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SUMMARY

LMNA encodes nuclear Lamin A/C that tethers lamina-associated domains (LADs) to the nuclear
periphery. Mutations in LMNA cause degenerative disorders including the premature aging
disorder Hutchinson-Gilford progeria, but the mechanisms are unknown. We report that Ser22-
phosphorylated (pS22) Lamin A/C was localized to the nuclear interior in human fibroblasts
throughout the cell cycle. pS22-Lamin A/C interacted with a subset of putative active enhancers,
not LADs, at locations co-bound by the transcriptional activator c-Jun. In progeria-patient
fibroblasts, a subset of pS22-Lamin A/C-binding sites were lost whereas new pS22-Lamin A/C-
binding sites emerged in normally quiescent loci. New pS22-Lamin A/C binding was accompanied
by increased histone acetylation, increased c-Jun binding, and upregulation of nearby genes
implicated in progeria pathophysiology. These results suggest that Lamin A/C regulates gene
expression by enhancer binding. Disruption of the gene regulatory rather than LAD tethering
function of Lamin A/C may underlie the pathogenesis of disorders caused by LMNA mutations.
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Nuclear lamins bind heterochromatin domains at the nuclear periphery. Ikegami et al. now show
that a phosphorylated form of nuclear lamins bind to active enhancers in euchromatin in the
nuclear interior. They provide evidence that suggests disruption of phosphorylated lamin function
at enhancers contributes to the pathogenesis of progeria.

INTRODUCTION

Nuclear lamins polymerize to form the nuclear lamina, a protein meshwork that underlies
the nuclear membrane (Aebi et al., 1986; Goldman et al., 1986). There are two major
nuclear lamin types, A-type and B-type (Dittmer and Misteli, 2011). A-type lamins (Lamin
A and Lamin C; Lamin A/C) are specific to vertebrates, expressed in differentiated cells, and
encoded by LMNA in humans (Dittmer and Misteli, 2011). Lamin A and Lamin C have
different C-terminal tails due to alternative splicing but are otherwise identical. Point
mutations in the LMNA gene cause a spectrum of human degenerative disorders including
cardiomyopathy, muscular dystrophy, and the premature aging disorder Hutchinson-Gilford
progeria (Worman et al., 2009), although the underlying molecular mechanisms remain
unclear.

Nuclear lamins including Lamin A/C interact with large heterochromatin domains called
lamina-associated domains (LADs), which contain mostly transcriptionally inactive genes
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(Pickersgill et al., 2006; Guelen et al., 2008; lkegami et al., 2010; Meuleman et al., 2012;
Lund et al., 2014). By interacting with LADs, nuclear lamins are implicated in the spatial
organization of chromosomal regions at the nuclear envelope (van Steensel and Belmont,
2017). However, whether nuclear lamins play a direct role in transcriptional silencing of
genes located at the nuclear periphery remains unclear. Artificially tethering genes to the
nuclear periphery or inserting gene promoters into LADs does not always result in
transcriptional repression (Finlan et al., 2008; Reddy et al., 2008; Leemans et al., 2019). In
addition, many gene promoters in LADs remain inactive when their activities are examined
outside of LADs (Leemans et al., 2019). While one study reported that tethering of Lamin
AJC to gene promoters resulted in transcriptional downregulation (Lee et al., 2009),
depletion of all nuclear lamins did not de-repress many of genes within LADs (Amendola
and van Steensel, 2015; Zheng et al., 2018). Thus, whether nuclear lamins including Lamin
AJC have direct roles in transcriptional regulation has remained unclear.

Lamin A/C has been observed in the interior of the nucleus, in addition to its localization at
the nuclear lamina (Dechat et al., 2010a). Initial descriptions engendered a model in which
Lamin A/C in the nuclear interior represented a long-sought “nuclear scaffold” protein
(Hozék et al., 1995; Barboro et al., 2002). However, subsequent studies demonstrated that
nuclear-interior Lamin A/C was soluble and highly mobile (Broers et al., 1999; Shimi et al.,
2008), thus present as a non-polymerized form and not constituting a scaffold structure. The
specific function of Lamin A/C in the nuclear interior has been difficult to ascertain, mainly
due to a lack of understanding about how Lamin A/C is directed to the nuclear interior and
technical challenges isolating nuclear-interior Lamin A/C.

Depolymerization of nuclear lamins, required for nuclear envelope breakdown in mitosis, is
regulated by phosphorylation of specific serine residues. Ser22 (S22) and Ser392 (S392) of
Lamin A/C are phosphorylated at the late G2 cell-cycle phase by CDK1/Cyclin B, leading to
Lamin A/C depolymerization during mitosis (Gerace and Blobel, 1980; Heald and McKeon,
1990; Peter et al., 1990; Ward and Kirschner, 1990; Georgatos et al., 1997). S22/S392
phosphorylation has also been reported in the nuclear interior of interphase cells (Kochin et
al., 2014). Separate studies proposed that S22/S392 phosphorylation is increased upon
changes in the mechanical environment of the cell and promote Lamin A/C disassembly and
degradation (Swift et al., 2013; Buxboim et al., 2014). Therefore, Lamin A/C S22/S392
phosphorylation has been associated with mitotic nuclear lamina disassembly, but also with
alternate cellular contexts in which its function remains unclear.

Hutchinson-Gilford progeria is a rare, fatal, childhood syndrome caused by heterozygous
LMNA mutations (Eriksson et al., 2003). Progeria patients invariably develop
arteriosclerosis that ultimately causes death from myocardial infarction, heart failure, or
stroke by the second decade of life (Merideth et al., 2008). Progeria mutations result in a
mutant Lamin A protein called “progerin” that lacks an internal part of the C-terminal tail
domain and have been postulated to function as a dominant negative allele (Eriksson et al.,
2003). The altered C-terminal domain in progerin promotes nuclear peripheral localization
of progerin (Goldman et al., 2004) and has reduced DNA and chromatin binding affinity
(Bruston et al., 2010). The prevailing models for progerin’s pathological activity include
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altered function at LADs (Gordon et al., 2014). The effect of progeria mutations on the
function of Lamin A/C in the nuclear interior has not been explored.

In this study, we report that nuclear-interior, S22-phosphorylated (pS22) Lamin A/C binds to
genomic sites characteristic of active enhancers. New pS22-Lamin A/C binding sites
emerged at abnormal locations in progeria-patient fibroblasts, with concomitant upregulation
of nearby genes relevant to progeria pathogenesis. We propose that Lamin A/C in the
nuclear interior positively modulates enhancer activity, separate from its role at LADs, and
that Lamin A/C’s role at enhancers contributes to progeria pathogenesis.

Phospho-S22-Lamin A/C is localized to the interior of the nucleus throughout the cell cycle

We investigated Ser22-phosphorylated (pS22) Lamin A/C as a candidate functional non-
polymerized Lamin A/C in the nuclear interior. We identified an anti-pS22-Lamin A/C
monoclonal antibody that specifically recognized the S22-phosphorylated synthetic Lamin
AJC peptide, but not non-phospho-S22 peptide in ELISA (Fig. S1A, B). We also identified a
reference anti-pan-N-terminal-Lamin A/C (aa2—29) monoclonal antibody that recognized
both the phospho-S22 and non-phospho-S22 peptides, with approximately four-fold higher
reactivity toward the non-phospho peptide (Fig. S1A, B). Immunofluorescence microscopy
of TERT-immortalized human BJ-5ta fibroblasts using these antibodies revealed pS22-
Lamin A/C signals localized to the nuclear interior but not at the nuclear periphery, whereas
pan-N-terminal-Lamin A/C signals localized predominantly to the nuclear periphery with
weak signals in the nuclear interior (Fig. 1A). The pS22-Lamin A/C and pan-N-terminal-
Lamin A/C immunofluorescence signals were absent in BJ-5ta-derived LMNA™" cells,
confirming the specificity of the Lamin A/C signals (Fig. 1A). During interphase, pS22-
Lamin A/C was detectable in the nuclear interior but not at the nuclear periphery while pan-
N-terminal-Lamin A/C signals were observed predominantly at the nuclear periphery (Fig.
1B). At late G2, pS22-Lamin A/C signals increased dramatically, consistent with the model
that S22 phosphorylation triggers Lamin A/C depolymerization in preparation for mitosis
(Georgatos et al., 1997) (Fig. 1B). During mitosis, when the nuclear envelope is absent,
strong pS22-Lamin A/C signal was observed throughout the cytoplasm (Fig. 1B).
Interestingly, the anti-pan-N-terminal-Lamin A/C antibody did not produce signals during
mitosis (Fig. 1B), suggesting that other mitotic modifications, such as phosphorylation at
Ser12, Serl8, or Thr19 (Dephoure et al., 2008), may have affected the reactivity of this
antibody during mitosis. Flow cytometry of asynchronous BJ-5ta cells using the anti-pS22-
Lamin A/C antibody confirmed that pS22-Lamin A/C was present in GO/G1, S, and G2/M
phases (Fig. 1C; Fig. S1C). Western blotting of cell-cycle synchronized BJ-5ta cells further
confirmed persistent S22-phosphorylated Lamin A/C throughout the cell cycle, with
apparently stronger pS22-Lamin C signals than pS22-Lamin A signals (Fig. 1D, E; Fig.
S1D, E). Thus, in human fibroblasts, pS22-Lamin A/C exists in the nuclear interior
throughout the cell cycle.
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pS22-Lamin A/C interacts with genomic sites outside of lamina-associated domains

pS22-Lamin

We hypothesized that pS22-Lamin A/C interacts with the genome. To test this hypothesis,
we performed ChlP-seq in asynchronous BJ-5ta cells using the anti-pS22-Lamin A/C
antibody and using the anti-pan-N-terminal-Lamin A/C antibody as a comparison. pS22-
Lamin A/C ChiP-seq exhibited point-source enrichment at discrete sites located outside of
lamina-associated domains (LADs) and not with LADs themselves, in sharp contrast to pan-
N-terminal-Lamin A/C, which were strongly enriched at LADs (Guelen et al., 2008) (Fig.
2A-C; Fig. S2A-D; Key Resources Table). We identified 22,966 genomic sites bound by
pS22-Lamin A/C genome-wide. The pS22-Lamin A/C ChiIP-seq signals were abolished in
the BJ-5ta-derived LAMNA™" cell line, confirming the specificity of the pS22-Lamin A/C
ChlP-seq signals in wild-type BJ-5ta (Fig. 2B, D). Pan-N-terminal-Lamin A/C ChIP-seq
also detected weak signals at pS22-Lamin A/C-binding sites (Fig. 2B, D). To examine the
chromatin localization of pS22-Lamin A/C with a different approach, we expressed Lamin
A or Lamin C either with phospho-mimetic mutations (S22D/S392D), phospho-deficient
mutations (S22A/S392A), or without mutations from a transgene in LMNA™~ cells. We then
performed immunofluorescence and ChIP-seq in these cells using the anti-full-length-Lamin
AJC antibody. Phospho-mimetic Lamin C (S22D/S392D) was highly abundant in the nuclear
interior (Fig. S2E, F) and strongly bound to pS22-Lamin A/C-binding sites (Fig. 2E, F; Fig.
S2H). Phospho-mimetic Lamin C was far more enriched at pS22-Lamin A/C-binding sites
than phospho-mimetic Lamin A (one-way ANOVA with post-hoc Tukey test P=1x1079;
Fig.2F; Fig. S2H), consistent with the higher abundance of pS22-Lamin C compared with
pS22-Lamin A in BJ-5ta (Fig. 1D, E). Phospho-mimetic Lamin C was still weakly localized
at the nuclear periphery (Fig. S2E) unlike endogenous pS22-Lamin A/C (Fig. 1A), and
correspondingly, was also enriched at LADs (Fig. S2G, ). In contrast, wild-type Lamin A
and phospho-deficient Lamin A were strongly localized at the nuclear periphery (Fig. S2E,
F) and strongly enriched at LADs (Fig. S2G, I), but showed no enrichment at pS22-Lamin
AJC-binding sites (Fig. 2E, F; Fig. S2H). Together, these experiments revealed that S22/
S392-phosphorylated Lamin A/C, most prominent in the form of S22/S392-phosphorylated
Lamin C, has strong affinity to genomic sites outside of LADs.

