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Emerin prevents BAF-mediated aggregation of 
lamin A on chromosomes in telophase to allow 
nuclear membrane expansion and nuclear lamina 
formation

ABSTRACT  Several studies have suggested a role for the LEM-domain protein emerin and 
the DNA binding factor BAF in nuclear envelope reformation after mitosis, but the exact 
molecular mechanisms are not understood. Using HeLa cells deficient for emerin or both 
emerin and lamin A, we show that emerin deficiency induces abnormal aggregation of lamin 
A at the nuclear periphery in telophase. As a result, nuclear membrane expansion is impaired 
and BAF accumulates at the core region, the middle part of telophase nuclei. Aggregates do 
not form when lamin A carries the mutation R435C in the immunoglobulin fold known to 
prevent interaction of lamin A with BAF suggesting that aggregation is caused by a stabilized 
association of lamin A with BAF bound to chromosomal DNA. Reintroduction of emerin in the 
cells prevents formation of lamin A clusters and BAF accumulation at the core region. There-
fore emerin is required for the expansion of the nuclear membrane at the core region to en-
close the nucleus and for the rapid reformation of the nuclear lamina based on lamin A/C in 
telophase. Finally, we show that LEM-domain and lumenal domain are required for the target-
ing of emerin to exert its function at the core region.

INTRODUCTION
In eukaryotic cells, the genome is separated from the cytoplasm and 
organelles by a physical barrier, the nuclear envelope, which com-
prises the nuclear membrane formed by two closely juxtaposed 
membranes separated by a lumenal space, the nuclear lamina com-
posed of A- and B-type lamins forming a filamentous network un-
derlying the nuclear membrane, and the nuclear pore complexes. In 
addition, a number of integral and peripheral membrane proteins of 

the nuclear envelope, some of which are associated with lamins, 
contribute to the stability of this structure and have various regula-
tory functions.

Some of these membrane proteins, such as emerin and LAP2, 
belong to the LEM-domain protein family, which together represent 
the products of seven genes. LEM-domain proteins of the nuclear 
envelope have attracted considerable attention since the discovery 
of mutations in emerin causing X-linked Emery-Dreifuss muscular 
dystrophy (EDMD) (Berk et al., 2013b; Muchir and Worman, 2019). 
They link the nuclear membrane and the nuclear lamina by interact-
ing with lamins A/C and B and contribute to the regulation of gene 
expression at the nuclear periphery (Brachner and Foisner, 2011). 
Although unified by the presence of the LEM-domain, these pro-
teins can have very different cellular localizations and molecular 
functions. For example, the LEM-domain protein ANKLE2 associ-
ates with the protein phosphatase PP2A and is located in the endo-
plasmic reticulum (ER) (Asencio et al., 2012).

The LEM-domain is a ∼40 amino acid motif that interacts with the 
89-kDa barrier-to-autointegration factor (BAF), a conserved meta-
zoan protein forming dimers with two DNA-binding interfaces and 
one LEM-domain binding site (Cai et al., 2001). BAF binds double-
stranded DNA in a sequence-independent manner. BAF is found 
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in the nucleus and in the cytoplasm during interphase and is thought 
to have regulatory and protective functions (Wiebe and Jamin, 
2016; Guey et al., 2020; Sears and Roux, 2020). Recently, BAF has 
also been shown to be involved in the detection and repair of nu-
clear membrane ruptures in interphase (Halfmann et  al., 2019; 
Young et al., 2020). BAF is cytoplasmic during mitosis but reassoci-
ates almost entirely with chromosomes within minutes after the end 
of anaphase following its dephosphorylation by the phosphatase 
PP2A bound to ANKLE2 or by PP4 (Asencio et al., 2012; Zhuang 
et al., 2014; Snyers et al., 2018). Several studies have sought to at-
tribute a function to this “catastrophic” event at the end of mitosis, 
for example, the reformation of the nuclear envelope or the preven-
tion of micronucleus formation (Haraguchi et  al., 2008; Samwer 
et al., 2017). Because of the interaction of BAF with the LEM-do-
main, it is possible that any LEM-domain protein, regardless of its 
molecular function, is transiently enriched on the surface of chromo-
somes in telophase, potentially contributing to postmitotic reassem-
bly of the nuclear envelope.

The membrane protein emerin was shown to have several 
functions in interphase, such as chromatin bridging and control of 
gene expression at the nuclear periphery, stabilization of the nu-
clear lamina by binding lamin A, or mechanosensory signal trans-
duction in striated muscle cells (Barton et al., 2015). Emerin has 
254 amino acids most of which, about 220 amino acids, are lo-
cated in the nucleoplasm; this part contains the LEM-domain 
near the N-terminus, followed by an unstructured (intrinsic disor-
dered) region, which contains binding sites for several interacting 
proteins, including lamin A, and mediates emerin self-association 
(Lee et al., 2001; Berk et al., 2014; Yuan and Xue, 2015). The C-
terminal part of emerin includes a membrane-associated region 
and a conserved intraluminal segment containing 11 amino ac-
ids. The self-association of emerin proposed in several studies is 
consistent with a putative involvement in a scaffolding structure 
at the nuclear envelope, which would be in agreement with the 
variety of binding partners reported (Berk et al., 2014; Samson 
et al., 2017). Various studies have addressed the role of emerin in 
nuclear envelope reformation after mitosis in HeLa cells and 
other cell types (Dubinska-Magiera et al., 2019; Haraguchi et al., 
2000, 2001; Lee et al., 2001). A transient enrichment of emerin, 
other LEM-domain proteins, BAF, and lamin A in the middle part 
of the disk-shaped set of chromosomes (hereafter chromosome 
disks) in telophase was consistently observed and was called the 
“core” region. This accumulation is distinct from the enrichment 
of other proteins of the nuclear envelope, such as the lamin B 
receptor (LBR) or lamin B1, at the extremities of the chromosome 
disks, the “noncore” region (Haraguchi et  al., 2000; Haraguchi 
et al., 2008; Lu et al., 2011). Localization of emerin or other LEM-
domain proteins to the core region requires BAF and a functional 
LEM-domain (Lee et al., 2001; Gu et al., 2017). However, the sig-
nification and function of this transient structure has remained 
enigmatic and the precise molecular mechanisms underlying the 
role of emerin, BAF, lamin A, and other LEM-domain proteins, 
such as LAP2β, in telophase has not yet been elucidated.

In this study, we have suppressed the expression of emerin in 
HeLa cells or emerin with one of the two other nuclear envelope 
proteins, lamin A and LAP2β. We have analyzed the consequences 
of these depletions on nuclear envelope reformation using epifluo-
rescence and confocal live-cell imaging and fluorescently tagged 
proteins, including BAF and Lamin A. The results of these experi-
ments shed new light on the exact function of emerin in telophase 
and on the respective contribution of these proteins on postmitotic 
reassembly of the nuclear envelope.

