physical interactions with the 
nuclear scaffold. Here, we evaluate the role of the nuclear scaffold as a guardian of cell fate in human 
fibroblasts by comparing the effects of transient loss (knockdown) and mutation (progeria) of functional 
Lamin A/C, a core component of the nuclear scaffold. We observed that Lamin A/C deficiency or mutation 
disrupts nuclear morphology, heterochromatin levels, and increases access to DNA in lamina-associated 
domains. Changes in Lamin A/C were also found to impact the mechanical properties of the nucleus when 
measured by a microfluidic cellular squeezing device. We also show that transient loss of Lamin A/C 
accelerates the kinetics of cellular reprogramming to pluripotency through opening of previously silenced 
heterochromatin domains while genetic mutation of Lamin A/C into progerin induces a senescent phenotype 
that inhibits the induction of reprogramming genes. Our results highlight the physical role of the nuclear 
scaffold in safeguarding cellular fate. 
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INTRODUCTION 

All mammalian cells strictly regulate gene expression to retain their identity and function through 
genomic organization of chromatin1,2. Recent studies have shown that the spatial segregation of 
transcriptionally active and inactive chromatin domains is achieved in part through physical interactions 
with subnuclear structures at the nuclear periphery3–6. The periphery of the nucleus is bounded by the inner 
and outer nuclear membrane and the nucleoskeleton, a complex mesh of type V intermediate filaments 
called lamins7. Nuclear lamins are comprised of A-type (LMNA) and B-type (LMNB1, LMNB2) isoforms8, 
and their expression is lineage-restricted such that all somatic cells express at least one B-type lamin7 while 
A-type lamins are lacking from embryonic stem cells and restricted to differentiated cells9. A-type lamins 
also scale in abundance according to cell type10–12 and tissue stiffness13. Accordingly, the animate functions 
of the genome and cell-type specificity10,14 are primarily mediated through dynamic interactions with lamins, 
whereby genes associated with alternate lineages are condensed into transcriptionally inactive 
heterochromatin and physically tethered to the nuclear periphery in lamina-associated domains (LADs)12,15–

17. LADs are 0.1-10 Mb in size17, cover more than one-third of the human and mouse genomes18, and are 
associated with transcriptionally inactive domains15. During stem cell differentiation or activation, hundreds 
of repressed genes in LADs detach from lamins to increase in expression and promote cell fate 
transitions10,14,19,20. Thus, nuclear lamins are a safeguard for cellular fate and a gateway to previously 
repressed genes. 

The loss of functional lamins in laminopathies such as Hutchinson-Gilford Progeria Syndrome 
(HGPS), which is driven by mutations in the LMNA gene21, results in disruption to LADs, abnormal nuclear 
morphologies, loss of peripheral heterochromatin, and premature aging22,23. HGPS and other laminopathies 
have also displayed altered nuclear stiffness24 and impairments in the ability to resist mechanical loads, 
producing susceptibility to changes in chromatin conformation25. The ability of the nucleus to resist 
mechanical deformation is specified in part by separate contributions from lamins and heterochromatin 
domains, in which chromatin is responsible for the elastic response at small deformations (<3m), while A-
type and B-type lamins regulate the elastic and strain-stiffening responses, respectively, in response to 
larger mechanical stimuli26–28. Taken together, these results suggest that lamins sit at the nexus between 
chromatin organization, nuclear stiffness, and intracellular mechanical signaling, but how these proteins 
influence cellular fate remains underexplored. 

In this article, we evaluate how changes in the composition of nuclear lamina impact the stability of 
cellular fate using somatic cell reprogramming as a model system, whereby a differentiated cell fate is 
erased and a new cellular identity is adopted. We compare the reprogramming kinetics29 of healthy 
fibroblasts, HGPS fibroblasts possessing permanently dysfunctional LMNA, and fibroblasts that transiently 
downregulate Lamin A/C to evaluate how chromatin state, elasticity of the nucleus16, and cell fate plasticity 
are coupled. We first show how loss of functional Lamin A/C proteins affects morphology, and chromatin 
accessibility. Next, we assess differences in the mechanical properties of a nucleus using a novel micro-
mechanical cell-squeezing device. Finally, we demonstrate that aberrant nuclear morphology and 
associated changes in the mechanical elasticity associate with changes in reprogramming efficacy and 
kinetics. To understand the molecular mechanisms that confer these changes, we mapped transcriptional 
dynamics of single cells across conditions, and show that Lamin A/C knockdown produces varied TF-
binding dynamics. These results shed light on how mechanical properties of a nucleus focalized through 
lamins contribute to chromatin organization and cellular fate.   

RESULTS 

Disruptions in Nucleo-Scaffold Affect Nuclear Morphology and Heterochromatin 
To evaluate the effect of disruptions to the nuclear lamina on nuclear morphology, we examined 3 

different systems. First, we utilized dermal fibroblasts possessing a heterozygous point mutation in exon 
11 of the LMNA gene (c. 1824C>T; p.Gly608Gly) obtained from patients with HGPS22. This mutation 
activates a cryptic splice donor site, resulting in the synthesis of a truncated, immature form of Lamin A/C 
called progerin22 (Supp. Figure 1A,B) that has been shown to produce aberrant nuclear morphology30 and 
loss of peripheral heterochromatin23. We confirmed the presence of progerin in HPGS fibroblasts (Supp. 
Figure 1A) and compared HGPS fibroblasts to healthy human dermal fibroblasts (Controls) as well as 
fibroblasts that had temporarily reduced levels of Lamin A/C (LMNA KD). Knockdown of Lamin A/C was 
achieved through delivery of Dicer-substrate small interfering RNAs31 (DsiRNAs) targeting LMNA in lipid-
nanoparticles. Following LMNA KD, we observed >75% reduction of mRNA levels and significant reductions 
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in LMNA levels (Figure 1A,B; Supp. Figure 1C,E,F) with minimal impact on cell proliferation (Supp. Figure 
1D-F). Immunostaining for Lamin A/C and two different markers associated with constitutive 
heterochromatin (H3K9me3 and HP1a) in HGPS, LMNA KD, and control fibroblasts revealed that both 
HGPS and LMNA KD fibroblasts displayed alterations in nuclear morphology when compared to unmodified 
controls (Figure 1A). Specifically, multiple protrusions or cavities were observed along the contour of the 
nucleus for HGPS and LMNA KD cells when compared to controls, likely reflecting punctate areas of 
localized protein depletion (Figure 1C,D). In addition, we observed ruptures of the nuclear membrane in 
Lamin A/C staining for LMNA KD (Figure 1A,C), indicating elevated instability in nuclear architecture. 
LMNA KD also resulted in increased H3K9me3, independent of the heterochromatin protein 1a (HP1a) 
(Figure 1A,B), which was in contrast to HGPS fibroblasts that displayed reductions in H3K9me3 and 
HP1a5. These results are congruent with previous studies5,32 and the notion that modifying the amount and 
type of lamins engenders alterations to nuclear morphology and heterochromatin.  

Nuclear Scaffold Alterations Modulate Chromatin Accessibility and Transcription Factor Binding 
Inducing somatic cells to reprogram or change fate requires the concerted re-expression and 

binding of previously silenced transcription factors (TFs), which physically untether from the nuclear 
envelope back towards interior nuclear compartments33. Previous research has shown that HGPS cells 
display reductions in heterochromatin and increased chromatin accessibility in LADs34, but less is known 
about how transient loss of lamins impacts chromatin accessibility and gene accessibility within LADs. To 
probe further whether transient knockdown of LMNA facilitates heterochromatin detachment that results in 
changes in transcription factor binding (Figure 2A), we utilized an assay for transposase-accessible 
chromatin followed by high-throughput sequencing35,36 (omni-ATAC-Seq) on control fibroblasts, LMNA KD 
and human embryonic stem cells (hESCs). We generated 11,779,630 read pairs on average for each 
sample, resulting in 150,008 enriched sites across all conditions. Principal component analysis (PCA) of 
enriched sites (Figure 2B) revealed distinct patterns between each condition in which LMNA KD and control 
fibroblasts clustered separately from hESCs along principal component 1 and hESCs lie in between control 
and LMNA KD along principal component 2. Partitioning each dataset according to their shared and unique 
sites (Figure 2C) revealed that unique sites were mostly distal to gene promoters (Figure 2D). To identify 
patterns in altered chromatin accessibility, we performed gene set enrichment analysis of unique sites 
between control and LMNA KD fibroblast using the GREAT toolbox37. This analysis revealed that LMNA 
KD promoted increased accessibility around genes associated with a variety of pro-reprogramming factors, 
including heparan sulfate synthesis, which is highly upregulated in ESCs and is critical to their self-
renewal38, G-protein coupled glutamate receptor signaling, which promotes the undifferentiated state in 
cultured ESCs39,40, Activin receptor signaling, which regulates stem cell self-renewal41, and PIWI-
associated RNA (piRNA) biogenesis, which are uniquely expressed in reprogrammed pluripotent cells42. 
PIWI-associated RNAs have also been shown to contribute to H3K9me3 deposition at transposable 
elements43, in support of elevated H3K9me3 expression after Lamin A/C knockdown. We next identified 
differences in TF binding using differential TF footprinting analysis44. This analysis revealed enrichments of 
pro-reprogramming motifs in LMNA KD that are implicated in the epithelial-to-mesenchymal transition 
(EMT) during embryogenesis45 (SNAI1/2/3) in addition to Notch signaling (HES1), YY2, which regulates 
post-transcriptional expression of reprogramming factors (OCT4, KLF4, SOX2, and c-MYC – OKSM)46, and 
HINFP, which regulates cell proliferation and repression of transposable elements47. In contrast, control 
fibroblasts were enriched for AP-1 family members, which are known to guard the somatic genome from 
reprogramming48,49, and TEAD4, which is known to regulate transcription networks supportive of 
reprogramming50 (Figure 2F). These results suggest transient knockdown of the nuclear scaffold creates 
a chromatin landscape that results in accessibility of previously silenced transposable elements43,51,52 and 
pathways and TF-binding associated with stem cell self-renewal (Figure 2E).  

