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ABSTRACT Fetal lung fibroblasts contribute dynamic infrastructure for the developing lung. These cells undergo dynamic me-
chanical transitions, including cyclic stretch and spreading, which are integral to lung growth in utero. We investigated the role of
the nuclear envelope protein emerin in cellular responses to these dynamic mechanical transitions. In contrast to control cells,
which briskly realigned their nuclei, actin cytoskeleton, and extracellular matrices in response to cyclic stretch, fibroblasts that
were acutely downregulated for emerin showed incomplete reorientation of both nuclei and actin cytoskeleton. Emerin-downre-
gulated fibroblasts were also aberrantly circular in contrast to the spindle-shaped controls and exhibited an altered pattern of
filamentous actin organization that was disconnected from the nucleus. Emerin knockdown was also associated with reduced
myosin light chain phosphorylation during cell spreading. Interestingly, emerin-downregulated fibroblasts also demonstrated
reduced fibronectin fibrillogenesis and production. These findings indicate that nuclear-cytoskeletal coupling serves a role in
the dynamic regulation of cytoskeletal structure and function and may also impact the transmission of traction force to the extra-
cellular matrix microenvironment.

SIGNIFICANCE Mechanical forces are transmitted to cells via a network of extracellular matrices, integrins,
cytoskeleton, and nuclei. Coupling between the nucleus and cytoskeletal actin may be a critical factor driving cellular
responses to mechanical stimuli from the microenvironment and for adaptive changes in cellular function during
development. Cyclic stretch associated with breathing is important in fetal lung development and adaptation to extrauterine
life. Factors that limit frequency or force transduction during fetal lung cycling could result in incomplete lung
morphogenesis or maturation. Our investigation of the role of the nuclear envelope protein emerin in fetal lung fibroblast
morphology and function suggests that perturbed force transduction at the nuclear-cytoskeletal interface may have a
pathogenic role in developmental lung diseases.

INTRODUCTION
Submitted January 30, 2023, and accepted for publication May 22, 2023.

*Correspondence: Iromer@jhmi.cdu Mechanical forces contribute to the development of many

cells and tissues, including the heart and lungs (1,2). Breath-
ing movements are important for fetal lung development,
and begin at approximately 10 weeks of gestation (3). Fetal
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breathing consists of intermittent excursions during which
lung parenchyma undergoes cyclic stretch by diaphragmatic
movement and the inflow of amniotic fluid for a few hours
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of alternating expansion and relaxation each day, and these
cycles are separated by long intervals of rest or stasis (4,5).
This mechanical cycling is critical for fetal lung growth and
maturation to prepare for adaptation to breathing air during
extrauterine life (6-8). Factors that limit the force or
frequency of fetal lung cycling, including abnormal neuro-
muscular development or injuries to neural structures, result
in incomplete lung morphogenesis or maturation (9,10). At
the cellular level, cyclic stretch improves lung cell prolifer-
ation (11,12), differentiation (13), production of extracel-
lular matrix (ECM) (14,15) and surfactant (16), and
vasculogenesis (17,18). Therefore, an understanding of me-
chanosensing and response to stretch in fetal lung cells may
uncover disease mechanisms and potential therapies for
developmental lung pathologies.

In tissues under dynamic mechanical loading from envi-
ronmental movement, forces exerted on cells are transmitted
from ECM outside of the cell, via matrix adhesions, integ-
rins, and cytoskeleton, to the nuclear envelope (NE) and
nucleus (19-21). At the receiving end of this chain of
mechanotransduction, the nucleus has a dominant role in
overall cellular mechanical response as it is the largest
and stiffest organelle and may provide a clutch or anchor
for cytoskeletal force (22-24). The NE provides the physical
connection between the cytoskeleton and the nucleus
(25,26), and participates in the mechanosensitive transcrip-
tional regulation and chromatin modification, which in turn
alters cell functions (27). LINC (linker of the nucleoskele-
ton and cytoskeleton) complexes and nuclear lamins are
essential for force transmission, cellular reorganization,
nuclear rotation, and nuclear shape (28-32), and are
also necessary for mechanosensitive transcriptional
factor translocation including NF-kB (30) and YAP/TAZ
(33), and stretch-induced chromatin changes and gene
expression (34).

