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Abstract 

The nuclear lamina is a thin filamentous meshwork that provides mechanical support to 

the nucleus and regulates essential cellular processes such as DNA replication, chromatin 

organization, cell division, and differentiation. Isolated horizontal imaging using 

fluorescence and electron microscopy has long suggested that the nuclear lamina is 

composed of structurally different A-type and B-type lamin proteins and nuclear lamin-

associated membrane proteins that together form a thin layer that is spatially isotropic 

with no apparent difference in molecular content or density between the top and bottom 

of the nucleus. Chromosomes are condensed differently along the radial direction from 

the periphery of the nucleus to the nuclear center; therefore, chromatin accessibility for 

gene expression is different along the nuclear radius. However, 3D confocal 

reconstruction reveals instead that major lamin protein lamin A/C forms an apically 

polarized Frisbee-like dome structure in the nucleus of adherent cells. Here we show that 

both A-type lamins and transcriptionally active chromatins are vertically polarized by the 

tension exercised by the perinuclear actin cap (or actin cap) that is composed of highly 

contractile actomyosin fibers organized at the apical surface of the nucleus. Mechanical 

coupling between actin cap and lamina through LINC (linkers of nucleoskeleton and 

cytoskeleton) protein complexes induces an apical distribution of transcription-active 

subnucleolar compartments and epigenetic markers of transcription-active genes. This 

study reveals that intranuclear structures, such as nuclear lamina and chromosomal 

architecture, are apically polarized through the extranuclear perinuclear actin cap in a 

wide range of somatic adherent cells. 
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1. Introduction  

Accumulating evidence suggests that the three-dimensional organization of the 

nucleus regulates gene expression through lamina-chromosome interactions. The nuclear 

lamina is a thin filamentous meshwork that provides mechanical support to the nucleus 

and regulates essential cellular processes such as DNA replication, chromatin 

organization, cell division, and differentiation[1-3]. Imaging using fluorescence and 

electron microscopy has long suggested that the nuclear lamina is composed of 

structurally different intermediate filamentous lamin proteins (e.g., A-type lamins A and 

C and B-type lamins B1 and B2)[4] and nuclear lamin-associated membrane proteins 

(e.g., lamin associated peptides and emerins) that together form a thin shell largely 

confined to a narrow region underneath the nuclear envelope with a few filamentous 

structures extending to the intranuclear space[1, 5]. Isolated horizontal imaging sections 

by confocal laser scanning microscopy through the middle of the nucleus seem to 

confirm this impression[1, 6, 7]: nuclear lamin proteins would form a thin layer that is 

spatially isotropic with no apparent difference in molecular content or density between 

the top and bottom portions of the nucleus in adherent cells. Such isotropic distribution of 

nuclear lamins, without any vertical polarization, is now conventional wisdom. Moreover, 

chromosomes are known to be condensed differently along the radial direction from the 

periphery of the nucleus to the nuclear center[8-11]; therefore, chromatin accessibility for 

gene expression is different along the nuclear radius[12, 13]. However, close comparison 

of confocal sections along the vertical axis of the nucleus indicates that the major lamin 

protein lamin A/C is dominantly localized at the apical and lateral surfaces of the 

nucleus, and largely absent from its basal section. 

Recently we characterized highly contractile actomyosin filament bundles termed 

perinuclear actin cap (or actin cap). Actin-cap fibers are bound to the apical surface of the 

interphase nucleus through linkers of nucleoskeleton and cytoskeleton (LINC) protein 

complexes[14-16], and simultaneously terminated by actin-cap-associated focal 

adhesions (ACAFAs) located at the basal surface of the cell[17]. This distinct topology 

induces enhanced tension on actin-cap fibers[18], through more activated myosin II than 

basal actin fibers[17]. Since LINC complexes physically connect the cytoskeleton and 

nucleoplasm specifically via A-type lamins[19-21], we hypothesized that the actin cap 
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would mediate spatial polarization of nuclear lamina and intranuclear architecture. Here, 

we show that both A-type lamins and transcriptionally active chromatins are vertically 

polarized by the tension exercised by the perinuclear actin cap. 

 

2. Materials and methods 

2.1 Cell culture 

Mouse embryonic fibroblasts (MEFs), human foreskin fibroblasts (HFFs), and 

cervical cancer-derived HeLa cells were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM, ATCC) supplemented with 10% fetal bovine serum (FBS, ATCC), 

100U/ml penicillin, and 100µg/ml streptomycin (Sigma). Human umbilical vein 

endothelial cells (HUVECs) were grown in HUVEC’s complete growth medium; Ham’s 

F-12 Kaighn’s modification (F-12K, ATCC) supplemented with 0.1 mg/ml of heparin 

(Sigma), 0.05 mg/ml of endothelial cell growth supplement (ECGS, Sigma), and 10% 

fetal bovine serum (FBS, ATCC). Human breast epithelial cells (MCF-10A) were 

cultured in DMEM/F12 (Invitrogen) supplemented with 5% horse serum (Invitrogen), 20 

ng/ml epidermal growth factor (EGF, Peprotech), 0.5 µg/ml hydrocortisone, 100 ng/ml 

cholera toxin, 10 µg/ml insulin, 100 U/ml penicillin, and 100 µg/ml streptomycin 

(Sigma), as described previously[22].   

  

2.2 Drug treatment and transient transfection 

Actin depolymerising drug latrunculin B (Sigma) and MLCK inhibitor ML-7 

(Sigma) were diluted to 0.1 µM and 10 µM, respectively. Cells were incubated with 

medium containing the drugs for 1 h before fixation. The transfection complex was 

prepared in Opti-MEM I reduced serum medium (Gibco). The amounts of transfection 

agent, FuGENE® HD (Roche) and DNA were determined following the manufacturer’s 

guidelines.  

 

2.3 Immunofluorescence and confocal microscopy 

Cells were fixed with 4% paraformaldehyde (Aldrich) for 1 h, permeabilized with 

0.1% Triton X-100 (Fisher biotech) for 10 min and blocked with PBS supplemented with 
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FBS (10%, v/v) for 30 min to avoid nonspecific bindings. For immuno-staining, cells 

were incubated with primary antibodies targeting following proteins: lamin A/C 

(Millipore), phosphomyosin light chain 2 (Cell Signaling Technology), cleaved lamin 

A/C (Cell Signaling Technology), lamin A, lamin C, lamin B1, lamin B2, nuclear pore 

complex proteins, lamina-associated polypeptide 2alpha (LAP2α), emerin, unmodified 

histone H4, acetylated histone H4, site-specific-acetylated histone H4 (lysine 16, lysine 

12, and lysine 5), and nesprin isoforms (nesprin3 and nesprin2giant), supplied by the 

Hodzic lab at Washington University in St. Louis). Antibodies were purchased from 

Abcam if not specified. Dilution ratio and incubation time of primary antibodies followed 

the supplier’s recommendations and Alexa Fluor secondary antibodies (Invitrogen) were 

used. Actin filaments and DNA were stained with Alexa-Fluor phalloidin (Invitrogen) 

and 300 nM DAPI (Invitrogen) or Hoechst33342 (Sigma), respectively. Immno-stained 

cells were imaged under a Nikon A1 confocal laser microscope equipped with a 60x oil 

immersion objective (Nikon). We used constant intensity of the laser source while 

vertically scanning the cells, and double-checked the anisotropy of immunofluorescence 

markers by flipping over the samples to avoid false implication by vertical attenuation of 

fluorescence intensity. For high-resolution imaging of multi-stained cells, channel series 

was applied to avoid cross-talk reduction and galvano scanning mode was preferentially 

applied. Typical z-step was 0.2 µm.  