AJC physically associates with putative active enhancers

pS22-Lamin A/C-binding sites exhibited genomic features of active enhancers. First, a vast
majority of the 22,966 pS22-Lamin A/C-binding sites in BJ-5ta fibroblasts were located
distal to the transcription start sites (TSSs) of genes (89% outside of —1000 kb to +500 bp of
TSSs) (Fig. 2G). Second, we performed ATAC-seq in BJ-5ta and observed that 88% of
pS22-Lamin A/C-binding sites coincided with regions of accessible chromatin, a feature of
regulatory regions (Fig. 2B, G; Fig. S3A; Key Resources Table). Third, we performed
H3K27ac ChlP-seq in BJ-5ta and observed that 82% of pS22-Lamin A/C-binding sites
coincided with regions enriched for H3K27ac, a histone modification associated with active
enhancers and promoters (Fig. 2B, G; Fig. S3A; Key Resources Table). Fourth, we
performed H3K4me3 ChiP-seq in BJ-5ta and observed that only 13% of pS22-Lamin A/C-
binding sites coincided with regions enriched for H3K4me3, a histone modification
associated with active promoters (Fig. 2B, G; Fig. S3A; Key Resources Table). Together, the
strong association of pS22-Lamin A/C-binding sites with H3K27ac but not H3K4me3
suggested a binding preference of pS22-Lamin A/C for enhancers over promoters. Fifth,
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comparison of the 22,966 pS22-Lamin A/C-binding sites with the chromatin state
annotations in dermal fibroblasts (Roadmap Epigenomics Consortium et al., 2015) found
that 59% of pS22-Lamin A/C-binding sites were located in regions annotated as
“Enhancers” (empirical P<0.001 based on 2,000 permutations), whereas a smaller fraction
of 16% were in “Active TSSs” (P<0.001) (Fig. 2H). Finally, although nearly all pS22-Lamin
AJC-binding sites corresponded to accessible chromatin and H3K27ac-marked sites, pS22-
Lamin A/C-binding sites corresponded to a minor subset of all accessible chromatin sites
(26%) or all H3K27ac-marked sites (14%) in BJ-5ta (Fig. S3A, B). Thus, pS22-Lamin A/C
physically associates with a specific subset of promoter-distal, enhancer-like elements.

A/C-binding sites are strongly bound by the c-Jun transcription factor

We investigated whether pS22-Lamin A/C-binding sites are co-occupied by specific
transcription factors (TFs). We performed de novo motif analysis and found that TF binding
motifs for AP-1, FOX, and RUNX were overrepresented within pS22-Lamin A/C-binding
sites, relative to the sequence composition of accessible chromatin sites in BJ-5ta (Fig. 3A).
Among those motifs, the AP-1 motif was present at the highest frequency at pS22-Lamin
AJC-binding sites (9,250 sites, 41%), with a peak frequency located at the center of pS22-
Lamin A/C-binding sites (Fig. 3A). To test whether AP-1 transcription factors bind pS22-
Lamin A/C-binding sites, we performed ChlIP-seq in BJ-5ta for c-Jun, a core protein of the
AP-1 dimeric transcription factors (Key Resources Table). c-Jun was strongly enriched at
almost all pS22-Lamin A/C-binding sites (92%; Fisher’s exact test P<2x10716; Fig. 3B-D).
Furthermore, c-Jun binding at pS22-Lamin A/C-binding sites was much stronger than that
outside of pS22-Lamin A/C-binding sites (Mann-Whitney Utest, P<2x10716; Fig. 3E). We
assessed the possibility that the strong co-association between pS22-Lamin A/C binding and
c¢-Jun binding might be due to the high local chromatin accessibility of these co-associated
sites. We stratified all 73,933 accessible sites defined by ATAC-seq in BJ-5ta into deciles by
accessibility (i.e. ATAC-seq enrichment), and from each decile, randomly selected 100
pS22-Lamin A/C-bound accessible sites and 100 pS22-Lamin A/C-unbound accessible sites.
In every accessibility decile, we observed more frequent c-Jun binding by ChlP-seq
(Fisher’s exact test, P < 7x1074; Fig. S3C) and stronger c-Jun ChlP-seq enrichment levels
(Mann-Whitney Utest P=4x10713 to 2x10723; Fig. 3F) at pS22-Lamin A/C-bound
accessible sites, compared with unbound sites. An analogous analysis with all 87,988 c-Jun-
bound sites stratified into deciles by accessibility showed that, in every decile, c-Jun
enrichment levels at pS22-Lamin A/C-bound sites was stronger than at unbound sites
(Mann-Whitney Utest P=1x1079 to 5x10729) (Fig. S3D). H3K27ac levels were also higher
at accessible sites or c-Jun-binding sites with pS22-Lamin A/C binding versus without
pS22-Lamin A/C binding, within the same accessibility decile (Mann-Whitney Utest P <
6x107° among ATAC sites; P < 2x10714 among c-Jun-binding sites; Fig. 3F; Fig. S3D).
Corroborating these observations, pS22-Lamin A/C ChIP signals were strongly positively
correlated with c-Jun ChlP signals (Pearson correlation coefficient /=0.63) at the 22,966
pS22-Lamin A/C-binding sites, which, for comparison, were stronger than the correlation
with H3K27ac signals (/=0.31) or ATAC-seq signals (r=0.28) (Fig. 3G). Thus, strong pS22-
Lamin A/C binding, rather than high chromatin accessibility, predicted strong c-Jun-binding,
and vice versa. The strong association between pS22-Lamin A/C binding and c-Jun binding
suggests that c-Jun and pS22-Lamin A/C may function together at putative enhancers.
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pS22-Lamin A/C-binding sites are located near highly transcribed genes

We hypothesized that pS22-Lamin A/C-binding sites are located near genes undergoing
active transcription. We therefore performed GRO-seq (Core et al., 2008) to quantify
transcriptional activity of genes in BJ-5ta cells (Key Resources Table) and linked pS22-
Lamin A/C-binding sites to gene transcription levels. We associated genes with pS22-Lamin
AJC-binding sites that resided in the gene body or the 100-kb upstream region. The fraction
of genes linked to pS22-Lamin A/C-binding sites was highest among the top 10% of highly
transcribed genes (76%) and lowest among the bottom 10% of transcribed genes (24%), with
strong positive monotonic relationship between the transcription levels and the fraction of
genes with pS22-Lamin A/C-binding sites (Spearman’s rank correlation coefficient rho=1.0;
Fig. 3H). The strong correlation remained in analysis of genes specifically located outside of
LADs (rho=0.98; Fig. S3E), excluding the possibility that the observed positive correlation
was driven by the localization of pS22-Lamin A/C binding outside of transcriptionally-
inactive LADs. We further excluded the potential confounding effects of gene lengths and
gene density (Fig. S3F). Together, these analyses revealed that pS22-Lamin A/C binding is
associated with high transcriptional activity of local genes.

Genes abnormally up-regulated in progeria-patient fibroblasts are relevant to progeria

phenotypes

The heterozygous LMNA mutations that cause Hutchinson-Gilford progeria encode an
altered Lamin A protein, entitled progerin, which interacts with wild-type Lamin A/C and is
thought to alter normal Lamin A/C functions (Lee et al., 2016). We hypothesized that
progerin may alter pS22-Lamin A/C function at enhancers. We therefore investigated the
possibility that altered pS22-Lamin A/C binding to enhancers contributed to gene expression
changes in progeria. We performed transcriptome analysis to identify genes dysregulated in
fibroblast cell lines from progeria patients. We performed RNA-seq on primary dermal
fibroblasts from two progeria patients (AG11498 and HGADFN167) and two normal
individuals with similar ages (GM07492 and GM08398) (Fig. S4A-C). In addition, we
obtained public RNA-seq data sets for primary dermal fibroblasts from ten progeria patients
and ten normal individuals with similar ages (Fleischer et al., 2018) (Fig. S4A). By principal
component analysis, RNA-seq datasets of the progeria patients were separated from those of
the normal individuals, indicating a common gene expression signature among progeria-
patient fibroblasts distinct from that of normal individuals (Fig. 4A). Comparison between
the 14 progeria RNA-seq data sets (for 11 distinct cell lines) and the 12 normal RNA-seq
data sets (for 10 distinct cell lines after removing 2 outlier datasets; Fig. S4D) identified
1,117 dysregulated genes, 615 up-regulated in the progeria cell lines (“progeria-up” genes)
and 502 down-regulated in the progeria cell lines (“progeria-down” genes) (Fig. 4B, C; Key
Resources Table). The progeria-up genes were strongly over-represented for specific
DisGeNET-curated disease ontology terms (Pifiero et al., 2017) (17 terms with P<0.001) that
were well-documented progeria phenotypes, such as “infraction, middle cerebral artery”
(P=7x1075) (Silvera et al., 2013), “coronary artery disease” (P=2x1075) (Olive et al., 2010),
“cardiomegaly” (P=4x107°) (Prakash et al., 2018), and “hypertensive disease” (P=1x1074)
(Merideth et al., 2008), and that were closely related to progeria phenotypes, such as
“juvenile arthritis” (P=1x107°) (Gordon et al., 2007) and “Congenital hypoplasia of femur”
(P=1x10"%) (Gordon et al., 2007) (Fig. 4D). The progeria-down genes were associated with
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only three DisGeNet disease terms (P<0.001), including two terms that might be related to
progeria phenotypes including “hip joint varus deformity” (Gordon et al., 2007) (P=6x10"%)
and “short stature, mild” (P=9x10~%) (Gordon et al., 2011) (Fig. 4D). Thus, genes
dysregulated in progeria-patient fibroblast lines were associated with the clinical
components of progeria, with stronger association observed for genes upregulated in
progeria fibroblasts.

LAD alterations do not explain most gene expression alterations in progeria

We next investigated the cause of the gene expression alterations in the progeria-patient
fibroblasts. A prevailing model for progeria pathogenesis is that disruption of LADs causes
loss of heterochromatin-associated histone modifications, which in turn alters gene
expression (Shumaker et al., 2006; McCord et al., 2012; Gordon et al., 2014). To determine
the extent to which LAD alterations in progeria fibroblasts could explain the observed gene
expression changes, we performed ChIP-seq using anti-pan-N-terminal-Lamin A/C antibody
in the progeria-patient fibroblast cell line AG11498 and the normal-individual fibroblast cell
line GM07492 (Key Resources Table); these cell lines demonstrated transcriptomes
representative of progeria versus normal fibroblasts, respectively (Fig. 4C). We identified
2,735 total or ‘union’ LADs, i.e., present in either the progeria or the normal fibroblast or
both. Of those, 635 LADs (23%) were unique to either the normal or progeria fibroblasts:
353 LADs (13%) were present in normal fibroblasts but absent in progeria fibroblasts (called
“lost LADs”), whereas 282 LADs (10%) were absent in normal fibroblasts but present in
progeria fibroblasts (called “gained LADs”) (Fig. 5A, B; Fig. S5A, B). To determine if
gained or lost LADs were associated with changes of the heterochromatin-associated histone
modifications H3K9me3 and H3K27me3, we performed ChlIP-seq for H3K9me3 and
H3K27me3 in the progeria cell line AG11498 and the normal cell line GM07492. H3K9me3
levels were reduced in the progeria cell line at lost LADs (Mann-Whitney Utest P=3x10712)
but increased at gained LADs (P=3x10712) (Fig. 5C), showing a positive correlation with the
direction of LAD changes. H3K27me3 levels were reduced in progeria at both lost and
gained LADs compared with the union LADs (P=1x107° for lost LADs and P=5x10~" for
gained LADs) (Fig. 5D), consistent with the previous report that H3K27me3 levels are
globally reduced at gene-poor regions in progeria-patient fibroblasts (McCord et al., 2012).
These observations confirm the previous findings that the LAD profile was altered in
progeria and that LAD alterations in progeria are associated with changes of
heterochromatin-associated histone modifications (Shumaker et al., 2006; McCord et al.,
2012).

We next asked if genes upregulated in progeria were affiliated with lost LADs or genes
downregulated in progeria were affiliated with gained LADs by examining genes whose
gene body or upstream 100-kb region intersected with lost or gained LADs (Key Resources
Table). Only 23 out of 615 genes up-regulated in progeria (3.7%) intersected with lost LADs
(Fisher’s exact test P=3x1079; Fig. 5E). Similarly, only 11 out of 502 genes downregulated
in progeria (2.2%) intersected with gained LADs (P=8x10~%; Fig. 5E). Furthermore, these
progeria-up genes in lost LADs (23 genes) or progeria-down genes in gained LADs (11
genes) were not over-represented for disease ontology terms linked to progeria phenotypes
(Fig. S5C, D). These data revealed that local LAD alterations could not explain the vast
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majority of gene expression changes in progeria, either upregulation of gene expression by
LAD losses or downregulation of gene expression by LAD gains.