To further evaluate whether the increases in chromatin accessibility of transposable elements were 
derived from LADs, we integrated datasets of constitutive lamina-associated domains (cLADs), which are 
conserved across cell types and species53. We found that while control fibroblasts showed decreased ATAC 
signal within cLADs, hESC and LMNA KD fibroblasts both showed opening of cLADs (Figure 2G,H). 
Integrating these results shows loss of lamins promotes alterations in chromatin organization and increased 
access to previously silenced motifs required for adoption of a new cellular fate.   

Development of Micro-Mechanical Squeezing Assay to Assess Nuclear Deformations 
Nuclear mechanical properties are typically assessed in bulk by confining cells between parallel 

plates54, stretching an elastic substrate on which cells are adhered55,56, or using atomic force microscopy 
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(AFM)57–59, micropipette aspiration60, micropost arrays61, or microfluidic devices62. While these approaches 
have begun to tease apart the relationship between nuclear morphology and stiffness in three-dimensions, 
they typically rely on highly specialized equipment and setups. We improved upon an easily configurable 
micro-engineered PDMS-based device64 with custom stretching mechanisms to precisely trap and 
reproducibly deform single cells with detailed three-dimensional optical read outs enabled by confocal 
microscopy (Figure 3A). The microfluidic device uses a substrate of poly(dimethylsiloxane) (PDMS) that 
contains micro-patterned notches rigidly attached to a thin film of hard PDMS (h-PDMS) (Supp. Figure 
2A). Application of tensile strain to the device generated micro-cracks63 (Supp. Figure 2B) owing to both 
a lower toughness and three-fold increase in the modulus of the thin hPDMS layer compared to the 
underlying substrate (Supp. Figure 2C). The resultant cracks can then be opened and closed in a 
reproducible manner by varying strain of the device64 according to the thickness of the h-PDMS layer (Supp. 
Figure 2D,E). Three-dimensional confocal imaging of the channels when the device was strained and 
relaxed showed the fully reversible nature of the channel cross-section (Figure 3B).  

To test the system’s ability to resolve morphological changes during compression, hydrogel 
spheres with comparable sizes (~25 μm diameter) and mechanical properties (2.4 kPa) to cells were 
fabricated from alginate polymers and conjugated to rhodamine using a cross-junction microfluidic device65 
(Supp. Figure 3A,B). The hydrogel spheres were loaded into the system and their deformation observed 
at varying strains using confocal microscopy (Supp. Figure 3C). Bead deformation was assessed by fitting 
an ellipsoid at each channel width. The alginate hydrogel was observed to deform linearly65 in proportion 
to decreases in channel width and partially recover its undeformed morphology after the channel was 
reopened (Supp. Figure 3C-E). The direction of bead deformation was primarily parallel to decreasing 
channel width with minimal changes in morphology along the length of the channel (Supp. Figure 3F). 

We next used this system to mechanically assess nuclei with perturbed Lamin A/C proteins. 
Control, HGPS, and LMNA KD fibroblasts were captured in the micro-mechanical device and compressed 
at four different strains until the channel was completely collapsed (Figure 3C). Confocal microscopy at 
each strain resolved fine differences in nuclear morphology during compression such that folds and wrinkles 
in the nuclear surface were observed to flatten as they contacted the channel walls (Supp. Figure 4A). 
HGPS and LMNA KD fibroblasts showed decreased resistance to nuclear lysis upon mechanical 
compression compared to control fibroblasts (Figure 3D). LMNA KD fibroblasts were particularly 
susceptible to lysis, which is in line with our observation that loss of Lamin A/C promotes nuclear rupture 
even in the absence of mechanical stress. In contrast, HGPS fibroblasts, which are less able to reorganize 
their nucleoscaffold in response to mechanical stress60, were able to resist lysis until the channel was 
completely closed.  

To quantify nuclear deformation, ellipsoids were fitted to nuclei at each stage of compression and 
the elongation and flatness factors of each ellipsoid were calculated. Comparing these two factors during 
compression revealed a trend across all cell types in which nuclei transition from elongated morphologies 
towards flat, round morphologies (Supp. Figure 4B,C). To determine whether the device imposes 
mechanical stress on nuclei before the cells are captured in the channel, we assessed the morphologies of 
cells sitting in the inlet outside of the channel and those of cells sitting on glass coverslips (Supp. Figure 
4C). We observed minimal differences between these populations. We further assessed each cell type’s 
ability to resist mechanical deformation by visualizing ellipsoid flatness and elongation as a function of 
channel width distal to the cell. Changes in fitted ellipsoid radii during compression showed that nuclear 
strain occurs both along and orthogonal to the channel, in contrast to the hydrogel beads (Supp. Figure 
4D). HGPS and LMNA KD nuclei showed steeper increases in ellipsoid flatness with decreasing channel 
width compared to control nuclei, indicating reduced resistance to mechanical deformation (Figure 3E). 
These results were supported by atomic force microscopy (AFM) indentation experiments, which revealed 
significantly reduced Young’s moduli in HGPS and LMNA KD nuclei compared to control fibroblasts (Figure 
3F). The maximum indentation depth was also greatest in HGPS nuclei, highlighting reduced mechanical 
stiffness (Figure 3F). These results are consistent with previous studies showing alterations in lamins 
confers changes in mechanical properties of nuclei66. 

Transient Nuclear Scaffold Alterations Accelerate Cell Fate Transitions 
To assess whether the induced changes in nuclear morphology and chromatin organization with 

Lamin A/C modification impacted ability to adopt a new cellular fate, control, LMNA KD and HGPS 
fibroblasts were virally transduced to express reprogramming factors (OKSM)67 (Figure 4A). The number 
and size of reprogrammed stem cell colonies was assessed by TRA-1-60 live cell staining at 7, 15, 22 days 
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after transduction and immunostaining for Oct3/4, Sox-2, and Nanog at 15 and 22 days (Figure 4B,C). 
HGPS cells failed to produce any sizable colonies over 22 days, but strongly expressed TRA-1-60, 
indicating robust initiation of the reprogramming process68. LMNA KD fibroblasts produced more TRA-1-
60-positive colonies at days 15 and 22 when compared to controls, indicating accelerated reprogramming 
kinetics. To further assess the extent of reprogramming between conditions, we performed immunostaining 
for Oct3/4 and Nanog followed by flow cytometry (Figure 4D-F). We found comparable levels of Oct3/4 and 
Nanog at day 15 for LMNA KD and control fibroblasts, respectively, demonstrating a strong induction of the 
reprogramming program for both conditions (Figure 4F). We also observed a significant increase in Nanog 
expression for LMNA KD cells at day 22 compared to control fibroblasts, indicating an accelerated rate of 
genuine reprogramming. Immunofluorescence staining for Sox-2 and Nanog supported these findings 
whereby Sox-2 and Nanog expression were strongly activated in colonies that had formed by day 22 (Supp. 
Figure 5). HGPS fibroblasts were excluded from this analysis as the samples were too sparse to acquire 
reliable results. Overall, these results suggest that transient loss of Lamin A/C promotes accelerated colony 
formation with elevated NANOG expression, while permanently dysfunctional LMNA in HGPS cells 
promotes strong initiation of reprogramming that is hampered by complications from reduced proliferation 
and disorganized chromatin69.  