Emerin is a LEM (LAP2, emerin, MAN1) domain protein
that interacts with LINC complexes and localizes predomi-
nantly at the inner nuclear membrane (35). Emerin directly
binds a chromatin protein barrier-to-autointegration factor
and nuclear lamins, together contributing to nuclear lamina
networks, which mediate chromatin organization and teth-
ering at the NE (36). Emerin contributes to nuclear struc-
tural integrity and responses to stress induced by spatial
restriction (35,37-39), and has been shown to interact
with cytoskeletal microtubules (40), myosin 1IB (41), fila-
mentous actin (F-actin) (42), and in vitro myosin-1 (43).
Emerin also partners in interactions with LINC complex
proteins (44—46). In addition to supporting nuclear mechan-
ical integrity and interacting with cytoskeletal and nuclear
proteins, emerin modulates the expression of the mechano-
sensitive genes egr-1, anti-apoptotic gene iex-/, and serum
responsive factor-dependent genes that are involved in cell
migration, growth, and differentiation (47,48). More recent
studies highlighted new roles of emerin in NE protein distri-
bution, cytoskeletal organization, and cell migration. Under
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biaxial cyclic strain, emerin was detected at the outer
nuclear membrane with locally enriched actin polymeriza-
tion (49). Either upregulation or downregulation of emerin
was found to reduce the speed of ameboid migration in mel-
anoma cells (39). Furthermore, RNAi knockdown of emerin
was shown to alter the front-back polarization of NE
proteins and chromosomes, decrease focal adhesion size,
and increase cell migration velocity (50). We interrogated
the roles of emerin in nuclear and cytoskeletal responses
to mechanical perturbations in the physiological context of
cells from a specific mechanically responsive tissue—the
human lung.

We used cyclic stretch and cell spreading assays to test
the hypothesis that emerin facilitates mechanical responses
of fibroblasts during development by coupling the actomy-
osin cytoskeleton to nuclei. Fetal lung fibroblasts with
emerin knockdown (emerin KD) showed multiple pheno-
types relevant to lung development, including decreased
cell reorientation in response to stretch and loss of F-actin
contiguity with the nucleus. Cell size, cell shape, myosin
regulatory light chain phosphorylation, and matrix
patterning were also affected by emerin KD. These results
indicate that nuclear-cytoskeletal interactions may tether
actomyosin filaments to the nucleus and provide essential
torque points for normal nuclear, cytoskeletal, and matrix
responses to mechanical cues during lung development.

MATERIALS AND METHODS
Cell culture

WI-38 human fetal lung fibroblasts (early passage; American Type Culture
Collection, Manassas, VA) were maintained in Eagle’s minimal essential
medium with Earle’s salts and L-glutamine (Thermo Fisher Scientific, Wal-
tham, MA) supplemented with 10% fetal bovine serum (R&D Systems,
Minneapolis, MN), 1 mM sodium pyruvate (Thermo Fisher Scientific),
1% nonessential amino acids (Thermo Fisher Scientific), and 1% anti-
biotic-antimycotic solution (Thermo Fisher Scientific). Cells were main-
tained at 37°C and 5% CO,.

Mechanical stretch and cell substrates

Uniaxial stretch was applied with 15% strain at a frequency of 0.5 Hz, un-
less otherwise specified, by an automated cell stretching system (STREX,
model STB-1400, San Diego, CA). Stretch chambers were cleaned twice
with decellularization buffer (1% Triton, 1% SDS, 20 mM NH,OH) and
washed extensively with deionized water before sterilization with UV irra-
diation and 70% ethanol. Chambers were then rinsed with phosphate-buff-
ered saline (PBS) three times and coated with 10 ug/mL human plasma
fibronectin (Sigma, F1056, St. Louis, MO) in a universal buffer (50 mM
Tris-HCI [pH 7.6], 150 mM NaCl, 0.2% sodium azide) at 4°C overnight.
Chambers were washed with sterile PBS before cell plating. Before stretch,
cells from culture flasks were detached by 0.05% trypsin-EDTA (Thermo
Fisher Scientific), resuspended in culture medium, and plated at 25,000
cells/em? for a confluent monolayer, or at 5000 cells/cm? for cell shape
and spreading analysis. Cells were incubated for 2 h without stretch to allow
initial adhesion, and then subjected to stretch or control treatment for 6 h.

