Differentiation-dependent changes in lamin B1
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ABSTRACT The nuclear lamina serves important roles in chromatin organization and struc-
tural support, and lamina mutations can result in laminopathies. Less is known about how
nuclear lamina structure changes during cellular differentiation—changes that may influence
gene regulation. We examined the structure and dynamics of the nuclear lamina in human-
induced pluripotent stem cells (iPSCs) and differentiated germ layer cells, focusing on lamin
B1. We report that lamin B1 dynamics generally increase as iPSCs differentiate, especially in
mesoderm and ectoderm, and that lamin B receptor (LBR) partially redistributes from the
nucleus to cytoplasm in mesoderm. Knocking down LBR in iPSCs led to an increase in lamin
B1 dynamics, a change that was not observed for ELYS, emerin, or lamin B2 knockdown. LBR
knockdown also affected expression of differentiation markers. These data suggest that
differentiation-dependent tethering of lamin B1 either directly by LBR or indirectly via
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LBR-chromatin associations impacts gene expression.

INTRODUCTION

Differentiation is the process by which pluripotent cells divide and
change to form the diverse set of specialized tissues necessary for
multicellular life. This process occurs within cells of identical ge-
nomes, necessitating changes in gene expression. In addition to the
roles played by specific transcription factors and growth factors in
differentiation, changes in genome organization are also important
(Conlon et al., 1994; Mishina et al., 1995; Winnier et al., 1995;
Nichols et al., 1998; Beppu et al., 2000; Davis et al., 2004; Peric-
Hupkes et al., 2010). A key regulator of genome organization is the
nuclear lamina, a meshwork of intermediate filament proteins known
as nuclear lamins and lamin-associated proteins that lies beneath
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the nuclear envelope (Belmont et al., 1993; Guelen et al., 2008;
Reddy et al., 2008). The nuclear lamina interacts with lamina-associ-
ated domains in the chromatin, typically silencing gene expression
at the nuclear periphery (Guelen et al., 2008; Reddy et al., 2008;
Meuleman et al., 2013). In this study we begin to address how the
structure of the nuclear lamina is regulated during differentiation.
The importance of the nuclear lamina in differentiation and de-
velopment is underscored by the existence of genetic diseases
caused by mutations in nuclear lamina proteins, broadly referred to
as laminopathies (Worman and Bonne, 2007; Dobrzynska et al.,
2016). The three major lamin genes in mammals are LMNBT,
LMNB2, and LMNA (Berezney and Coffey, 1974; Dwyer and Blobel,
1976, Peter et al., 1989; Vorburger et al., 1989; Lin and Worman,
1993). Because the B-type lamins are required for normal develop-
ment and lamin A expression is extremely low or nondetectable in
stem cells, we focus on lamin B1 in the current study, analyzing
changes in lamina dynamics during the differentiation of stem cells
into the three germ layers. C-terminal deletion of LMNB1 causes
death in mice shortly after birth (Vergnes et al., 2004), while lamin B1
duplications and mutations are known to cause nuclear morphology
defects (Padiath et al., 2006; De Castro et al., 2012). Furthermore,
lamin B1 mutations are linked to leukodystrophy and microcephaly,
while mutations in the major lamina-interacting protein lamin B re-
ceptor (LBR) cause Pelger-Huét anomaly and Greenberg skeletal
dysplasia (Hoffmann et al., 2002; Waterham et al., 2003; Cristofoli
etal., 2020; Parry et al., 2021). LBR is an integral membrane protein
consisting of eight transmembrane domains and localized to the
inner nuclear membrane. The C-terminal nucleoplasmic domain is
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relatively short while the N-terminal nucleoplasmic domain binds to
chromatin and B-type lamins (Olins et al., 2010; Nikolakaki et al.,
2017).

Different methods can be employed to investigate developmen-
tal changes in nuclear lamina organization. For example, Dam-ID
measures lamina-DNA interactions and BiolD generates the nuclear
lamina interactome (van Steensel and Henikoff, 2000; Vogel et al.,
2007; Guelen et al., 2008; Roux et al., 2012). While these techniques
provide large amounts of data with high resolution, they do not in-
form the dynamics of the nuclear lamina in single cells and often
require exogenous perturbation of lamin protein levels. In our study
we make use of a genome-edited mEGFP-LMNB1 induced pluripo-
tent stem cell (iPSC) line to minimally disrupt normal lamina function
and fluorescence recovery after photobleaching (FRAP) to quantify
differentiation-dependent changes in lamin B1 dynamics at the nu-
clear lamina in intact cells. We find that lamin B1 dynamics at the
nuclear envelope (NE) change significantly during differentiation,
potentially driven by changes in LBR localization.

RESULTS

Lamin B1 localization and dynamics change upon
differentiation

Given that the composition of the nuclear lamina and interactions
between lamin proteins and DNA can change during cellular dif-
ferentiation (Peric-Hupkes et al., 2010), we decided to take an in-
depth look at lamin B1 localization and dynamics. We began by
immunostaining lamin B1 in an untagged iPSC line and differenti-
ated germ layer cells (endoderm, mesoderm, and ectoderm) de-
rived from those stem cells (Figure 1A). 3D imaging revealed that
nuclei in all three types of germ layer cells were flatter compared
with iPSCs (Supplemental Figure S1, A and B). To minimize the
influence of nuclear height on our lamin B1 measurements, we
quantified lamin B1 signal at the NE surface by focusing on the
region of the nucleus closest to the coverslip, while nucleoplasmic
lamin B1 signal was measured at the central z-slice between the
top and bottom lamina surfaces. While most lamin B1 was present
at the NE, we also detected a nucleoplasmic population that has
been observed in other cell types (Moir et al., 2000; Shimi et al.,
2008; Pascual-Reguant et al., 2018). Lamin B1 at the NE and in the
nucleoplasm was reduced in all three differentiated cell types
compared with iPSCs (Figure 1, B and C). There was no strong cor-
relation between nuclear height and lamin B1 staining intensity
except for ectoderm, indicating that our lamin B1 quantification
method was largely insensitive to nuclear height (Supplemental
Figure S1, C and D).