RESULTS
1. Nuclear membrane closure in telophase is impaired in 
emerin-deficient cells, inducing a prolonged accumulation of 
BAF at the core region
To investigate the role of emerin in postmitotic nuclear envelope 
formation in a cell type amenable to transfection and live micros-
copy, we generated HeLa cells devoid of emerin using CRISPR/
Cas9. Cells were cotransfected with two vectors expressing gRNAs 
targeting exons 1 and 2 of the emerin gene. After clonal expansion, 
a cell line was isolated in which the absence of emerin expression 
was verified by Western blot (Figure 1 and Supplemental Figure 
S1A) and immunofluorescence (data not shown). These emerin-de-
ficient cells were then stably transfected with GFP-BAF (Supple-
mental Figure S1, B and C) to observe the redistribution of this pro-
tein from early to late telophase in live-cell imaging and compare it 
with normal cells (Figure 2A and Supplemental Video S1). In both 
cell types, BAF reassociated rapidly and completely with the chro-
mosomes after the end of anaphase. After 4–6 min, BAF in normal 
cells became slightly and transiently enriched in the core region and 

FIGURE 1:  Analysis of emerin, lamin A, and LAP2β expression in the 
cell lines used in this study. Total extracts were resolved by SDS–PAGE 
and analyzed by immunoblotting using antibodies against emerin, 
LAP2β, and lamin A. The less abundant membrane isoform LAP2γ is 
also absent from emerin and LAP2β-deficient cells (not shown).
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then adopted a more homogeneous distribution in the nucleo-
plasm, the nuclear envelope, and in the cytoplasm. In contrast, in 
emerin-deficient cells, BAF accumulated progressively after 5 min 
on the surface of the medial part of the nuclei, eventually forming a 

FIGURE 2:  GFP-BAF forms a cap on the core region, which is not covered by the nuclear 
membrane, in emerin-deficient HeLa and U2OS cells. (A) Normal or emerin-deficient HeLa cells 
stably expressing GFP-BAF imaged at different times after the onset of BAF reassociation with 
chromosomes using epifluorescence live-cell imaging (Supplemental Video S1). The arrow 
indicates the transient concentration of BAF at the core region in normal cells and the arrowhead 
indicates BAF accumulation on the core after 8 min in emerin-deficient cells. For quantification 
see Figure 5B. (B) Emerin-deficient HeLa cells or normal HeLa cells stably expressing mCherry-
BAF were transfected with GFP-Sec61 and imaged in late telophase using confocal live-cell 
imaging (Supplemental Video S2). Line scan analysis was performed using ImageJ. (C) Normal or 
emerin-deficient U2OS cells stably expressing GFP-BAF photographed 20 min after the onset of 
BAF reassociation with chromosomes (Supplemental Video S3). Bars, 5 µm.

conspicuous patch on the core region (more 
pronounced on the side facing the mitotic 
spindle). GFP-BAF accumulation reached a 
maximum between 7 and 10 min after the 
onset of BAF reassociation with the chromo-
somes, but then the intensity of the patch 
gradually decreased until it disappeared 
completely after 15–20 min (the end of the 
decreasing part is not shown in Figure 2A 
and Supplemental Video S1).

The brief concentration of BAF, lamin A, 
and LEM-domain proteins at the core re-
gion in normal cells is thought to corre-
spond to a transient structure involved in 
nuclear envelope formation (Haraguchi 
et al., 2008). However, the prolonged accu-
mulation of GFP-BAF on the core region in 
emerin-deficient cells was reminiscent of 
the recently reported binding of cytoplas-
mic BAF at sites of nuclear rupture (Half-
mann et al., 2019; Young et al., 2020), sug-
gesting that the core region was not 
completely covered by the nuclear mem-
brane at the end of telophase in these cells. 
To explore this possibility, we transfected 
emerin-deficient cells stably expressing 
mCherry-BAF with GFP-Sec61 to visualize 
the nuclear membrane (Lu et al., 2011) and 
examined cells in late telophase using con-
focal live-cell imaging (Figure 2B and Sup-
plemental Video S2, first movie). The results 
clearly show an area on the core region not 
covered by nuclear membrane in late telo-
phase, which corresponds exactly to the 
fluorescence spot formed by mCherry-BAF. 
In contrast, in normal cells expressing 
mCherry-BAF, the nuclear membrane, la-
beled with GFP-Sec61, expanded rapidly 
over the core region to finally enclose the 
nucleus; as a result, BAF did not accumulate 
further and was cleared from the core 
(Figure 2B and Supplemental Video S2, sec-
ond movie). We conclude that emerin is re-
quired to ensure the rapid closure of the 
nuclear membrane over the core region 
during the last phase of nuclear envelope 
reassembly. Note that emerin-deficient cells 
in interphase were comparable to normal 
HeLa cells, with respect to nuclear shape 
and BAF localization, except that BAF was 
slightly reduced at the nuclear rim, presum-
ably due to a decrease in BAF binding sites 
(Supplemental Figure S2A). To test whether 
the absence of emerin could induce the 
same phenotype in another cell type, we 
generated U2OS cells devoid of emerin and 
stably transfected them with GFP-BAF. 
Figure 2C and Supplemental Video S3 show 

that GFP-BAF formed a cap on the core region during telophase in 
emerin-deficient U2OS cells but not in normal cells. Thus the defect 
in nuclear membrane formation induced by emerin deficiency is not 
specific to HeLa cells.
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Then, to confirm that the defect was due to the absence of 
emerin, we transfected emerin-deficient cells stably expressing 
GFP-BAF with untagged emerin (and a plasmid expressing mCherry 
to identify transfected cells) or with emerin fused at its N-terminus to 
mCherry (mCherry-emerin) and performed live-cell imaging. Figure 
3 and Supplemental Video S4 show that GFP-BAF reached a homo-
geneous distribution in the nuclear envelope and the nucleoplasm 
within 5 min after reassociation with chromosomes when emerin or 
mCherry-emerin was transfected in emerin-deficient cells, suggest-
ing that the nuclear envelope formed as rapidly as in normal HeLa 

FIGURE 3:  Transfection of emerin restores nuclear envelope formation in emerin-deficient cells. 
Normal or emerin-deficient HeLa cells, stably expressing GFP-BAF, or emerin-deficient cells 
expressing GFP-BAF transfected with emerin or mCherry-emerin were imaged at different times 
after the onset of BAF reassociation with chromosomes using live-cell imaging (Supplemental 
Video S4). Cells expressing untagged emerin were identified by cotransfection of emerin with 
mCherry (shown under the first image of the third time-lapse sequence). The image under the 
last panel of the fourth sequence shows mCherry-emerin. Bars, 5 µm.

cells. Importantly, these cells showed no evi-
dence of BAF accumulation in the core re-
gion, indicating that the chromosomes were 
efficiently isolated from the cytoplasm by 
the nuclear membrane. We next examined 
the progression of the nuclear membrane 
over the core region in emerin-deficient 
cells transfected with mCherry-emerin and 
GFP-Sec61 using confocal live-cell imaging. 
Figure 4 (upper panels) and Supplemental 
Video S5 (first movie) show that mCherry-
emerin readily induced expansion of the 
nuclear membrane and covering of the core 
region in the absence of endogenous 
emerin. The movement of emerin with the 
nuclear membrane from the noncore to the 
core region occurred in about 3 min, as in 
normal cells (Haraguchi et  al., 2000), 
until membrane fusion induced a brief en-
richment of emerin at the level of the core. 
As a negative control for this experiment, 
we transfected the cells with mCherry-
emerin(46-254), which lacks the LEM-do-
main and thus cannot bind BAF (Figure 4, 
lower panels, and Supplemental Video S5, 
second movie). The data show that mCherry-
emerin(46-254) was not actively targeted to 
the nuclear membrane and, unlike full-
length mCherry-emerin(1-254), did not in-
duce membrane closure over the core re-
gion in emerin-deficient cells. Note that a 
variety of emerin mutants will be analyzed in 
detail in Section 3. Finally, to corroborate 
the different dynamics of core and noncore 
proteins in our model, emerin-deficient cells 
were cotransfected with mCherry-emerin 
and GFP-LBR, showing that the LBR was ini-
tially more abundant at the ends of the chro-
mosome disks and was therefore partially 
and transiently segregated from emerin 
(Supplemental Video S6). It is also important 
to note that emerin transiently enriched not 
only on the side of the core region facing 
the mitotic spindle but also on the opposite 
side facing the cytoplasm (see Discussion).