 

2.4 Modulation of substrate compliance 

Polyacrylamide hydrogels were prepared on glass slides, as detailed 

previously[17]. Briefly, premixed acrylamide and bis-acrylamide solution supplemented 

with ammonium persulfate and tetramethylethylenediamine (TEMED, Invitrogen) was 

polymerized between aminopropyltrimethoxysilane (APTMS) and glutaraldehydre pre-

treated glass slide and dichlorodimethylsilane (DCDMS) pre-treated nonreactive glass 

coverslip. Three different ratios of acrylamide and bis-acrylamide; 300:1, 30:1, and 10:1 

were selected to ensure sufficient variation in substrate compliance. Substrate compliance 

J was defined as the reciprocal of Young’s moduli of >10 separate gels measured by 

AFM (Veeco). The surface of synthesized hydrogels was coated with UV-activable 
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crosslinker sulfo-SANPAH (Pierce) to bind 0.2 mg/ml type I collagen (BD Biosciences). 

Unless specified otherwise, all reagents and chemicals were supplied by Sigma Aldrich. 

 

2.5 High-throughput cell phenotyping 

For high-throughput cell phenotyping, fluorescence images of immuno-stained 

cells were collected with a DS-QiMc camera (Nikon) mounted on a Nikon TE300 

fluorescence microscope with a 10x Plan Fluor lens (Nikon). Morphometric analysis and 

fluorescence intensity was assessed with a customized Matlab code[23]. More than 800 

cells were tested per independent biological repeat (n = 3). 

 

3. Results  

3.1 Lamin A/C is apically polarized in the nucleus 

The perinuclear actin cap is a highly contractile bundled actomyosin structure 

organized at the apical surface of the interphase nucleus[14]. As the actin cap regulates 

nuclear morphology through LINC-mediated physical interactions with the nuclear 

lamina[14, 15, 24], we asked if this cytoskeletal structure would also spatially reorganize 

nuclear lamin proteins. Remarkably, the 3D reconstruction of confocal horizontal cross-

sectional images from the apical surface to the basal surface of the immuno-stained 

nucleus clearly indicated that actin-cap-bearing mouse embryonic fibroblasts (MEFs) 

featured an apically polarized lamin A/C (Fig. 1A).  

To scrutinize the vertically anisotropic architecture of the nucleus, we first 

compared the 3D organization of major nuclear lamin components, lamin A/C and lamin 

B1 (Fig. 1B-F). As expected, these two types of nuclear lamins were concentrated at the 

periphery of the nucleus compared to the nucleoplasmic region of MEFs (Fig. 1B). 

However, close comparison of confocal sections at the top, middle, and bottom of the 

nucleus indicated that lamin A/C was dominantly localized at the apical and lateral 

surfaces of the nucleus, and largely absent from its basal section (Fig. 1B-D). 

Fluorescence intensity profiles across horizontal sections of the reconstructed nuclear 

lamina confirmed these results (Fig. 1E). While the distributions of normalized 

fluorescence intensity of lamin A/C and lamin B1 were almost similar in the apical and 

equatorial planes of the nucleus, lamin A/C was bi-modally distributed in the basal plane, 
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which was clearly distinct from the uniformly distributed lamin B1 across the basal plane 

of the nucleus (Fig. 1E). Therefore, a 3D reconstruction of these horizontal confocal 

sections revealed that lamin A/C exclusively formed a dome-like ultrastructure, 

resembling a Frisbee, inside the interphase nucleus of MEFs (Fig. 1A-E and Movie S1). 

Unlike lamin A/C, co-stained lamin B1 formed an isotropic shell, i.e., lamin B1 was 

present at both the upper and lower surfaces of the nucleus, which is the conventional 

architecture of the nuclear lamina (Fig. 1C-E). We confirmed that the majority of MEFs 

showed a polarized Frisbee-like distribution of lamin A/C (~70%) compared to the cells 

showing an isotropic distribution of lamin A/C (~20%) (Fig. 1F).  

To test the robustness of these results, we conducted a series of additional tests of 

consistency. Since the majority of control MEFs consistently form an organized actin cap 

(~70%)[14, 15, 17], the subsequent immunofluorescence studies were performed in 

MEFs that formed an actin cap (Fig. 1G-P and Fig. S1). First, we asked if the apical 

polarization of lamin A/C and isotropic distribution of lamin B1 were lamin isoform-

specific features. Immunofluorescence staining of MEFs using antibodies specifically 

targeting A-type lamins, lamin A and lamin C, respectively, showed the same dome-like 

apical polarization of these proteins in the nucleus (Fig. 1G,H).  In contrast, similar to 

lamin B1, the other B-type lamin component lamin B2 was evenly distributed along the 

nuclear envelope (Fig. 1I,J and Fig. S1A-F).  

The anisotropic organization of lamin A/C in the nucleus as detected here by 

immunofluoresence staining could also stem from epitope masking. Epitope masking 

could be itself potentially due to either different conformations of lamin A/C protein at 

the top and bottom sections of the nucleus or uneven binding of lamin A/C-associated 

protein(s). To assess this possibility, MEFs were stained using antibodies targeting the N- 

and the C-terminal domains of lamin A/C. Construction of immunofluorescence confocal 

images using these antibodies showed equally sharp anisotropic, apically polarized dome-

like distribution of lamin A/C that was faint at the bottom side of the nucleus (Fig. 1K,L 

and Fig. S1G-I).   