We next wanted to examine whether lamin B1 dynamics at the
nuclear lamina change during differentiation. For this purpose, we
performed FRAP at the NE using an eGFP-LMNB1 genome-edited
iPSC line. This cell line expresses one copy of lamin B1 tagged at its
N-terminus with GFP and was extensively validated by the Allen In-
stitute (Roberts et al., 2017). Although GFP-lamin B1 protein levels
are less than untagged lamin B1, total lamin B1 levels are only 9%
lower in the eGFP-LMNB1 cell line compared with the parent cell
line (Roberts et al., 2017), and the distribution of lamin B1 between
the NE and nucleoplasm is similar in both cell lines, with the largest
difference of 9% noted in endoderm (Supplemental Figure S1G).
Based on superresolution imaging, we find that GFP-tagged lamin
B1 and untagged lamin B1 assemble into similar structures within
the nuclear lamina, with lamin B1 branch lengths differing by no
more than 14% between the two cell lines (Supplemental Figure ST,
E and F). GFP tagging of lamin B1 is stable, does not affect cell cycle
distribution or cell doubling time, and does not lead to altered
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karyotype (Roberts et al., 2017). The genome-edited iPSCs exhibit
normal morphology, expression of pluripotency markers, and dif-
ferentiation potential (Roberts et al., 2017). As further evidence that
tagged lamin B1 is functional, iPSCs with biallelic N-terminal tag-
ging of lamin B1 are viable and exhibit normal nuclear morphology
(Roberts et al., 2017). Given that the lamin B1 C-terminus under-
goes extensive processing, N-terminal tagging is typical (Moir et al.,
2000; Shimi et al., 2008; Pascual-Reguant et al., 2018), and FRAP on
N-terminally tagged lamin B1 has been reported by others (Moir
et al., 2000; Dahl et al., 2006; Zhironkina et al., 2016; Pascual-
Reguant et al., 2018). Taken together, these data indicate that N-
terminal GFP tagging of lamin B1 does not significantly affect nu-
clear lamina structure, assembly of lamin B1 into the NE, or cell
behavior, although undetected effects of the GFP tag remain a for-
mal possibility.

For FRAP experiments, we initially focused on the largest nuclear
cross-section and photobleached a region of the nuclear rim. How-
ever, this proved to be unreliable because nuclear movements
caused the photobleached region to rapidly move out of focus. In-
stead we focused on the region of the NE closest to the coverslip
and photobleached a circular region of eGFP-lamin B1 associated
with the NE (Figure 1D), a robust approach used in other studies to
quantify lamin dynamics (Kochin et al., 2014; Takeshi et al., 2016;
Edens et al., 2017). To ensure we measured lamin B1 dynamics at
the NE, the photobleached region was kept in focus during time-
lapse imaging by using autofocus along with manual adjustments as
needed, and background fluorescence and total nuclear fluores-
cence were used to normalize for drift (see Materials and Methods).
Our first observation was that lamin B1 exhibits relatively slow recov-
ery (Figure 1, E and F), perhaps not surprising given that lamin B1
directly associates with the inner nuclear membrane and forms inter-
woven filaments with the nuclear lamina (Gerace and Blobel, 1980;
Turgay et al., 2017). Because there is much less lamin B1 in the nu-
cleoplasm compared with the NE and because nucleoplasmic lamin
B1 exhibits very rapid dynamics (Pascual-Reguant et al., 2018), it is
unlikely that the slow recovery we observe when photobleaching
NE-associated lamin B1 corresponds to nucleoplasmic lamin B1.
When photobleaching NE-associated lamin B1, fluorescence recov-
eries did not generally plateau after 60 min (Figure 1F), or even after
120 min if we extended the imaging time (Supplemental Figure
S2A), consistent with previous reports (Moir et al., 2000; Zhironkina
et al., 2016). Because performing longer FRAP time lapses to reach
steady state was impractical due to the movement of nuclei, we
opted to quantify lamin B1 dynamics using somewhat unconven-
tional parameters because fluorescence recoveries were incom-
plete. Namely, instead of measuring overall mobile fraction, we
measured the amount of fluorescence recovery within 60 min of
photobleaching. This allowed for differences in recovery to be de-
tected within the given time frame while accounting for differences
in initial photobleaching. We refer to this modified mobile fraction
measurement as MFg_g0 min-

When MFg_g0 min Was measured from average normalized recov-
ery curves generated from data for multiple cells, the lamin B1 mo-
bile fraction increased in all three differentiated cell types compared
with stem cells, but most significantly in mesoderm (Figure 1G).
However, averaging intensity values at each time point for multiple
nuclei obscures statistically significant differences due to cell-to-cell
variability. If instead we measured MFg_gg min for individual nuclei
and then averaged those values for a given cell type, all three dif-
ferentiated cell types exhibited significant increases in mobile frac-
tion relative to stem cells, ranging from 57 to 75% (Figure 1H).
Ultimately, we decided the latter method more accurately reflects
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FIGURE 1: Lamin B1 localization and dynamics change during differentiation. (A-C) An untagged iPSC line was
differentiated into germ layer cells and immunostained for lamin B1. (A) Representative images are shown. Scale bar:
5 pm. (B) Focusing on the region of the NE closest to the coverslip, lamin B1 intensity at the nuclear lamina was
measured for 52 iPSCs, 29 endoderm cells, 34 mesoderm cells, and 34 ectoderm cells. (C) Focusing on the largest
nuclear cross-section, lamin B1 intensity in the nucleoplasm was measured for the same cells as in B. (D-1) Genome-
edited eGFP-LMNB1 cells were photobleached at the nuclear lamina and FRAP time lapses were acquired (60 min for
iPSC and mesoderm, 120 min for endoderm and ectoderm, 2 prebleach images, 121 postbleach images at regular
intervals). (D) Diagram showing how a circular region of eGFP-lamin B1 within the NE closest to the coverslip was
photobleached (red lines). (E) Images from representative time lapses are shown. Larger boxes represent whole nuclei.
Smaller boxes represent the photobleached region with brightness and contrast identically adjusted for a given cell
type to more clearly visualize recovery. Scale bars: 5 pm for larger box, 1 um for smaller box. (F) Average fluorescence
recovery curves based on normalized data (see Materials and Methods) and linear regressions are shown. Data were
acquired for 91 iPSC nuclei, 55 endoderm nuclei, 59 mesoderm nuclei, and 57 ectoderm nuclei. (G) MFg_go min Was
calculated from the average curves shown in F, as described in Materials and Methods. (H) MFg_gg min values were
calculated for individual nuclei and averaged as described in Materials and Methods. Data were acquired for 88 iPSC
nuclei, 54 endoderm nuclei, 57 mesoderm nuclei, and 56 ectoderm nuclei. (I) Recovery rates were calculated for
individual nuclei and averaged as described in Materials and Methods. Data were acquired for 88 iPSC nuclei,