For the stretch experiments (data shown in Figs. 1, 2, 3, S2, and S3), cells
were plated on polydimethylsiloxane (PDMS) stretch chambers (STREX,
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Cyclic stretch induces alignment of extracellular matrix, F-actin, and nuclei in fetal lung fibroblasts. (A) A schematic illustration of the exper-

imental setup. WI-38 fibroblasts plated on stretch chambers were subjected to cyclic uniaxial stretch (direction indicated by arrows). Fibronectin (dark gray),
F-actin (light gray), and nuclei are highlighted. Top and side views of cells are shown. (B—D) Distribution of fibronectin fibrils (B), F-actin (C), and nuclear
(D) orientations at 0, 2, 15, and 20% strain. The angle of 0° is defined as the orientation perpendicular to the axis of stretch. Insets show representative images
of the feature under study in grayscale. Images were analyzed using customized scripts (materials and methods). (E) The percentages of objects (fibronectin
fibrils, F-actin, and nuclei) within +15° of 0°, at 0, 2, 15, and 20% strain. Values are shown as mean *+ standard error of the mean. Higher strains caused

more complete realignment.

STB-CH-10) that were coated with 10 ug/mL fibronectin. The Young’s
modulus of PDMS is ~3 MPa. For the biochemistry experiments (data
shown in Figs. 4 and 5), cells were plated in tissue culture plastic (p35
dish; Corning, Corning, NY) that was coated with 10 ug/mL fibronectin.
The Young’s modulus of the plastic is ~10 GPa. For the cell spreading ex-
periments (immunolabeled images in Figs. 5, S4, and S5), cells were plated
on coverslips that were coated with 1% gelatin (bloom 175, Sigma). The
Young’s modulus for the glass coverslips is ~70 GPa.

Adenoviral constructs

Please refer to the supporting material for details. In brief, Adenoviruses en-
coding shRNA targeted to green fluorescence protein sequence (Ad.Con-
shRNA) and human emerin (Ad.Emerin-shRNA) were generated using a
pAd/BLOCK-T kit (Life Technologies, Carlsbad, CA). For cell transduc-
tion, adenoviral vectors for control or emerin KD were added to WI-38 cells
at 60—70% confluence. The multiplicity of infection was ~40. The medium
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was replaced with fresh medium after 8 h. Cells were used for assays 96 h
after transduction.

Antibodies

For immunofluorescence staining, the following antibodies were used at
specified concentrations: mouse monoclonal anti-fibronectin (1:100, Milli-
pore Sigma, IST-10, Burlington, MA), mouse monoclonal anti-emerin
(1:100, Leica Biosystems, 4G5, Wetzlar, Germany), mouse monoclonal
anti-vimentin (1:100, Abcam, RV202), and rabbit polyclonal anti-B-tubulin
(1:100, Abcam, ab6046, Cambridge, UK). Secondary antibodies (Jackson
ImmunoResearch, West Grove, PA) include: Cy5-conjugated donkey
anti-mouse IgG (1:50), Cy5-conjugated donkey anti-rabbit IgG (1:50),
and Alexa Fluor 488-conjugated goat anti-mouse IgG (1:100). Rhodamine
phalloidin (1:200, Molecular Probes, Eugene, OR) was used to label
F-actin. 4’,6-Diamidino-2-phenylindole (1:10,000, Sigma-Aldrich, St.
Louis, MO) was used to label nuclei.
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FIGURE 2 Emerin downregulation reduces alignment of F-actin and nuclei in response to stretch. (A) Epifluorescence images show nuclei and F-actin in
control and emerin KD cells, with and without 15% stretch. Scale bars, 100 um. (B) Distribution of F-actin and nuclear orientation observed in control (red)
and emerin KD (black) cells. The angle of 0° is defined as the orientation perpendicular to the axis of stretch. (C) Western blot of emerin protein expression in
WI-38 cells at different time points after adenovirally mediated knockdown. Emerin KD was maximal at 4 days after adenoviral transduction. (D) Repre-
sentative images show the image analysis strategies to quantify the orientation of nuclei and F-actin. Nuclei were recognized as individual objects and orien-
tation was determined by the long axis. For F-actin, each ellipse of persistence represents F-actin pattern in the corresponding tile. The orientation of the long
axis represents F-actin orientation. Long and short axis values represent the extent of F-actin persistence parallel or perpendicular to the long axis, respec-
tively. See materials and methods for details. (E) Odds ratios (OR) (dots and squares) and 95% confidence intervals (95% CI; bars) for the orientation of
F-actin and nuclei. The OR is defined as the odds of F-actin filaments (or nuclei) within =+ 15° of the mean orientation in emerin KD compared with the
odds in control. For the stretched groups, an OR of 0.63 indicates that the odds of having an emerin KD nucleus within #15° of the mean orientation is
37% smaller than the odds of having a control nucleus within =+ 15° of the mean. OR (95% CI) comparing emerin KD with control cells were as follows:
F-actin in unstretched condition, 1.05 (1.03—-1.07, p < 0.001); F-actin in stretched conditions, 0.54 (0.41-0.70, p < 0.001); nuclei in unstretched condition,
0.97 (0.81-1.18, p = 0.81); nuclei in stretched conditions, 0.63 (0.51-0.77, p < 0.001). ***p < 0.001; n.s. denotes that differences are not significant.