New pS22-Lamin A/C-binding sites emerge in nhormally quiescent loci in progeria-patient

fibroblasts

We hypothesized that the gene expression changes observed in the progeria-patient
fibroblasts were associated with alterations of pS22-Lamin A/C-binding sites. We performed
immunofluorescence for pS22-Lamin A/C in progeria (AG11498) and normal (GM07492)
fibroblasts and observed that pS22-Lamin A/C was present in the interior of interphase
nuclei but not at the nuclear periphery of the progeria fibroblasts, similar to normal
fibroblasts (Fig. S6A). We found that the major isoform phosphorylated at S22 in the
progeria-patient and normal fibroblast cells was Lamin C, while S22-phosphorylation of
progerin was not detectable in Western blotting in the progeria-patient fibroblasts (Fig.
S6B). We performed pS22-Lamin A/C ChiP-seq in the progeria-patient fibroblast AG11498
and the normal-individual fibroblast GM07492 (the same cell lines used in pan-N-terminal-
Lamin A/C ChlP-seq). We identified a union set of 15,323 pS22-Lamin A/C-binding sites
found in either the normal-individual fibroblast GM07492 or the progeria-patient fibroblast
AG11498 or both (Key Resources Table). We observed significant alteration of the pS22-
Lamin A/C-binding site profile in the progeria fibroblasts: of the 15,323 union pS22-Lamin
AJC-binding sites, 2,796 pS22-Lamin A/C-binding sites (18%) were specific to the progeria
fibroblast line (termed “gained pS22-Lamin A/C-binding sites”) whereas 2,425 pS22-Lamin
AJC-binding sites (16%) were specific to the normal fibroblast line (termed “lost” pS22-
Lamin A/C-binding sites) (Fig. 6A, B; Fig. S6C, D). Gained pS22-Lamin A/C-binding sites
were highly over-represented within the “quiescent” chromatin-state annotation derived
from normal dermal fibroblasts (Roadmap Epigenomics Consortium et al., 2015) (Fisher’s
exact test P=2x107144) whereas lost pS22-Lamin A/C-binding sites were over-represented
in “enhancer” regions (P=8x10739) (Fig. 6C). Thus, new pS22-Lamin A/C-binding sites
emerged in locations in progeria, a subset of which possessed chromatin features of
quiescence in normal fibroblasts, while a subset of the wild-type enhancer pS22-Lamin A/C-
binding sites were lost in progeria. The absence of detectable pS22-progerin (Fig. S6B)
suggests that progerin disrupted the binding specificity of wild-type pS22-Lamin A/C in
progeria fibroblasts.

We hypothesized that changes in pS22-Lamin A/C-binding sites between progeria and
normal fibroblasts reflected changes in the activity level of enhancers. To test this
hypothesis, we performed c-Jun and H3K27ac ChlIP-seq in the progeria fibroblast AG11498
and normal fibroblast GM07492. At the 2,796 gained pS22-Lamin A/C-binding sites, c-Jun
and H3K27ac levels were strongly elevated in the progeria cell line relative to the normal
cell line, as compared with all 15,323 union pS22-Lamin A/C-binding sites (Fig. 6D, E; Fig.
S6E, F; Mann-Whitney Utest P<2x10716 for both c-Jun and H3K27ac). In contrast, at the
2,425 lost pS22-Lamin A/C-binding sites, c-Jun and H3K27ac levels were strongly
diminished in the progeria cell line relative to the normal cell line (Fig. 6D, E; Fig. S6E, F;
P<2x10716 for both c-Jun and H3K27ac). Thus, the alteration of the pS22-Lamin A/C
binding profile in progeria fibroblasts was accompanied by local alterations of ¢c-Jun binding
and H3K27ac levels at the pS22-Lamin A/C-binding sites.
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Gains of pS22-Lamin A/C binding in progeria accompany abnormal transcriptional
activation of genes clinically important to progeria pathophysiology

We hypothesized that the gains and losses of pS22-Lamin A/C-binding sites in progeria, and
the associated changes in c-Jun and H3K27ac levels at those sites, affected transcription in
progeria fibroblasts. To test this, we linked pS22-Lamin A/C-binding sites to genes,
associating pS22-Lamin A/C-binding sites that reside in the gene body or the 100-kb
upstream region. By this metric, 1,225 genes were linked only to gained pS22-Lamin A/C-
binding sites (11% of all genes), and 1,144 genes were linked only to lost pS22-Lamin A/C-
binding sites (9.9% of all genes) (Fig. S6G; Key Resources Table). Genes linked only to
gained pS22-Lamin A/C-binding sites were highly over-represented among genes up-
regulated in progeria (23% of progeria-up genes, P=3x10720), but not among genes down-
regulated in progeria (9.3% of progeria-down genes, P=0.4) (Fig. 6F). Genes linked only to
lost pS22-Lamin A/C-binding sites were over-represented among genes down-regulated in
progeria (15% of progeria-down genes, P=2x10~4), but not among genes upregulated in
progeria (11% of progeria-up genes, P=0.2) (Fig. 6F). Thus, in progeria-patient fibroblasts,
gains of pS22-Lamin A/C binding were associated with up-regulation of genes, and losses of
pS22-Lamin A/C binding were associated with down-regulation of genes. Interestingly, 311
genes were linked to both gained and lost pS22-Lamin A/C-binding sites (2.7% of all
genes), but were only over-represented among genes upregulated in progeria (8.1% of
progeria-up genes, P=1x10712), but not among genes downregulated in progeria (2.3% of
progeria-down genes, P=0.7) (Fig. 6F), suggesting a dominant association between gains of
pS22-Lamin A/C-binding and up-regulation of genes in progeria.

We hypothesized that gained or lost pS22-Lamin A/C-binding sites linked to genes
dysregulated in progeria may be relevant to progeria phenotypes. The progeria-up genes
linked to gained pS22-Lamin A/C-binding sites (192 genes) were highly over-represented
for DisGeNet disease ontology terms relevant to progeria phenotypes such as carotid artery
disease (P=0.007) (Gerhard-Herman et al., 2012), juvenile arthritis (P=1x107°) (Gordon et
al., 2007), hypertensive disease (P=0.0001) (Merideth et al., 2008), and cardiomegaly
(P=4x107°) (Prakash et al., 2018) (Fig. 6G). None of these terms were overrepresented
among the progeria-up genes not linked to a pS22-Lamin A/C-binding site (423 genes) (Fig.
6G). Consistent with the ontology analysis, progeria-up genes with gained pS22-Lamin A/C
binding included important cardiovascular genes (Key Resources Table). Examples include
FHL 1, overexpression of which causes myopathies (Schessl et al., 2008) and mutations of
which causes Emery-Dreifuss muscular dystrophy also caused by LMNA mutations
(Windpassinger et al., 2008; Gueneau et al., 2009) (Fig. S6D). The progeria-down genes
linked to lost pS22-Lamin A/C-binding sites were not associated with disease ontology
terms relevant to progeria phenotypes (Fig. S6H). Thus, gained pS22-Lamin A/C-binding
sites mark a subset of abnormally activated genes in progeria that are highly relevant to
progeria phenotypes.

DISCUSSION

Nuclear lamins have been extensively studied in the context of the nuclear lamina (Dechat et
al., 2010b; van Steensel and Belmont, 2017). In this paper, we investigated the genomic
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localization and function of Ser22-phosphorylated (pS22) nuclear lamin A/C localized to the
interior of the nucleus. pS22-Lamin A/C associated with kilobase-wide sites characteristic of
active enhancers, in stark contrast to nuclear-peripheral Lamin A/C, which associates with
megabase-wide heterochromatin domains (Meuleman et al., 2012; Lund et al., 2014). The
existence of Lamin A/C in the nuclear interior has been documented for decades (Goldman
et al., 1992; Bridger et al., 1993; Moir et al., 1994; Hozak et al., 1995; Barboro et al., 2002;
Naetar et al., 2008; Shimi et al., 2008; Swift et al., 2013; Buxboim et al., 2014; Kochin et al.,
2014; Gesson et al., 2016), yet the specific function of nuclear-interior Lamin A/C had been
elusive. Our results provide evidence that nuclear-interior pS22-Lamin A/C functions as a
positive modulator of enhancer activity by direct enhancer binding and that the enhancer
function of pS22-Lamin A/C may be altered in Hutchinson-Gilford progeria and contribute
to progeria pathogenesis (Fig. 7).

Decades of work have established that nuclear lamins at the nuclear lamina are associated
with transcriptionally-inactive regions (Pickersgill et al., 2006; Guelen et al., 2008; Ikegami
et al., 2010; Meuleman et al., 2012; van Steensel and Belmont, 2017). In this respect, the
data showing that pS22-Lamin A/C-binding sites exhibit the characteristics of active
enhancers and are associated with active transcription is striking. Our observations that
Lamin C was the major S22-phosphorylated isoform in interphase and that phospho-mimetic
Lamin C, but not phospho-mimetic Lamin A, strongly bound putative enhancers suggest that
enhancer binding may be a distinctive feature of Lamin C as compared with Lamin A.
Unlike Lamin A, Lamin C does not undergo farnesylation, a modification thought to
promote nuclear lamina incorporation of the Lamin A precursor (Dechat et al., 2008). Thus,
the lack of farnesylation in combination with S22/S392 phosphorylation may promote
nucleoplasmic Lamin C that binds to putative enhancers. Our finding that chromatin
accessibility is not a strong predictor of the location of pS22-Lamin A/C-binding sites
suggests that distinct targeting mechanisms exist to direct pS22-Lamin A/C to putative
enhancers. Recently, nuclear-interior Lamin A/C has been studied in the context of its
interaction with LAP2a (Naetar et al., 2008; Dechat et al., 2010a). LAP2a-interacting
Lamin A/C binds megabase-wide genomic regions that lie at euchromatin regions without
specific localization at promoters or enhancers (Gesson et al., 2016). Thus, pS22-Lamin A/C
bound to putative enhancers is likely distinct from LAP2a-interacting Lamin A/C. Instead,
we observed that pS22-Lamin A/C enrichment is strongly correlated with the enrichment of
the AP-1 transcription factor c-Jun. Lamin A/C is known to interact with c-Fos, the binding
partner of ¢c-Jun in the AP-1 complex (Ivorra et al., 2006; Gonzélez et al., 2008). The AP-1
transcription factor complex is therefore a candidate for functioning to target pS22-Lamin
AJC to specific putative enhancers.

A prevailing hypothesis for the pathogenesis of progeria suggested that progerin
accumulates at the nuclear lamina due to its permanent farnesylation and disrupts normal
interactions between Lamin A/C and LADs, causing heterochromatin disorganization, and,
in turn, altered expression of genes located in LADs (Shumaker et al., 2006; McCord et al.,
2012). One limitation of this model is that it does not explain the specific and abundant gene
expression changes that occur outside of LADs. We propose an alternative hypothesis, in
which misdirection of pS22-Lamin A/C to otherwise unbound enhancer regions or quiescent
regions results in abnormal direct transcriptional activation of genes relevant to progeria
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pathogenesis (Fig. 7B). Because progerin itself did not appear to be phosphorylated at S22,
the direct interaction between progerin and Lamin A/C (Lee et al., 2016) may contribute to
mis-direction of pS22-Lamin A/C in progeria.

pS22-Lamin A/C has been regarded as a byproduct of mitotic nuclear envelope breakdown
(Gerace and Blobel, 1980) or as a pool of disassembled lamins to be degraded when the
nuclear lamina is compromised by mechanical stress (Swift et al., 2013; Buxboim et al.,
2014). Our data that pS22-Lamin A/C is present throughout the cell cycle during
unperturbed cellular conditions, localized at a specific subset of putative active enhancers,
and associated with transcriptional alterations in progeria, suggested that pS22-Lamin A/C is
a previously-unrecognized functional species of Lamin A/C in the interior of the nucleus.
Much like the function of nuclear lamins in transcriptional repression at the nuclear lamina
remains under active investigation (Leemans et al., 2019), the causal relationship between
pS22-Lamin A/C binding at putative enhancers and transcriptional regulation remains to be
determined. Regardless, the characteristics of pS22-Lamin A/C unveiled in this study build a
foundation for investigating the functions of Lamin A/C, its role in transcriptional
regulation, and the mechanisms underlying human degenerative disorders caused by LMNA
mutations.

STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Kohta lkegami (ikgmk@uchicago.edu). All unique and stable
reagents generated in this study will be made available on request but we may require a
completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines—BJ-5ta (ATCC catalog # CRL-4001) is a TERT-immortalized BJ skin
fibroblast cell line (source: foreskin of male neonate) that retains normal fibroblast cell
growth phenotypes and does not exhibit transformed phenotypes (Jiang et al., 1999).
Generation of the BJ-5ta-derived LAMNA~~ cell line and LMNA™~ cells expressing wild-
type and mutant LMNA transgenes is described in the following sections. Primary dermal
fibroblasts used are GM07492 (source: thigh of 17-year-old male normal individual, Coriell
Cell Repository), GM08398 (source: inguinal area of 8-year-old male normal individual,
Coriell Cell Repository), AG11498 (source: thigh of 14-year-old male Hutchinson-Gilford
progeria patient, Coriell Cell Repository), and HGADFN167 (source: posterior lower trunk
of 8-year-old male Hutchinson-Gilford progeria patient, Progeria Research Foundation). We
verified that, at the time of cell harvest, the progeria and control cells were not undergoing
senescence (beta-galactosidase positive cells < 5%), a feature that late-passage progeria cells
could manifest (Sieprath et al., 2015) (Fig. S4B, C). All cells were cultured in standard cell-
culture-treated plastic dishes unless otherwise noted. BJ-5ta and its derivatives were cultured
in high-glucose DMEM (Gibco, 11965-092) containing 9% fetal bovine serum (FBS), 90
U/mL penicillin, 90 pg/mL streptomycin streptomycin at 37°C under 5% CO». Primary skin
fibroblasts were cultured in MEM Alpha (Gibco, 12561-056) containing 9% fetal bovine
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serum (FBS), 90 U/mL penicillin, 90 pg/mL streptomycin streptomycin at 37°C under 5%
CO..