51 endoderm nuclei, 58 mesoderm nuclei, and 57 ectoderm nuclei. MFq_gg min, mobile fraction over 60-min interval.
Cumulative data from four, six, seven, and four independent trials are presented for iPSCs, endoderm, mesoderm, and
ectoderm, respectively. All error bars are 95% confidence intervals. On violin plots, solid line represents median and
dashed line represents quartiles. One-way ANOVA with Dunnett’s multiple comparisons statistical tests were
performed, with significance relative to iPSC shown. ns, not significant; **, p < 0.01; ****, p < 0.0001.
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the raw data and so average MFq_gq min Values from individual nuclei
are reported throughout the rest of this study. We also measured the
linear recovery rate based on a linear fit, which generates different
information from MFg_4g min that is determined by the maximum
change in intensity of the raw unfitted data. Similar to mobile frac-
tion measurements, lamin B1 recovery rates increased in all differen-
tiated cell types relative to stem cells, but most significantly in me-
soderm and ectoderm where lamin B1 recovery rates increased 152
and 61%, respectively (Figure 11). These data show that lamin B1
becomes generally more dynamic as stem cells differentiate into
cells of the three germ layers.

Cell cycle state is not primarily responsible for changes in
lamin B1 dynamics during differentiation

One factor that could potentially influence lamin B1 dynamics is cell
cycle state. We first examined whether the cell cycle distribution
differs in the cell types under analysis by staining cells with Hoechst
after FRAP analysis and estimating the cell cycle state from total
fluorescence intensity (Roukos et al., 2015). While 62% of iPSCs
were in G1, we observed an increase in S-phase cells in mesoderm
and G2-phase cells in ectoderm (Supplemental Figure S4, A and B).
To determine whether these changes in cell cycle distributions could
account for observed differences in lamin B1 dynamics, we quanti-
fied MFo_g0 min @and recovery rates as a function of cell cycle state.
Cell cycle state had no significant effect on lamin B1 dynamics in
iPSCs and ectoderm (Supplemental Figure S4, C-E). We did note a
slight reduction in lamin B1 MFg_¢g min in mesoderm S- and G2-
phase cells compared with G1-phase cells (Supplemental Figure
S4D). However, this cannot account for the overall increased lamin
B1 dynamics observed in mesoderm compared with iPSCs (Figure
1, F-). Taken together, these data suggest that cell cycle state is not
responsible for observed cell type—dependent changes in lamin B1
dynamics.

LBR localization changes during differentiation

Having observed differentiation-dependent changes in lamin B1 dy-
namics, we next turned our attention to determining what factors
might be regulating these changes. We focused on the levels and
localizations of four NE proteins: LBR, emerin, ELYS, and lamin B2.
We chose LBR for its established role in binding lamin B1 and chro-
matin as well as its role in differentiation (Olins et al., 2010). We se-
lected emerin as a representative example of a LEM domain protein
and ELYS for its role in linking the lamina to nuclear pore complexes
(NPCs; Berk et al., 2013; Kittisopikul et al., 2021; Wong et al., 2021).
We chose lamin B2 because it represents another ubiquitous lamina
protein (Broers et al., 1997). Immunoblots showed that there were
no large (greater than threefold) differentiation-dependent changes
in the levels of any of these proteins, although emerin expression
did decrease with differentiation while ELYS expression increased in
endoderm and ectoderm cells (Figure 2, A and B).

We next used immunofluorescence to determine whether the
distribution of any of these four NE proteins changes during differ-
entiation (Figure 2C). Although subtle differences were observed for
all four proteins (Supplemental Figure S3), LBR distribution changed
the most significantly. While predominantly nuclear in stem cells,
LBR exhibits cytoplasmic puncta in endoderm and, more signifi-
cantly, in mesoderm (Figure 2, C and D). Given that LBR is known to
translocate from the ER to nucleus, these cytoplasmic puncta likely
represent ER-localized LBR (Ellenberg et al., 1997; Zuleger et al.,
2011). If LBR is an important anchor that restricts lamin B1 move-
ment, observing relatively less nuclear LBR in mesoderm cells could
explain why lamin B1 is more dynamic in mesoderm cells compared
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with stem cells (Figure 1, D-I). These data indicate significant reor-
ganization of some nuclear lamina components during early
differentiation.