 Next, we asked whether the apical polarization of lamin A/C was accompanied by 

the uneven localization of lamin A/C-binding proteins in the nucleus. We compared the 

inner nuclear distribution of lamina-associated polypeptide 2alpha (LAP2α), a non-



 8 

membrane-associated nucleoplasmic protein known to specifically interact with A-type 

lamins[2, 25-27] and the inner-nuclear-membrane-associated protein emerin whose 

nucleoplasmic domain interacts with A-type lamins[28, 29], as well as outer-nuclear-

membrane-associated protein nesprins that interact with lamin A/C through SUN 

proteins[20, 30-32]. In contrast to lamin A/C, LAP2α was evenly distributed within the 

nuclear interior and nuclear membrane-associated emerin, nesprin2giant, nesprin3, and 

SUN1 proteins were isotropically distributed along the nuclear envelope, without 

substantial vertical polarization (Fig. 1M-P and Fig. S1J-Q). Therefore, the apical 

polarization of lamin A/C is not the result of the uneven distribution of lamin A/C-

binding partners, but a distinct feature of the A-type lamin network.   

Moreover, since nuclear pore complexes were isotropically distributed around the 

periphery of the nucleus (Fig. S1R,S and Movie S1), we ruled out the possibility that the 

vertically anisotropic nuclear lamina could stem from an anisotropic transport of proteins 

between the nucleus and the cytoplasm.  

 Together, these results reveal that A-type lamins - but not B-type lamins, lamin 

A/C-binding partners, and nuclear pore complexes - are apically polarized in the 

interphase nucleus of MEFs.  

  

3.2 The perinuclear actin cap induces the apical polarization of lamin A/C  

Previous work has shown that a wide range of somatic cells display an actin cap, 

which is composed of highly contractile actin filament bundles that cover the apical 

surface of the nucleus in the cytoplasmic space and are physically connected to the 

nuclear lamina through LINC complexes[14] (Figs. 1A and 2A). We hypothesized that, 

given its unique spatial and functional connectivity through the nuclear lamina[14], the 

actin cap could induce the apical organization of lamin A/C.   

To directly test this notion, MEFs were first treated with a low dose (0.1 µM) of 

the actin-depolymerizing drug latrunculin B. As previously shown[15], this treatment 

disrupted only the actin cap, not conventional basal stress fibers (Fig. 2A vs. 2B). 

Remarkably, lamin A/C in latrunculin B-treated cells was reorganized and distributed 

evenly along the nuclear periphery, adopting the conventional uniform and isotropic 
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organization of lamin A/C in the nuclear interior, without inducing any structural 

reorganization of lamin B1 (Fig. 2A vs. 2B).   

Next, we transfected MEFs with EGFP-KASH2, which disrupts LINC complexes 

by interfering with interactions between SUN proteins and nesprins in the nuclear 

envelope[20, 33] and therefore, specifically eliminates the actin cap without affecting 

basal stress fibers[14, 17]. As predicted, KASH2-transfected cells showed a disrupted 

actin and an isotropic shell-like lamin A/C (Fig. 2C), which further supports the notion 

that the actin cap directs the apical polarization of lamin A/C and moreover, the LINC-

mediated connections in the nuclear envelope between the actin cap and lamin A/C are 

required in this structural modification (Fig. 2A-C,H). 

In support of causality between the formation of an actin cap and the apical 

polarization of lamin A/C, other types of somatic cells that feature an actin cap were 

tested. Both primary human foreskin fibroblasts (HFFs) and human umbilical vein 

endothelial cells (HUVECs), which displayed a well-organized actin cap wrapping the 

apical surface of their nuclei[17], showed a pronounced apically polarized lamin A/C 

which was weakly stained in the bottom of the nucleus (Fig. 2D,E,I). Similar to actin-

cap-forming MEFs, B-type lamin B1 in the nucleus of these cells was equally distributed 

at the top and bottom sections of the nucleus (Fig. 2D,E). These results suggest that an 

apically polarized lamin A/C structure is not a unique feature of MEFs, but is present 

across a wide range of actin-cap-bearing cell types (fibroblasts and endothelial cells; 

embryonic and adult cells) and species (mouse and human).  

Vice versa, cells naturally lacking an actin cap, including cervical cancer-derived 

HeLa cells and human breast epithelial cells MCF-10A, showed a vertically isotropic 

distribution of lamin A/C, similar to the isotropic shell structure of lamin B1 (Fig. 2F,G) 

and isotropic distribution of lamin A/C in MEFs treated with low doses of latrunculin B 

or transfected with KASH2 (Fig. 2H,I). 

The quantification of fraction of cells forming an organized actin cap and possible 

structural differences of lamin A/C in tested conditions further confirmed that a cell’s 

ability to form an actin cap predicts an apically localized lamin A/C across cell types and 

biochemical manipulations (Fig. 2H,I), i.e., actin cap-forming cells tend to have a dome-
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shaped lamin A/C, while actin-cap-non-forming cells rarely induce the apically polarized 

lamin A/C, but form an isotropic shell-shaped lamin A/C (Fig. 2J). 

 Together, these results reveal that the actin cap, located on the cytoplasmic side of 

the nucleus, mediates the localization of nuclear lamin A/C in the nucleoplasmic space, 

and moreover, the apical polarization of lamin A/C is tightly regulated by the assembly of 

the actin cap and its connectivity to the nucleus. 

 

3.3 The apical polarization of lamin A/C requires actin-cap-mediated tension 

We now decipher the molecular mechanism that causes the apical polarization of 

lamin A/C by the actin cap. The actin cap is topologically distinct from conventional 

actin stress fibers that are lying flat on the basal surface of adherent cells (Figs. 1A and 

2A). In control MEFs where apically polarized lamin A/C is observed, numerous actin 

stress fibers were unidirectionally aligned on the apical surface of the nucleus and the 

nucleus was elongated along the direction of actin-cap fibers (Fig. 3A).  

Since the actin cap is not permanently fixed to the nucleus, but dynamically 

reorganized in adherent cells due to the dynamic assembly/disassembly of LINC 

complexes[14, 17], it can transiently disappear. Interestingly, we noticed that a nucleus 

partially covered by apical actin stress fibers was isotropically wrapped by lamin A/C and 

it showed an abnormally distorted nuclear shape in the z-direction (e.g., locally bulged 

upwards) even though its planar morphology maintained a conventional oval shape (Fig. 

3B). This suggests that actin stress fibers that comprise the actin cap, in contact with the 

apical surface of the nucleus, continuously apply compressional forces (i.e., pressure) on 

the nucleus. Incomplete coverage of the nucleus by the actin cap turns apically polarized 

lamin A/C to a shell structure. These results, together with the close correlation between 

the formation of an organized actin cap and dome-like lamin A/C (Fig. 2J) suggested the 

following hypothesis: the cytoskeletal tension exerted by the actin cap applied to the 

apical surface of the nucleus induces the apically localized lamin A/C. 

To determine whether myosin-based tension provided by the fibers in the actin 

cap was required for the observed anisotropic distribution of lamin A/C, cells were 

treated with myosin light chain kinase (MLCK)-specific inhibitor ML7[17]. MEFs 

treated with a low dose (10 µM) of ML7 showed disorganized phospho-myosin light 
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chain 2 (p-MLC2) staining in the actin cap without disrupting the organization of actin 

stress fibers, while this treatment did not affect p-MLC2 in basal actin fibers[17] (Fig. 