METHOD DETAILS

Cell synchronization by thymidine block—For synchronization, BJ-5ta cells in the
DMEM growth medium were maintained at confluency for 2 days (GO arrest by contact
inhibition) and then passaged to a culture plate at a low density in the DMEM growth
medium supplemented with 2 mM thymidine (Sigma-Aldrich T9250) for 17 hours. This
allowed cells to re-enter into the G1 phase of the cell cycle and become arrested at the G1/S
boundary. Cells were then washed and cultured in the growth medium containing 2.5 pM
deoxycytidine (without thymidine) and harvested at 0 (i.e. G1/S-arrested cells), 4, 6, 8, 10,
12, and 14 hours later. As a reference, GO-arrested cells were released in the growth medium
without thymidine and harvested 14 hours later (“asynchronous” cells).

Generation of LMNA~~ cell line—We cloned DNA sequences for sgRNA1 (annealing
product of oligonucleotides KI1223 and K224, targeting the PAM site on the forward strand
at chr1:156,084,863-156,084,866 in hg19; Key Resources Table) or sgRNA3 (annealing
product of oligonucleotides KI227 and K228, targeting the PAM site on the forward strand
at chr1:156,084,953-156,084,956 in hgl9; Key Resources Table), located in the exon 1 of
LMNA, into the all-in-one lentivirus vector LentiCRISPRV2 (a gift from Feng Zhang;
Addgene plasmid # 52961) (Sanjana et al., 2014). The cloned lentiCRISPR vectors were
individually transfected to HEK293FT cells with the lentivirus packaging vectors psPAX2
(gift from Didier Trono; Addgene plasmid #12260) and pCMV-VSV-G (a gift from Bob
Weinberg; Addgene plasmid #8454) (Stewart et al., 2003) to produce lentivirus. A mixture
of the lentiviral tissue-culture supernatant for sgRNA1 and sgRNAS3 (each at 0.25 dilution)
was applied to BJ-5ta cells in the presence of 7.5 ug/mL polybrene for transduction.
Successfully transduced cells were selected by 3 ug/mL puromycin and seeded to 10-cm
dishes with a density of 100 cells per dish. Clonal populations were expanded and analyzed
by western blotting for Lamin A and Lamin C protein expression. The clone cc1170-1AD2
lacks Lamin A and Lamin C protein expression, has nullizygous frameshift mutations, and is
used in this study.

Wild-type and phospho-mutant Lamin A/C expression in LMNA ™~ cells—We
cloned Lamin A or Lamin C cDNAs with S22 and S392 mutations or without mutations into
the allin-one doxycycline inducible lentivirus vector pPCW57-MCS1-P2A-MCS2-PGK-Blast
(gift from Adam Karpf; Addgene plasmid #80921) (Barger et al., 2019) using HiFi assembly
(New England Biolabs E2621). DNA fragments containing S22D (TCG to GAC) and S22A
(TCG to GCT) mutations were chemically synthesized (Integrated DNA Technologies, Inc;
Oligonucleotides KI361 and K1362; Key Resources Table). DNA fragments containing
S392D (AGC to GAC) and S392A (AGC to GCC) mutations were amplified by PCR using
published Lamin A/C cDNA plasmids containing these mutations as a template (Kochin et
al., 2014) (gifts from Drs. Robert Goldman and John E Eriksson) and primers K1393 and
K385 for Lamin A and K1393 and KI1395 for Lamin C (Key Resources Table) . In addition,
silent mutations at the sgRNA1 and sgRNA3 CRISPR targeting sites (see Generation of
LMNA™~ cell line) were introduced to prevent the transgenes from being targeted by Cas9
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in LMNA™" cells. Lentivirus was produced as described above and transduced to BJ-5ta-
derived LMNA™~ cells. The transduced cells were selected under 10 pg/mL blasticidin. The
cell population IDs are cc1499-1 (wild-type Lamin A); cc1499-2 (Lamin A with S22A/
S392A); cc1499-3 (Lamin A with S22D/S392D); cc1499-4 (wild-type Lamin C); cc1499-5
(Lamin C with S22A/S392A); and cc1499-6 (Lamin C with S22D/S392D). The transgene
expression was induced by 20 pg/mL doxycycline for 72 hours. This doxycycline
concentration did not affect overall growth of the generated cell lines.

ELISA—Lamin A/C N-terminal aa2—30 peptides
(ETPSQRRATRSGAQASSTPLSPTRITRLQ) with phosphorylated Ser22 (Lot
U2312E1090-3/PE2186; purity 90.0%; MW 3234.45) or non-phosphorylated Ser22 (Lot
U2312E1090-1/PE2183; purity 96.1%; MW 3154.47) were synthesized by Genscript (New
Jersey, USA), and the quality was verified by the manufacturer. Peptides were immobilized
to maleic anhydride-activated plastic wells (Pierce catalog number 15100). Coated wells
were blocked with 5% non-fat milk and 0.1% Tween 20 and then incubated with anti-
phospho-Ser22-Lamin A/C antibody (Cell Signaling 13448S, Lot 1, 1:1000 dilution) or the
anti-pan-N-terminal-Lamin A/C antibody (Santa Cruz Biotechnology sc-376248, Lot
H2812, 1:5000) for 1 hour at 37°C. After washing, wells were incubated with horseradish
peroxidase (HRP)-conjugated anti-rabbit 1IgG (GE Healthcare NA934V, Lot 9636020) or
HRP-conjugated anti-mouse 1gG (GE Healthcare NA931V, Lot 9648752). HRP activity was
detected by 3,3’,5,5’-tetramethylbenzidine (TMB)-based colorimetric reaction (Pierce
catalog #34022). The reaction was treated with 3N HCI, and the absorbance at 450 nm
(reaction) and 550 nm (reference) was measured by a microplate reader. See Quantification
and Statistical Analysis for downstream analyses.

Western blot—Protein extract was separated by 4-12% Bis-Tris SDS-PAGE with MOPS
buffer and transferred to a PVDF membrane. After blocking, the membranes were incubated
for 12 hours or longer at 4°C with rabbit monoclonal anti-phospho-Ser22-Lamin A/C
antibody D2B2E (Cell Signaling 13448S, Lot 1; 1:1000 dilution) or mouse monoclonal anti-
pan-N-terminal-Lamin A/C antibody E1 (Santa Cruz Biotechnology sc-376248, Lot H2812;
1:1000 dilution). Primary antibodies were detected by HRP-conjugated anti-rabbit 19G (GE
Healthcare NA934V, Lot 9636020; 1:10000 dilution) or HRP-conjugated anti-mouse 1gG
(GE Healthcare NA931V, Lot 9648752; 1:10000 dilution). Signals were produced by
enhanced chemiluminescence (ECL) and detected digitally in a Bio-Rad ChemiDoc imager.
The gel after protein transfer was counter-stained by coomassie to evaluate the loaded
protein amount. See Quantification and Statistical Analysis for downstream analyses.

Flow cytometry—For cell-cycle analysis by DAPI staining, cells in suspension were
incubated with 70% cold ethanol for 12 hours or longer at —20°C for fixation. The fixed
cells were incubated with FACS buffer (2% FBS, 1 mM EDTA, and 0.1% Tween 20 in PBS)
for 10 min at room temperature. Cells were then incubated with PBS supplemented with
0.1% Triton and 1 pg/mL DAPI for 10 min at room temperature. The DAPI-stained cells
were resuspended in FACS buffer and then analyzed by Fortessa 4-15 HTS or Fortessa X20
5-18 flow cytometry analyzers (BD Biosciences).
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To stain cells for pS22-Lamin A/C, cells were fixed in PHEM buffer (60 mM PIPES-KOH
pH7.5, 25 mM HEPES-KOH pH7.5, 10 mM EGTA, 4 mM MgSO,) containing 4%
formaldehyde, 0.5% Triton, and 100 nM phosphatase inhibitor Nodularin (Enzo ALX-350—
061) for 15 min at 37°C. Cells were blocked with Blocking buffer (FACS buffer
supplemented with 5% normal goat serum) and incubated with Alexa-647-conjugated rabbit
monoclonal anti-phospho-Ser22-Lamin A/C antibody D2B2E (labeled at Cell Signaling,
product ID 97262BC, Lot 1, 1:30 dilution) in Blocking buffer for 1 hour at 37°C. Cells were
counter-stained with 1 pg/mL DAPI in FACS buffer. The stained cells were analyzed by
Fortessa 4-15 HTS or Fortessa X20 5-18 flow cytometry analyzers. See Quantification and
Statistical Analysis for downstream analyses.

Immunofluorescence—cCells were grown on uncoated glass coverslips under the
standard culture condition (see Cell Culture). Cells were fixed in PHEM buffer (60 mM
PIPES-KOH pH7.5, 25 mM HEPES-KOH pH7.5, 10 mM EGTA, 4 mM MgSQy,) containing
4% formaldehyde, 0.5% Triton, and 100 nM phosphatase inhibitor Nodularin (Enzo
ALX-350-061) for 10 min at 37°C. Cells on coverslips were blocked with Blocking buffer
(1% skim milk and 5% goat serum in PBS), and then incubated with primary antibodies in
Blocking buffer. Antibodies used in immunofluorescence are: Alexa 647-conjugated rabbit
monoclonal anti-phospho-Ser22-Lamin A/C antibody D2B2E (labeled at Cell Signaling,
product ID 97262BC, Lot 1, 1:100 dilution), mouse monoclonal anti-pan-N-terminal-Lamin
A/C antibody E1 (Santa Cruz Biotechnology sc-376248, Lot # H2812, 1:5000), or mouse
monoclonal anti-full-length-Lamin A/C antibody 4C4 (Abcam ab190380, Lot GR201137-1;
1:1000). Cells were incubated with secondary antibodies, counterstained by DAPI, and
cured in ProLong Gold mounting medium (Molecular Probes, P36930). Cells were imaged
using a Leica SP8 confocal microscope with a 63x or 100x objective. See Quantification and
Statistical Analysis for downstream analyses.

Senescence-associated beta-galactosidase assay—Cells were grown on coverslips
and fixed for 5 min in 2% formaldehyde and 0.2% glutaraldehyde in PBS. For positive
controls of the assay, cells were incubated for 2 hours with media containing 300 uM

(WI138) or 400 pM (GM07492) H,0, before replacement with the normal growth media.
Cells were washed with PBS and incubated in X-gal staining solution (40 mM citric acid/
sodium phosphate buffer, 5 mM K4[Fe(CN)g] 3H20, 5 mM Ks[Fe(CN)g], 150 mM NaCl, 2
mM MgCl,, and 1 mg/mL X-gal) for 16 h at 37°C. The coverslips were washed with PBS
and mounted for microscopy. To determine the staining percentages, cells from 10 randomly
selected areas at 20x magnification were counted.

ChlP-seg—=Cells in a culture dish were crosslinked in 1% formaldehyde for 15 min at
room temperature, and the reaction was quenched with 125 mM glycine. Cross-linked cells
were washed with LB1 (50 mM HEPES-KOH pH7.5, 140 mM NaCl, 1 mM EDTA, 10%
glycerol, 0.5% NP40, 0.25% Triton X-100) and LB2 (200 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, and 10 mM Tris-HCI pH 8.0). Cells were resuspended in LB3-Triton (1 mM EDTA,
0.5 mM EGTA, 10 mM Tris-HCI pH 8, 100 mM NaCl, 0.1% Na-Deoxycholate, 0.5% N-
lauroyl sarcosine, 1% Triton) containing 1x protease inhibitor cocktail (Calbiochem 539131)
and 100 nM phosphatase inhibitor Nodularin (Enzo ALX-350-061), and chromatin was
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extracted by sonication. The cell extract was cleared by 14,000 g centrifugation for 10 min.
An aliquot of cell extract was saved for input DNA sequencing. Cell extract from one
million cells was incubated with antibodies in a 200-pL reaction for 12 hours or longer at
4°C. Antibodies used in ChIP are: rabbit monoclonal anti-phospho-Ser22-Lamin A/C
antibody D2B2E (Cell Signaling 13448S, Lot 1; 5 L per IP); mouse monoclonal anti-pan-
N-terminal-Lamin A/C antibody E1 (Santa Cruz Biotechnology sc-376248, Lot H2812; 10
pL per IP); mouse monoclonal anti-full-length-Lamin A/C antibody 4C4 (Abcam ab190380,
Lot GR201137-1; 4 uL per IP); rabbit polyclonal anti-c-Jun antibody (Santa Cruz
Biotechnology sc-1694, Lot D1014; 20 pL per IP); mouse monoclonal anti-H3K27ac
antibody (Wako MABI0309, Lot 14007; 2 uL per IP); mouse monoclonal anti-H3K4me3
antibody (Wako MABI0304, Lot 14004; 2 uL per IP); rabbit polyclonal anti-H3K9me3
antibody (Abcam ab8898, Lot GR232099-3; 2 UL per IP); and mouse monoclonal anti-
H3K27me3 antibody (Active Motif MABI10323, Lot 17019020; 2 UL per IP).
Immunocomplex was captured by Protein A-conjugated sepharose beads (for rabbit
antibodies) or Protein G-conjugated magnetic beads (for mouse antibodies) and washed.
Immunoprecipitated DNA was reverse-crosslinked and used to construct high-throughput
sequencing libraries using NEBNext Ultra DNA Library Prep Kit (New England Biolabs,
E7370). DNA libraries were processed on a Illumina HiSeq machine for single-end
sequencing. See Quantification and Statistical Analysis for downstream analyses. ChIP-seq
experiments are listed in https://github.com/kohta-ikegami/pS22-LMNA/blob/master/
datasets.md.