2. Aggregation of lamin A prevents 
nuclear membrane expansion in 
telophase in emerin-deficient cells
In addition to BAF and LEM-domain pro-
teins, the nuclear envelope protein lamin A 
is enriched at the core region in telophase 

in HeLa cells. To analyze the influence of emerin we stably trans-
fected emerin-deficient cells with GFP-lamin A (Supplemental 
Figure S1D) and examined the redistribution of this protein in telo-
phase using confocal live-cell imaging (Figure 5A and Supplemen-
tal Video S7). Similar to BAF, lamin A showed prolonged accumula-
tion at the core region in telophase in emerin-deficient cells, which 
was short and transient in normal cells or did not occur in emerin-
deficient cells transfected with emerin. This observation warranted 
further investigation of the role/influence of lamin A in emerin-de-
pendent nuclear membrane formation. Therefore we transfected a 
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CRISPR/Cas9 gRNA targeting exon 1 of lamin A in emerin-defi-
cient cells to generate cells lacking both emerin and lamin A, which 
were then stably transfected with GFP-BAF (Figure 1 and Supple-
mental Figure S1); these double-deficient cells were examined in 
telophase using live-cell imaging (Figure 5B and Supplemental 
Video S8). Surprisingly, the accumulation of GFP-BAF on the core 
region observed in emerin-deficient cells did not occur in emerin- 
and lamin A-deficient cells. BAF enrichment at the core starting 
3–4 min after the onset of chromosome binding was readily re-
solved within 6–8 min in these cells, whereas in emerin-deficient 
cells, as described above, BAF accumulated on the core region 
between 6 and 10 min after BAF reassociation. Therefore cells 

lacking emerin and lamin A were very similar to normal HeLa cells 
with respect to the spatiotemporal dynamics of BAF in the core 
region, suggesting that nuclear membrane formation and closure 
were equally rapid and efficient in both cell types. To verify that the 
membrane was sealed over the core, emerin- and lamin A-double-
deficient cells stably expressing mCherry-BAF were transfected 
with GFP-sec61 and examined in telophase by confocal live-cell 
imaging (Figure 5C and Supplemental Video S9). The results show 
that, in these cells, closure of the gap in the nuclear membrane at 
the core region occurred rapidly and was followed by the disap-
pearance of mCherry-BAF from the core, in contrast with cells only 
devoid of emerin.

FIGURE 4:  Emerin induces the covering of the core region by the nuclear membrane. Upper panels: emerin-deficient 
HeLa cells transiently transfected with GFP-Sec61 and full-length mCherry-emerin(1-254) imaged at different times after 
the onset of cytokinesis using confocal live-cell imaging (Supplemental Video S5, first movie). Lower panels: emerin-
deficient cells transfected with GFP-Sec61 and mCherry-emerin(46-254), lacking the LEM-domain, as negative control 
(Supplemental Video S5, second movie). The arrow (GFP-Sec61, 150 s) indicates the area where the nuclear membrane 
is not closed on the core region. Bars, 5 µm.
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These data indicate that emerin actually 
becomes dispensable in the last stage of 
postmitotic nuclear membrane formation 
when lamin A is not present in the cells. We 
hypothesized that an interaction between 
emerin and lamin A might be important for 
the correct reformation of the nuclear enve-
lope in telophase. Previous reports have 
shown that some lamin A is enriched at the 
nuclear periphery at the beginning of telo-
phase, preceding the recruitment of the ma-
jority of (cytoplasmic) lamin A to the nucleus 
interior (Moriuchi et al., 2016; Snyers et al., 
2018, see also Supplemental Video S7). To 
examine whether (and how) this enrichment 
of lamin A at the periphery of the new nu-
cleus might interfere with nuclear membrane 
expansion when emerin is absent, we trans-
fected GFP-lamin A in emerin- and lamin A-
double-deficient cells stably expressing 
mCherry-BAF. As shown in Figure 6A and 
Supplemental Video S10, lamin A progres-
sively accumulated at the periphery of the 
nucleus during telophase, forming irregular 
clusters, which then concentrated in the core 
region; in addition, mCherry-BAF formed a 
cap on the core region indicating that the 
nuclear membrane was not closed at this lo-
cation. As a control, BAF accumulation on 
the core did not occur when the same cells 
were transfected with GFP (Figure 6A and 
Supplemental Video S10). Transfection of 
emerin- and lamin A-deficient cells with 
GFP-lamin A and H2B-mCherry showed that 
lamin A clusters were restricted to the sur-
face of the nuclei (Supplemental Figure S2B). 
Consistent with these data, detection of la-
min A by immunofluorescence revealed sites 
of endogenous lamin A accumulation at the 
level of the core region during telophase in 
(nontransfected) emerin-deficient cells but 
not in normal Hela cells (Supplemental 
Figure S2C). Importantly, cotransfection of 
mCherry-emerin with GFP-lamin A in emerin- 
and lamin A-deficient cells was sufficient to 

FIGURE 5:  GFP-lamin A accumulates at the core region in telophase in emerin-deficient cells 
and depletion of lamin A restores rapid nuclear membrane formation in emerin-deficient cells. 
(A) Normal or emerin-deficient HeLa cells stably expressing GFP-lamin A or emerin-deficient 
cells expressing GFP-lamin A transiently transfected with untagged emerin were imaged 
7–8 min after the onset of cytokinesis using confocal live-cell imaging (Supplemental Video S7). 
Cells transfected with emerin were identified by cotransfection with mCherry (right panel). 
(B) Normal, emerin-deficient or emerin and lamin A-double-deficient HeLa cells stably 
expressing GFP-BAF were imaged at different times after the onset of BAF reassociation with 
chromosomes using epifluorescence live-cell imaging (Supplemental Video S8). In the graph, the 

average GFP-BAF fluorescence (mean 
intensity) in the medial region of 
chromosome disks or at the core region was 
divided by the average fluorescence in the 
noncore region at different time points after 
BAF reassociation with the chromosomes. 
(C) Emerin-deficient or emerin and lamin 
A-double-deficient HeLa cells stably 
expressing mCherry-BAF were transfected 
with GFP-Sec61 and imaged 8 min after the 
onset of BAF reassociation with the 
chromosomes (Supplemental Video S9). The 
arrows indicate areas of the core region not 
covered by the nuclear membrane. Bars, 
5 µm.
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prevent the formation of lamin A aggregates, demonstrating that 
emerin directly controls the fate of lamin A at the nuclear envelope in 
telophase (Figure 6B and Supplemental Video S11).