Early Reprogramming Kinetics Are Altered By Loss of Functional Lamins 
To further understand changes in the kinetics of early reprogramming from modifications to Lamin 

A/C, we generated and analyzed single-cell RNA sequencing datasets of control, HGPS, and LMNA 
knockdown fibroblasts at day 7 after reprogramming (Figure 5, Supp. Figure 6A,B). We identified a total 
of 7,893 cells (1,695 HGPS; 2,735 LMNA KD; 3,463 control), each expressing a mean of 27,815 unique 
molecular identifiers (UMIs) and 4,844 genes after basic quality filtering. Visualizing cell clustering in 
uniform manifold approximation and projection (UMAP) embeddings70 revealed transcriptionally distinct 
subpopulations that were common to all cell types (Cluster 2), enriched with HGPS fibroblasts (Cluster 6), 
or shared between control and LMNA KD fibroblasts (Figure 5A). Superimposing expression of 
pluripotency (NANOG, GDF3) and fibroblast lineage (COL1A1, FN1) genes onto UMAPs showed that non-
reprogrammed cells abundantly expressed somatic genes distinct from cells undergoing reprogramming 
(Figure 5B). To characterize the progress of each cell type through reprogramming, we embedded the cells 
in a partition-based graph abstraction (PAGA) map71 and estimated diffusion pseudotime72 (Figure 5C). 
We identified two paths through the PAGA map that corresponded to two distinct reprogramming outcomes 
(Figure 5D). Path 1 (Cluster 3  1  4  0) captured cells that transitioned from expressing genes specific 
to the mesenchymal and fibroblast lineages towards expressing pluripotency genes. These same cells also 
expressed AP-1 factors at the beginning of the trajectory, which is consistent with our ATAC-Seq 
footprinting analysis (Figure 2F) and with these factors behaving as guardians of somatic cell fate48,50,73. 
Consistent with our in vitro characterizations, this path was also depleted for HGPS fibroblasts. Expression 
of the OSKM factors was enriched at the end of Path 1 and in Cluster 4, which was centrally located in the 
PAGA trajectories. Cells that followed Path 2 (Cluster 3  1  4  7  2) were predominantly HGPS cells 
that did not express pluripotency genes, but did express extracellular matrix remodeling genes 
characteristic of the fibroblast lineage and are known barriers to reprogramming73. The high expression of 
OSKM factors and the shared expression of fibroblast and pluripotent genes in Cluster 4 suggest that these 
cells represent a binary decision point between the different outcomes of Paths 1 and 2. We compared 
HGPS fibroblasts with control and LMNA KD fibroblasts in cluster 4 and found that while HGPS fibroblasts 
were expressing p53 programs related to senescence (CDKN1A, CCNG1, DDB2), the control and LMNA 
KD fibroblasts were enriched for genes related to cell proliferation, non-canonical Wnt signaling74 (TCF7L1, 
WNT5A, FZD4) and hedgehog signaling75 (SEM1, SMOX, PSMA-4, which are involved in embryonic 
development (Supp. Figure 6C). Moreover, these fibroblasts expressed genes related to multiple cell fates 
such as the neural (ROBO3, SLIT3, SEMA5A) and osteogenic (COL1A1, SMAD1, TWIST2) lineages, 
indicating the re-expression of previously silenced lineage specifiers. We further compared control and 
LMNA KD fibroblasts in Cluster 4 and found that LMNA KD fibroblasts upregulated anti-oxidant and Nodal 
signaling genes (SQSTM1, DRAP1, PRDX6), which are known to support pluripotency 76,77, while control 
fibroblasts expressed genes related to DNA methylation known to inhibit pluripotency induction 
(GATAD2A)78, peroxisome transport (RAB8B), and nuclear export of pluripotency genes (SRSF5)79 (Figure 
5E). Summing these results shows that permanent modification of Lamin A/C, as observed in HGPS, 
reduces competency for changing cellular fate while transient loss of functional lamins modulates early 
reprogramming kinetics by upregulating unique pathways supportive of pluripotency.  
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DISCUSSION 

Cellular identity is regulated by the coupled actions of lineage-specific TF binding, and a chromatin 
landscape that represses genes associated with alternate fates2. Here we show that modifying Lamin A/C 
changes nuclear morphology and elasticity80,16, and opens condensed chromatin to facilitate alterations in 
the ability to change cell fate12,18. Recently, mechano-transductive strategies81 have been shown to 
enhance the efficiency of the reprogramming process through reduction of heterochromatin82,83, which is a 
well-known barrier to reprogramming84 and contributes to proper expression of lineage-specific 
programs85,86. Our results show that temporary perturbation of the nuclear scaffold from LMNA KD can 
transiently increase constitutive heterochromatin markers such as H3K9me3,85,86 as well as increase 
chromatin accessibility in constitutive LADs. These chromatin changes occurred around genes related to 
PIWI RNA metabolism, which are known to repress transposable elements that are typically silenced within 
LADs. Thus, while H3K9me3 may be temporarily increased in LMNA KD cells, lineage-specific genes that 
are typically repressed within LADs may also be opening. This result indicates that the kinetics of 
reprogramming somatic cells back to pluripotency are mediated by heterochromatin detachment within 
LADs, which is in line with previous improvements in reprogramming efficiency by treatment with vitamin 
C87, which specifically targets heterochromatin at the nuclear periphery88.  

Hutchinson-Gilford Progeria Syndrome is a devastating rare condition in which functional Lamin 
A/C is replaced by mutant progerin. Replacement of Lamin A/C with progerin contributes to aberrant nuclear 
morphology, loss of H3K9me3, and opening of genes normally repressed in LADs34,89,90 suggestive of an 
increased propensity to change cellular fate. Our results show reductions in the ability of HGPS cells to 
reprogram back to pluripotency and attribute this to reductions in proliferative capacity from accumulation 
of progerin90. Cellular reprogramming to pluripotency requires concerted proliferation and multiple 
passages of HGPS cells91 have been shown to contribute to senescence92. Single-cell RNA sequencing of 
fibroblasts early in the reprogramming process further substantiate this effect and showed that while control 
and LMNA KD fibroblasts traveled along similar trajectories towards pluripotency, HGPS fibroblasts did not 
appreciably express pluripotency genes and varied in their trajectory. These results suggest that temporary 
changes in lamina-associated heterochromatin facilitate formation of new chromatin accessibility patterns 
that are permissive to cell fate changes, but permanent LAD detachment and progerin accumulation 
contributes to dysfunctional cell cycle regulation and senescence programs93.  

Mammalian cells are sensitive to tissue stiffness13 and adjust the mechanical properties of their 
nuclei by modifying expression of lamin isoforms and re-distributing heterochromatin. Techniques to 
connect biophysical properties of nuclei with morphological changes have been lacking94. Our microfluidic 
squeezing approach begins to address this challenge by facile cell trapping in optically transparent 
microfluidic channels and controllably deforming nuclei. Monitoring the squeezing process with confocal 
microscopy facilitated observation of increases in nuclear deformation for HGPS and LMNA KD fibroblasts 
when compared to controls, which mirrored results obtained with AFM indentation. Given this system is 
adaptable to integrate with light-sheet microscopy95 for tracking of faster cellular processes, is scalable to 
probe deformation of individual nuclei in multinucleated cells such as muscle, and displayed sensitivity to 
follow the unfolding of nuclear wrinkles, which can be used to predict mechano-transduction ability96 and 
resistance to nuclear lysis; we envision additional aspects of nuclear mechanobiology can be accessed by 
this novel approach. Our observations revealed HGPS and LMNA KD fibroblasts displayed increased 
propensity to lyse under smaller nuclear strains, and we speculate that cells in mechanically active tissues 
such as the myocardium, skeletal muscle and vasculature may attempt to remodel their matrix as a 
protective mechanism. In line with this, recent evidence suggests that cell types in mechanically active 
tissues with laminopathies exhibit pathological symptoms at faster rates than tissues with less 
deformation97.  