3C). Furthermore, while surface invaginations of lamin A/C were commonly observed 

along the actin-cap fibers in control cells, they were eliminated in these myosin II-

deactivated ML7-treated cells (i.e., no structural interaction between the surface texture 

of lamin A/C and remaining apical actin stress fibers, Fig. 3D).  

Together with the previous results that the same treatment significantly reduced 

the size of actin-cap-associated-focal adhesions[17], these results confirmed that the loss 

of actomyosin contractility in the actin cap dramatically reduced the tension applied to 

the nucleus. Importantly, although the actin filaments of the actin cap in ML7-treated 

cells maintained a regular organization, the apically polarized lamin A/C was replaced by 

an isotropic shell-like organization (Fig. 3E). These results demonstrate that the 

actomyosin contractility (not simply actin filament assembly) of the actin cap is required 

to mediate the vertical polarization of lamin A/C. The binary assessment of the organized 

vs. disrupted actin cap and polarized vs. uniform distribution of lamin A/C further 

supports the notion that a non-contractile actin cap reduces the ability of cells to form 

apically polarized lamin A/C (Fig. 3F). 

Finally we asked if we could recapitulate the tension-dependent reorganization of 

lamin A/C by modulating the physical properties of the extracellular environment. We 

have recently shown that the actin cap is a critical element of mechanosensation through 

terminating focal adhesions that sense the physical properties of the extracellular 

microenvironment[14, 17]. Accordingly, we manipulated substrate compliance known to 

mediate cytoskeletal tension of adherent cells[17, 34]. In response to enhanced substrate 

compliance, cell spreading that represents the cytoskeletal tension applied to the cell[34] 

decreased (blue curve, Fig. 3G) and the level of lamin A/C was reduced (red curve, Fig. 

3G), as a downstream effect of lamin A phosphorylation[3]. Consequently, nuclear 

spreading, a potential readout of nuclear tension, would decrease and the fragmented 

counterpart of lamin A/C would increase[35]. As expected, the size of the nucleus (i.e., 

spreading area) decreased (blue curve, Fig. 3H).  Moreover, the portion of fragmented 

counterpart of lamin A/C to the structured full length lamin A/C gradually increased for 

increased substrate compliance (red curve, Fig. 3H).  
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High-resolution confocal imaging of cells cultured on polyacrylamide hydrogels 

of controlled mechanical compliance revealed a definite conversion of lamin A/C 

distribution - from an apical dome to an isotropic shell - and the concentration of cleaved 

lamin A/C - from punctate staining to dense enrichment - as cytoskeletal tension 

diminished due to enhanced substrate compliance (Fig. 3I-K). Mild increase in substrate 

compliance that disrupted only the actin cap without affecting the global organization of 

basal actin structure[17] induced a redistribution of lamin A/C, where punctate staining 

of cleaved lamin A/C was uniformly redistributed in the interior of the nucleus (Fig. 3I,J). 

However, cells cultured on highly compliant substrates were barely spread; the 3D 

nuclear morphology became ill-shaped due to disrupted actin filaments. Moreover, 

although the nucleus maintained a conventional oval shape in the XY plane of 

observation, surface wrinkling and invaginations occurred along the nuclear periphery 

(Insets, Fig. 3K).  Since lamin A/C was also isotropically distributed in the nucleus (Fig. 

3K), these results indicate that cytoskeletal tension provided by the actin cap is critical to 

the spatial distribution of lamin A/C in the nucleus. 

  

3.4 Actin cap mediates the polarization of chromosomal organization  

Previous work has shown that chromosomes are differentially organized along the 

radius of the nucleus: heterochromatin tends to be located near the lamina at the nuclear 

periphery, while euchromatin tends to be located in the intranuclear space[36, 37].  This 

suggests a radial distribution of regions of chromosomes that are highly transcribed in the 

nucleus. Therefore, we hypothesized that the apical polarization of lamin A/C in actin-

cap-bearing cells would impact the apical organization of chromosomal domains. To test 

this important hypothesis, the nuclei of MEFs were first stained with antibodies against 

lamin A/C and against fibrillarin, which marks the dense fibrillar center (DFC) in the 

subnucleolar compartment where transcription occurs by producing ribosomal RNAs that 

move out of the nucleus to the rough endoplasmic reticulum[38-41]. Surprisingly, 

fibrillarins were also localized near the lamin A/C-rich top region and evacuated from the 

lamin A/C-poor bottom region of the nucleus in actin-cap-forming control cells (Fig. 4A).  

To determine whether the actin cap induced this vertical localization of the 

transcription-active subnucleolar compartment, the actin cap was selectively disrupted by 
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treating cells with a low dose of latrunculin B (Fig. 2B). Fibrillarins were distributed 

more evenly throughout the intranuclear space in cells lacking an actin cap and featuring 

an isotropic lamin A/C organization (Fig. 4B). Quantitation through image analysis 

confirmed this: vertical polarization of fibrillarins was significantly reduced in cells 

where the actin cap was disrupted (Fig. 4C). This result reveals an important functional 

consequence of the apical polarization of lamin A/C caused by the actin cap is the apical 

polarization of transcription domains. 

Next, we asked if the actin cap could directly remodel the spatial organization of 

the major structural chromosomal protein histones, and moreover if it could also regulate 

the state of histone acetylation since acetylated histones are associated with 

decondensation of chromatin and activation of transcriptional activity resulting in gene 

expression[42, 43]. Among the highly conserved structural histones H3 and H4 that are 

hyper-acetylated in active genes and hypo-acetylated in silent genes[44-46], we focused 

on the acetylation of histone H4 because acetylated histone H4 has a higher affinity for 

transcription factors to bind to nucleosome cores than acetylated histone H3[47]. Based 

on a “zip” model that postulates that histone H4 is gradually acetylated starting at lysine 

16, and then lysine 8 or 12, and followed by lysine 5[48, 49], which are correlated with 

transcriptional activity[50], we compared cells stained with antibodies recognizing 

individual sites of acetylation on histones H4 with cells stained with an antibody  

recognizing unmodified histone H4 (Fig. 4D-G). While unmodified histone H4 and 

H4K16ac that reflects the weakly acetylated state in histone H4 were uniformly 

distributed inside the nucleus (Figs. 4D,E and S2A,B), H4K12ac and H4K5ac were 

strongly polarized along the vertical axis of the nucleus (Figs. 4F,G and S2C,D). In 

particular, H4K5ac, which is hyper-acetylated histone H4 under physiological conditions 

and is correlated with transcriptionally active genes[51, 52], strongly overlapped with the 

apically polarized lamin A/C (Fig. 4G). Therefore, the apical polarization of highly 

acetylated markers of histone H4 (i.e., H4K12ac and H4K5ac) suggests that active states 

of the genes are not randomly distributed in the nucleoplasm, but specifically localized in 

the apical region of the nucleus. 