FIGURE 6:  In the absence of emerin, lamin A forms aggregates on the surface of telophase 
chromosomes, which impairs nuclear membrane reformation, and reintroduction of emerin 
prevents lamin A aggregation. (A) Emerin and lamin A-double-deficient cells stably expressing 
mCherry-BAF were transfected with GFP-lamin A (upper panels/time-lapse sequence) or with 
GFP (lower sequence) and observed in telophase at different times after the onset of BAF 
reassociation with chromosomes using confocal live-cell imaging (Supplemental Video S10). (B) 
Emerin and lamin A-deficient cells transfected with GFP-lamin A and mCherry (left panels of the 
grayscale images) or GFP-lamin A and mCherry-emerin (right panels of grayscale images) were 
imaged in telophase 6–7 min after the onset of cytokinesis using confocal live-cell imaging 
(Supplemental Video S11). For quantification, mean gray scale value of the line scans 
corresponding to the surface of the core and noncore regions, as shown in the color images, 
was determined with ImageJ; the ratios of these values (i.e., core divided by noncore) from 
several independent experiments are plotted. Error bars correspond to standard deviations 
(cells transfected with mCherry, dark gray, n = 17; with mCherry-emerin, hatched bars, n = 14). 
The ratio is closed to one for cells transfected with mCherry-emerin, indicating a homogeneous 
distribution of GFP-lamin A in the nuclear rim. Bars, 5 µm.

Since lamin A can bind BAF directly 
through the immunoglobulin fold (IgF) (Hol-
aska et al., 2003; Samson et al., 2018), we 
reasoned that the abnormal accumulation 
of GFP-lamin A on the surface of telophase 
chromosomes might be induced by the ad-
hesion of lamin A to BAF bound to chromo-
somal DNA. To answer this question, we 
transfected emerin- and lamin A-double-
deficient cells stably expressing mCherry-
BAF with GFP-lamin A containing the re-
strictive dermopathy mutation R435C, 
which has been shown to prevent binding of 
the IgF (comprising R435) to BAF (Samson 
et al., 2018); these cells were compared with 
cells transfected with GFP-lamin A contain-
ing the autosomal EDMD mutation R453W, 
which, according to the same study, does 
not inhibit BAF binding (Figure 7 and Sup-
plemental Video S12). Strikingly, lamin A 
R435C did not form clusters at the surface of 
the nuclei, unlike GFP-lamin A R453W, 
strongly suggesting that aggregation of la-
min A is induced by association of the IgF 
with BAF. In addition, lamin A R453C did not 
induce BAF accumulation at the core re-
gion, indicating that nuclear membrane for-
mation was not impaired by this mutant. Of 
note, GFP-lamin A, GFP-lamin A R435C, 
and GFP-lamin A R453W were all localized 
at the nuclear rim and in the nuclear interior 
in interphase (data not shown). Confirming 
that BAF binds to lamin A and not to lamin 
A R435C, significant enrichment of BAF at 
the nuclear periphery in interphase was in-
duced by (over)expression of lamin A, but 
not lamin A R435C, in cells lacking emerin 
and lamin A, where BAF enrichment at the 
nuclear rim is otherwise almost nonexistent 
(Supplemental Figure S2D).

Supplemental Videos S7 and S11 sug-
gest that emerin promotes the rapid forma-
tion of a lamin A-containing structure at the 
periphery of postmitotic nuclei. By compar-
ing emerin- and lamin A-deficient cells 
transfected with mCherry-emerin and GFP-
lamin A with the same cells transfected with 
mCherry-emerin and GFP-lamin A R435C, it 
was manifest that the mutation R435C pre-
vents the formation of this structure at the 
nuclear periphery, even when emerin is 
present (Supplemental Video S13). Further-
more, we generated HeLa cells lacking only 
lamin A and, consistently, an initial lamin 
A/C-based nuclear lamina formed when 
GFP-lamin A was expressed in these cells 
but not GFP-lamin A R435C (Supplemental 
Figure S3A). Therefore we conclude that 
both the binding of lamin A to BAF via the 

IgF domain and the presence of emerin are required for the rapid 
and correct reassembly of the lamin A/C-based nuclear lamina after 
mitosis.
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Next, by examining emerin and lamin A-deficient cells trans-
fected with GFP-lamin A and mCherry-Sec61 in early telophase us-
ing confocal live-cell imaging, we observed that the first nuclear lo-
calization sites of lamin A coincided with the nascent nuclear 
membrane at the ends of the chromosome disks (Supplemental 
Figure S3B, upper panels; the arrowhead shows GFP-lamin A super-
imposed on the membrane labeled by mCherry-Sec61). Later in 
telophase, we often observed that lamin A aggregation began at 
the edge of the reforming nuclear membrane, where the outer 
membrane most likely folds into the inner nuclear membrane during 
progression to the inner core (Supplemental Figure S3B, lower pan-
els, arrows; see also Supplemental Video S11, upper-left panel). The 
onset of lamin A aggregation at this precise location suggests a 
physical connection between lamin A and the nuclear membrane, as 
this is where lamin A would first come into contact with chromo-
some-bound BAF. This may indicate that part of lamin A is associ-
ated with membranes before formation of the nuclear envelope.

3. LEM and lumenal domains are necessary for targeting of 
emerin to the core region
We then used the possibility to correct the defect in nuclear enve-
lope formation in emerin-deficient cells by reintroducing emerin 
(Figure 3) as a “rescue” assay to ask which parts of emerin are impor-
tant for rapid closure of the nuclear membrane on the core region. 
Emerin (N-terminally tagged with mCherry) was mutated in the nu-
cleoplasmic segment, including the LEM-domain, and in the lume-
nal part of the protein. Mutations are listed in Tables 1 and 2 and 
correspond to short deletions or to a change to alanine of a single or 
several amino acids. The sites (distributed throughout the entire 

FIGURE 7:  Lamin A R435C does not form aggregates on the surface of telophase 
chromosomes. Emerin and lamin A-double-deficient cells stably expressing mCherry-BAF were 
transfected with GFP-lamin A R435C (upper panels/time-lapse sequence) or GFP-lamin A 
R453W (lower sequence) and observed in telophase at different times after the onset of BAF 
reassociation with chromosomes using confocal live-cell imaging (Supplemental Video S12). 
Bars, 5 µm.

emerin sequence) were selected on the ba-
sis of criteria such as sequence conservation, 
the presence of charged residues, the pres-
ence of a binding site for BAF or lamin A, 
involvement in X-linked EDMD, or the fact 
that they are located in segments proposed 
to mediate emerin self-interaction (Lee 
et al., 2001; Berk et al., 2014; Herrada et al., 
2015). Emerin mutants were transfected in 
emerin-deficient cells expressing GFP-BAF 
and cells were examined in telophase using 
confocal live-cell imaging. We recorded and 
scored for each mutant, from a total of 10 to 
19 telophases per mutant, the number of 
cells where GFP-BAF accumulation was 
present at the core region 7 to 10 min after 
the onset of BAF binding to chromosomes 
(corresponding to “No Rescue” in Table 1 
because the mutant did not promote nu-
clear envelope formation) or cells without 
GFP-BAF accumulation (corresponding to 
“Rescue”). We chose to detect the accumu-
lation of GFP-BAF in the core region for this 
semiquantitative analysis because the pres-
ence or absence of this marker could be un-
equivocally determined for each experi-
ment, whereas the more direct visualization 
of the gap in the nuclear membrane using 
GFP-Sec61 required that both daughter 
cells lie horizontally on the coverslip, which 
was often not the case. We also examined 
by time-lapse microscopy the ability of the 
mutants to move to and transiently concen-