Although some previous studies reported low or undetectable
levels of lamin A/C in stem cells (Rober et al., 1989; Constantinescu
et al., 2006; Zuo et al., 2012), we observed lamin A/C in iPSC nuclei
that was increased in endoderm but reduced in mesoderm and
ectoderm (Supplemental Figure S5, A and B). NPC densities were
not significantly different between iPSCs and differentiated cells
(Supplemental Figure S5, C and D). We also examined the distribu-
tion of heterochromatin by H3K9me3 staining, finding a 30% reduc-
tion in the amount of heterochromatin localized close to the nuclear
lamina in mesoderm compared with iPSCs but no significant changes
in endoderm or ectoderm (Supplemental Figure S5, E and F). Re-
duced heterochromatin at the NE in mesoderm cells might contrib-
ute to increased lamin B1 dynamics or vice versa. These data indi-
cate that lamin A/C levels, NPC densities, and heterochromatin
distribution do not generally correlate with differentiation-depen-
dent changes in lamin B1 dynamics.

LBR modulates lamin B1 dynamics

To determine whether emerin, ELYS, lamin B2, and most notably
LBR affect Lamin B1 dynamics, we repeated our FRAP experiments
after individual RNAi knockdown of these genes (Figures 3 and 4,
and Supplemental Figures S2 and S4, F-J). We also included an
LBR/ELYS double knockdown, given the known role ELYS plays in
the localization of LBR (Clever et al., 2012); although this treatment
could impact cell cycle progression, we did not observe any effects
on cell numbers or obvious mitotic defects. To focus and simplify
our efforts, the two differentiated cell lines with the greatest changes
in dynamics, mesoderm and ectoderm, were studied along with iP-
SCs. LBR and LBR/ELYS knockdowns in iPSCs led to similar increases
in the lamin B1 MFg_g0 min (Figure 3, A and B), so we attribute this
effect to LBR knockdown. Notably, the mobile fraction increase of
43% upon knocking down LBR in iPSCs (Figure 3B) approaches the
75% increase observed when iPSCs differentiate into mesoderm
(Figure 1H), suggesting LBR may be a key determinant of differ-
ences in lamin B1 dynamics between iPSCs and mesoderm.

We also performed FRAP experiments in mesoderm cells after
RNAi knockdown (Figure 4A). None of the knockdowns induced a
significant change in MFg_go min, although the lamin B1 recovery rate
was somewhat reduced upon LBR/ELYS double knockdown (Figure
4, B and C). For completeness, we performed similar experiments in
ectoderm cells, where LBR, ELYS, lamin B2, and LBR/ELYS knock-
downs reduced the lamin B1 recovery rate (Supplemental Figure S2,
B-D). These knockdown results in mesoderm and ectoderm sug-
gest the LBR tethering effect on lamin B1 dynamics is less evident in
differentiated cell types and highlight the specificity of LBR to re-
strict lamin B1 dynamics in iPSCs. Further studies will be necessary
to understand how these different NE proteins regulate lamin B1
dynamics in differentiated cell types.

LBR influences differentiation marker expression

Given the role LBR plays in regulating lamin B1 dynamics during
differentiation, we decided to examine whether LBR influences ex-
pression of pluripotency markers Oct4 and Nanog and differentia-
tion markers HNF-3f, Brachyury, and Otx2 in iPSCs by knocking
down LBR and performing immunofluorescence (Figure 5; Ang
et al.,, 1993; Jacob et al., 1997; Smith, 1997; Nichols et al., 1998;
Beby and Lamonerie, 2013; Saunders et al., 2013). LBR knockdown
resulted in a 13% decrease in Oct4 expression and a 70% increase
in HNF-3B expression, suggesting a shift away from pluripotency
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FIGURE 2: Changes in nuclear envelope protein levels and localization during differentiation. (A) Immunoblots were
performed on whole cell lysates for the indicated proteins. Three independent samples for each cell type were analyzed.
(B) Quantification of protein levels from immunoblots shown in A, normalized to Ponceau staining intensity.
Endogeneous and eGFP-lamin B1 bands were combined to report on total lamin B1 levels. (C) Representative
immunofluorescence images. Weak emerin and ELYS signals likely reflect their relatively low expression levels in these
cell types. Scale bar: 5 pm. (D) Ratio of LBR in cytoplasmic puncta vs. the nucleus for 30 nuclei per cell type. All error
bars are 95% confidence intervals. On violin plots, solid line represents median and dashed line represents quartiles.
One-way ANOVA with Dunnett’s multiple comparisons statistical tests were performed, with significance relative to
iPSC shown. ns, not significant; *, p < 0.05; **, p < 0.01; **** p < 0.0001.
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FIGURE 3: Lamin B1 dynamics in knockdown iPSCs. eGFP-LMNB1 iPSCs were transfected with siRNAs targeting
negative control (siSCR; same iPSC data presented in Figure 1), LBR (siLBR), ELYS (siELYS), emerin (siEMD), lamin B2
(siLB2), or both LBR and ELYS (siLBR siELYS). FRAP experiments were performed and analyzed as in Figure 1.

(A) Images from representative time lapses are shown. Larger boxes represent whole nuclei. Smaller boxes represent
the photobleached region with brightness and contrast identically adjusted for a given knockdown to more clearly
visualize recovery. Scale bar: 5 ym for larger box, 1 pm for smaller box. (B) MFg_gg min Values were calculated for
individual nuclei and averaged. Data were collected for 88 siSCR nuclei, 73 siLBR nuclei, 91 siELYS nuclei, 102 siEMD
nuclei, 89 siLB2 nuclei, and 61 siLBR siELYS nuclei. (C) Recovery rates were calculated for individual nuclei and
averaged for 88 siSCR nuclei, 77 siLBR nuclei, 91 siELYS nuclei, 96 siEMD nuclei, 87 siLB2 nuclei, and 49 siLBR siELYS
nuclei. Cumulative data from four, three, four, four, three, and five independent trials are presented for siSCR, siLBR,
siELYS, siEMD, siLB2, and siLBR siELYS, respectively. All error bars are 95% confidence intervals. One-way ANOVA with
Dunnett’s multiple comparisons statistical tests were performed, with significance relative to siSCR shown. ns, not
significant; ****, p < 0.0001.