ATAC-seq—O0ne hundred thousand trypsinized cells were incubated with ATAC hypotonic
buffer (10 mM Tris pH 7.5, 10 mM NaCl, 3 mM MgCls) for 10 min at 4°C during 500 g
centrifugation. Cells were incubated in Tagmentation mix (Tagmentation DNA buffer
Illumina 15027866; Tagmentation DNA enzyme Illumina 15027865) for 30 min at 37°C.
Purified DNA was used to construct high-throughput sequencing libraries using NEBNext
High-Fidelity 2x PCR Master Mix (New England Biolabs M0541). DNA libraries were
processed on a Illumina NextSeq machine for paired-end 41-nt sequencing. See
Quantification and Statistical Analysis for downstream analyses. ATAC-seq experiments are
listed in https://github.com/kohta-ikegami/pS22-LMNA/blob/master/datasets.md.

RNA-seq—Total RNAs were purified by Trizol LS (Invitrogen 10296028) and treated with
DNase I (Invitrogen Turbo DNase AM2238). mRNAs were isolated using NEBNext Poly(A)
mRNA Magnetic Isolation Module (New England Biolabs E7490) and fragmented using
Fragmentation Buffer (Ambion AM8740). cDNAs were synthesized using SuperScript 11
(Invitrogen 18064014), and non-directional high-throughput sequencing libraries were
prepared using NEBNext Ultra DNA Library Prep Kit (New England Biolabs, E7370).
Libraries were processed on the Illumina HiSeq platform for single-end 50-nt sequencing.
See Quantification and Statistical Analysis for downstream analyses. RNA-seq experiments
are listed in https://github.com/kohta-ikegami/pS22-LMNA/blob/master/datasets.md.

GRO-seqg—Nuclei were isolated by incubating cells in hypotonic NP40 lysis buffer (10

mM NaCl, 3 mM MgCl,, 0.5% MP-40, 10 mM Tris, pH 7.5) supplemented with RNase
Inhibitor on ice and resuspended in Nuclear Storage buffer (50 mM Tris pH 8.0, 0.1 mM
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EDTA, 5 mM MgCl,, 40% glycerol, RNase inhibitor). The nuclear suspension was mixed
with an equal volume of 2x NRO buffer (10 mM Tris pH 8.0, 5 mM MgCl,, 1 mM DTT, 300
mM KCI, 0.5 mM ATP, 0.5 mM GTP, 0.5 mM BrUTP, 2 uM CTP). The sample was
incubated without sarkosy! for 4 min at 30°C and then with 0.5% sarkosyl for 4 min at 30°C
(total 8 min). RNAs were purified from the reaction by Trizol LS (Invitrogen 10296028)
followed by isopropanol precipitation. RNAs were treated with TurboDNase (Ambion
AM18907) and fragmented by Fragmentation Buffer (Ambion AM8740). BrU-incorporated
RNA fragments were immunoprecipitated with mouse monoclonal anti-BrdU antibody 3D4
(BD Biosciences 555627 Lot 7033666) and used to construct DNA sequencing libraries
using NEBNext Ultra 1l Directional RNA Library Prep kit (New England Biolabs E7760).
DNA libraries were processed on a Illumina NextSeq machine for paired-end 42-nt
sequencing. See Quantification and Statistical Analysis for downstream analyses. GRO-seq
experiments are listed in https://github.com/kohta-ikegami/pS22-LMNA/blob/master/
datasets.md.

QUANTIFICATION AND STATISTICAL ANALYSIS

Number of data points, number of replicates, and the type of statistical tests employed are
indicated in figures and/or figure legends.

ELISA quantification—The reaction absorbance (450 nm) minus the reference
absorbance (550 nm) was plotted using software R (v3.3.2). Loess fit was computed using
geom_smooth function in ggplot2 package (version 2.2.1).

Western blot quantification—Intensities of Western blot bands and coomassie staining

bands were obtained using the Analyze Gels function in Fiji (v1.0). Western blot Intensities
were normalized to coomassie staining intensities. The mean and standard deviation of three
biological replicates were computed using software R (v3.3.2).

Flow cytometry quantification—Flow cytometry data were processed using FlowJo
(v10.5.3). Forward and side scatter gatings were used to identify single cells. To obtain the
fraction of cells at G1/GO0, S, and G2/M, DAPI signals were processed with the Watson
Pragmatic algorithm (Watson et al., 1987) in FlowJo with manually constrained G1/GO0 and
G2/M signal ranges with the coefficient of variation set to 10%.

Immunofluorescence quantification—Quantification of immunofluorescence signals
for LMNA transgene products was performed on the image at a z-axis position with the
highest nuclear periphery-to-interior Lamin A/C signal ratio in a given cell. In this image, a
5-um line segment that crossed the nuclear periphery at position 0 um (-=2.5 to 2.5 um with
negative coordinates indicating positions outside the nucleus) was drawn. An array of pixel
intensities along the segment (averaged across the 10-pixel width) was obtained using Fiji
(v1.0). From this array, an average pixel intensity in every 0.1 pm bin along the line was
computed (50 bins). To visualize signals along the segment, the binned intensities from the
same cell type were quantile normalized using normalize.quantiles function in the
preprocessCore package (v1.36.0) in software R (Bolstad et al., 2003) to account for overall
intensity differences between cell types. To compute nuclear interior-to-periphery ratios, the
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mean unnormalized signal intensities between +4 to +5 um of the segment was assigned as
the nuclear-interior signal, and the maximum unnormalized signal intensities between -0.5
to +0.5 um was assigned as the nuclear-peripheral signal.

Reference genome—The February 2009 human reference sequence hg19/GRCh37 was
used throughout in this paper.

Blacklisted regions—Before performing genomic data analyses, we excluded all genes
and genomic features located in blacklisted regions which are genomic regions that may
cause misinterpretation due to high sequence redundancy, uncertain chromosomal locations,
high signal background, haplotypes, or potential copy number variations (CNVs) induced in
the process of CRISPR-mediated generation of LAMNA™" cells (Aguirre et al., 2016). The
collection of such genomic regions were constructed from the following datasets (see Data
and Code Availability): assembly gaps in the hg19 reference genome, ENCODE-defined
hg19 blacklisted regions, mitochondria sequence (chrM), haplotype chromosomes
(chr*_*_hap*), unplaced contigs (chrUn_%*), unlocalized contigs (chr*_*_random), and
potential CNVs described below. To identify potential large CNVs between wild-type BJ-5ta
and BJ-5ta-derived LAMNA™" cells, input sequencing data for wild-type BJ-5ta (ID K1481)
and LMNA™" cells (ID K1489) were processed with CNV-seq (Xie and Tammi, 2009) with
the following parameters: [-genome human — global-normalization —log2-threshold 0.5 —
minimum-windows-required 3]. After removing windows with low sequence coverage,
candidate CNV windows that were overlapping or spaced within 500 kb were merged, and
isolated windows smaller than 500 kb in size were removed. This yielded 5 candidate large
CNVs (24 Mb in chrl; 15 Mb in chr 4; 2.7 Mb in chr19; 683 kb in chr2; and 528 kb in
chrX). The blacklisted regions are listed in https://github.com/kohta-ikegami/pS22-LMNA/
blob/master/blacklist.bed.

Gene annotation—The Gencode V19 “Basic” gene annotation was downloaded from the
UCSC genome browser. Of the total 99,901 transcripts in the list, we retained transcripts that
met all of the following requirements: 1) “gene type” equals “transcript type”; 2) “transcript
type” is either profein_coding or antisense or lincRNA; and 3) “transcript ID” appears only
once in the list. This processing yielded 75,968 transcripts. To select one transcribed unit per
gene locus, the 75,968 transcripts were grouped by “gene symbol,” and within the group,
transcripts were sorted by the “exon count” (largest first), then by “length” of transcribed
region (largest first), then by the alphanumeric order of the “transcript ID” (smallest first),
and the transcript that appeared first in the group was chosen to represent the transcribed
unit of that gene. In this processing, in general, a transcript with a largest number of
annotated exons among other associated transcripts represented the gene. After removing
genes located within the blacklisted regions (see Blacklisted regions), we obtained 31,561
genes, which included 19,469 “protein_coding” genes.

ChlP-seq data processing—ChlIP-seq experiments and sequencing depth are listed in
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/datasets.md. ChIP-seq reads
were mapped to the hg19 human reference genome using Bowtie2 (Langmead and Salzberg,
2012) with the default “--sensitive” parameter. Reads with MAPQ score greater than 20
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were used in downstream analyses. Reads from biological replicates of ChIP and the
corresponding input were processed by MACS2 (v2.1.0) (Zhang et al., 2008). MACS2
removed duplicated reads and generated then “fold enrichment score”, which was input-
normalized per-base coverage of 200 nt-extended reads. We used the fold-enrichment scores
throughout the paper for quantitative analysis of ChIP-seq enrichment. In addition, for ChIP-
seq with point-source enrichment profiles, MACS2 was used to identify statistically
overrepresented peak regions and peak summits using the following parameter set: [call peak
-g hg --nomodel --extsize 200 --call-summits]. Peaks overlapping blacklisted regions (see
Blacklisted regions section) were removed. We defined a summit as a unit of a protein
binding site. MACS?2 identified 22,966 pS22-Lamin A/C-binding sites in BJ-5ta; 79,799
H3K27ac-enriched sites in BJ-5ta; 18,100 H3K4me3-enriched sites in BJ-5ta; 87,988 c-Jun-
enriched sites in BJ-5ta (Key Resources Table). The codes used are publicly available (see
Data and Code Availability).

ATAC-seq data processing—ATAC-seq experiments and sequencing depth are listed in
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/datasets.md. For alignment, the
first 38 nt of the 41-nt reads in the 5" to 3" direction were used. The rationale of this
trimming is that the minimum size of DNA fragments that can be flanked by Tn5
transposition events has been estimated to be 38 bp (Reznikoff, 2008; Picelli et al., 2014),
and therefore, a 41-nt read could contain a part of read-through adaptors. We aligned 38-nt
reads to the hg19 reference genome using bowtie2 with following parameters: [-X 2000 --
no-mixed --no-discordant --trim3 3]. The center of the active Tn5 dimer is estimated to be
located +4-5 bases offset from the 5"-end of the transposition sites (Reznikoff, 2008; Picelli
et al., 2014). To place the Tn5 loading center at the center of aligned reads, the 5”-end of the
plus-strand read was shifted 4 bp in the 5”-to-3” direction and that of the minus-strand reads
was shifted 5 bp in the 5"-to-3” direction, and the shifted end (1 nt) was extended +/-100 bp.
To generate background datasets that capture local bias of read coverage, the shifted read
ends were extended +/-5,000 bp and used to construct local lambda background file. We
processed the Tn5 density file and the local lambda file (background) with MACS2 function
bdgcomp to generate the fold-enrichment scores for Tn5 density from as a background. We
also used MACS?2 function bdgpeakcall to identify regions with statistically significant Tn5
enrichment (ATAC peaks). At P-value cutoff of 1x10710, we obtained 73,933 ATAC peaks
(Key Resources Table). The codes used are publicly available (see Data and Code
Availability).

RNA-seq data processing—RNA-seq experiments and sequencing depth are listed in
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/datasets.md. Public RNA-seq
raw data files (fastq) for normal and progeria-patient fibroblasts (Fleischer et al., 2018) (see
Data and Code Availability) were retrieved using fastq-dump (version 2.9.3). All RNA-seq
reads were aligned to the hg19 human reference genome using Tophat2 with the default
parameter set (Kim et al., 2013). Reads with MAPQ score greater than 50 were used in
downstream analyses. For each of the total 31,561 genes (see Gene annotation) for each
replicate, we computed (1) unnormalized RNA-seq read coverage, which was the sum of
per-base read coverage in exons; and (2) RPKM (Reads Per Kilobase of transcript per
Million mapped reads), which was the unnormalized RNA-seq read coverage divided by the
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read length (50 nt) and then by the sum of the exon size in kilobase and then by the total
number of reads in million. The RPKM scores were Logs._transformed (Logy(RPKM
+0.001)), z-normalized (for each sample), and then used in Principal Component Analysis
(PCA) using prcomp function (stats package version 3.3.2) in R. The PCA found that two
data sets, s78 (normal fibroblast GM05381 by Fleischer et al.) and K1429 (normal fibroblast
GMO08398 by this study), did not cluster with other normal-fibroblast datasets (Fig. S4D). A
retrospective assessment of the RNA quality of KI1429 found a sign of RNA degradation.
The datasets s78 and K1429 were excluded from the subsequent analyses. The codes used
are publicly available (see Data and Code Availability).