The biophysical changes in nuclear structure that are imparted from modifications to lamins present 
an exciting opportunity to further understand links between chromatin organization and epigenetic factors 
that enforce lineage-specific gene expression69,98,99. Future work in this area will focus on how changes to 
the nuclear scaffold impact DNA interactions with other nuclear bodies and self-interacting topological 
associated domains. 
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Materials and Methods 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Chemicals, Peptides, and Recombinant Proteins 
Phosphate buffered saline (PBS), pH 7.4, no calcium, 
magnesium, or phenol red 

Gibco 10010023 
 

Fetal Bovine Serum Life Technologies 10437028 
Normal Donkey Serum  Sigma Aldrich S30-100mL 
Fluoromount-G Southern Biotech 0100-01 
Tween-20 Acros Organics 23336-0010 
TrypLE Select Enzyme (1X), no phenol red Gibco 12563011 
DMEM/F12 with L-Glutamine, HEPES, Phenol Red Gibco 11330032 
Matrigel Basement Membrane Matrix, Phenol Red-
free, LDEV-free  

Corning 356237 

Paraformaldehyde Solution, 4% in PBS Thermo Fisher AAJ19943K2 
Triton X-100 Acros Organics 327371000 
Glycine ReagentPlus, ≥99% (HPLC) Sigma Aldrich G7126-500G 
Fisher BioReagents Bovine Serum Albumin, Heat 
Shock Treated 

Fisher Scientific BP1600-100 

2-Mercaptoethanol (55 mM) Gibco 21985023 
MEM Non-Essential Amino Acids Solution (100X) Gibco 11140050 
Penicillin-Streptomycin (10,000 U/mL) Gibco 15140122 
Human FGF-basic (FGF-2/bFGF) (aa 1-155) 
Recombinant Protein 

Gibco PHG0266 

Puromycin Dihydrochloride Gibco A1113803 
StemPro Accutase Cell Dissociation Reagent Gibco A1110501 
Trypsin-EDTA (0.25%), phenol red Gibco 25200056 
TRIzol Reagent Invitrogen 15-596-018 
Human LMNA qPCR primer IDT Hs.PT.58.27794 
Human GAPDH qPCR primer IDT Hs.PT.39a.22214836 
Opti-Mem Reduced Serum Medium Gibco 31985062 
Hoechst 33342 BD 561908 
CellTrace Calcein Red-Orange, AM Invitrogen C34851 
Fluorescein, Sodium Salt Sigma Aldrich F-6377 
StemMACS iPS-Brew XF, human Miltenyi Biotec 130-104-368 
SYTO 9 Green Fluorescent Nucleic Acid Stain Invitrogen S34854 
Digitonin Fisher Scientific BN2006 
Trizma Hydrochloride Solution, pH 7.4 Sigma Aldrich T2194 
Sodium Chloride Solution, 5 M Sigma Aldrich 59222C 
Magnesium Chloride Solution, 1 M Sigma Aldrich M1028 
Nonidet P40 Substitute Sigma Aldrich 492018-50ML 
Agencourt AMPure XP  Beckman Coulter A63881 
Bioanalyzer High Sensitivity DNA Kit Agilent 5067-4626 
autoMACS Running Buffer – MACS Separation Buffer Miltenyi Biotec 130-091-221 
NuPAGE MOPS SDS Running Buffer (20X) Invitrogen NP0001 
NuPAGE Transfer Buffer (20X) Invitrogen NP00061 
SuperSignal West Pico PLUS Chemiluminescent 
Substrate 

Thermo Scientific 34579 

Pierce ECL Western Blotting Substrate Thermo Scientific 32109 
NuPAGE 4 to 12%, Bis-Tris, 1.5mm Mini Protein Gel Invitrogen NP0336BOX 
Knockout-DMEM Invitrogen 10829018 
Knockout Serum Replacement Invitrogen 10828028 
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Micro-Engineered Device Materials 
Krayden DC 184 KIT 3.9KG/8.8LB Krayden DC2065622 
Platinum (0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane 
complex, soln. in vinyl terminated polydimethylsiloxane 

Thermo Scientific 
Chemicals 

AA4150803 

(25-35% Methylhydrosiloxane) – Dimethylsiloxane 
copolymer, Trimethylsiloxane terminated, 25-35 cSt 

Gelest HMS-301-100g 

(7.0-8.0% Vinylmethylsiloxane) – Dimethylsiloxane 
copolymer, Trimethylsiloxy terminated, 800-1,200 cSt 

Gelest VDT-731-100g 

Atomic Force Microscopy 
HYDRA-6V-200NG cantilever AppNano HYDRA6V-200NG-TL-20 
Glass Beads Corpuscular 149105-30 
Hoechst Sigma B2261-25mg 
   
Antibodies 
Rabbit HP1 alpha polyclonal antibody Invitrogen PA529879 
Rabbit H3K9me3 polyclonal antibody (ChIP Grade) Abcam ab8898 
Mouse Lamin A/C Alexa Fluor 546 antibody (E-1) Santa Cruz 

Biotechnology 
sc-376248 

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 555 

Invitrogen A21428 

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 647 

Invitrogen A21245 

GloLIVE Human TRA-1-60(R) NL493 Live Cell 
Antibody 

Bio-Techne 
Corporation 

NLLC4770G 

4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI), 
FluoroPureTM grade 

Invitrogen D21490 

Oct-3/4 Antibody (C-10) Alexa Fluor 488 Santa Cruz 
Biotechnology 

sc-5279 AF488 

Nanog Antibody (1E6C4) Alexa Fluor 546 Santa Cruz 
Biotechnology 

sc-293121 AF546 
 

Sox-2 Antibody (E-4) Alexa Fluor 647 Santa Cruz 
Biotechnology 

sc-365823 AF647 

Mouse anti-Human Ki-67 antibody Alexa Fluor 647 Santa Cruz 
Biotechnology 

sc-23900 AF647 

Oct3/4 Antibody, anti-human/mouse, PE, REAfinity, 
Clone REA622 

Miltenyi Biotec 130-120-310 

Nanog Antibody, anti-human, Vio B515, REAfinity, 
Clone REA314 

Miltenyi Biotec 130-129-260 

Sox2 Antibody, anti-human/mouse, APC, REAfinity, 
Clone REA320 

Miltenyi Biotec 130-123-845 

   
Critical Commercial Assays 
CytoTune-iPS 2.0 Sendai Reprogramming Kit  Thermo Fisher A16517 
miRNeasy Micro Kit Qiagen 217084 
Power SYBR Green PCR Master Mix Applied Biosystems 4367659 
Lipofectamine 3000 Transfection Reagent Invitrogen L3000008 
NEBNext High-Fidelity 2x PCR Master Mix New England Bio 

Labs 
M0541S 

MinElute PCR Purification Kit Qiagen 28004 
   
   
Experimental Models: Organisms/Strains 
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Hutchinson-Gilford Progeria Syndrome fibroblast cell 
line (LMNA  exon 11, heterozygous c. 1824C>T 
(p.Gly608Gly)) 

The Progeria 
Research 
Foundation Cell and 
Tissue Bank 

HGADFN167 

Control human dermal fibroblast cell line  The Progeria 
Research 
Foundation Cell and 
Tissue Bank 

HGADFN168 

Human embryonic stem cells  WiCell Research 
Institute 

H1-WA01 

   
Deposited Data 
Day 7 reprogramming single-cell RNA sequencing  This Manuscript 

GSE224498 
Fibroblast and hESC ATAC-sequencing This Manuscript GSE224498 
Constitutive lamina-associated domain DamID-Seq Lenain et al., 2017100 GSE76594 
   
Software 
ENCODE ATAC-Seq Processing Pipeline https://github.com/EN

CODE-DCC/atac-
seq-pipeline101 

v0.3.4 

ChIPSeeker Yu et al., 2015102 ChIPSeeker v1.30.3 
TOBIAS Bentsen et al., 

202044 
TOBIAS v0.13.3 

DoubletFinder McGinnis et al., 
2019103 

DoubletFinder v2.0.3 

deepTools2 RamÍrez et al., 
2016104 

deepTools2 v3.5.1 

JASPAR TF Motifs Castro-Mondragon et 
al., 2022105 

JASPAR CORE 2022 

WebGestalt Liao et al., 2019106 WebGestalt 2019 
SCANPY Wolf et al., 2018107 SCANPY v1.9.1 
GSEApy Fang et al., 2023108 GSEApy v1.0.3 
DropletUtils 10.18129/B9.bioc.Dr

opletUtils 
DropletUtils v1.18.1 

FlowLogic https://flowlogic.softw
are/ 

FlowLogic 

GREAT McLean et al., 201037 GREAT v4.0.4 
Fusion 360 Autodesk Autodesk Fusion 360 
Incucyte ZOOM 2018A Essen BioScience Incucyte ZOOM 2018A 
ImageJ https://imagej.net/soft

ware/fiji/ 
ImageJ v1.53t 

MorphoLibJ ImageJ plugin Legland et al., 
2016109 

MorphoLibJ v1.5.0 

3D Objects Counter ImageJ plugin Bolte & Cordelierès, 
2006110 

3D Objects Counter 
v2.0.1 

3D Viewer ImageJ Plugin Schmid et al., 
2010111 

3D Viewer v4.0.3 

3D Roi Manager ImageJ Plugin Ollion et al., 2013112 3D Roi Manager v3.94 
 
Cell culture 
Dermal fibroblasts from a normal adult and a patient with Hutchinson-Gilford Progeria Syndrome (HGPS) 
were obtained from The Progeria Research Foundation Cell and Tissue Bank. Prior to seeding cells, culture 
plates were coated in a 1:30 dilution of Matrigel (Corning) in DMEM/F12 for 1 hour at room temperature. 
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Extra plates were kept at 4C for at most 2 weeks and allowed to equilibrate for 1 hour at room temperature 
before use. The growth media consisted of DMEM/F12 (Gibco), 10% FBS, 0.1 mmol/L nonessential amino 
acids (Gibco), 1 mmol/L L-glutamine (Gibco), 0.1 mmol/L beta-mercaptoethanol, and 1X penicillin-
streptomycin. Fibroblasts were passed at ~80% confluency using 0.25% Trypsin-EDTA (Gibco). 