and toward differentiation (Figure 5B). However, the expression pat-
tern was complicated, as Nanog expression increased and Brachy-
ury expression decreased (Figure 5B). So, while it is clear that LBR
influences expression of some differentiation markers, there is not a
clear link to stemness versus differentiated. Nonetheless, these data
suggest a role for LBR in the regulation of cellular differentiation.

relates to changes in the protein composition of the nuclear lamina.
We propose that LBR acts as a lamin B1 tether in iPSCs that is par-
tially released in mesoderm cells in a differentiation-dependent
manner. However, because LBR is a relatively mobile protein (Ellen-
berg et al., 1997; Zuleger et al., 2011), it could be that LBR does not
directly influence lamin B1 dynamics. Given that LBR associates with
heterochromatin at the nuclear periphery (Solovei et al., 2013; Luka-
sova et al., 2017) and that we observed reduced heterochromatin at
the NE in mesoderm compared with iPSCs, another model is that

DISCUSSION
Overall, we show that lamin B1 dynamics increase during iPSC dif-

ferentiation into germ layer cells. The larger nonexchangeable frac-
tion of lamin B1 in iPSCs may help to maintain a stable gene expres-
sion state characteristic of pluripotency, while a more dynamic
lamina in differentiating cells may help to actively modify gene ex-
pression patterns. This differentiation-dependent change in lamin
B1 dynamics does not correlate with cell cycle state but instead
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LBR directly impacts the association of chromatin with the NE and
that this in turn affects lamin B1 dynamics. Thus, changes in lamin B1
dynamics during differentiation might be regulated by LBR localiza-
tion and/or chromatin organization.

All of our measurements of lamin B1 dynamics rely on photo-
bleaching of GFP-tagged lamin B1. Although our analysis of this
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FIGURE 4: Lamin B1 dynamics in knockdown mesoderm cells. Experiments were performed as in Figure 3 with
mesoderm cells (siSCR; same mesoderm data presented in Figure 1). (A) Images from representative time lapses are
shown. Larger boxes represent whole nuclei. Smaller boxes represent the photobleached region with brightness and
contrast identically adjusted for a given knockdown to more clearly visualize recovery. Scale bar: 5 pm for larger box,

1 pm for smaller box. (B) MFg_¢g min Values were calculated for individual nuclei and averaged. Data were collected for
57 siSCR nuclei, 62 siLBR nuclei, 60 siELYS nuclei, 63 siEMD nuclei, 76 siLB2 nuclei, and 62 siLBR siELYS nuclei.

(C) Recovery rates were calculated for individual nuclei and averaged. Data were collected for 58 siSCR nuclei, 62 siLBR
nuclei, 59 siELYS nuclei, 59 siEMD nuclei, 75 siLB2 nuclei, and 60 siLBR siELYS nuclei. Cumulative data from seven, three,
two, four, four, and five independent trials are presented for siSCR, siLBR, siELYS, siEMD, siLB2, and siLBR siELYS,
respectively. All error bars are 95% confidence intervals. One-way ANOVA with Dunnett’s multiple comparisons
statistical tests were performed, with significance relative to siSCR shown. ns, not significant; *, p < 0.05.

CRISPR-modified cell line suggests that the N-terminal fusion does
not significantly affect nuclear lamina structure, assembly of lamin
B1 into the NE, or cell behavior, caveats remain with regard to inter-
pretation of these experiments. The GFP tag could alter the dy-
namic properties or behavior of lamin B1 compared with the endog-
enous protein. If this is the case, then the absolute measurements of
mobile fractions and recovery rates that we report here may not
accurately reflect those parameters for the endogenous untagged
lamin B1. Nonetheless, we would expect the relative differences
between cell types and upon knockdown to still be valid and
informative.

While the lamin B1 mobile fraction and recovery rate did in-
crease upon LBR knockdown in iPSCs, the change in recovery rate
was not statistically significant (Figure 3). Changes in mobile fraction
are perhaps more physiologically relevant in terms of how chroma-
tin-lamina interactions affect gene expression (Peric-Hupkes et al.,
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2010). For example, it is possible that the nonexchangeable fraction
of lamins, which is related to the mobile fraction, has a greater effect
on chromatin association and gene expression than how quickly the
lamins associate and dissociate, meaning the recovery rate of the
exchangeable fraction may be less physiologically relevant. Further-
more, given that cells spend hours in interphase, a change in the
recovery rate of a few seconds or minutes is likely insignificant com-
pared with a change in the mobile fraction. Regardless, LBR can act
as a tether for lamin B1, a function that may have relevance in
differentiation.

Knockdown of LBR, ELYS, emerin, or lamin B2 in mesoderm cells
minimally affected lamin B1 dynamics (Figure 4). This could be be-
cause of LBR's reduced nuclear localization in mesoderm (Figure 2,
C and D) or because lamin B1 dynamics have perhaps reached a
threshold. It is also possible that the lamin B1 interactome in meso-
derm is sufficiently different from that in iPSCs, so the knockdowns
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FIGURE 5: LBR knockdown alters the levels of pluripotency and differentiation marker
proteins. eGFP-LMNB?1 iPSCs were transfected with negative control siRNA (siSCR) or LBR
siRNA (siLBR) and imaged by immunofluorescence for pluripotency and differentiation factors.
(A) Representative images are shown. Scale bar: 5 pm. (B) Mean nuclear fluorescence intensities
were measured for 240 control and 260 LBR knockdown nuclei for Oct4 and 90 nuclei for all
other groups. For each antibody staining, normalization was to the siSCR control. All error bars
are 95% confidence intervals. Two-tailed, heteroscedastic t tests were performed. ns, not

significant; ***, p <0.001; ****, b < 0.0001.

tested have differential effects on lamin B1 dynamics. Nonetheless,
we demonstrate a cell-type-specific role for LBR in regulating lamin
B1 dynamics and expression of differentiation markers, thus war-
ranting further research. In particular, interactome studies will pro-
vide mechanistic insights into the regulation of lamin B1 dynamics.
Extending these studies to other cell types and in the context of
laminopathies will inform how lamin B1 and LBR dynamics promote
normal development and differentiation while possibly being dys-
regulated in some disease states.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Antibodies