GRO-seq data processing—GRO-seq experiments and sequencing depth are listed in
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/datasets.md. GRO-seq read
pairs with maximum fragment length of 2000 bp were aligned to the hg19 human reference
genome using Bowtie2 with the parameter set of - X 2000 --no-mixed --no-discordant. Reads
with MAPQ score greater than 20 were used in downstream analyses. For each of the total
31,561 genes (see Gene annotation), we computed “normalized GRO-seq base coverage,”
which was the sum of GRO-seq fragment per-base coverage normalized to gene lengths and
sequencing depths. The codes used are publicly available (see Data and Code Availability).

LADs—LADs in BJ-5ta were defined using pan-N-terminal-Lamin A/C ChIP-seq data in
BJ-5ta. The hg19 genome was segmented into 5-kb non-overlapping windows, and for each
window, the sum of perbase read coverage (from replicate-combined reads) was computed
for pan-N-terminal-Lamin A/C ChlP-seq and the corresponding input. The coverage was
normalized by sequencing depth. The depth-normalized coverage was used to compute per-
window logs ratios of ChlP over input. We then created 100 kb windows with a 5-kb step
genome-wide. For each 100-kb window, if every one of the 20 constituting 5-kb windows
had a positive log ratio and the mean logs ratios of the constituting 5-kb windows was
greater than 0.5, this 100-kb window was further processed. The qualified 100-kb windows
were merged if overlapping or touching. After filtering regions overlapping blacklisted
regions (see Blacklisted regions), we obtained 2,178 regions which we defined as Lamin
AJ/C LADs in BJ-5ta (Key Resources Table). LADs defined by Lamin B1 Dam ID in lung
fibroblasts are reported previously (Guelen et al., 2008) (see Data and Code Availability).

Analysis on deciles—Genes, ATAC-seq sites, or c-Jun-binding sites were stratified into
deciles by scores specified in figure legends using ntf/e function in dplyr (version 0.7.4) in
R.

DNA motif analysis—To find DNA motifs de novo, 150-bp sequences centered around
the summit of the top 500 high-confident (defined by p-values) pS22-Lamin A/C-binding
sites were analyzed by MEME (v4.10.0) (Machanick and Bailey, 2011) with the following
parameters: minimum motif size, 6 bp; maximum motif size, 12 bp; and the expected motif
occurrence of zero or one per sequence (-mod zoops) and with the 1st-order Markov model
(i.e. the dinucleotide frequency) derived from the 73,933 ATAC-seq sites as the background.
The top five overrepresented motifs were then processed by TOMTOM (v4.11.3) (Gupta et
al., 2007; Tanaka et al., 2011) to identify known motifs that corresponded to the de novo
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identified motifs from human HOCOMOCOvV10 motif database (Kulakovskiy et al., 2018).
At the g-value cutoff of less than 0.001, the motifs #1 (AP1), #2 (FOX) and #4 (RUNX)
found the corresponding known motifs in the database. The location and frequency of these
motifs within the all pS22-Lamin A/C-binding sites (total 22,966) were determined by
FIMO (v4.10.0) with p-value threshold less than 0.0001.

Upregulated and downregulated genes in progeria—To identify differentially
expressed genes between progeria-patient fibroblasts and normal-individual fibroblasts, we
applied DESeq?2 (version 1.14.1) (Love et al., 2014) on the unnormalized RNA-seq read
coverage for the total 31,561 genes (see RNA-seq data processing). To account for the
variables due to the study origins, we included the study origin annotation as an additive
term in the DESeq2 model. We applied the cutoff of DESeq2-computed adjusted p-value
smaller than 0.05 and absolute DESeq2-adjusted log,-fold change greater than 0.5. Among
11,613 protein coding genes that had the minimum RPKM score greater than 0.01 across all
analyzed samples (“expressed genes”), 615 genes were defined as upregulated and 502
genes were defined as downregulated in progeria-patient fibroblasts compared with normal-
individual fibroblasts (Key Resources Table). The codes used are publicly available (see
Data and Code Availability).

Gained and lost pS22-Lamin A/C-binding sites in progeria—We first generated a
union set of pS22-Lamin A/C-binding sites in normal-individual fibroblast GM07492 and
progeria-patient fibroblast AG11498 by collecting pS22-Lamin A/C-enriched sites from the
two cell lines and then merging neighboring summits if the distance between the summits
was equal to or smaller than 200 bp. When summits were merged, the center of the region
generated by the merged summits was assigned as the new summit. This resulted in 15323
union pS22-Lamin A/C-binding site summits (Key Resources Table). The summits were
then extended +/-500 bp, and the sum of per-base read coverage of pS22-Lamin A/C ChlP-
seq (reads extended to 200 bp) within the 1000-bp regions was computed for each replicate
of the normal and progeria fibroblasts (two replicates each). This coverage matrix was
processed using DESeq?2 (version 1.14.1) (Love et al., 2014) to identify pS22-Lamin A/C-
binding sites with statistically-significant difference between the normal and progeria-patient
fibroblast cell lines. At DESeq2-computed adjusted p-value < 0.05 and absolute log,_fold
change > 0.5, we identified 2,796 sites whose pS22-Lamin A/C signals were higher in
progeria fibroblasts than in normal fibroblasts (gained pS22-Lamin A/C-binding sites) and
2,425 sites whose pS22-Lamin A/C signals were higher in normal fibroblasts than in
progeria fibroblasts (lost pS22-Lamin A/C-binding sites) (Key Resources Table).

Box plot and Violin plot—Throughout the paper, box plots with or without overlaid
“violins” were used to visualize distribution of numeric data. The box indicates interquartile
(IQR) range with the bar inside the box indicating the median. The upper and lower
whiskers indicate maximum and minimum data points within 1.5x IQR from the box,
respectively. The circles outside the whisker range indicate data points outside of this range.
The overlaid violin indicates the kernel density of the data. Box and violin plots were
generated using ggplot2 package (version 2.2.1) in R (version 3.2.2).
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Gained and lost LADs in progeria—We first generated 5-kb windows genome-wide,
and for each window and for each cell type (normal-individual GM07492 and progeria-
fibroblast AG11498), we computed the mean of the replicate-combined pan-N-terminal-
Lamin A/C ChlP-seq log2-fold-enrichment scores within the window. The data was then
quantile-normalized using normalize.quantiles function in the preprocessCore package
(v1.36.0) in software R (Bolstad et al., 2003). From the normalized data, we identified: (1)
“seeds” of lost LADs, which were 5-kb windows whose normal-fibroblast score was a
positive number and whose progeria-fibroblast score was a negative number; (2) “seeds” for
gained LADs, which were 5-kb windows whose normal-fibroblast score was a negative
number and whose progeria-fibroblast score was a positive number; and (3) “seeds” for
steady LADs, which were 5-kb windows whose normal-fibroblast and progeria-fibroblast
scores were both positive. For gained and lost LADs, the neighboring aforementioned seeds
were merged (individually for gained and lost LAD seeds) if they were located within 10 kb.
For steady LADs, seeds were merged if the neighboring seeds were located within 5 kb.
Finally, the merged windows greater than 100 kb in size were isolated, and then those
intersecting blacklisted regions (see Blacklisted regions) were removed. These processing
resulted in 282 gained LADs, 353 lost LADs, and 2,100 steady LADs (Key Resources
Table).

ChlP-seq and ATAC-seq signal analysis—A ChlP-seq or ATAC-seq fold-enrichment
score for pS22-LMNA-binding sites, or cJun-binding sites, or ATAC-defined accessible sites
was the sum of the perbase fold-enrichment scores (i.e. “area”) within +/-250 bp of the site
center (total 500 bp).

To generate aggregate plots and heatmaps for features, two data files were first generated: (a)
a window file, which consists of, for each genomic feature, a set of fixed-size genomic
windows that cover genomic intervals around the feature; and (b) a genome-wide signal file
(in bedgraph format). For each genomic window in the window file, all signals within that
window were obtained from the signal file, and either mean or max of the signals or sum of
the perbase signal (“area”) were computed.

For the heatmaps and aggregate plots around pS22-Lamin A/C-binding sites or ATAC sites,
a set of 250-bp windows with a 50-bp offset that covered a 10-kb region centered around the
summit of these sites was generated for each site. For each window, the mean of fold-
enrichment score was computed from replicate-combined input-normalized fold enrichment
bedgraph files.

For the heatmaps of LADs, a set of 5-kb windows (without an offset) that covered the LAD
body or the LAD body plus 250 kb downstream region was generated for each LAD. For
each window, the mean of fold-enrichment score was computed from replicate-combined
input-normalized fold enrichment bedgraph files.

The computed scores were plotted using ggp/ot2 package (version 2.2.1) in R (version
3.2.2). The codes used are publicly available (see Data and Code Availability).
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RNA-seq signal analysis—For the heatmap of the differentially expressed genes, RPKM
scores for the 11,613 expressed genes for the 26 RNA-seq data sets (12 normal fibroblasts
and 14 progeria-patient fibroblasts) were logg-transformed and quantile-normalized using
normalize.quantiles function in the preprocessCore package (v1.36.0) in R (Bolstad et al.,
2003). These normalized scores were then processed using ComBat function in the sva
package (v3.22.0) in R with the sample origin annotation as the batch to remove (Johnson et
al., 2007). The batch-normalized RPKM scores for the total 1,117 dysregulated genes in
progeria fibroblasts were clustered and visualized using pheatmap function in the pheatmap
package (v1.0.12) in R with the “correlation” clustering distance measurement method
between sample clusters.

The computed scores were plotted using ggp/ot2 package (version 2.2.1) in R (version
3.2.2). The codes used are publicly available (see Data and Code Availability).

Gene ontology analysis—Gene ontology (GO) analyses were performed using
Metascape (Tripathi et al., 2015). The input data type was Gencode 19 Gene Symbol (see
Gene annotation). For background, the 11,613 protein-coding genes with reliable sequencing
coverage were used (see Differentially expressed genes). Enrichment for “DisGeNet” terms
(Pifiero et al., 2017) was analyzed under the default parameter settings (minimum gene
count 3, P <0.01, enrichment over background >1.5). P-values were derived from cumulative
hypergeometric statistical tests and computed in Metascape (Zhou et al., 2019).

One-way ANOVA—One-way ANOVA was used to assess statistical difference of numeric
scores among cells expressing wild-type or phospho-mutant Lamin A/C (6 cell types). The
ANOVA tests were performed using aov function with default parameters in R (stats
package v3.3.2) under the null hypothesis that the population mean of the numeric scores
was the same across all cell types, with the alternative hypothesis that at least one cell type
had a different population mean. We then applied post-hoc Tukey’s test to perform pairwise
comparison. The Tukey’s test was performed using 7ukeyHSD function on the ANOVA
result above with default parameters in R (stats package v3.3.2) under the null hypothesis
that the population mean of the numeric scores between the two cell types being compared
was the same, with the alternative hypothesis that they were different.

Mann-Whitney U test—Throughout the paper, Mann-Whitney U test was used to assess
statistical difference of numeric scores between two groups. The tests were performed using
wilcox.test function with default parameters in R (stats package v3.3.2) under the null
hypothesis that numeric scores of the two groups were selected from one population, with
the alternative hypothesis that they came from different populations.

Fisher’s exact test—Throughout the paper, Fisher’s exact tests were used to assess the
association between two features that were unambiguously and independently assigned to
each data point in one data set. The tests were performed on a 2-by-2 contingency table
using fisher.test function with default parameters in R (stats package v3.3.2) under the null
hypothesis that the odds ratio is equal to 1, with alternative hypothesis that the odds ratio is
not equal to 1.
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One-sample Student’s t test—One-sample £tests were performed using t.test function
with default parameters in R (stats package v3.3.2) under the null hypothesis that the mean
of the numeric vector equal to zero, with the alternative hypothesis that the mean is not equal
to zero.

Permutation test for chromatin state analysis—For the 22,966 pS22-Lamin A/C-
binding site summits (1 bp), a random set of 22,966 genomic locations was selected from the
blacklisted-region-filtered genome using shuffle function in Bedtools (v2.25.0) (Quinlan and
Hall, 2010) such that the chromosome distribution of the original 22,966 pS22-Lamin A/C-
binding sites was maintained. This process was iterated 2,000 times. For each iteration, the
total number of bases overlapped with a given chromatin state was computed. For each
chromatin state, the number of iterations in which the base coverage of permutated pS22-
Lamin A/C-binding sites exceeded the actual base coverage of the 22,966 pS22-Lamin A/C-
binding sites was counted. If this number is 0 (one-sided test for over-representation), we
assigned empirical P-value of < 0.001. Essentially, the same computation was performed for
2,178 LADs, except that the random sets of LADs maintained the distribution of the original
feature sizes.