For immunoblotting, the following antibodies were used at specified Immunofluorescence staining and imaging
concentrations: mouse monoclonal anti-fibronectin (1:1000, Millipore

Sigma, IST-10), mouse monoclonal anti-emerin (1:1000, Leica Bio- Cells were permeabilized in 0.5% Triton X-100 in 4% paraformaldehyde
systems, 4GS5), rabbit polyclonal anti-B-tubulin (1:2000, Abcam, (Sigma-Aldrich) for 2 min, fixed in 4% paraformaldehyde for 20 min,
ab6046), mouse monoclonal anti-lamin A/C (1:1000, Santa Cruz, rinsed twice in PBS, and stored at 4°C. Primary and secondary anti-
sc376248, Santa Cruz, CA); from Cell Signaling Technology, Danvers, bodies were diluted in 0.1% bovine serum albumin in universal buffer.
MA: rabbit polyclonal anti-phospho-myosin light chain 2 (Serl9) (no. Coverslips were incubated with primary antibodies for 1 h at 37°C,
3671; 1:1000, in 5% cold water fish gelatin in Tris-buffered saline with washed in universal buffer three times, incubated with secondary anti-

Tween-20 (TBST): 50 mM Tris-HCI [pH 7.6], 150 mM NaCl, 0.05% bodies for 1 h at 37°C, and washed in universal buffer and PBS. Samples
Tween-20), rabbit polyclonal anti-phospho-myosin light chain 2 (Thr18/ were mounted with FluorSave (EMD Millipore, Burlington, MA) on
Serl19) (no. 3674; 1:1000, in 5% cold water fish gelatin in TBST), rabbit glass slides. Cells were imaged using an inverted Nikon Eclipse TE-
polyclonal anti-myosin light chain 2 (no. 3672; 1:1000, in 5% bovine 200 microscope equipped with epifluorescence, a Rolera EMCCD cam-