Human embryonic stem cells were grown on ESC-qualified Matrigel (BD) in human ES media consisting of 
KO-DMEM (Invitrogen), 10% KOSR (Invitrogen), 1% glutamax or L-glutamin, NEAA (Thermo), 
penicillin/streptomycin, 0.1% 2-mercaptoethanol and 10 ng/mL human bFGF (Gibco). All cells were 
passaged using Accutase (Invitrogen).  

siRNA transfection and real-time PCR analysis 
LMNA knockdown in human dermal fibroblasts 
One day prior to transfection, human dermal fibroblasts were seeded in 12-well or 24-well Matrigel-coated 
plates at 15,000 or 10,000 cells per well, respectively. Cells were seeded on glass coverslips for 
immunostaining. On the day of transfection, cells were treated with 50 nM of DsiRNA against Lamin A/C 
(IDT; hs.Ri.Lmna.13.3) using Lipofectamine 3000 (Thermo Fisher) and allowed to recover for 5 days. The 
medium was replaced three days after transfection. 
Quantitative PCR 
Titration of LMNA DsiRNAs and knockdown efficiency were confirmed in part using quantitative PCR. Cells 
were harvested using Trizol, and a phenol-chloroform RNA extraction was performed using the Qiagen 
miRNeasy Micro Kit according to the manufacturer’s protocol. cDNA was then synthesized using the 
Superscript III First-Strand Synthesis kit and quantitative PCR (qPCR) was performed using Power SYBR 
Green PCR mix (Thermo Fisher) on a QuantStudio 3 thermocycler (Applied BioSystems). The LMNA primer 
was purchase from IDT (PrimeTime qPCR assay, Hs.PT.58.27794). 
Proliferation assessment 
To confirm that lipid nanoparticle transfection has minimal effect on cell proliferation, we compared the 
proliferation of control and LMNA knockdown cells using the BioSpa Live Cell Analysis system (BioTek) 
and performed Ki67 immunofluorescence staining (Santa Cruz Biotechnology).  
 
Cell immunostaining and analysis 
Immunostaining  
Cells were fixed using 3% paraformaldehyde in PBS for 10 minutes and permeabilized with 0.1% Triton X-
100 for 10 minutes at room temperature. The cells were then washed and blocked using a solution of 
0.005% Triton X-100 and 0.1% normal donkey serum in PBS for 30 minutes at room temperature. Primary 
antibodies were added in the same buffer for 1 hour at room temperature in the dark followed by secondary 
antibodies using the same procedure. DAPI stain was diluted to 1.5 ug/mL in PBS, and the cells were 
incubated with diluted DAPI for 1 minute at room temperature, in the dark. Cells cultured on glass coverslips 
were then lifted and mounted on microscope slides using Fluoromount-G Mounting Medium (Southern 
Biotech) and stored at 4C overnight. The primary antibodies used in this study were: Rabbit anti-HP1a 
(Invitrogen, PA529879), Rabbit anti-H3K9me3 (Abcam, ab8898), and Mouse anti-Lamin A/C-Alexa Fluor 
546 (Santa Cruz Biotechnology, sc-376248). Secondary antibodies were Goat anti-Rabbit Alexa Fluor 555 
or 647 (Fisher Scientific). 
Fluorescence imaging 
Fluorescence images were acquired using a Zeiss AxioVert epifluorescent microscope at 40X magnification 
or a Nikon A1R inverted confocal microscope at 60X. The same acquisition parameters were used across 
samples for quantitative microscopy. All image processing was done in ImageJ. Nuclei were segmented 
using the DAPI stain and used to quantify the integrated fluorescence intensity of the other stains113. Varying 
segmentation and image processing protocols were implemented depending on the objective magnification 
and sample type. Background regions of interest (ROI) were drawn by hand in each image and used to 
calculate corrected total cell fluorescence (CTCF): 

𝐶𝑇𝐶𝐹 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑁𝑢𝑐𝑙𝑒𝑢𝑠 𝐴𝑟𝑒𝑎 ∗ 𝑀𝑒𝑎𝑛 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦  
 

Nuclei morphology analysis 
Image analyses were performed in ImageJ and processed using R (v4.1.3). Cells for each condition were 
fixed and immunostained for Lamin A/C. The Huang threshold algorithm was used to segment and 
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threshold nuclei in the corresponding Lamin A/C channel to produce a binary image. A pixelated ROI 
boundary was acquired for each nucleus using the wand tool and smoothed by sub-pixel interpolation with 
1 pixel resolution. The resulting cartesian coordinates were saved for further analysis. For each nucleus, a 
circle with the same centroid and area was constructed, and the ratio between the centroid-to-perimeter 
distance and the radius of the equivalent circle was calculated as its relative radius. To reduce noisiness in 
the data, a cubic smoothing spline was applied using the R stats package with a smoothing parameter of 
0.45. Smoothed relative radii were graphed as a function of degrees in a clockwise direction. Invaginations 
and protrusions in the nuclear envelope were quantified by identifying local minima and maxima of the 
smoothed profiles, respectively, with a sliding window of 10 degrees. The average number of invaginations 
and protrusions for each LINC knockdown were compared against that of wild-type nuclei using Mann-
Whitney U-tests. 
Western blots 
Cell pellets from control and HGPS fibroblasts were resuspended in 2x Laemmli buffer and vortexed. Equal 
volumes of lysates were run on NuPAGE 4-12% Bis-Tris 1.5 mm protein gels (Invitrogen) in MOPS SDS 
buffer (Invitrogen) for 2 hours at 80 V then transferred to nitrocellulose paper. The resulting membranes 
were cut to isolate the proteins of interest. Lamin A/C and progerin were located around 70 kDa while 
GAPDH was located around 40 kDa. Membranes were then washed three times in PBS-T (1mL Tween 20 
in 1L 1X PBS) for five minutes each and blocked with 5% milk in PBS-T at room temperature for 30 minutes. 
Primary antibodies were then incubated on each membrane in 5% milk in PBS-T overnight at 4C (1:1000 
GAPDH, 1:200 Lamin A/C). The following day, membranes were washed five times in PBS-T and incubated 
with HRP secondary antibody (1:500 Lamin A/C, 1:200 GAPDH). After washing, the membranes were 
imaged on a Chemi-Doc using the Pierce ECL kit (Thermo Fisher) for GAPDH and the SuperSignal Pico 
PLUS kit (Thermo Fisher) for Lamin A/C. Blot intensities for GAPDH were measured using the ImageLab 
software (Bio-Rad) and used to normalize sample volumes. The protocol was repeated with these 
normalized sample volumes for quantification. 
 