The following antibodies were utilized at the indicated concentra-
tions: rabbit anti-lamin B1 used at 0.7 pg/ml for Western blotting
and 0.35 pg/ml for immunofluorescence (Abcam; ab16048), rabbit
anti-Nanog used at 1:100 for immunofluorescence and 1:1000 for
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Brachyu

Western  blotting  (Abcam; ab109250),
mouse anti-HNF-3 used at 1:50 for immu-
nofluorescence and 1:200 for Western blot-
ting (Santa Cruz Biotechnology; sc-101060),
mouse anti—o-tubulin  (DM1A) used at
1:1000 for Western blotting (Santa Cruz Bio-
technology; sc-32293), rabbit anti—B-actin
used at 1:1000 for Western blotting
(RevMAb Biosciences; 31-1013-00), rabbit
anti-Oct4 used at 1:1000 for immunofluo-
rescence and 1:5000 for Western blotting
(Thermofisher Scientific; PA5-27438), mouse
anti—-Otx-2 used at 1:50 for immunofluores-
cence and 1:100 for Western blotting (Santa
Cruz Biotechnology; sc-514195), rabbit anti-
Brachyury used at 1:200 for immunofluores-
cence and 1:1000 for Western blotting (Ab-
gent; AP20187a), mouse anti-Oct used at
1:200 for immunofluorescence and 1:500
for Western blotting (Stem Cell Technolo-
gies; 50093.1), mouse anti-emerin used at
1:200 for immunofluorescence and 1:100
for Western blotting (Santa Cruz Biotechnol-
ogy; sc-25284), mouse anti-lamin B2 used
at 1:500 for immunofluorescence and 1:500
for Western blotting (GeneTex; GTX628803),
mouse anti-ELYS used at 1:50 for immuno-
fluorescence (Santa Cruz Biotechnology; sc-
81265), rabbit anti-ELYS used at 1:100 for
Western blotting (Bethyl Labs; A300-166A),
rabbit anti-LBR used at 1:100 for immuno-
fluorescence and 1:1000 for Western blot-
ting (ABclonal; A5468), mouse anti-lamin
A/C used at 1:1000 for immunofluorescence
(Santa Cruz Biotechnology; sc-376248),
mouse anti-nuclear pore complex used at
1:1000 for immunofluorescence (mAb414;
Biolegend; 902901), mouse anti-histone
H3K9me3 used at 1:100 for immunofluores-
cence (Active Motif; 39285), goat anti-rabbit
IgG H&L Alexa Fluor 405 used at 1:200 for
immunofluorescence (Abcam; ab175652),
donkey anti-mouse IgG H+L Alexa Fluor 647
used at 1:1000 for immunofluorescence
(ThermoFisher; A-31571), IRDye 680RD goat anti-mouse IgG used
at 1:15,000 for Western blotting (Li-Cor; 926-68070), and IRDye
800RD anti-rabbit IgG used at 1:20,000 for Western blotting (Li-Cor;
926-32211).

Elm siSCR
E siLBR

Immunofluorescence

For immunofluorescence staining, cells were grown on acid-washed
22 mm x 22 mm square no. 1%z glass coverslips (Corning; 2850-22).
Cells on coverslips were washed three times in phosphate-buffered
saline (PBS) for 5 min per wash, then fixed using 4% paraformalde-
hyde for 15 min. Cells on coverslips were then washed three times
in PBS for 5 min per wash and permeabilized with 0.1% Triton X-100
for 10 min. After three more 5-min PBS washes, cells were blocked
in 10% goat serum (Sigma; G9023) and 0.3 M glycine in PBS for 1 h.
Three 5-min washes in PBS were repeated and cells were stained
overnight in primary antibody solution (2% goat serum in PBS with
appropriate primary antibodies). After three more 5-min PBS
washes, cells were incubated with secondary antibody solution
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(2% goat serum in PBS with appropriate secondary antibodies) for
75 min. Coverslips were then washed three times in PBS for 5 min
per wash, briefly washed twice with dH,O, mounted on microscope
slides using VECTASHIELD antifade mounting medium (Vector Lab-
oratories; H-1000), and sealed with nail polish.

Cell culture

All iPSCs were cultured as described previously (Roberts et al.,
2017). Untagged iPSCs (Coriell Institute for Medical Research;
GM25256) and mEGFP-tagged LMNB1 iPSCs (Allen Institute for
Cell Science, Coriell; AICS-0013 ¢l.210) were grown in mTeSR and
mTeSR Plus in cell culture dishes coated with Matrigel matrix (Growth
Factor Reduced; Corning; 354230, or phenol-red-free; Corning;
356237). Matrigel was applied at a concentration of 137-154 pg/ml
dissolved in PBS or DMEM. Cells were dissociated using Gentle Cell
Dissociation Reagent (Stem Cell Technologies; 100-0485) or Versene
Solution (Thermofisher Scientific; 15040066) and ROCK Inhibitor
Y27632 at a final concentration of 10 uM (ATCC; ACS-3030). iPSCs
were differentiated using STEMdiff Trilineage Differentiation Kit
(Stem Cell Technologies; 05230) or STEMdiff Mesoderm Induction
Medium (Stem Cell Technologies; 05220). All cells were maintained
at 37°C at 5% CO,. Pluripotency and differentiation were confirmed
using Oct4, Nanog, HNF-3B, Otx-2, and Brachyury antibodies in im-
munofluorescence assays.

siRNAs

For RNAi experiments, the following siRNAs were used: ELYS
(Ambion; s24727, 4392420), emerin (consisted of the following
duplex sequences: “rArCrGrArCrUrArCrUrArUrGrArArGrArGrAr-
GrCrUrArCTT”  and  “rArArGrUrArGrCrUrCrUrCrUrUrCrArUrAr-
GrUrArGrUrCrGrUrCrA”; Integrated DNA Technologies), LBR (Santa
Cruz Biotechnologies; sc-88544), lamin B2 (Ambion; s39477; cata-
log number 4427037), and negative control (Ambion; 4390843).