serum albumin in TBST); from Jackson ImmunoResearch, peroxidase- era (Q-Imaging), and Volocity software (PerkinElmer, Waltham, MA).
conjugated AffiniPure goat anti-mouse IgG (1:3000), and peroxidase-con- All images were acquired at zero strain when the substrates returned
jugated AffiniPure goat anti-rabbit (1:3000). to the original unstretched state.
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FIGURE 3 Emerin-downregulated cells are larger, more circular, and have a peripheral F-actin distribution. (A) Epifluorescence images of control (Ctrl)
and emerin KD (Emkd) fibroblasts in unstretched (NS) or stretched (S) conditions. The middle and lower rows are shown with 4x and 10x greater magni-
fication (respectively) than the top row (please see scale bars). The F-actin (red, rhodamine-phalloidin) and nuclei (blue, 4',6-diamidino-2-phenylindole
[DAPI]) are shown. (B) Quantitative analysis of cell size shows that Emkd cells are significantly larger than Ctrl in either unstretched or stretched conditions.
Boxes indicate the median, first, and third quartiles. Whiskers indicate the 5th and 95th percentiles. Mean cell sizes (95% CI) were as follows (in um?): Ctrl-
NS, 908 (828-988); Emkd-NS, 1475 (1329-1622); Ctrl-S, 936 (815-1057); Emkd-S, 1341 (1277-1404). ***p < 0.001; n.s., differences are not significant.
(C) Quantitative analysis of cell circularity shows that there is a significant difference in circularity between Ctrl and Emkd in both unstretched and stretched
conditions. Boxes indicate the median, first, and third quartiles. Whiskers indicate the 5th and 95th percentiles. Circularity (95% CI) values were as follows:
Ctrl-NS, 0.17 (0.15-0.20); Emkd-NS, 0.58 (0.45-0.71); Ctrl-S, 0.22 (0.20-0.24); Emkd-S, 0.63 (0.51-0.76). ***p < 0.001; n.s., differences are not signif-
icant. (D) F-actin fluorescence intensity distribution over the width of the cells. The y axis shows the normalized F-actin fluorescence intensity. The x axis
shows the relative location in the cell normalized by the total width. The black line represents the mean value, and the gray zone represents the standard
deviation. See materials and methods for details. (E) Quantitative analysis of the mean F-actin fluorescence intensity at region of interest (ROI): between
20 and 80% of the relative cell width. Bars and whiskers represent mean =+ standard deviation. F-actin intensity values within the ROI (mean =+ standard
deviation) were as follows: Ctrl-NS, 0.70 = 0.10; Emkd-NS, 0.35 = 0.10; Ctrl-S, 0.72 £ 0.05; Emkd-S, 0.40 = 0.08. ***p < 0.001. See materials and
methods for details.

Western blotting

Cells were lysed at the specified time points in lysis buffer containing 0.1%
sodium deoxycholate, 0.1% Triton X-100, 2 mM EDTA, 2 mM sodium
orthovanadate, 20 ug/mL leupeptin, and 20 ug/mL aprotinin in universal
buffer. Protein quantification was performed using Bradford protein assay
(Thermo Fisher Scientific). Cell lysates were adjusted to equal protein
concentration and reduced in 4x Laemmli sample buffer (Bio-Rad Labora-
tories, Hercules, CA) supplemented with 10% B-mercaptoethanol (Sigma-
Aldrich). Lysates were denatured for 5 min at 100°C and subjected to SDS-
PAGE on 4-15% gradient gels (Bio-Rad Laboratories). Proteins were
transferred to nitrocellulose membranes by wet transfer. Membranes were
blocked with 5% nonfat milk powder in TBST for 30 min at room temper-
ature. Membranes were probed with primary antibody in blocking buffer at
4°C overnight, washed three times in TBST, and incubated with peroxidase-
conjugated secondary antibodies for 1 h at room temperature. Pierce
enhanced chemiluminescence substrate (Thermo Fisher Scientific) and an
Image Lab scanner (Bio-Rad Laboratories) were used to detect signals. Pro-
tein densitometry was performed using Image Lab software (Bio-Rad
Laboratories).
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Finite element analysis

Please refer to supporting material for details. In brief, finite element anal-
ysis (FEA) on the deformation of the stretch chamber was performed in
Abaqus CAE software (Dassault Systémes, Waltham, MA). The entire
chamber was modeled as a solid 3D object of 10 mm thickness. Extrusion
was used to create a thin film of thickness 0.1 mm where cells were
attached. Material properties were based on published data for PDMS
and ECM (Table Sl in the supporting material) (51,52). A static model
and structured hexahedron elements were used. Boundary conditions
were based on displacement at the posts where the chambers were pulled.