Finally, to determine whether the actin cap regulated the apically polarized probes 

for the highly acetylated histone H4, cells were treated with a low dose of latrunculin B, 
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which removed the actin cap, (but kept basal stress fibers intact), and induced an isotropic 

distribution of lamin A/C (Figs. 2B and 4H-K). Remarkably, while the spatial distribution 

of unmodified histone H4 and H4K16ac remained unchanged (Fig. 4D,E vs. 4H,I), 

H4K12ac and H4K5ac that were apically polarized in actin-cap-present control cells 

returned to an unpolarized dispersed distribution in the nucleus (Fig. 4F,G vs. 4J,K). 

These results were also observed in untreated MEFs transiently lacking an actin cap (Fig. 

S3). High-throughput image analysis of fluorescence intensity revealed that this structural 

modification purely resulted from the spatial remodeling of acetylated histones, not by 

global changes in levels of histone acetylation (Fig. 4L). Previously we reported that this 

short-term treatment of a low dose of latrunculin B did not induce the significant 

alteration of gene expression[15], which reinforced that the structural reorganization of 

epigenetic markers was the direct effect of specific elimination of actin cap not due to 

changes in gene expression.   

These results indicate that epigenetic markers for transcription-active genes are 

apically polarized along a vertical axis of the nucleus and their polarization is mediated 

by the differential formation of an actin cap through spatial modification of lamin A/C 

that relays biophysical signals from the cytoskeleton to intranuclear chromosomal 

organizations (see detailed discussion below, Fig. 4M).  

 

4. Discussion 

Our results indicate that the nucleus of adherent cells is polarized: lamin A/C and 

highly acetylated histones are enriched in the apical side of the nucleus. This spatially 

polarized architecture of interphase nuclei is tightly regulated by tension provided by the 

perinuclear actin cap through LINC complexes. How does the lamin A/C redistribute in 

response to the formation and disruption of an actin cap? Actin-cap fibers are terminated 

by actin-cap-associated focal adhesions (ACAFAs) located at the basal surface of the 

cell[17], and are simultaneously linked to the apical surface of the nucleus through LINC 

complexes[14]. This distinct topology induces enhanced tension on actin-cap fibers, 

which applies pressure on the underlying nucleus (Fig. 3A,B). Recently, Nagayama et al. 

directly compared the internal tension of actin-cap fibers and basal stress fibers via 

micro-dissection using laser nano-scissors[18]. Consistent with our previous results that 
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actin cap regulates nuclear morphology, mechanosensation, and nucleus-cell coupled 

migration, this result further confirms that the actin cap transmits intracellular tension to 

the nucleus, where actomyosin contractility plays a critical role since ML7-treated cells 

significantly reduced the size of actin-cap-associated focal adhesion in the basal surface 

of the cell[17] and eliminated line-like invagination of lamin A/C along the stress fibers 

of the actin cap in the apical surface of the nucleus (Fig. 3D).  

The actin cap pressurizes the nuclear lamina that is composed of A- and B- type 

lamins, which have distinct viscoelastic properties[53]. B-type lamins, elastic 

components of the lamina restore the local deformation; A-type lamins, viscous 

components of the lamina relieve the mechanical force applied to the nucleus, which 

makes the nuclear lamina function as a shock-absorber[54]. Accordingly, in response to 

the elevated external pressure applied by the actin cap, lamin A/C can concentrate on the 

apical surface of the nucleus to impede nuclear deformation, which can further drive 

lamin A/C towards a more condensed state (e.g., compact interlaced polymer networks). 

This is supported by the recent finding that the assembly of lamin A is accelerated in 

elevated stress conditions (e.g., cells cultured on stiff matrices) by inhibiting the affinity 

of tyrosine kinases that phosphorylate lamin A and ultimately induce the degradation of 

lamin A[3] (Fig. 3G,H). Our results from high resolution immunofluorescence confocal 

imaging demonstrate that the molecular regulation of lamin A/C in response to the 

external environment is represented in the intranuclear space via spatial relocation of 

lamin A/C, where the stress is originated by the actin cap (Fig. 4M).  

Meanwhile, the LINC-mediated anchorage of the actin cap to the lamin A/C can 

help confine lamin A/C networks in the vicinity of the LINC-associated physical 

connections between the actin cap and the nuclear lamina. Together with the previous 

observations by Borrego-Pinto et al. that reported co-localization of LINC complex 

component SUN2 with TAN-lines[55], our results further suggest a molecular interaction 

occurring at the apical side of the nuclear envelope: LINC complexes can be dispersed 

around the nucleus but at the microscopic level, these molecules can aggregate in the 

vicinity of the actin-cap fibers to provide a physical connection between the nucleus and 

the actin cytoskeleton. This ultimately results in the apical accumulation of nuclear lamin 

A/C rather than the random localization in the periphery and interior of the nucleus. 
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Consequently, when the actin cap disappears, the resulting reduced level of nuclear 

pressure applied to the nuclear lamina drives apically polarized dense lamin A/C network 

back to a less compact state (i.e., less condensed condition similar to swollen gels), which 

exerts higher deformability of lamin networks to be remodeled[56, 57].  

In this model, the role of LINC complexes that physically anchor the actin cap to 

the lamin A/C is critical. Since the pressure applied to the nucleus (with or without an 

actin cap) is spatially uniform throughout the interior of the nucleus, the increased level 

of pressure by the actin cap can provide the driving force for the remodeling of the 

nuclear lamina, but cannot explain the apical localization of lamin A/C. This notion is 

supported by the fact that B-type lamins are not responsive to the presence/absence of the 

actin cap (Fig. 2), since LINC complexes physically connect the cytoskeleton and 

nucleoplasm specifically via A-type lamins[19-21].  

The actin cap provides a physical pathway that facilitates cellular 

mechanotransduction[14] from the extracellular matrix to the genome where lamin A/C 

making up the nuclear matrix plays a critical role by controlling the activity of histone 

deacetylases (HDACs) that catalyze histone deacetylation[58]. Therefore, relocation of 

hyper-acetylated histones may result from the spatial redistribution of enzymes (i.e., 

HDACs) due to the physical constraints of the nuclear interior by the actin cap. Three-

dimensional morphological differences of the nucleus induced by the 

assembly/disassembly of the actin cap is remarkable (Fig. 3A,B) since the actin cap is 

under higher tension than basal actin fibers due to more activated myosin II[17] (Fig. 