trate at the core region. The results of these experiments are pre-
sented in Tables 1 and 2 and representative images of cells in telo-
phase for a subset of mutants (for simplicity) are shown in Figure 8, 
but we also present exemplary images of all mutants in Supplemen-
tal Figures S4 and S5. First, we observed that the Mut24 mutation 
located in the LEM-domain, which suppresses binding to BAF (Lee 
et al., 2001), completely prevented the rapid reconstitution of an 
intact nuclear membrane by emerin, implying that emerin interac-
tion with BAF is essential for this function. In addition, the data show 
that the integrity of the lumenal domain of emerin was required to 
rescue nuclear membrane formation. Deletion of five amino acids 
from the C-terminus of emerin (emerinDel250) strongly affected its 
potential to prevent GFP-BAF accumulation at the core in emerin-
deficient cells and, in this regard, the amino acids Phe254 and to a 
lesser extent Gly251 emerged as critical residues (Tables 1 and 2; 
Supplemental Figure S5). Nevertheless, quantification of the cap 
formed by GFP-BAF at the core region showed that BAF accumula-
tion was less pronounced when emerin-deficient cells were trans-
fected with mCherry-emerinDel250 than with mCherry or mCherry-
emerinMut24 (Supplemental Figure S6A). Consistent with these 
data, emerinDel250 was enriched at the core region, but less so than 
full-length emerin, and emerinMut24 was not targeted to the core in 
telophase (Supplemental Video S14). Finally, we observed in meta-
phase cells that expression of emerin and emerinDel250, but not 
emerinMut24, induced BAF enrichment on mitotic ER membranes, 
presumably through binding to the LEM-domain (Supplemental 
Figure S6B). This indicates that emerinDel250 was located in the 
membrane and the LEM-domain (BAF binding site) was oriented 
toward the cytoplasm. These observations rule out a topological 
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defect for emerinDel250 and also confirm the lack of binding of 
emerinMut24 to BAF.

In addition to these data, we observed that mutants in the nu-
cleoplasmic region of emerin Del157, Del171 and to a lesser extend 
Del51 exhibited a decreased ability to correct the defect in nuclear 
membrane formation (Table 1, Figure 8, and Supplemental Figure 
S4). The deleted segment in emerinDel171 contains Ser173 and 
Ser175, which have been proposed to influence the association of 
emerin with BAF through phosphorylation, and the deleted seg-

ment in emerinDel157 is potentially involved in formation of an in-
termolecular network through emerin–emerin interaction (Hirano 
et al., 2005; Berk et al., 2013a,b; 2014). However, the most apparent 
consequences of these deletions were a strong tendency of the mu-
tants to form aggregates in the cytoplasm and/or in lysosomes, a 
reduced localization in the nuclear envelope in interphase (assessed 
visually by comparison with emerin in confocal life cell imaging), as 
well as a reduced ability to enrich on the core region in telophase 
(Table 1). This suggested that the stability of these mutants was 

Emerin/
Mutant Deletion/Mutation Rescue No Rescue Core Aggreg.

Property/
Function Reference

Emerin 13 0 ++

Mut24 24GPVV →AAAA 0 10 – BAF binding Lee (2001)

Del51 51PSSSAASS 13 2 ++

Del65 65NSTRGD 11 0 ++

Mut76 76LPKKEDAL→ APAKADAA 14 0 ++ Lamin A binding Lee (2001)

Del86 86QSKGY 11 0 ++

Delta
(95-99)

95YEESY 14 0 +a EDMD mutation Berk (2013b)

Del103 103RTYGEPE 13 0 ++

Mut112 112GPSRAVRQSVT→AASRAVAAAVA 13 0 ++ Lamin A binding Lee (2001)

Del131 131HHQVH 10 0 ++

Del143 143SEEE 12 0 ++ +

Del148 148KDRER 11 0 ++ +

Del157 157RDSAYQSITHYRP 15 4 ± ++ Self-interactionb Berk (2014)

Del171 171SASRSSL 9 7 ± ++ Phosphorylation Berk (2013a,b)

Del207 207RPENRAPGAGLGQD 13 1 ++ + Self-interactionb Berk (2014)

Del250 250EGNPF 0 13 ± + Lunenal domain

Emerin-deficient HeLa cells stably expressing GFP-BAF were transiently transfected with emerin or mutated emerin fused at the N-terminus to mCherry and pho-
tographed in telophase 7 to 10 min after the onset of BAF reassociation with chromosomes using confocal live-cell imaging. In a total of 10 to 19 experiments per 
mutant, the number of cells that did not form a cap containing GFP-BAF at the core (Rescue) or formed a detectable cap (No Rescue) was recorded for each mutant. 
Exemplary images are shown in Figure 8 and Supplemental Figures S4 and S5. In addition, the ability of the mutants to target the core region (Core) was assessed 
in time-lapse confocal video microscopy; (++) indicates that at least three or four videos unambiguously showed robust emerin-like coalescence at the core (because 
the cells are not always favorably positioned to accurately see the nuclear membrane at the core region in these experiments). Finally, the propensity of the mutants 
to form more aggregates in the cytoplasm or in lysosomes, compared with normal emerin, was assessed visually (Aggreg.). Citations refer to the proposed property/
function of the deleted or mutated region. Above Table 1: schematic representation of the deletions/mutations in emerin (254 amino acids) with corresponding 
scores in the rescue assay (rescue/no rescue), shown in the table. Black segments correspond to deletions and groups of black bars show mutations to alanine. “Ser” 
refers to a serine-rich region proximal to the trans-membrane domain (TMD) of emerin. Regions responsible for binding BAF (LEM-domain) or lamin A are indicated 
according to the references.
aEmerin Delta(95-99) was not enriched at the core like emerin.
bDel157 and Del207 are contained in (but do not exactly correspond to) segments proposed to mediate self-interaction in Berk (2014).

TABLE 1:  Mutations in LEM-domain or in lumenal domain of emerin compromise the potential to restore nuclear membrane formation.



10  |  L. Snyers et al.	 Molecular Biology of the Cell

impaired. Emerin mutated at Ser173 and Ser175 to alanine or aspar-
tate, individually or together, was not significantly different from 
normal emerin with respect to rescue or core localization (data not 
shown), although this does not exclude a role for phosphorylation of 
these residues, as aspartate might not mimic serine phosphorylation 

FIGURE 8:  Representative images of rescue experiments using emerin mutants in emerin-
deficient cells to illustrate the data in Table 1. Emerin-deficient cells stably expressing GFP-BAF 
transiently transfected with mCherry or mCherry fused to emerin or mutants of emerin were 
imaged 7 to 10 min after the onset of BAF binding to chromosomes. This figure shows a subset 
of the mutants described in Table 1, with three representative examples per mutant. For every 
example, one image (green) shows GFP-BAF and the other (red) mCherry or mCherry-emerin or 
mCherry-mutant of emerin. For Del171, two “rescue” and one “no rescue” (middle panel) are 
shown. See legend to Table 1 for a full description of the assay. Bar, 5 µm.

in all situations. EmerinDel51 was targeted 
to the core and therefore might be slightly 
altered in another way, for instance, due to a 
lack of flexibility of the LEM-domain, as it is 
a serine-rich segment directly adjacent to 
this domain.