Western blots

Whole cell lysates were prepared using RIPA buffer and incubated
on ice for 30 min, after which lysates were centrifuged to pellet in-
soluble cellular debris and snap-frozen in liquid nitrogen. For nor-
malization, lysate protein concentrations were measured using a
EZQ Protein Quantitation Kit (Thermofisher; R33200). Lysate pro-
teins were separated on 7% (for ELYS) or 10% SDS-PAGE gels.
Proteins were transferred to PVDF by semidry transfer for all blots
expect ELYS, which utilized wet transfers. Membranes were then
blocked in 5% milk in PBS, probed with primary antibodies over-
night, and stained with Li-Cor Odyssey secondary antibodies (see
Antibodies section). Blots were then scanned using a Li-Cor Odys-
sey Clx imager. Band intensities were quantified using ImageJ soft-
ware and normalized for background signal. To quantify total pro-
tein, blots were stained with Ponceau (0.1% wt/vol Ponceau in 5%
acetic acid), destained in 5% acetic acid, imaged on a BioRad
ChemiDoc MP imager, analyzed using ImageJ software, and nor-
malized for background signal (Schindelin et al., 2012).

Microscopy

Fluorescence microscopy images were acquired using an Olympus
BX63 upright wide-field epifluorescence microscope equipped with
an X-Cite 120 LED illumination system and a Hamamatsu ORCA-
Flash4.0 digital CMOS high-resolution camera. The objective used
was an Olympus UPlanSApo 40x (NA 1.25; silicon oil). Image acqui-
sition was controlled using a motorized Olympus stage and Olympus
CellSens software. Confocal microscopy images were obtained us-
ing an Olympus [X81 microscope stand equipped with a Yokogawa
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CSU-X1 spinning-disk confocal head, a five-line LMMS5 laser launch
(Spectral Applied Research), and Hamamatsu ORCA-Flash4.0
C114400 digital CMOS camera. Samples were maintained at 37°C
and 5% CO, with a stage-top incubator (Tokai Hit; INUBG2A-ZILCS).
An Olympus UPlanSApo 60x/1.20 water immersion objective was
used. For confocal FRAP experiments an ilLas2 system was used.
Confocal superresolution microscopy images were acquired using
an Olympus 1X83 inverted confocal microscope equipped with an
[Xplore SpinSR microscope system, a Coherent OBIS LX 405 nm,
50 mW laser system (SKU 1284370), a Coherent OBIS LS 488 nm,
100-mW laser system (SKU 1226420), a Coherent OBIS LS 561 nm,
100-mW laser system (SKU 1253302), a Coherent OBIS LX 640 nm,
100-mW laser system (SKU1178790), a Yokogawa CSU-W1 SoRa
confocal scanner unit, ORCA-Fusion C14440 digital cameras, and
an Olympus U-RTCE real-time controller. Image acquisition was con-
trolled using a motorized Olympus stage, a Marzhauser Wetzlar
TANGO Desktop controller, and CellSens software. The objective
used was an Olympus UPlanSApo 100x (NA 1.35; silicon oil) with a
3.2x magnification changer for superresolution imaging. Nuclei
were analyzed as z-stacks with a 0.2-um step size for most experi-
ments including superresolution imaging for nuclear height, nucleo-
plasmic and lamina fluorescence intensities, and lamin B1 skeleton
analysis. Image acquisition with a 1-pm step size was used for nuclei
stained for H3K9me3.

Image analysis
To measure signal intensity in the nucleoplasm and at the NE,
3.25-pm square regions were selected at the center of the nucleus
in the middle z-plane and at an even section on the lamina surface
closest to the coverslip, respectively, and average fluorescence
intensity was measured. A background region was selected for
each image and used to apply background subtraction to the
measured intensity values. All analyses were conducted with Im-
ageJ software. For NE to nucleoplasm line scan measurements,
ImageJ was used to draw a line across each nucleus and the peak
fluorescence values were identified and defined as the NE region
(Schindelin et al., 2012). The region between these peaks was
then defined as the nucleoplasmic region. The maximum intensity
value for the NE region was divided by the average intensity of
the nucleoplasmic region to determine the NE to nucleoplasm
ratio. To calculate the nucleus to cytoplasmic fluorescence ratios,
regions were drawn around the nuclear and cytoplasmic regions
of each cell of interest using ImageJ, then the average intensity of
the nuclear region was divided by the average intensity of the
cytoplasmic region (excluding the nuclear region; Schindelin
etal., 2012). To calculate the cytoplasmic puncta to nucleus ratio,
a line was drawn in ImageJ across the nucleus and the brightest
extranuclear puncta in each cell of interest (Schindelin et al.,
2012). For each cell, average fluorescence intensity values were
calculated for the nucleus and for the cytoplasmic puncta. The
resulting average for the cytoplasmic puncta was then divided by
the average for the nucleus. To quantify knockdowns by immuno-
fluorescence, cells were analyzed with ImageJ by drawing regions
of interest around cells and measuring average fluorescence, then
correcting with background subtraction. To quantify expression of
stem and differentiation markers by immunofluorescence, cells
were analyzed with ImageJ by drawing regions of interest around
nuclei and measuring average fluorescence, then correcting with
background subtraction.