3C,D). The change in nuclear morphology may affect nuclear envelope permeability that 

alters nucleo-cytoplasmic protein transport[59], which may also affect accessibility of 

histone modifying enzymes to the chromatin, their distribution in the nucleoplasm, and/or 

balance in enzymatic activity of competing enzymes (e.g., histone deacetylases vs. 

histone acetyltransferases). Unchanged levels of unmodified/acetylated histones in 

response to the formation of the actin cap (Fig. 3L) may support the possibility that 

apically polarized lamin A/C prevents the approach of HDACs from the lamin A/C-rich 

apical side without altering their global enzymatic activity, which finally induces apically 

co-localized hyper-acetylated histone markers and lamin A/C (Fig. 4F,G,M). 
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Actin cap formation is induced by numerous important physio-pathological 

relevant stimuli: following epithelial-to-mesenchymal transition (EMT) of epithelial 

cells[60], following the onset of differentiation of embryonic and induced pluripotent 

stem cells into endothelial cells by vascular endothelial growth factor (VEGF)[61], 

switching microenvironment of fibroblasts from a compliant substrate to a mechanically 

rigid substrate[17], and during mechanical stimulation by shear flow[14]. Our results 

predict that the convergence of vertical distribution of lamin A/C would represent a 

physiologically normal cellular response, i.e., all these stimuli would induce an 

anisotropic distribution of lamin A/C and associated anisotropic organization of 

subnucleolar organelles. Vice versa, cells from laminopathic patients and from mouse 

models of laminopathy caused by mutations in LMNA[5, 62-64], which typically show a 

disrupted actin cap[14], would show an isotropic lamina. 

 

5. Conclusion 

Three-dimensional reconstruction of confocal horizontal cross-sectional images 

from the apical surface to the basal surface of the immuno-stained nucleus reveals that 

major lamin protein lamin A/C forms an apically polarized dome structure in the nucleus 

of actin-cap-bearing adherent cells. We show that cytoskeletal tension mediated by the 

perinuclear actin cap induces this unique vertical polarization of lamin A/C. Furthermore, 

mechanical coupling between the actin cap and the nuclear lamina in turn induces a 

remarkable vertical redistribution of transcription-active subnucleolar compartments and 

epigenetic marks. Our results incorporating cell mechanics and epigenetic modification 

demonstrate that the 3D intranuclear space of eukaryotic cells is vertically reorganized 

and that this spatial polarization is mediated by an extranuclear filamentous structure, the 

actin cap. These findings broaden our understanding of 3D nuclear architecture and 

provide new prospects in laminopathies and cellular mechanotransduction. 
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Figure captions 

Figure 1. The nuclear lamina is vertically polarized in adherent cells. A. Three-

dimensional reconstruction of immunofluorescence confocal images of an adherent 

mouse embryonic fibroblast (MEF). Representative confocal sections along the apical, 

equatorial, and basal surfaces (i.e., XY planes) of the MEF stained for nucleus (blue), 

actin (green), and lamin A/C (red) reveals vertically distinct organization of actin 

filaments and lamin A/C. Cross-sections along the YZ and XZ planes of 3D-

reconstructed captured images reveal apically polarized Frisbee-like distribution of lamin 

A/C and actin-cap fibers connecting from the basal surface of the cell to the apical 

surface of the nucleus. Full and empty white arrowheads indicate the presence and 

absence of lamin A/C at the top and bottom of the nucleus, respectively. Yellow 

arrowheads indicate actin stress fibers organizing the actin cap.  B-E. Anatomy of nuclear 

lamins. Cross-sectional confocal images of the nucleus in MEFs stained with antibodies 

against nuclear lamin protein, lamin A/C (red) and lamin B1 (yellow) reveals lamin A/C, 

but not lamin B1, is vertically polarized: enriched at the top surface of the nucleus and 

weakly detected at its bottom (B). In panel C, vertical cross-sections of the nuclear 

lamina indicate a dome structure for lamin A/C, while lamin B1 shows an isotropic 

distribution along XZ cross-sections denoted by the dotted lines in panel B. Cross-

sections along the YZ plane of the nucleus confirms the apical enrichment of lamin A/C 

(red) and isotropic distribution of lamin B1 (yellow) in the nucleus (D). 

Immunofluorescence intensity profiles of lamin A/C (red) and lamin B1 (yellow) along 

the apical section (top panel), equatorial section (middle panel), and basal section (bottom 

panel) of the nucleus highlight a discrepancy in the distribution of lamin A/C and lamin 

B1 at the bottom of the nucleus (E). In panel E, florescence intensity scanning was 

performed at the three different heights denoted by the arrowheads in panel D; the data 

was normalized by the maximum height in each section so that all values range between 

0 and 100. F. Fractions of MEFs showing an isotropic shell-like organization of lamin 

A/C (first column), apical polarization of lamin A/C (second column), basal polarization 

of lamin A/C (third column), and no detectable lamin A/C (fourth column), where lamin 

B1 shows an isotropic shell-like organization and no other types of spatial intranuclear 

organizations for lamin A/C and lamin B1 in MEFs was observed. >100 cells were 
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examined. Error bars indicate S.E.M. and statistical differences were assessed by 1-way 

ANOVA using Dunnett's post-test based on the control values shown in the first column, 

***: P < 0.001; **: P< 0.01. G-P. Molecular composition of the lamin dome. 

Immunofluorescence confocal microscopy of A-type lamins, lamin A (G) and lamin C 

(H), and B-type lamins, lamin B1 (I) and lamin B2 (J) shows A-type lamins are apically 

polarized as stained by an anti-lamin A/C antibody (Fig. 1A-F), but B-type lamins B1 and 

B2 are organized into symmetric thin shells. Antibodies binding specifically to the N-

terminal (K) or C-terminal (L) domains of lamin A/C depict identical asymmetric dome 

structures. While lamin A/C forms a dome structure (yellow, M), lamina-associated 

polypeptide 2alpha (LAP2α) that specifically binds A-type lamins is uniformly 

distributed without vertical localization (red, M). Outer-nuclear-membrane associated 

protein nesprin3 (N) and inner-nuclear-membrane-associated protein emerin (O) and 

SUN1 (P) are evenly distributed along the periphery of the DAPI-stained nuclei. Nuclear 

DNA of tested MEFs was stained by DAPI (blue, G-P). See also Fig. S1 for detailed 

immunofluorescence analysis. 

   

Figure 2. The actin cap mediates the apical polarization of lamin A/C. A-C. Apical 

polarization of lamin A/C directed by the formation of the perinuclear actin cap. 