In conclusion, the results of the muta-
tional analysis clearly show the crucial im-
portance of the interaction between the 
LEM-domain of emerin and BAF and also 
indicate the involvement of the lumenal do-
main in the cellular function/localization of 
emerin in telophase. Overall, the data sug-
gest that the inability of some mutants to 
restore nuclear envelope reformation in 
emerin-deficient cells is primarily due to 
poor targeting to the core region, prevent-
ing emerin from performing its normal func-
tion at the nuclear envelope. Finally, it 
should be noted that mutants in the nucleo-
plasmic domain of emerin that can rescue 
the nuclear membrane formation might 
nevertheless alter the structure of the core 
region in telophase in ways that are difficult 
to distinguish at conventional microscopic 
resolution. This could apply, for instance, to 
emerin Delta(95-99), which was targeted to 
the core but never exhibited enrichment 
such as that observed for emerin (Table 1).

4. LAP2β and emerin cooperate during 
postmitotic nuclear envelope 
formation
In the final part of this study, we sought to 
examine the contribution of the LEM-domain 
protein LAP2β  to the nuclear envelope for-
mation. Similar to emerin, LAP2β has a large 
N-terminal nucleoplasmic region containing 
a LEM-domain, a single transmembrane seg-
ment, and a short C-terminal lumenal do-
main. Emerin and LAP2β also show some 
degree of sequence homology and share 
several binding partners (Lee et  al., 2001; 
Barton et al., 2015). We used two gRNAs tar-
geting exon 9 of the LAP2 gene (because 
this exon is not contained in the nucleoplas-
mic isoform LAP2α) to transfect emerin-defi-
cient cells and obtained cells lacking both 
emerin and LAP2β (Figure 1 and Supple-
mental Figure S1). These double-deficient 
cells were stably transfected with GFP-BAF. 
First, we noticed in interphase a strong re-
duction of GFP-BAF at the nuclear rim, com-
pared with normal HeLa cells, suggesting 
that emerin and LAP2β account for the ma-
jority of LEM-domain-mediated binding sites 
for BAF at the nuclear periphery (Supple-

mental Figure S2A). BAF accumulation at the core region in telo-
phase was similar to emerin-deficient cells, but we found more cells 
also presenting a spot of fluorescence on the cytoplasm-facing side 
(Figure 9A and Supplemental Video S15). Quantification of GFP-BAF 
on the core region between 8 and 10 min after BAF reassociation 
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with chromosomes shows that BAF accumulation on the cytoplasm-
directed side of the core region (outer core) was increased three- to 
fourfold in emerin- and LAP2β-double-deficient cells compared with 
cells only devoid of emerin (Figure 9A). BAF was also slightly more 
abundant on the side facing the mitotic spindle (inner core). Deple-
tion of LAP2β alone in HeLa cells had only a marginal impact on GFP-
BAF in telophase (data not shown). Taken together, this result indi-
cates that the defect in nuclear membrane reformation at the core 
region due to the absence of emerin is exacerbated when LAP2β is 
also depleted, suggesting that emerin and LAP2β cooperate in the 
last step of nuclear envelope formation. LAP2β may be sufficient 
most of the time in emerin-deficient cells for nuclear envelope reas-
sembly at the outer core but not at the inner core (see Discussion). 
Consistent with these data, we observed a delay (5–10 min) in the 
onset of net import of NLS-GFP in telophase in both deficient cell 
lines compared with normal cells, which was longest for emerin- and 
LAP2β-deficient cells (Figure 9B). This delay likely corresponds to the 
period of time during which the import of NLS-GFP through func-
tional nuclear pore complexes inserted in the nuclear membrane of 
the noncore region at the beginning of telophase is compensated by 
leakage through the unsealed membrane at the level of the core 
(Haraguchi et al., 2008, and our observations). Thus the data in Figure 
9B indicate that doubly deficient cells required the longest time to 
seal the nuclear membrane at the core region.

DISCUSSION
In HeLa cells, postmitotic nuclear envelope formation begins at the 
ends of the disk-shaped daughter nuclei, where ER cisternae asso-
ciate with chromosomes. The nuclear membrane then undergoes 
centripetal growth/expansion toward the central part of the 
chromosome disk, the core region, allowing the reassembly of the 
nuclear envelope and insertion of nuclear pore complexes (Lu 

et  al., 2011; Tseng and Chen, 2011; LaJoie and Ullman, 2017). 
However, we often observed nuclear membrane segments forming 
on the outer core before centripetal membrane expansion was 
complete, suggesting that the adjacent ER may directly provide 
membranes to this site (see, for instance, first 2 s of Supplemental 
Videos S5 and S6).

We have shown in the present study that a consequence of the 
absence of emerin during postmitotic nuclear envelope assembly is 
the abnormal aggregation of lamin A on the surface of telophase 
chromosomes. Our data suggest that these lamin A aggregates 
slow down the expansion of the nuclear membrane toward the core 
region, ultimately inducing a local accumulation of BAF and lamin A 
on the uncovered region, presumably due to BAF binding to chro-
mosomes that are exposed to the cytoplasm and to a sustained in-
teraction between BAF and lamin A. Reintroduction of emerin in the 
cells prevents clustering of lamin A, restores the rapid closure of the 
nuclear membrane, and consequently prevents BAF accumulation 
on the core region.

The mutation R435C in the IgF of lamin A, which suppresses the 
interaction of lamin A with BAF, prevents lamin A aggregation in 
telophase. We conclude that lamin A clustering (and more generally 
targeting of lamin A to the reforming nuclear envelope) is most 
likely induced by IgF binding to chromosome-bound BAF and we 
assume that this interaction is overstabilized in the absence of 
emerin. Moreover, our data suggest that the part of lamin A that 
forms the clusters is physically connected to the reforming nuclear 
membrane and possibly even to mitotic ER membranes. This would 
explain why the aggregation of lamin A could mechanically limit 
nuclear membrane expansion at the surface of the chromosomes. A 
graphic model summarizing these conclusions is shown in Supple-
mental Figure S7.

At this point in the cell cycle, emerin ensures that lamin A at the 
periphery of the nucleus is distributed evenly in the nuclear rim, in-
stead of being clustered around the core region. The ability of BAF 
to simultaneously interact with the LEM-domain of emerin and the 
IgF of lamin A, proposed by Samson et al. (2018), may allow emerin 
to prevent lamin A polymers from interacting (via BAF) with chro-
mosomes for too long. In the rescue assay (Table 1), the lack of influ-
ence of mutations in the nucleoplasmic region of emerin known to 
abolish the direct interaction of emerin with lamin A supports a role 
for the tripartite complex. Emerin contained in this complex could 
decrease the affinity of BAF for DNA in the nuclear envelope to 
induce the release of lamin A from chromosomes and thus promote 
the rapid formation of the lamin A/C-based nuclear lamina. More 
speculatively, the three-part complex may induce rapid (local) re-
phosphorylation of BAF by a vaccinia-related kinase (VRK). For in-
stance, VRK3 can bind and phosphorylate BAF (Park et al., 2015) 
and, interestingly, we observed that GFP-VRK3 expressed in HeLa 
cells is partially enriched on the surface of the nuclei and the core 
region in telophase in a BAF-dependent manner (L.S., unpublished 
results). Likewise, VRK2A exhibits at least partial localization in the 
nuclear membrane, which is dependent on lamin A (Birendra et al., 
2017). Consistent with this possibility, phosphorylation of BAF re-
sults in a loss of affinity for DNA but does not alter binding to lamin 
A/C or the nucleoplasmic region of emerin (Marcelot et al., 2021). 
Nevertheless, other mechanisms cannot be excluded and several 
aspects remain to be determined. For instance, an intriguing ques-
tion is whether the part of lamin A that assembles at the nuclear rim 
in early telophase constitutes the initial postmitotic lamin A/C-
based nuclear lamina, perhaps required to rapidly organize the rest 
of lamin A, which is then relocalized from the cytoplasm to the 
nucleoplasm.