Correlation analysis—Pearson correlation coefficient was used to assess correlation
between two fold-enrichment scores at 22,966 pS22-Lamin A/C-binding sites (sum of fold-
enrichment scores within +/-500 bp of the site center). The computation of Pearson’s rwas
performed using corfunction in R with method="pearson” (stats package v3.3.2).

Spearman’s rank correlation coefficient was used to assess the monotonic relationship
between gene deciles by GRO-seq coverage and the fraction of genes linked to pS22-Lamin
AJC-binding sites within each of the deciles. The computation of Spearman’s rfo was
performed using corfunction in R with method="spearman” (stats package v3.3.2).

DATA AND CODE AVAILABILITY

Data and Code Availability Statement—The genomic datasets generated during this
study are available at Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under
the accession number GSE113354. Custom computational scripts used in this study are
available at: https://github.com/kohta-ikegami/pS22-LMNA/

Public datasets—Assembly gaps
http://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/gap.txt.gz
Blacklisted Regions

http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeMapability/
wgEncodeDacMapabilityConsensusExcludable.bed.gz

Chromatin annotation
http://egg2.wustl.edu/roadmap/data/byFile Type/chromhmmSegmentations/ChmmModels/

coreMarks/jointModel/final/E126_15_coreMarks_stateno.bed.gz
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Genecode Release 19 Gene Model

http://hgdownload.cse.ucsc.edu/goldenPath/hg19/database/
wgEncodeGencodeBasicVV19.txt.gz

Lamin B1 LADs
http://hgdownload.cse.ucsc.edu/goldenPath/hgl19/database/laminB1Lads.txt.gz
Progeria fibroblast RNA-seq datasets from Fleischer et al.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE113957
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HIGHLIGHTS
Phospho-Ser22-Lamin A/C (pLamin) is localized to the nuclear interior
pLamin binds to enhancers near active genes, not lamina-associated domains
pLamin-bound enhancers are co-bound by transcriptional activator c-Jun

New pLamin binding in progeria accompanies upregulation of clinically
relevant genes
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A pS22-Lamin A/C localization B pS22-Lamin A/C localization during cell cycle
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Figure 1. pS22-Lamin A/C is localized to the interior of the nucleus throughout interphase
(A) Immunofluorescence using anti-pan-N-terminal-Lamin A/C and anti-pS22-Lamin A/C

antibodies. Wild-type, BJ-5ta fibroblast. LMNA™", BJ-5ta-derived LAMNA™" fibroblast.
Bar, 10 um. Representative images from 3 biological replicates. See also Fig. S1.

(B) Same as (A), but BJ-5ta cells at specific cell-cycle stages are shown.

(C) Per-cell pS22-Lamin A/C and DNA (DAPI) levels of asynchronous BJ-5ta (top) or
LMNA™ cells (bottom) measured by flow cytometry. Per-cell signal distribution is shown
as bivariate density. a.u., arbitrary unit. Representative analysis of 3 biological replicates.
(D) (Top and middle) Western blot of cell-cycle synchronized BJ-5ta. (Bottom) Fraction of
cells at indicated cell-cycle phase determined by flow cytometry (mean of 3 biological
replicates +/- standard deviation).
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(E) Quantification of Lamin A/C Western blot signal intensities (mean of 3 biological
replicates +/— standard deviation). Inset, narrower y-axis range for the selected samples. P,
one sample £test assessing distribution of logy[Lamin C]/[Lamin A] signal ratios.
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Figure 2. pS22-Lamin A/C associates with putative enhancers genome-wide
(A) Representative pS22-Lamin A/C ChlP-seq and pan-N-terminal-Lamin A/C ChiP-seq

profiles. Histone ChlP-seq and ATAC-seq are shown for comparison. Signals are fold-
enrichment (FE) scores (see Methods). Pan-N-terminal-Lamin A/C profiles are in the log,
scale to visualize LAD pattern. Lamin B1 LADs are defined by DamID in lung fibroblast
(Guelen et al., 2008). Lamin A/C LADs are defined by pan-N-terminal-Lamin A/C ChIP-seq
in BJ-5ta (this study). All performed in =2 biological replicates. See also Fig. S2 and S3.

(B) Region shown in rectangle in (A). Pan-N-terminal-Lamin A/C ChlP-seq profiles are in

the linear scale.

(C) Positions of pS22-Lamin A/C-binding sites with respect to 2,178 Lamin A/C LADs.
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(D) pS22-Lamin A/C and pan-N-terminal-Lamin A/C ChIP-seq FE scores at pS22-Lamin
AJC-binding sites.

(E) ChlP-seq FE scores for transgene-driven Lamin A/C with or without S22/S392
mutations, expressed in LAMNA™" cells. ChIP was performed with the anti-full-length-
Lamin A/C antibody in 3 biological replicates.

(F) ChlP-seq FE scores at pS22-Lamin A/C-binding sites for each biological replicate of
(E). One-way ANOVA compares means of all isoforms, with post-hoc Tukey analysis for
pairwise comparison (pairs with P<0.05 are indicated).

(G) ATAC-seq and histone ChIP-seq FE scores at pS22-Lamin A/C-binding sites. pS22-
Lamin A/C ChiP-seq signals are shown again for comparison.

(H) Chromatin states of pS22-Lamin A/C-binding sites and Lamin A/C LADs. Chromatin
states are defined in normal dermal fibroblasts (Roadmap Epigenomics Consortium et al.,
2015).
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B C
DNA motifs over-represented at c-Jun ChilP-seq profile in BJ-5ta c-Jun ChlP signals
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Figure 3. pS22-Lamin A/C association and c-Jun association are strongly correlated at pS22-

Lamin A/C-binding sites

(A) DNA motif frequency at pS22-Lamin A/C-binding sites. E, motif occurrence probability

score in de novo DNA motif search.

(B) Representative c-Jun ChlP-seq FE profile in BJ-5ta cells (derived from 3 biological
replicates). Other profiles are shown for comparison.

(C) c-Jun ChiIP-seq FE scores at pS22-Lamin A/C-binding sites.

(D) Overlap between pS22-Lamin A/C-binding sites and c-Jun-binding sites. Numbers
indicate the number of 500-bp windows that overlap pS22-Lamin A/C-binding sites and/or

c-Jun-binding sites.

(E) c-Jun ChlIP FE scores at c-Jun-binding sites bound or unbound by pS22-Lamin A/C.
Box, interquartile range. Violin, kernel density (see Methods).

(F) c-Jun ChIP and H3K27ac ChlP-seq FE scores at 100 pS22-Lamin A/C-bound and 100
unbound ATAC sites. The analyzed 100 sites were randomly selected from each decile of all
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ATAC sites stratified by accessibility. Mann-Whitney U-test compares FE scores between
pS22-Lamin A/C-bound and -unbound sites, and P-values are adjusted for multiple
comparisons by the Benjamini-Hochberg method. See also Fig. S3.

(G) Two-dimensional histogram of pS22-Lamin A/C-binding sites by ChlIP-seq and ATAC-
seq FE scores. One square, one bin, with color grade representing the number of sites. 7,
Pearson correlation coefficient.

(H) Black line, fraction of genes harboring pS22-Lamin A/C-binding sites within gene body
or 100 kb upstream. Genes are stratified by the transcription levels defined by GRO-seq read
coverage. Red line, mean GRO-seq coverage in gene decile. Horizontal dotted line, fraction
of all genes harboring pS22-Lamin A/C-binding sites for reference. GRO-seq was performed
in BJ-5ta in 2 biological replicates.
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Figure 4. Genes abnormally upregulated in progeria fibroblasts are relevant to progeria

phenotypes
(A) Principal component analysis (PCA) on RNA-seq data

sets of primary fibroblasts

derived from normal individuals and progeria patients. Percentage, proportion of variance

explained. See also Fig. S4.
(B) MA plot comparing the per-gene mean of RNA-seq RP

KM scores across progeria-

patient fibroblast cell lines and that across normal-individual fibroblast cell lines.

(C) Normalized RPKM scores for genes upregulated in pro
downregulated in progeria (“progeria-down”). Dendrogram

geria (“progeria-up”) and genes
s represent hierarchical

clustering. Solid circles, fibroblast cell lines used in LAD and pS22-Lamin A/C analyses.
(D) DisGeNet-curated disease terms overrepresented among progeria-up (red) and progeria-

down genes (blue). Shown are terms with P-value < 0.001.

Dev Cell. Author manuscript; available in PMC 2021 March 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ikegami et al. Page 38

A Representative gained and lost LADs B Gained and lost LAD signals
_ Gained LAD 0.5 Mb Pan-Lamin A/C ChIP-seq
3‘3‘ Normal akh, i 282 gained LADs 353 lost LADs
S_— ‘
o - | Normal Progeria Normal Progeria
5 1:|Proger|a il et s il e " g o
[¥) |
(7]
B 2 ke . I L
g Gene | Chr3: 25,000K
S LostLAD
Q Normal M’ £ 2
E 1 Wi ik ¥ hid [T A = 2
= © o o o0
g -2 N ooN
a1 e @ o
= o ¢
© k)
o Gene . - e mnm . ,
| Chr4: 14,000K Distance (Mb) from 5’ end of LAD segments
Cc D E
H3K9me3 at gained/lost LADs H3K27me3 at gained/lost LADs LAD vs. progeria-up/down genes
Mann <2x107® Mann 3x10™ Fraction of genes (x-axis) intersected with:
Whitney -12 Whitney 6x10-13 .
Utest P 3x10 Utest P XIS = Gained LAD Lost LAD
" ® $1004 & 1004, _
] 2 2 2 1 ~ g =] 2 ¢ P Fishers
g = g = . 5 7 § (;3:, 0 exacttest
£ E 11 £E S 50 4 50 &
50 T2 o =
35 0o+ - ). SE o Gene
9= 3? 1 4 qc, 8 11 63 23 1 79 count
- < - = - [0 ——— [V [
? % 1 o) % T T T T T T
So S 5389 8 9
X = .24 v= 3 - T o o = O
‘:2 -1 & 1 T - 2 - r T 1 T Gene g- § A g- § ")
N © o o § ™ o o class w O E s O ¥
tap | & 8 € R tap (& 8 2 R by 598 55 8
- o o - o o < o I 9o ]
type | 3 @ T = type (B & T = expression| 8 5 & g5 &
(comnt) | £ S T ZF (count) | £ § T ZF (count) i a 2P
3 3 8 3 s 3 S
ﬁ a 4 P4

Figure 5. LAD alterations do not explain the majority of gene expression changes in progeria
(A) Representative pan-N-terminal-Lamin A/C ChlP-seq profiles in normal (GM07492) and

progeria-patient (AG11498) fibroblasts (derived from 2 biological replicates). Log, scale on
the y axis. Rectangle, representative gained LADs (top) and lost LADs (bottom). See also
Fig. S5.

(B) Pan-N-terminal-Lamin A/C ChIP-seq FE scores in the normal GM07492 and progeria
AG11498 fibroblasts at gained and lost LADs in progeria.

(C) Logs, difference of H3K9me3 ChlP-seq FE scores at LADs between normal (GM07492)
and progeria (AG11498) fibroblasts (derived from 2 biological replicates). Red dashed line,
Log, difference equals O for reference.

(D) Same as (C), but H3K27me3 ChlP-seq scores are analyzed.

(E) Fraction of progeria-up and progeria-down genes whose gene body or upstream 100-kb
region intersected with gained LADs (left) or lost LADs (right). P, Fisher’s exact test P value
for association between being differentially expressed and being affiliated with gained/lost
LADs.
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Figure 6. New pS22-Lamin A/C-binding sites emerged in progeria are associated with up-
regulation of genes relevant to progeria phenotypes

(A) pS22-Lamin A/C ChIP-seq profiles (derived from 2 biological replicates) at
representative gained and lost pS22-Lamin A/C-binding sites. Normal, GM07492 fibroblast.
Progeria, AG11498 fibroblast. Horizontal bar, 2 kb. See also Fig. S6.

(B) pS22-Lamin A/C ChlIP-seq FE scores at gained and lost pS22-Lamin A/C-binding sites
in the normal GM07492 and progeria AG11498 fibroblasts.

(C) Chromatin states of gained and lost pS22-Lamin A/C-binding sites. Fisher’s exact test
assesses association between being called as gained or lost and being affiliated with each
state.

(D) Logsy difference of c-Jun ChlP-seq FE scores between normal (GM07492) and progeria
(AG11498) fibroblasts (derived from 2 biological replicates). Red dashed line, log,
difference equals O for reference.

(E) Same as (D), but H3K27ac ChlP-seq scores are analyzed.
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(F) Fraction of progeria-up and progeria-down genes with gained and/or lost pS22-Lamin
AJC-binding sites (within gene body or 100 kb upstream). P, Fisher’s exact test P value for
association between being differentially expressed and being affiliated with gained/lost
pS22-Lamin A/C-binding sites.