Organization of actin filaments and vertical cross-sections (i.e., XZ plane) of the 3D 

reconstructed nuclear lamin proteins of a control cell (A), a cell treated with a low dose 

(0.1 µM) of the actin depolymerizing latrunculin B (B), and a cell transfected with LINC-

disrupting EGFP-KASH2 (C) show that a well-organized actin cap in a control cell 

corresponds to a vertically polarized dome-like organization of lamin A/C (red) and a 

vertically non-polarized shell-like organization of lamin B1 (yellow) in the nuclear 

lamina (A), while elimination of the actin cap (B, C) depolarizes lamin A/C. Full and 

empty red arrowheads represent an organized and disrupted actin cap in the apical surface 

of the nucleus, respectively. Note that no substantial difference in the organization of 

basal actin structure and lamin B1 was induced by the disruption of the actin cap. Pseudo-

colored intensity surface plot of reconstructed lamin A/C depicts a distinct re-distribution 

of lamin A/C in response to changes in the organization of the actin cap (A-C), where 

white empty arrowheads indicate weakly detected lamin A/C at the bottom of the nucleus 
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of an actin-cap-forming control cell (A). In panel C, EGFP-KASH2 (green) transfected 

cells were fixed and stained with an antibody against lamin A/C (red) before imaging. D-

G. Apical polarization of lamin A/C across diverse human cell lines. The organization of 

global actin filaments (green), actin cap at the top of the nucleus (insets), lamin A/C (red), 

and lamin B1 (yellow) was analyzed in human foreskin fibroblasts (HFF, D), human 

umbilical vein endothelial cells (HUVEC, E), cervical cancer derived HeLa cells (F), and 

human breast epithelial cells (MCF-10A, G). Full and empty red arrowheads indicate an 

organized (D, E) and disrupted (F, G) actin cap and full and empty white arrowheads 

represent strong (F, G) and faint (D, E) localization of lamin A/C at the bottom of the 

nucleus, respectively. H-J. Statistical analysis of the formation of an actin cap and 

polarized lamin A/C. Fractions of cells featuring an actin cap (first column) and cells 

showing distinct distribution of lamin A/C (i.e., apical polarization, basal polarization, 

isotropic organization, and no detectable lamin A/C) was assessed for control MEFs, cells 

treated with latrunculin B, and cells transfected with EGFP-KASH2 (H) as well as for 

different types of cells including HFF, HUVEC, HeLa, and MCF-10A (I). Correlation 

between the fraction of cells forming an actin cap and lamin A/C organization in the 

nucleus indicates that lamin A/C in actin-cap-forming cells is apically polarized, while 

actin-cap-non-forming cells feature an isotropic shell-shaped lamin A/C (J). >300 cells 

were tested per condition. Error bars represent S.E.M.; Turkey-Kramer multiple 

comparison test was performed after ordinary one-way ANOVA to compare all pairs of 

groups (H, I), ***: P<0.001; NS: P>0.05.   

  

Figure 3. The role of actomyosin tension in the polarization of lamin A/C. A-B. 

Organization of the actin filament (F-actin) network and nuclear shape in MEFs. 

Zoomed-in top (XY plane) and vertical cross-sectional (XZ plane) views of the 

perinuclear region (denoted by the white dotted rectangles) show individual actin stress 

fibers aligned in parallel on top of the pancake-shaped nucleus (A). Partial coverage of 

the nucleus by the actin-cap fibers induces a locally bulged nucleus: the left side of the 

nucleus is pushed down due to actin-cap fibers, but the right side of the nucleus bulges 

upward, where the actin-cap fibers are absent (B). Note that the nucleus which is partially 

covered by the actin cap has an abnormal shape in the z-direction even though its planar 
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view (i.e., in XY plane) maintains a conventional oval shape, where lamin A/C (red) is 

isotropically distributed in the nucleus without vertical polarization. F-actin and nuclear 

DNA were stained using phalloidin (green) and DAPI (blue), respectively, and red and 

yellow arrow heads indicate actin-cap fibers and basal actin fibers, respectively.  Empty 

arrow head indicates the absence of actin fibers; white arrowheads denote three different 

elevations where distribution of lamin A/C was imaged. C. Differential response of the 

actin cap to inhibition of actomyosin contractility. Organization of actin filaments (green) 

and p-MLC2 (red) in the actin cap (dotted squares) of control cells (left) and cells treated 

with a low dose (10µM) of ML7 (right). Note that this ML7 treatment disrupts the 

organization of p-MLC2 in the actin cap without affecting F-actin integrity in the actin 

cap and the organization of basal actin filaments and associated p-MLC2. Green 

arrowheads indicate well-organized actin cap, while full and empty red arrowheads 

denote presence and absence of p-MLC2 in the corresponding actin cap, respectively. D. 

Surface texture of lamin A/C in the apical surface of the nucleus. Compared to the control 

cells that typically feature the line-like invagination of lamin A/C along the actin-cap 

fibers (white arrowheads), ML7-treated cells barely show the structural relationship 

between apical stress fibers and lamin A/C. E. Apical polarization of lamin A/C directed 

by actomyosin contractility in the actin cap. Organization of actin filaments and vertical 

cross-sections of nuclear lamina in ML7-treated MEF show that apical stress fibers with 

inhibited myosin cannot induce the apical polarization of lamin A/C (E). Insets. Red 

arrowheads indicate intact apical actin stress fibers and basal actin fibers underneath the 

nucleus. The deactivation of myosin in the actin cap corresponds to a depolarized 

isotropic shell-like organization of both lamin A/C (red) and lamin B1 (yellow). F. 

Comparison of cell populations showing apical dome-like lamin A/C (black) and 

isotropic shell-like lamin A/C (white) in the presence (O) and absence (X) of an actin cap, 

in control cells and cells treated with a low dose of ML7. Cells showing both an 

organized actin cap and apically polarized lamin A/C constituted the majority of 

randomly selected control cells (~70%), while lamin A/C in a majority of cells bearing an 

actin cap was isotropically distributed in ML7-treated cells. >100 cells were tested in 

independent triplicates. Error bar indicates S.E.M. G-H. Cellular responses to changes in 

substrate compliance. Cell spreading, nuclear size, and synthesis of lamin A/C are 
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gradually diminished, while the fraction of degraded lamin A/C to its full length 

counterpart increases in response to enhanced substrate compliance (G, H). I-K. Cellular-

tension-directed redistribution of lamin A/C. As the compliance of polyacrylamide 

hydrogels increases, apically polarized lamin A/C becomes isotropic shell structure, 

where organized actin cap and the punctate distribution of cleaved lamin A/C are 

replaced by a disrupted actin cap and uniformly dispersed cleaved lamin A/C (I, J). 

Ultimately, on highly compliant substrates, both basal and apical actin filaments are 

disrupted and the vertically ill-shaped nucleus forms invaginations along the nuclear 

periphery, where dense cleaved lamin A/C fills the intranuclear space which is fully 

enclosed by lamin A/C (K).  