Lumenal domain mutant Rescue No Rescue

Del250 0 13

E250A 7 0

G251A 4 6

N252A 9 0

P253A 8 0

F254A 1 11

Emerin-deficient HeLa cells stably expressing GFP-BAF were transiently trans-
fected with mCherry-emerin carrying the indicated amino acid substitution to 
alanine in the lumenal domain. They were imaged in telophase 7 min after the 
onset of BAF reassociation with chromosomes using confocal live-cell imaging 
and evaluated for their potential to rescue emerin deficiency as described in 
Table 1.

TABLE 2:  Phe254 and Gly251 in the lumenal domain of emerin are 
important for restoring nuclear membrane formation.
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The ability of mCherry-emerin to rescue the 
phenotype of emerin-deficient cells and the pos-
sibility to easily monitor GFP-BAF accumulation 
at the core region (indirectly showing the un-
sealed nuclear membrane at this location) were 
used to analyze emerin mutants and we showed 
that the LEM-domain (binding to BAF), the lume-
nal domain, and to a lesser extend a region com-
prising amino acids 171 to 177 are necessary for 
emerin function in telophase. As proposed 
above, it is essentially the targeting of emerin to 
the core region that may be affected by these 
mutations. Accordingly, the lumenal domain may 
be important for the mobility of emerin in the 
membrane, perhaps through specific interactions 
of amino acids in this domain with lipids on the 
lumenal side of the ER/nuclear membrane. Our 
data also suggest that emerin and LAP2β co
operate in nuclear membrane reformation at the 
core region. LAP2β could attract more mem-
branes to the nucleus and, in most cases, com-
pensate for the lack of emerin at the outer core, 
where membranes are directly supplied by the 
adjacent ER. LAP2β could also contribute to the 
resolution of lamin A aggregates but perhaps 
less efficiently than emerin.

The R435C mutation prevents the formation of 
the initial nuclear rim containing lamin A in telo-
phase, which could affect the timing and quality 
of nuclear lamina reformation until interphase is 
established. This could have a negative influence 
on differentiation during tissue development, 
where cells divide rapidly, and contribute to path-
ological aspects of the progeroid syndrome re-
strictive dermopathy (Madej-Pilarczyk et al., 2009; 
Youn et al., 2010; Starke et al., 2013). With respect 
to X-linked EDMD, which involves mechanisms 
regulating striated muscle cell maintenance and 
differentiation, the dependence of lamin A on 
emerin to organize the nuclear lamina in telo-
phase, suggested in our study for human cells, 
may persist during interphase; it is known that the 

FIGURE 9:  Depletion of LAP2β exacerbates the defect in nuclear membrane formation 
caused by emerin deficiency. (A) Twenty emerin-deficient cells and 16 emerin and LAP2β-
doubly deficient cells stably expressing GFP-BAF were photographed in telophase 
between 8 and 10 min after the onset of BAF binding to chromosomes using 
epifluorescence live-cell imaging. In the graph, the sum of pixel intensities in spots 
corresponding to GFP-BAF accumulation at the inner or the outer core regions was divided 

by the mean pixel intensity in an area in the 
noncore region (to compensate for differences in 
GFP-BAF expression and/or image acquisition 
parameters), as illustrated in the lower-left panel 
(color image; the cell used for this example is 
indicated by an asterisk in the second last 
grayscale image). Results are in arbitrary units and 
error bars correspond to standard deviations 
(HeLa_emerin-deficient, hatched bars, n = 20, 
HeLa_emerin- and LAP2β-deficient, dark gray, n = 
16). Note that cells were not transiently 
transfected prior to this experiment and all images 
were taken on the same day. Bar, 5 µm. (B) Nucleo-
cytoplasmic ratios of NLS-GFP at different times 
after the onset of cytokinesis for normal, emerin-
deficient or emerin- and LAP2β-deficient cells 
stably expressing NLS-GFP. Error bars correspond 
to standard deviations (HeLa, n = 14, HeLa_
emerin-deficient, n = 11, HeLa_emerin- and 
LAP2β-deficient, n = 9).
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structure and mechanical stability of the nuclear lamina in interphase 
are affected by the absence of emerin, which partly explains this dis-
ease (Muchir and Worman, 2019; Storey et al., 2020). On the other 
hand, as discussed in the next paragraph, cells within an organism 
may be less affected by emerin deficiency during postmitotic nuclear 
envelope reformation than most cell lines in culture. This would be 
consistent with the absence of significant systemic effects in EDMD.

Data from previous reports and the present study help to deci-
pher the reassembly of the postmitotic nuclear envelope. Most of 
cytoplasmic BAF relocalizes to chromosomes at the end of ana-
phase due to dephosphorylation by PP2A associated to ANKLE-2 or 
by other phosphatases (Haraguchi et al., 2001; Asencio et al., 2012; 
Zhuang et al., 2014; Samwer et al., 2017; Snyers et al., 2018). The 
fact that the nuclear envelope begins to form at the ends of the 
chromosome disks in HeLa cells is most likely due to the presence of 
the dense mitotic spindle, which prevents direct access of mem-
branes and components of the nuclear envelope to the core region 
(Lu et al., 2011; Tseng and Chen, 2011; Moriuchi et al., 2016). There-
fore the prominent “core region” observed in HeLa cells may be a 
specificity of cultured/transformed cells and may be much less pro-
nounced in cells with a normal number of chromosomes (Lu et al., 
2011). Then, centripetal expansion of the nuclear membrane takes 
place until the nuclei are completely enclosed (note that the large 
space to fill with nuclear membrane on the inner core in HeLa cells 
facilitated microscopic observations in this study). As noted above, 
nuclear envelope formation on the cytoplasmic side (outer core) 
may rely on both centripetal extension of membranes from the non-
core region and direct radial input of ER-derived membrane seg-
ments from the cytoplasm, perhaps inducing the formation of sev-
eral smaller “core regions.” Emerin, LAP2β, and lamin A are 
recruited to the growing nuclear envelope and the core region by 
virtue of their affinity for BAF, where they move to the inner mem-
brane to form the lamin A/C-based nuclear lamina. Since we have 
shown that the nuclear membrane forms in the absence of emerin 
and lamin A, LBR and associated proteins could provide sufficient 
driving force to complete postmitotic nuclear envelope formation 
(Tseng and Chen, 2011). Nevertheless, emerin and LAP2β most 
likely provide the energy needed to accelerate the final step of nu-
clear membrane expansion, especially at the core region. Other 
LEM-domain proteins are also targeted to the core region, contrib-
uting to the completion of nuclear envelope reformation. For in-
stance, LEM2 has been shown to serve as a transmembrane ESCRT 
adaptor to coordinate spindle disassembly and promote nuclear 
membrane fusion (Gu et al., 2017; von Appen et al., 2020).