(G) DisGeNet-curated disease terms over-represented among progeria-up genes linked to
gained pS22-Lamin A/C-binding sites, or those not linked to gained pS22-Lamin A/C-
binding sites, or all progeria-up genes.
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Ser22 . J N)

Normal
fibroblast
nucleus

Non-phophorylated Lamin A/C (polymer)

Figure 7. Model

B

Page 41

Misdirection of pS22-Lamin A/C is
associated with abnormal transcription
in progeria

Progeria-patient fibroblast

Progerin
(mutant Lamin A)

(A) pS22-Lamin A/C binds to putative enhancers near transcriptionally active genes.
(B) In progeria fibroblasts, gains of pS22-Lamin A/C-binding sites in abnormal locations
accompany transcription of genes relevant to progeria phenotypes.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alexa-647-conjugated anti-phospho-

Ser22-LMNA antibody D2B2E Cell Signaling Cat # 97262BC, Lot 1

Anti-phospho-Ser22-LMNA antibody

D2B2E Cell Signaling Cat # 13448S, Lot 1; RRID:AB_2798221
Santa Cruz Cat # sc-376248, Lot H2812;

Anti-pan-N-terminal-LMNA antibody E1

Biotechnology

RRID:AB_10991536

Anti-full-length-LMNA antibody 4C4

Abcam

Cat # ab190380, Lot GR201137-1;
RRID:AB_2747781

Anti-c-Jun antibody H-79

Santa Cruz
Biotechnology

Cat # sc-1694, Lot D1014; RRID:AB_631263

Cat # 306-34849, MABI0309, Lot 14007;

Anti-H3K27ac antibody MABI0309 Wako RRID:AB_11126964

Cat # 305-34819, MABI0304, Lot 14004;
Anti-H3K4me3 antibody MABI0304 Wako RRID:AB_11123891

Cat # ab8898, Lot GR232099--3;
Anti-H3K9me3 antibody ab8898 Abcam RRID:AB_306848

Cat # MABI0323, Lot 17019020;
Anti-H3K27me3 antibody MABI0323 Active Motif RRID:AB_11123929

Anti-BrdU antibody 3D4

BD Biosciences

Cat # 555627, Lot 7033666;
RRID:AB_395993

Chemicals, Peptides, and Recombinant Proteins

LMNA aa2-30 peptide:
ETPSQRRATRSGAQASSTPLSPTRITRL

Q GenScript GenScript U2312E1090-1/PE2183

LMNA aa2-30 peptide with phospho-S22:

ETPSQRRATRSGAQASSTPL[phospho-

SIPTRITRLQ GenScript GenScript U2312E1090-3/PE2186

Phosphatase inhibitor Nodularin Enzo Cat # ALX-350-061

Deposited Data

Genomic dataset 1Ds with sample https://github.com/kohta-ikegami/pS22-LMNA/blob/master/

description This paper datasets.md
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/

Blacklisted regions used in this study This paper blacklist.bed
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/

pS22-Lamin A/C binding sites in BJ-5ta This paper D2B2E_BJ5ta.narrowPeak
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/

Lamin A/C LADs in BJ-5ta This paper E1 BJ5ta_LAD.bed

ATAC-seq-defined accessible chromatin https://github.com/kohta-ikegami/pS22-LMNA/blob/master/

sites in BJ-5ta This paper ATAC_BJ5ta.narrowPeak
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/

H3K27ac-enriched sites in BJ-5ta This paper H3K27ac_BJ5ta.narrowPeak
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/

H3K4me3-enriched sites in BJ-5ta This paper H3K4me3_BJ5ta.narrowPeak
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/

c-Jun-binding sites in BJ-5ta This paper Jun_BJ5ta.narrowPeak
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REAGENT or RESOURCE SOURCE IDENTIFIER
Genes linked to pS22-Lamin A/C sites https://github.com/kohta-ikegami/pS22-LMNA/blob/master/
with GRO-seq coverage in BJ-5ta This paper gene_pS22-LMNA.bed
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/
Differentially-expressed genes in progeria This paper progeria_gene.bed
Gained and lost pS22-Lamin A/C-binding https://github.com/kohta-ikegami/pS22-LMNA/blob/master/
sites in progeria This paper progeria_gained_lost_pS22-LMNA.bed
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/
Gained and lost LADs in progeria This paper progeria_gained_lost_LAD.bed
Progeria-up genes linked to gained pS22- https://github.com/kohta-ikegami/pS22-LMNA/blob/master/progeria-
Lamin A/C-binding sites This paper up_gene.txt
UCSC genome
Human reference sequence used browser hg19/GRCh37
Version 19;
Gencode/UCSC http://hgdownload.cse.ucsc.edu/goldenPath/hg19/database/

Gene annotation

genome browser

wgEncodeGencodeBasicV19.txt.gz

High-throughput sequencing data This paper GEO accession number GSE113354
UCSC genome
Hg19 assembly gaps browser http://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/gap.txt.gz
http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/
UCSC genome wgEncodeMapability/
ENCODE blacklist browser wgEncodeDacMapabilityConsensusExcludable.bed.gz
http://egg2.wustl.edu/roadmap/data/byFile Type/
NIH Roadmap chromhmmSegmentations/ChmmModels/coreMarks/jointModel/
Chromatin annotation Epigenomics final/E126_15_coreMarks_stateno.bed.gz

Lamin B1 LADs

Gluelen et al., 2008

http://hgdownload.cse.ucsc.edu/goldenPath/hg19/database/
laminB1Lads.txt.gz

Progeria fibroblast RNA-seq datasets

Fleischer et al., 2018

GEO accession number GSE113957

Experimental Models: Cell Lines

BJ-5ta fibroblast cell line ATCC Cat# CRL-4001; RRID:CVCL_6573

BJ-5ta-derived L MNA~-cell line This paper lkegami lab ID: cc1170-1AD2
Coriell Cell

GMO07492 normal primary fibroblast Repository GMO07492; RRID:CVCL_7467
Coriell Cell

GMO08398 normal primary fibroblast Repository GM08398; RRID:CVCL_7481
Coriell Cell

AG11498 HGPS primary fibroblast Repository AG11498; RRID:CVCL_H766

HGADFN167 HGPS primary fibroblast

Progeria Research
Foundation

HGADFN167; RRID:CVCL_1Y92

Oligonucleotides

DNA oligonucleotide K223 for sgRNA1
targeting exonl of LMNA:
CACCGCATCGACCGTGTGCGCTCGC

IDT

lkegami lab ID: KI223

DNA oligonucleotide K1224 for sgRNA1
targeting exonl of LMNA:
AAACGCGAGCGCACACGGTCGATGC

IDT

lkegami lab ID: KI224

DNA oligonucleotide K1227 for sgRNA3
targeting exonl of LMNA:
CACCGCGGCATCAAGGCCGCCTACG

IDT

lkegami lab ID: KI227

DNA oligonucleotide K228 for sgRNA3

targeting exonl of LMNA:

IDT

lkegami lab ID: KI1228
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https://github.com/kohta-ikegami/pS22-LMNA/blob/master/progeria_gained_lost_LAD.bed
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/progeria_gained_lost_LAD.bed
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/progeria-up_gene.txt
https://github.com/kohta-ikegami/pS22-LMNA/blob/master/progeria-up_gene.txt
http://hgdownload.cse.ucsc.edu/goldenPath/hg19/database/wgEncodeGencodeBasicV19.txt.gz
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http://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/gap.txt.gz
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http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeMapability/wgEncodeDacMapabilityConsensusExcludable.bed.gz
http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeMapability/wgEncodeDacMapabilityConsensusExcludable.bed.gz
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http://egg2.wustl.edu/roadmap/data/byFileType/chromhmmSegmentations/ChmmModels/coreMarks/jointModel/final/E126_15_coreMarks_stateno.bed.gz
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

AAACCGTAGGCGGCCTTGATGCCGC

DNA oligonucleotide KI361 for S22A
Lamin A/C N-terminus:
GGGGACAAGTTTGTACAAAAAAGCAG
GCTGCCATGGCTTGTCCTAAAGATCC
AGCCAAACCTCCGGCCAAGGCACAAG
TTGTGGGATGGCCACCGGTGAGATCA
TACCGGAAGAACGTGATGGTTTCCTG
CCAAAAATCAAGCGGTGGCCCGGAGG
CGGCGGCGTTCGTGAAGGAGACCCC
GTCCCAGCGGCGCGCCACCCGCAGC
GGGGCGCAGGCCAGCTCCACTCCGC
TGGCTCCCACCCGCATCACCCGGCTG
CAGGAGAAGGAGGACCTGCAGGAGC
TCAATGATCGCTTGGCGGTCTATATTG
ATAGGGTCCGGAGTCTCGAAACGGAG
AACGCAGGGCTGCGCCTTCGCATCAC
CGAGTCTGAAGAGGTGGTCAGCCGCG
AGGTGTCTGGAATTAAAGCTGCTTATG
AAGCCGAGCTCGGGGATGCCCGCAA
GACCCTTGACTCAGTAGCCAAGGAGC
GCGCCCGCCTGCAGCTGGAGCTGAG
CAAAGTGCGT

IDT

lkegami lab ID: KI361

DNA oligonucleotide K1362 for S22D
Lamin A/C N-terminus:
GGGGACAAGTTTGTACAAAAAAGCAG
GCTGCCATGGCTTGTCCTAAAGATCC
AGCCAAACCTCCGGCCAAGGCACAAG
TTGTGGGATGGCCACCGGTGAGATCA
TACCGGAAGAACGTGATGGTTTCCTG
CCAAAAATCAAGCGGTGGCCCGGAGG
CGGCGGCGTTCGTGAAGGAGACCCC
GTCCCAGCGGCGCGCCACCCGCAGC
GGGGCGCAGGCCAGCTCCACTCCGC
TGGACCCCACCCGCATCACCCGGCTG
CAGGAGAAGGAGGACCTGCAGGAGC
TCAATGATCGCTTGGCGGTCTATATTG
ATAGGGTCCGGAGTCTCGAAACGGAG
AACGCAGGGCTGCGCCTTCGCATCAC
CGAGTCTGAAGAGGTGGTCAGCCGCG
AGGTGTCTGGAATTAAAGCTGCTTATG
AAGCCGAGCTCGGGGATGCCCGCAA
GACCCTTGACTCAGTAGCCAAGGAGC
GCGCCCGCCTGCAGCTGGAGCTGAG
CAAAGTGCGT

IDT

lkegami lab 1D: K1362

DNA oligonucleotide KI393 for S392A
Lamin A/C C-terminal cloning:
TGGAGCTGAGCAAAGTGCGT

IDT

lkegami lab 1D: K1393

DNA oligonucleotide K1385 for S392A
Lamin A C-terminal cloning:
TCGTGGCTCCGGAACCGGTGTTACAT
GATGCTGCAGTTCT

IDT

lkegami lab ID: KI385

DNA oligonucleotide K1395 for S392A
Lamin C C-terminal cloning:
TCGTGGCTCCGGAACCGGTGTCAGCG
GCGGCTACCACTCACGTGGTGGTGAT
GGAGCAGG

IDT

lkegami lab ID: KI395

Recombinant DNA

LentiCRISPRv2

Sanjana et al., 2014

Addgene plasmid #52961

PSPAX2

Didier Trono lab

Addgene plasmid #12260

pCMV-VSV-G

Stewart et al., 2003

Addgene plasmid #8454

pCW57-MCS1-P2A-MCS2-PGK-Blast

Barger et al. 2019

Addgene plasmid #80921

Wild-type Lamin A cDNA in pCW57-

This paper

lkegami lab ID: bK1218
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REAGENT or RESOURCE SOURCE IDENTIFIER
MCS1-P2A-MCS2-PGK-Blast

Lamin A-S22A/S392A cDNA in pCW57-

MCS1-P2A-MCS2-PGK-Blast This paper lkegami lab 1D: bKI1226
Lamin A-S22D/S392D cDNA in pCW57-

MCS1-P2A-MCS2-PGK-Blast This paper lkegami lab ID: bK1241
Wild-type Lamin C cDNA in pCW57-

MCS1-P2A-MCS2-PGK-Blast This paper lkegami lab ID: bK1247
Lamin C-S22A/S392A cDNA in pCW57-

MCS1-P2A-MCS2-PGK-Blast This paper Ikegami lab ID: bK1242
Lamin C-S22D/S392D cDNA in pCW57-

MCS1-P2A-MCS2-PGK-Blast This paper lkegami lab 1D: bKI1245

Software and Algorithms

R The R foundation R3.3.2
Langmead and
Bowtie aligner Salzberg, 2012 \fersion 2.1.0

Quinlan and Hall,

Bedtools 2010 Version 2.26.0

DESeq2 Love et al., 2014 Version 1.14.1

MACS2 Zhang et al., 2008 Version 2.1.0
Machanick and

MEME Bailey, 2011 Version 4.10.0

R package stats

The R foundation

Version 3.3.2

R package preprocessCore

Bolstad et al., 2003

Version 1.36.0

Metascape

Tripathi et al., 2015

http://metascape.org/
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