Microfluidic assessment of nuclear mechanical properties 
Fabrication of micro-engineered devices 
We utilized deterministic cracking114 of thin polymeric films at patterned sites to generate fluidic channels 
that are deformable under uniaxial tension and to trap single cells115. First, we used photolithography to 
create a mold with two horizontal arrays of v-shaped grooves that were positioned across from each other 
with the tips of each “v” facing inwards. Each pair of grooves defined the positions of a single crack and 
served as inlets and outlets into the cracked channel. Hard polydimethylsiloxane (h-PDMS), which is 
composed of vinyl and hydrosilane end-linked polymers116 that increase its Young’s modulus and render 
the material more brittle, was poured over the mold and spun on a Brewer Science Spin Coater to create a 
thin film (Step 1 – 500 RPM, 5 seconds, 250 RPM/sec ramp; Step 2 – 2000 RPM, 40 seconds, 250 RPM/sec 
ramp). The mold was then incubated in a 120 C oven for 2 minutes and allowed to cool for 30 seconds at 
room temperature. 20 g of 1:10 PDMS was then poured over the h-PDMS film and incubated in a 60 C 
oven for at least 4 hours. The mismatch in moduli between the h-PDMS film and PDMS substrate promoted 
crack formation between each pair of grooves64,117. Channels were created by applying uniaxial tension 
across the resulting device using a custom fabricated clamp integrated to a micrometer displacement stage. 
Each device was observed under a dissection microscope during tension to monitor crack formation. Inlets 
and outlets were then created with a 0.75mm punch. To form the bottom wall of the channels, a thin film of 
1:10 PDMS was spun onto glass slides (Step 1 – 500 RPM, 5 seconds, 250 RPM/sec ramp; Step 2 – 1000 
RPM, 60 seconds, 250 RPM/sec ramp) and bonded to the h-PDMS/PDMS device using a plasma asher 
(Femto Science). 
Measurement of bulk PDMS and h-PDMS stiffness 
The Young’s moduli of the bulk PDMS and h-PDMS layers in the device were measured under strain-
controlled uniaxial tension using a Dynamic Mechanical Analyzer (TA Instruments, RSA III). Samples were 
cast into a 3-D printed mold following the ASTM D638 Type 1 standard. Samples were stretched at 0.01 
mm/s for 10 seconds and normal stress was measured at 300 time points assuming a temperature of 21°C. 
Production of alginate hydrogel beads 
Alginate hydrogels with a 2.4 kPa Young’s modulus were generated as previously described65. Briefly, a 
gel solution of DMEM and 2% w/v lyophilized alginate conjugated with Rhodamine B was encapsulated in 
microfluidic water-in-oil droplets with an outer oil phase comprising 1% acetic acid in PFPE surfactant. A 
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secondary flow of CaCO3 solution in DMEM was added to form alginate hydrogel emulsions that were 
filtered through a 40 μm cell strainer. 
Loading and squeezing samples in the device 
Each device was washed with 70% ethanol and 1X PBS prior to sample loading. Devices were stretched 
in the custom clamp, which opened the channel, and a pair of pipettes generated a negative pressure 
gradient across the length of the channel by dispensing cleaning solution in the inlet and aspirating the 
solution through the outlet. Cells and hydrogel bead samples were loaded in the same manner. To trap 
samples, the strain on the device was relaxed to constrict the channel. The applied strain was recorded at 
rest before the channel was opened and at the moment of sample capture to monitor channel dimensions. 
To compress samples, uniaxial strain on the device in the clamp was incrementally removed in 0.5mm 
steps until the channel was completely collapsed. 
Image acquisition 
All confocal images were acquired on a Nikon A1R confocal microscope with a 20X air objective. After the 
channel cleaning and prior to sample loading, the channel was filled with an aqueous solution of fluorescein 
to visualize channel dimensions. To image cells, the channel was filled with a solution of fluorescein in PBS 
without calcium or magnesium. To image alginate hydrogel beads, the channel was filled with a solution of 
fluorescein in DMEM with ~1.8mM calcium chloride to minimize swelling. Prior to loading, cells were stained 
with Calcein AM Red-Orange and Hoechst 33342, and resuspended at 0.5x10^6 cells/mL in complete 
growth media. Cells and hydrogel bead suspensions were kept on ice during image acquisition. Confocal 
z-stacks (1 µm z-steps) were acquired after cell trapping and at each strain during compression. 
Image analysis  
All image analysis done in ImageJ. Briefly, samples were segmented from z-stack images using the 
MorphoLibJ109 (https://imagej.net/plugins/morpholibj) and 3D Objects Counter110 
(https://imagej.net/plugins/3d-objects-counter) plugins. This allows surface area and volume 
measurements to be recorded. Next, the thickness of each sample in orthogonal directions is recorded in 
addition to measurements of the orthogonal cross-sections (e.g. aspect ratio, area, perimeter). Finally, an 
ellipsoid is fitted to each sample using the 3D ROI Manager112 
(https://imagejdocu.list.lu/plugin/stacks/3d_ij_suite/start). Three-dimensional visualizations of the channel 
and samples during compression were generated using the 3D Viewer plugin111 in ImageJ without 
resampling. STL files of the bead and channel surfaces were exported from 3D Viewer and opened in 
Fusion 360 for 3D renderings. The imported meshes were adaptively re-meshed using density and shape 
preservation settings of 3 and 1, respectively, and rendered images were captured using the orthographic 
camera setting.  

Atomic Force Microscopy 
To measure nuclei stiffness, atomic force microscopy (AFM) nanoindentation in contact mode was 
performed using a Nanosurf FlexBio atomic force microscope with a HYDRA6V-200NG (AppNano) probe 
tip (k=0.0348 N/m) affixed with an 11.39 μm diameter glass microsphere (Fisher). Cells were cultured on 
18 mm glass coverslips and stained with Hoechst dye (1:1000) to visualize nuclei location. The glass 
coverslips were then adhered to a 50 x 55 mm glass coverslip that was then placed onto the AFM stage. 
The probe tip was equilibrated in the cell media above the culture monolayer for 20 min prior to indentation 
measurements. Indentations were performed on 15 nuclei per condition. Force-displacement curves were 
fit to the Hertz model assuming a Poisson’s ratio of 0.5 to determine Young’s Modulus values. 
 
Omni-ATAC sequencing and analysis 
Library generation 
10-20,000 human dermal fibroblasts before and after LMNA knockdown and human embryonic stem cells 
were centrifuged at 500xg for 5 min at 4˚C in a fixed angle centrifuge. After removing the supernatant, the 
cell pellets were re-suspended in 50uL ATAC-Resuspension Buffer (RSB) (500uL 1M Tris-HCl, 100uL 5M 
NaCl, 150uL 1M MgCl2 in 49.25mL sterile water) with 0.1% NP40, 0.1% Tween-20, and 0.01% Digitonin. 
Samples were pipetted up and down three times to mix, incubated 3 minutes on ice, then diluted in 1mL of 
ice-cold ATAC-resuspension buffer (RSB) containing 0.1% Tween-20 and centrifuged at 500xg for 10 min 
at 4˚C to pellet the nuclei. The supernatants were carefully removed and the pellets were re-suspended in 
25 µL of transposase reaction mix (12.5 µL 2x TD buffer, 1.25 µL TN5 transposase (Illumina) and 11.25 µL 
nuclease-free water). Transposase reactions were carried out by incubating samples at 37˚C for 30 min 
under mild agitation (300 rpm on a Thermo-mixer C, Eppendorf). Once the incubation was completed, 
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sample tubes were placed on ice and the transposed DNA fragments from each sample were purified using 
a Qiagen MinElute PCR Purification Kit following manufacture’s protocol. Purified DNA fragments were then 
amplified for 13 cycles using barcoded PCR primers and NEB Next High Fidelity 2x PCR Master Mix (New 
England Bio Labs) on a thermal cycler. Double concentrated Ampure beads were used to purify transposed 
DNA amplicons. The molarity of each DNA library was determined (Agilent 2100 Bioanalyzer), pooled into 
a single tube and sequenced on a NextSeq (Illumina) using 76-bp paired-end reads. 
Library pre-processing 
The ATAC-Seq samples were analyzed with the ENCODE ATAC-seq processing pipeline 
(https://github.com/ENCODE-DCC/atac-seq-pipeline, version 0.3.4)101. The naive overlap peak set from all 
replicates for a given sample was used. Such peak sets from all samples were concatenated and merged 
using the bedtools merge command to produce a master peak set across all samples.  
Peak annotation, motif enrichment, and gene set enrichment 
For principal component analysis (PCA), the merged peak set was truncated to 200 bp regions surrounding 
peak summits and fragments counted using bedtools coverage. The resulting matrix was normalized using 
the limma package118 before PCA. Heatmaps of shared and unique sites were generated by assigning the 
nearest TSS to each site and calculating chromatin accessibility in a 2 kb region surrounding each TSS 
using the computeMatrix function in the deepTools package104. Accessible sites were annotated for 
genomic regions using the ChIPseeker102 package in R with a TSS region of +/- 1 kb. The resulting 
annotations were collapsed into promoter, genic, and distal regions. Gene ontology (GO) enrichment of 
accessible sites was performed using the GREAT algorithm37 with the hg38 genome and the basal plus 
extension method for assigning genomic regions to genes (5 kb proximal; 1 kb downstream; distal up to 10 
kb). Enriched GO terms were identified with hypergeometric fold enrichments greater than 2 and 
hypergeometric FDR values less than 0.05. The foreground for this analysis was unique sites for each 
condition and the background set was the merged peak set. This identified terms that were uniquely 
enriched in each condition119. 
Transcription factor footprint analysis 
TF motifs were downloaded from the JASPAR CORE 2022 database105 and used for footprint analyses 
with the TOBIAS toolkit (v0.13.3)44. The bam mm10 alignments from the ENCODE ATAC-seq pipeline were 
corrected for Tn5 enzymatic bias using the ‘ATACorrect’ function. Blacklisted regions120 were excluded from 
the bias estimations. To perform differential TF binding analysis, a union set of ATAC peaks was generated 
across control and LMNA knockdown fibroblasts using the bedtools merge command. Continuous 
footprinting scores for the bias-corrected ATAC signals were then calculated across the union peak set 
using the ‘ScoreBigwig’ function. Differential testing of TF binding was calculated using the ‘BINDetect’ 
function and significant TF binding events were identified as those above the 95th percentile or below the 
5th percentile of differential binding scores or those above the 95th percentile of -log10(p-values). 
Chromatin accessibility in constitutive lamina-associated domains 
DamID maps and coordinates of lamina-associated domains (LADs) from cycling embryonic human lung 
fibroblasts (Tig3) were downloaded from the GEO Accession Database (GSE76594)100. ATAC signals 
across samples were summed in and plotted across constitutive LAD domains using the computeMatrix 
and plotProfile functions in the deepTools package104. 
 