The reassociation of the lamins to postmitotic nuclei has been 
previously described. Relocalization of (nonmembrane-associated) 
cytoplasmic lamin A to the nucleoplasm of daughter nuclei at the 
end of telophase is at least partially dependent on BAF (Moir et al., 
2000; Haraguchi et al., 2001; Moriuchi et al., 2016; Snyers et al., 
2018). A- and B-type lamins have different modes and timing of in-
corporation in the nuclear lamina, as all detectable lamin B1 reas-
sociates in a polymerized form with daughter nuclei in telophase 
(Moir et al., 2000). In addition, lamin A and lamin B form two sepa-
rate meshworks in interphase (Turgay et  al., 2017; Nmezi et  al., 
2019).

Finally, it will be important to determine the exact role of BAF in 
the reformation of the nuclear membrane and the reassembly of the 
lamin A/C-based nuclear lamina after mitosis (Sears and Roux, 
2020). Down-regulation of BAF using RNAi induces multilobed nu-
clei in telophase and it has been suggested, based on this observa-
tion, that BAF prevents the formation of micronuclei due to its DNA 
cross-linking property (Haraguchi et al., 2008; Zhuang et al., 2014; 

Samwer et al., 2017). However, multilobed nuclei may be a conse-
quence of incomplete depletion of BAF (as is often the case when 
using RNAi), resulting in a lack of coordination between BAF reas-
sociation to chromosomes and nuclear membrane formation; there-
fore, complete suppression of BAF in telophase could lead to a dif-
ferent phenotype. In a previous study, we sometimes detected 
mechanical instability of telophase nuclei but not the formation of 
nuclear lobes or micronuclei in ANKLE2-deficient HeLa cells, al-
though in these cells BAF does not bind to chromosomes during 
telophase but rather remains in the cytoplasm; furthermore, a func-
tional nuclear membrane was formed as rapidly as in normal cells 
(Snyers et  al., 2018). Adequate cell models will help to address 
these intriguing questions and to better understand the interplay 
between BAF, LEM-domain proteins, lamin A/C, and chromosomes 
during reformation of the nuclear membrane and nuclear lamina 
after mitosis.

MATERIALS AND METHODS
Generation of cell lines using CRISPR/Cas9
HeLa or U2OS cells in 6-well plates were transfected with 1 µg of 
plasmid pX330 (Cong et al., 2013) containing gRNAs targeting ex-
ons 1 or 2 of emerin and 60 ng of vector pEFBos.puro using Lipo-
fectamine 2000 (Invitrogen, CA), as described (Snyers et al., 2018). 
After selecting cells 3 d in puromycin, they were plated in 10-cm 
dishes and clone expansion was accomplished without antibiotics. 
Clones were analyzed by immunofluorescence and immunoblotting 
using anti-emerin mouse monoclonal antibody G-10 (sc-398067, 
Santa Cruz Biotechnology, Inc., TX). To produce double-deficient 
cells, emerin-deficient HeLa cells were transfected with targeting 
constructs against exon 1 of lamin A or exon 9 of LAP2. Clones were 
screened by immunofluorescence and immunoblotting using 
mouse monoclonal anti-lamin A antibody E-1 (sc-376248, Santa 
Cruz Biotechnology) or rabbit polyclonal anti-Thymopoietin/LAP2 
antibody (NBP3-03478, NOVUS Biologicals, CO). For genomic 
analysis, fragments containing the targeted regions in emerin, la-
min A, or LAP2 genes were amplified, subcloned in vector pGEM 
(Promega, WI), and sequenced. Sequences of targeting constructs 
and a summary of genetic modifications detected in the cell lines 
used in this study are presented in the Supplemental Material.

Immunoblotting
Equal amounts of proteins of total cellular extracts were separated 
by SDS–PAGE and transferred to a nitrocellulose membrane. Blots 
were blocked for 60 min in Tris-buffered saline, pH 8, containing 
0.1% bovine serum albumin and 5% nonfat dry milk. After incuba-
tion with appropriate primary antibody in Tris-buffered saline, 0.1% 
bovine serum albumin for 45 min., they were incubated with anti-
mouse or anti-rabbit alkaline phosphatase-conjugate (Sigma, USA) 
and visualized using NBT/BCIP. Emerin was detected with mouse 
monoclonal anti-emerin antibodies G-10 (sc-398067, Santa Cruz 
Biotechnology) and CLO 203 (NBP2-52877, Novus Biological), as 
shown in Figure 1 and in Supplemental Figure S1, respectively. La-
min A/C was detected with mouse monoclonal anti-lamin A/C anti-
bodies E-1 (sc-376248, Santa Cruz Biotechnology) and WL4G10 
(NBP2-59933, NOVUS Biologicals), as shown in Figure 1 and in 
Supplemental Figure S1, respectively. LAP2β was detected with 
polyclonal rabbit anti-Thymopoietin/LAP2 antibody (NBP3-03478, 
Novus Biologicals). Note that this antibody also recognizes the 80-
kDa LAP2α isoform (Figure 1). BAF was detected using mouse 
monoclonal anti-BAF antibody A-11 (sc-166324, Santa Cruz Bio-
technology). Rabbit antibody against GAPDH was used for the load-
ing control (G9545, Sigma, USA).
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Plasmid construction and cloning
An expression vector containing GFP-laminB receptor was a kind 
gift from Rey-Huei Chen, Academia Sinica, Taipei, Taiwan (Tseng 
and Chen, 2011). The coding regions of emerin, BAF, lamin A, and 
Sec61B were amplified from HeLa cell mRNA by RT-PCR and ligated 
in vector pCI (Promega, WI) modified to allow fusion with GFP or 
mCherry at the N-terminus of a protein (pCI.GFP or pCI.mCherry) or 
not modified. Mutagenesis of emerin and lamin A was performed 
by PCR using the primer extension method. For stable transfections, 
constructs were transferred in the vector pEFBos.puro, as described 
(Snyers et al., 2018). All the constructs were verified by sequencing 
(Microsynth, Balgach, Switzerland).

Time-lapse video microscopy
For life cell imaging, cells were seeded in 6-well plates and trans-
fected with 1 µg of plasmid DNA. The next day they were seeded on 
18-mm round coverslips, which were mounted 2 d after transfection 
in a POCmini-2 Cell Cultivation System for microscopy (PeCon 
GmbH, Erbach, Germany). Time-lapse videos were recorded with a 
fluorescent inverted microscope Nikon Ti equipped with a 60× 
N.A.1.4 oil immersion lens. Video processing was done with the NIS-
Elements software. For confocal life cell imaging an Olympus confo-
cal laser scanning microscope Fluoview FV3000 equipped with a 
cellVivo incubation system (PeCon) was used. Confocal images and 
videos were processed using the cellSens software (Olympus, Ja-
pan) and final processing of videos was accomplished with the soft-
ware Apowersoft (Germany). Data quantification was accomplished 
with NIS-Elements (Nikon) or Fiji (ImageJ) software. The program 
Excel was used to generate bar and line graphs and to calculate 
mean values and standard deviations (error bars). The number of 
experiments corresponding to each data point is indicated either on 
the graph or in the figure legend. For bar graphs, the two-sided 
Student’s t test integrated in Excel was applied. P values were classi-
fied as ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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