To measure lamin B1 branch length, nuclei were immunostained
for lamin B1 and imaged by superresolution microscopy on the
nucleus surface. The auto contrast feature in ImageJ was used to
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enhance visualization of lamin B1 branches. A Gaussian blur with a
sigma of 0.040625 pm was applied to the images before threshold-
ing to prevent detection of extraneous branches. A 10.563 pm?
square section was selected at the lamina of each nucleus in ImageJ
followed by skeletonization and measurement of branch lengths as
described in Fiserova et al. (2019). To quantify lamin A/C using Im-
ageJ, nuclei were immunostained for lamin A/C and selected by
either thresholding and segmentation using the watershed function
or manually if nuclei could not be accurately segmented. Nuclear
lamin A/C intensity was then measured after background subtrac-
tion. To quantify NPC density, superresolution images of mAb414-
stained nuclei were acquired at the NE surface. NPCs within a 5.941-
pm? square region were counted in ImageJ. To account for
differences in image signal intensity, brightness and contrast were
adjusted to enhance visualization of NPCs, and NPCs were counted
based on the appearance of distinct puncta at the NE. To quantify
the fluorescence of H3K9me3 at the nuclear lamina, eGFP-lamin B1
cells were immunostained for H3K9me3 and quantification per-
formed in ImageJ on each background subtracted slice of a z-stack.
Nuclei were first thresholded based on the GFP-lamin B1 channel to
select the whole nucleus and the H3K9me3 integrated density was
measured. Next the H3K9me3 integrated density of the nucleoplas-
mic region not associated with the nuclear lamina was measured. If
thresholding in this way could not distinguish adjacent nuclei, re-
gions of interest were manually selected. Values below background
were excluded. The nucleoplasmic signal was subtracted from the
whole nucleus signal to give the total background subtracted inte-
grated density of H3K9me3 signal near the nuclear lamina. Average
H3K9me3 fluorescence intensity close to the nuclear lamina was cal-
culated by dividing the total integrated density by the area of the
lamina proximal region.

FRAP experiments
Cells were cultured in p-Slide 2 Well dishes (lbidi; 80286) coated
with Matrigel. Photobleaching of eGFP-lamin B1 at the NE was ac-
complished with five pulses of a 405-nm laser set at 100% power in
a circular region 0.9 pm in diameter. Time lapses were acquired with
two prebleach time points and 121 postbleach time points. For 1-h
time lapses, the interval between time points was 30 s, while the
interval was 60 s for 2-h time lapses. FRAP time lapses were ana-
lyzed using ImageJ Fiji software recording the mean fluorescence of
the bleached region, the whole nucleus, and a background region
for each time point (Schindelin et al., 2012). If necessary, we cor-
rected for movement of nuclei over the course of the time lapse
using the Stackreg plugin for ImageJ (Thevenaz et al., 1998). Inten-
sity normalization was performed using easyFRAP software
(Rapsomaniki et al., 2012). This normalization is designed to adjust
for background signal, differences in starting intensity of the photo-
bleached region, and differences in the total fluorescence over the
course of the time lapse. The software first subtracts the background
intensity from the intensity of the nucleus and the photobleached
region at every time point, and then calculates the average fluores-
cence intensity of the nucleus and the average fluorescence inten-
sity of the photobleached region before photobleaching. The nor-
malization is then calculated at each time point (t) with the following
equation: F(t)= Nore * B(t)
N(t) Bye
cence at each time point, Ny is the average intensity of the nucleus
before the photobleach, N(1) is the intensity of the nucleus at each
time point, B(t) is the average intensity of the bleached region at
each time point, and B, is the average intensity of the bleached
region before the photobleach (Rapsomaniki et al., 2012).

where F(t) is the normalized fluores-
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Given the relatively linear nature of the fluorescence recovery
and the technical difficulties associated with performing a time
lapse long enough for complete recovery, we utilized the following
methods to quantify dynamics. The recovery rate was defined as the
slope of the normalized postbleach values calculated using the least
squares method for each nucleus. Outliers that fell outside of the 1.5
interquartile range were removed. To calculate the amount of recov-
ery over 60 min (MFg_gq min) from average curves, the easyFRAP nor-
malized data were first averaged at each time point for all nuclei
from a given condition. Based on these average normalized data,
the value immediately after photobleaching was subtracted from
the maximum value reached during the 60-min postbleach time in-
terval. This analysis produced the data labeled “60 min recovery by
average curve.” To calculate MFg_gg min Using data from individual
nuclei, we utilized the nonnormalized mean intensity values
measured within the photobleached region, calculating individual
MFo_60 min values as follows: MFo_g0 min = (Imax_lpost)/(lpre_Ipost):
where [ax = maximum intensity value reached during the 60-min
postbleach time interval, I, = intensity value immediately after
photobleaching, and Iy = intensity value before photobleaching.
These MFg_gg min values were then averaged for a given condition to
produce the data labeled “60 min recovery for individual nuclei.”

To determine cell cycle state after performing FRAP time lapses,
cells were washed three times with PBS, stained with Hoechst 33342
stain (Sigma; 14533) at a concentration of 20 ug/ml in PBS for 5 min,
and then washed three times with PBS. Nuclei were imaged via con-
focal microscopy, and z-stacks were acquired with a 0.2-um step
size. Maximum Hoechst staining intensity values were plotted as a
histogram and regions were assigned as G1, S, or G2 based on the
shape of the histogram as previously described (see Supplemental
Figure S4A; Roukos et al., 2015).

Transfections

Transfections were carried out using lipofectamine 3000 following
the manufacturer’s instructions for combined DNA/siRNA transfec-
tion with the minimum amount of lipofectamine (ThermoFisher;
L3000015). In addition to the indicated siRNAs, cells were cotrans-
fected with a pEmCherry-C2 plasmid (a modified version of pEGFP-
C2 provided by Anne Schlaitz, Heidelberg University) to identify
transfected cells. Cells were transfected in 35-mm dishes with
1.25 pg DNA and 15 pmol siRNA. Transfections were performed
twice at 24-h intervals, then assays were carried out 48 h later. For
FRAP experiments, transfections were performed in p-Slide 2 Well
dishes (Ibidi; 80286) the same way, except using 0.55 ug DNA and
6.5 pmol siRNA. We used immunofluorescence rather than Western
blots to confirm knockdowns because protein levels in individual
cells can be measured by immunofluorescence.
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