Assessments of somatic reprogramming kinetics 
Somatic cell reprogramming 
Reprogramming efficiency with OSKM factors67 was compared between human dermal fibroblasts from 
normal adults and HGPS patients, and human dermal fibroblasts after LMNA knockdown. Control and 
HGPS fibroblasts were cultured in Matrigel-coated 6-well plates and passaged twice before reprogramming. 
LMNA knockdown was performed in control fibroblasts as previously described and all cells were re-seeded 
at 45,000 cells/well in separate Matrigel-coated 12-well plates two days before reprogramming. On the day 
of reprogramming, one well of each plate was lifted for multiplicity of infection (MOI) calculations. 4 wells of 
each plate were transduced with the CytoTune-iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher) using 
the recommended MOIs for each factor (KOS=5, hc-Myc=5, hKlf4=3) in fibroblast growth media. Media was 
exchanged every other day for seven days. On the seventh day, 10,000 cells from each well was seeded 
into three or four Matrigel-coated 12-well culture plates and fibroblast growth media was replaced with 
StemMACS iPS-Brew XF stem cell culture media (Miltenyi Biotec) and changed every day. A portion of 
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each sample was seeded on Matrigel-coated glass coverslips for immunofluorescence imaging. All cells 
were cultured at 37C with 5% CO2.  
Live TRA-1-60 staining and analysis 
All samples were stained with 1X GloLIVE Human TRA-1-60 NL493 Live Cell antibody (R&D Systems) in 
stem cell media for 30 minutes at 37C on days 7, 15, and 22 after reprogramming. Media was then replaced 
and the cells were imaged at 37C using the Incucyte ZOOM (Essen Bioscience) with 16 images per well at 
4X magnification. Phase contrast and GFP filter images were acquired. Image analysis was performed in 
ImageJ. Masks for the phase contrast and GFP images were generated and the average TRA-1-60 
confluence was calculated as the ratio of total areas per image. The number of TRA-1-60-positive colonies 
was counted by hand. 
Immunostaining 
Immunofluorescence staining was performed at days 15 and 22 as previously described. Primary antibodies 
were all acquired from Santa Cruz Biotechnology and used at 1:100 dilution: Nanog (sc-293121 AF546), 
Oct3/4 (sc-5279 AF488), and Sox-2 (sc-365823 AF647). All samples were counterstained with DAPI and 
imaged on either the Nikon A1R inverted confocal microscope at 60X or the Zeiss AxioVert epifluorescent 
microscope at 10X. 
Single-cell RNA sequencing and analysis 
7 days after reprogramming, control, Lamin A/C knockdown, and HGPS fibroblasts were each labeled with 
3’ CellPlex cell multiplexing oligos (CMO; 10X Genomics) and pooled together before loading onto the 10X 
Genomics chromium single cell controller for single-cell RNA sequencing (Single Cell 3’ v3 chemistry). The 
CMOs used for each sample were: Control-CMO309, HGPS-CMO310, and LMNA KD-CMO311. 30,000 
total cells were targeted with 50,000 reads per cell. Libraries were sequenced on a NovaSeq 6000 (Illumina) 
and aligned to the refdata-gex-GRCh38-2020-A reference transcriptome using CellRanger multi with 
default parameters (v7.1.0; 10X Genomics). Samples were demultiplexed using the hashedDrops function 
in the DropletUtils package (v1.18.1). Demultiplexed cells were identified with an FDR threshold of 1e-5 
and a minimum log fold change confidence level in CMO assignment of 2. Confidently assigned cells were 
processed using the SCANPY package (v1.9.1)107. Cells with more than 250 genes, 500 UMIs, and less 
than 8% mitochondrial reads were retained for downstream analyses. Genes expressed in fewer than 3 
cells were also removed. Counts were normalized across cells and scaled to 1e4 per cell and highly variable 
genes were identified. Effects due to total UMIs and mitochondrial reads per cell were regressed out and 
the resulting counts were scaled to unit variance with maximum variance clipped at 10. Cell cycle scoring 
showed minimal relationship between cell cycle phase and count data. A neighborhood graph was 
constructed in PCA space followed by Leiden clustering with a resolution of 0.4. Next, partition-based graph 
abstraction (PAGA)71 analysis was performed in the SCANPY package and used to initialize all UMAP 
embeddings. Gene expression overlays on UMAP embeddings were clipped at the top 99th percentile. 
Marker genes were identified between clusters using the Wilcoxon test (padj<0.01) and annotated with GO 
and Reactome terms (padj<0.01) using EnrichR121 through the GSEApy package (v1.0.3)108. Finally, 
diffusion pseudotime trajectory analysis was performed using the Force Atlas 2 graph layout algorithm122 
with PAGA initialization. Genes that varied over diffusion pseudotime were visualized using the paga_path 
command in SCANPY with the expression values per gene normalized and scaled to 1. 
Flow cytometry 
Flow cytometry of Nanog, Oct3/4, and Sox-2 was performed using the MACSQuant VYB (Miltenyi Biotec) 
on days 15 and 22 after reprogramming. Due to limited cell availability, 1-2 wells of HGPS fibroblasts were 
assayed at each time point while 6 wells were assayed for control and LMNA knockdown fibroblasts. Cells 
were lifted in 1X TrypLE Select and pelleted in 1.5 mL Eppendorf tubes. The supernatant was aspirated 
and the pellet was resuspended in 200 µL cold 3% paraformaldehyde in PBS for 10 minutes on ice. 1 mL 
of cold 0.1% Tween-20 in PBS with 3 mg/mL bovine serum albumin (BSA) was then added and incubated 
on ice for 15 minutes. The samples were then spun down and the supernatant removed. The pellets were 
resuspended in 50 µL of pooled REAfinity antibodies (Miltenyi Biotec, 1:50 dilution) for 40 minutes on ice. 
The antibodies used were Anti-human/mouse OCT3/4-PE, Anti-human NANOG-Vio B515, and Anti-
human/mouse SOX2-APC. Nuclei were counterstained with 5 µM of SYTO 9 Green (Invitrogen) for 10 
minutes on ice. Due to cell availability, only one negative control was provided for all samples. Single-
stained controls were also included for gating. Analysis was performed using the FlowLogic software 
(https://flowlogic.software/).  
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Figure 1. Modifications to the Nucleo-Scaffold Engender Alterations in Nuclear Morphology.
Immunofluorescence analysis of Lamin A/C, H3K9me3, and HP1a in DAPI-counterstained nuclei from
control, LMNA knockdown, Hutchinson-Gilford Progeria Syndrome (HGPS), and reprogrammed (hiPSC)
human dermal fibroblasts. A) Representative images and B) mean fluorescence intensities per nucleus (z-
scores) are shown. Scale bars are 25 μm. Statistical comparisons are Student’s t-tests with Holm multiple
comparison correction. C) Representative images of fibroblast nuclei stained for Lamin A/C and
corresponding nuclear perimeter curves for quantitation of nuclear invaginations and protrusions. D) Average
number of nuclear protrusions and invaginations per condition. Statistical comparisons are two-sided Mann-
Whitney U-tests. Data are shown as mean +/- SEM. ****p<0.0001.
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Figure 2. Changes in Chromatin Accessibility Patterns Following Nucleo-Scaffold Manipulation Permit
Alternative Transcription Factor Binding. A) Schematic showing how knockdown of Lamin A/C results in
changes in lamina-associated domains (LADs) and opening of chromatin for transcription factor (TF) binding
necessary for reprogramming to pluripotency. B) Principal component analysis of enriched chromatin accessibility
sites identified by omni-ATAC-Seq. C) Heatmaps of chromatin accessibility in shared and unique sites in a 2 kb
region centered on the nearest TSS. D) Annotations of enriched sites relative to promoter regions. E) Enriched
GO terms identified through GREAT analysis in accessible sites unique to LMNA knockdown fibroblasts
compared to control fibroblasts. F) Differential TF footprinting between control and LMNA knockdown fibroblasts.
G) Chromatin accessibility signal (in RPKM) around constitutive lamina-associated domains (cLADs). H)
Chromatin accessibility in log2(RPKM) within and around cLADs as a function of Lamin B1 binding percentile bins.
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Figure 3. Loss of Functional Lamins Reduces Nuclear Resistance to Lysis and Compression. A) Schematic
of device whereby single cells are mechanically trapped and gradually deformed through release of device strain
(d𝛆). B) Confocal reconstructions of microchannel cross-sections as device strain is released (closing) and re-
applied (opening). Cross-sections are colored green, blue, yellow, and red, in order of decreasing device strain and
channel width. Scale bars (black bars) are 1 µm x 1 µm x 10 µm. C) Confocal reconstructions of nuclei ordered by
decreasing channel width (left to right) and colored by cell type. Scale bars (black bars) are 1 µm x 1 µm x 10 µm.
D) Average channel width distal to cells at the point of nuclear lysis. E) Flatness of ellipsoids fitted to each nucleus
as a function of channel width distal to the cell. Lysis status is marked by open and closed circles. Cell type-specific
trends are fitted with linear regression models. (HGPS, n=14; Control, n=20; LMNA KD, n=16; hiPSC, n=17).
Representative confocal reconstructions at lower and upper ellipsoid flatness values are shown. F) Young’s moduli
and maximum probe indentation depths of nuclei across conditions as measured through atomic force microscopy
of intact cells above the nucleus. (Control, n=15; HGPS, n=11; LMNA KD, n=10). Statistical comparisons are
unpaired Mann-Whitney U-tests. **p<0.01, ***p<0.001.
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Figure 4. Altered Nuclear Morphology and Stiffness Converge to Modulate Reprogramming
Kinetics. A) Overview of experimental design. B) Representative images of TRA-1-60 staining
(green) overlaid with phase contrast images. Scale bars are 100 μm. C) Average number of TRA-1-
60-positive colonies per well (Control, n=4; LMNA KD, n=6 wells). Representative flow cytometry plots
for Oct3/4 and Nanog in D) control and E) LMNA knockdown fibroblasts 22 days after reprogramming.
F) Quantitation of fibroblasts co-expressing Oct3/4 and Nanog at days 15 and 22 after reprogramming
(n=6 wells each). Statistical comparisons are unpaired Mann-Whitney U-tests. *p<0.05, **p<0.01.
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Figure 5. Early Reprogramming Cells with Varying Nucleo-Scaffold Composition Transition Along Distinct
Reprogramming Trajectories. A) Schematic of transduction of fibroblasts from three conditions with
reprogramming vector and isolation 7 days followed by profiling with single-cell RNA sequencing (scRNA-Seq). B)
UMAP embeddings colored by Leiden clustering and each sample. C) UMAP embeddings showing the expression
of pluripotency (top row) and fibroblast (bottom row) genes. D) Partition-based graph abstraction (PAGA) analysis
of inferred trajectories in early reprogramming cells. Distinct trajectories emerging from the root node (Cluster 3)
are shown. E) Reconstructing gene expression changes of mesenchymal (MSC) and fibrogenic (Fibro.) fates
transitioning towards distinct reprogramming outcomes along PAGA paths as a function of diffusion pseudotime.
Gene expression is normalized and scaled to unit values across each row within each path. F) Split violin plot of
differentially expressed genes between control and LMNA knockdown fibroblasts in Cluster 4. Genes upregulated
in each condition are marked at the bottom.
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Supplemental Figure 1. Validation of LMNA Knockdown. Representative western blot A)
image and B) quantitation of Lamin A/C in control and HGPS fibroblast lysates normalized to
GAPDH. C) Quantitative PCR (qPCR) assessment of LMNA loss 5 days after transfection with
varying concentrations of LMNA DsiRNAs. D) Cell proliferation assay comparing control and
LMNA knockdown fibroblasts over 120 hours. E) Representative immunofluorescence images and
F) quantification of Ki-67 and Lamin A/C fluorescence intensity (z-scores) 5 days after LMNA
knockdown. Scale bars are 25 μm. Statistical comparisons are unpaired Mann-Whitney U-tests.
**p<0.01, ***p<0.001, ****p<0.0001.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 13, 2023. ; https://doi.org/10.1101/2023.03.12.532246doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.12.532246
http://creativecommons.org/licenses/by-nc-nd/4.0/