 

Figure 4. Vertical polarization of the intranuclear milieu. A-B. Polarization of lamin 

A/C and transcription-active subnucleolar compartments in response to the formation of 

the perinuclear actin cap. Immunofluorescence confocal microscopy reveals that lamin 

A/C (red) and dense fibrillar center (DFC) marker fibrillarins (yellow) are vertically 

polarized control cells, which form an actin cap (A). Lamin A/C becomes isotropically 

redistributed and fibrillarins are dislocalized from the apical surface of the nucleus in 

cells treated with a low dose of latrunculin B, which lack an actin cap (B). Full and empty 

green and red arrowheads indicate the presence and absence of actin-cap fibers (green) 

and lamin A/C (red), respectively, while yellow arrows indicate the overall location of 

fibrillarins in the nucleus. C. Relative altitude of fibrillarins. Vertical polarization index 

is defined as the vertical distance of fibrillarins from the basal surface of the nucleus 

divided by the thickness of the nucleus, approaching 1 for fibrillarins located close to the 

top surface of the nucleus and 0 for fibrillarins close to the bottom of the nucleus. In 

panel C, >20 cells were analyzed per condition. Error bar indicates S.E.M. and unpaired 

t-test was performed, ***: P<0.001. D-K. Actin-cap-mediated spatial re-organization of 

lamin A/C and epigenetic marks of transcription-active genes. While unmodified histone 

H4 and histone H4 acetylated at lysine 16 (H4K16ac) are uniformly distributed in the 

nucleoplasm (D,E) and not responsive to the disruption of the actin cap (H,I), apically 

polarized histone H4 acetylated at lysine 12 (H4K12ac) and 5 (H4K5ac) in the control 

cells (F,G) redistribute uniformly inside the nucleus when the actin cap is eliminated 
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(J,K). Lamin A/C (red) is apically polarized in actin-cap-bearing control cells (D-G), but 

isotropically redistributed in the actin-cap-disrupted cells treated with a low dose of 

latrunculin B (H-K). Full and empty red arrowheads represent the presence or absence of 

lamin A/C (D-K); upright yellow arrows indicate the apical polarization of acetylated 

histones (F,G). Insets indicate the presence (D-G) or absence (H-K) of actin-cap fibers at 

the apical surface of the DAPI stained nucleus (blue). L. Quantitative assessment of 

histone contents in the nucleus. High-throughput cell phenotyping (htCP)-based 

measurement of the fluorescence intensity reveals no significant difference in the protein 

contents of unmodified histone H4, and global- or specific residue-acetylated histone H4 

between actin-cap-forming control and actin-cap-disrupted latrunculin B treated MEFs. 

2000~3000 cells were analyzed per condition. Raw data was normalized by the average 

value of the control condition. Error bar indicates S.E.M. and unpaired t-test was 

performed in each comparison; NS: P>0.05. M. Schematic of redistribution of lamin A/C 

in response to the differential formation of an actin cap. The formation of an actin cap 

induces enhanced tension on the apical surface of the nucleus, where lamin A/C, a 

viscous component of the nuclear lamin is concentrated to absorb the physical 

disturbance (i.e., apical polarization of lamin A/C), which in turn prevents the approach 

of HDACs that deacetylase histones towards the lamin A/C-enriched apical side of the 

nucleus (i.e., apical polarization of highly acetylated histones).    
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-Supplementary Figure S3 
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Supplemental Figure S1. Molecular composition of the lamin dome. A-F. A-type 

lamins vs. B-type lamins. Immunofluorescence confocal microscopy of A-type lamins, 

lamin A (A,C) and lamin C (B,C), and B-type lamins, lamin B1 (D,F) and lamin B2 (E,F) 

shows A-type lamins are apically polarized as stained by an anti-lamin A/C antibody 

(Figure 1A,B) but B-type lamins are organized as conventional symmetric thin shells. G-

I. N-terminal lamin A/C vs. C-terminal lamin A/C. Antibodies binding specifically to the 

N-terminal (G) or C-terminal domains (H) of lamin A/C depict the identical asymmetric 

dome structures (I). J-K. Lamin A/C vs. lamin A/C binding partner. Immunofluorescence 

confocal microscopy shows that lamin A/C forms the apically polarized dome structure 

(yellow) but lamina-associated polypeptide 2alpha (LAP2) that specifically binds to A-

type lamins are uniformly distributed in the intranuclear space without vertical 

localization (red). L-Q. Spatial organization of nuclear membrane associated proteins. 

Outer-nuclear-membrane associated protein nesprin isoforms nesprin2giant and nesprin3 

(yellow, L-O) and inner-nuclear-membrane-associated proteins emerin (red, L-Q) and 

SUN1 (yellow, P-Q) are evenly distributed along the periphery of the DAPI-stained 

nuclei. R-S. Structural difference between lamin A/C and nuclear pore complex protein. 

Apical polarization of lamin A/C (R) and isotropic distribution of nuclear pore complex 

(S) are visualized along the vertical direction; apical, equatorial, and basal cross-sectional 

planes, respectively. Nuclear DNA was stained by DAPI (blue). See also Supplemental 

Movie S1. 

 

Supplemental Figure S2. Spatial distribution of epigenetic marks. A-D. Cross-

sectional confocal images of the nuclei in MEFs stained with antibodies against 

unmodified histone H4 (H4, A), histone H4 acetylated at lysine 16 (H4K16ac, B), histone 

H4 acetylated at lysine 12 (H4K12ac, C), and histone H4 acetylated at lysine 5 (H4K5ac, 

D) along the apical, equatorial, and basal surfaces (i.e., XY planes). Each column 

corresponds to Figure 4 D-G. Empty arrow heads indicate the absent or faint staining of 

epigenetic marks (C, D). 

 

Supplemental Figure S3. Representative organization of lamin A/C and epigenetic 

marks in the actin-cap-lacking MEFs. While actin-cap-bearing control MEFs reveal 



  

actin-cap-mediated spatial re-organization of lamin A/C and highly acetylated histone 

marks, H4K12ac and H4K5ac (Fig. 4D-G vs. Fig. 4H-K), a small population of control 

MEFs transiently lacking an actin cap (<30%) forms an unpolarized lamin A/C (red) and 

acetylated histones (yellow) in the nucleus. See also Fig. 4H-K. 

 

Supplemental Movie S1. 3D reconstruction of lamin A/C and nuclear pore complex. 

Mouse embryonic fibroblasts were fixed and stained with anti-lamin A/C or anti-nuclear 

pore complexes, respectively and nuclear DNA was stained by DAPI (blue). Gradual 

movement of the XZ cross sectional plane and rotation along the X and Z axis clearly 

show the distinct Frisbee-like apical dome structure of lamin A/C, while nuclear pore 

complexes isotropically surround DAPI stained nucleus.  See also Supplemental Figure 

S1. 

 

 