R2 = 0.96
R2 = 0.96

R2 = 0.88
R2 = 0.96

1:5 P
D

M
S

1:10 P
D

M
S

B
u

lk P
D

M
S

 C
o

m
p

o
sitio

n

hPDMS Spin Time

PDMS

h-PDMSA C

B

D

Top Front

Side

Thickness

B
ri

g
h

tf
ie

ld
F

lu
o

re
sc

ei
n

E

Device Strain

Supplemental Figure 2. Fabrication and Characterization of Micro-Mechanical Device for
Assaying Nuclear Mechanics. A) Schematic of device fabrication and channel formation through
application of device strain. B) Orthogonal projections (top) and thickness heatmap (bottom) of an
open fluorescein-filled microchannel. Scale bar is 20 µm. C) Measurement of Young’s moduli in h-
PDMS and PDMS layers through strain-controlled unilateral tension. Statistical comparison is
unpaired Mann-Whitney U-test. **p<0.01. D) Quantitation of channel widths versus device strains in
devices with varying hPDMS thicknesses and bulk PDMS compositions. Data for each type of device
are fitted with a regression line. E) Representative images of a fluorescein-filled microchannel
opening under applied device strain. Scale bar is 10 μm.
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Supplemental Figure 3. Micro-mechanical Compression of Alginate Hydrogel Beads. A) Representative
fluorescence image of rhodamine-conjugated alginate hydrogel beads designed to have Young’s moduli equal to
2.4 kPa. Scale bar is 25 μm. B) Young’s modulus of hydrogel beads as measured by atomic force microscopy.
Representative confocal reconstructions of C) angled and D) orthogonal views of changes in hydrogel bead (red)
morphology during channel (clear) closing and opening. Scale bars (black) are 1 µm x 1 µm x 10 μm and located
under the center of the beads in the orthogonal views. E) Flatness of fitted ellipsoids and volume of hydrogel
beads during compression as a function of channel width distal to the bead. Pearson’s correlation is shown for
each fit. (n=6 beads). F) Fitted ellipsoid radii as a function of remote channel width. Radii are ordered by
decreasing length (A>B>C). (n=6 beads).

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 13, 2023. ; https://doi.org/10.1101/2023.03.12.532246doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.12.532246
http://creativecommons.org/licenses/by-nc-nd/4.0/


log(1 + Remote Channel Width (μm))

R2 = 0.36
R2 = 0.31
R2 = 0.13

R2 = 0.23
R2 = 0.23
R2 = 0.32

R2 = 0.74
R2 = 0.60
R2 = 0.68

Control LMNA KD HGPS

Channel Width

z
y

x

z

x

y

x

C
o

n
tro

l

E
lli

p
so

id
 E

lo
n

g
at

io
n

 (
E

=
a/

b
)

Ellipsoid Flatness (F=b/c)A B

C

D

Supplemental Figure 4. Ellipsoids Fitted to Nuclei Reveal Changes in Nuclear Morphology During
Compression. A) Confocal reconstructions of a nuclear wrinkle being smoothed from several perspectives during
compression. The wrinkle is indicated with a red arrow. Scale bars (black bars) are 1 µm x 1 µm x 10 μm. B) Diagram
of the relationship between the ellipsoid elongation and flatness factors. The observed trend in nuclear compression
data is shown as a dotted arrow through this space. C) Comparison of fitted ellipsoid flatness and elongation during
cellular compression. Lysis status is marked by open and closed circles. Cells lying outside of the channel in the inlet
and cells sitting on a glass coverslip are shown in orange and black, respectively. D) Radii of ellipsoids fitted to each cell
type (top) and their strains (bottom) as a function of remote channel width. Ellipsoid radii are ordered by decreasing
length (A>B>C). A line is fitted to data for each cell type and ellipsoid radius.
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Supplemental Figure 5. Immunofluorescence Staining for
Pluripotency Markers Identifies Genuinely Reprogrammed
Colonies. Representative immunofluorescence staining of Sox-2
(magenta) and Nanog (red) at days 22 after reprogramming. Scale bars
are 100 μm.
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Supplemental Figure 6. Generation and Quality Control Filtering of Single-Cell
RNA-Sequencing Datasets. A) Confident assignments of barcodes to single cells
per sample demultiplexing multiplexing oligos. B) Quality control metrics for combined
dataset with thresholds for high-quality cells shown as dashed lines. C) Enriched
Reactome terms from differentially expressed genes in HGPS fibroblasts compared to
Normal and LMNA knockdown fibroblasts in Cluster 4.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 13, 2023. ; https://doi.org/10.1101/2023.03.12.532246doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.12.532246
http://creativecommons.org/licenses/by-nc-nd/4.0/