Image analysis

Please refer to supporting material for details. All customized scripts used
in this section are available from the corresponding author. For nuclei align-
ment, fluorescence images were analyzed in Spyder software (Spyder proj-
ect contributors) using a Python script developed by the authors. Images
were converted to grayscale, and nuclei were identified by adaptive local



Emerin impacts cytoskeletal function

154
A B s e pMLC
3 (Ser19)
Ctrl-8hr Emkd-8hr  Ctrl-2dhr  Emkd-24hr £
s
37 kDa o n.s.
~ @ 0.54 —
Emerin - - o « £
20 kDa & = i =
0.0-
pMLC -- P——— <+ Ctrl-8hr Emkd-8hr Ctrl-24hr Emkd-24hr
20ka o ] " LG
MLC - <+ ® — pp
PP - o L (Thr18/Ser19)
c Y9
20 kDa ]
- PLI
Total MLC bl — 2 g N
g 0.5+ —
8
B-tubulin " S — - — '50"0" e T i il
0.0-

Ctrl-8hr Emkd-8hr Ctrl-24hr Emkd-24hr

FIGURE 4 Emerin-downregulated cells exhibit less myosin light chain phosphorylation during cell spreading than controls. (A) Control (Ctrl) and emerin
KD (Emkd) fibroblasts were replated and cultured for 8 or 24 h. Immunoblotting was performed to probe monophosphorylation (Ser19; pMLC) and diphos-
phorylation (Thr18/Ser19; ppMLC) of the myosin light chain. Two technical replicates from each condition are shown. (B) Relative protein levels of pMLC
and ppMLC demonstrated a large diminution of both pMLC and ppMLC in Emkd cells at 8 h, and a trend toward a similar pattern at 24 h. Bars and whiskers
represent mean =+ standard error of the mean based on four biological replicates. Relative pMLC levels were as follows (mean =+ standard error of the mean):
Ctrl-8hr, 1.02 = 0.05; Emkd-8hr, 0.11 *+ 0.04; Ctrl-24hr, 0.22 + 0.07; Emkd-24hr, 0.09 + 0.04. For ppMLC: Ctrl-8hr, 1.02 + 0.06; Emkd-8hr, 0.11 *+
0.08; Ctrl-24hr, 0.20 = 0.12; Emkd-24hr, 0.12 + 0.06.***p < 0.001; n.s. denotes that differences are not significant.

thresholding. A size filter was applied to remove overlapping nuclei and
background noise. The image of each individual nucleus was analyzed
and indexed for parameters including major axis orientation, aspect ratio,
area, and perimeter. For F-actin and fibronectin alignment and spread,
fluorescence images were analyzed in MATLAB software (The
MathWorks, Natick, MA) using a script developed by the authors. Each
image was divided into 12 x 12 tiles and each tile approximated the size
of a single cell. An autocorrelation method was used to describe the pattern
of fiber alignment in a tile as an ellipse of persistence with long and short
axes.

For cell shape and circularity, images of F-actin in sparsely plated cells
were analyzed in ImagelJ software using the MorphoLibJ plugin (53). Im-
ages were converted to grayscale and thresholded in ImageJ by the Li
method to generate binary images. Each cell was labeled and analyzed
for cell area, perimeter, and circularity. For F-actin distribution in single
cells, images of F-actin in sparsely plated cells were analyzed in ImagelJ
software using the plot profile function. For each cell, a straight line was
drawn across the center of the nucleus along the direction of the short
axis and ending at cell boundaries. The F-actin fluorescence intensity pro-
file along this line was normalized and used for analysis.

Statistical analysis

Please refer to supporting material for details. Statistical analysis was per-
formed on data from three or more biological replicates, as detailed in each
experiment. For stretch experiments, the conditions were: control un-
stretched, control stretched, emerin KD unstretched, and emerin KD
stretched. For cell spreading experiments, the conditions were: control 8
h, control 24 h, emerin KD 8 h, and emerin KD 24 h.

For nuclear orientation distribution, in each image we assigned a value
of 1 if nuclear orientation was within = 15° of the mean orientation, and a
value of 0 if it was outside of #15° of the mean orientation. The values
from all biological replicates across experimental conditions were
compared by a multilevel logistic regression as odds ratios (ORs) with
95% confidence intervals (95% CI) in STATA software (StataCorp, Col-
lege Station, TX). The model included two factors (stretch and emerin
KD) and their interaction and accounted for the data’s hierarchy level: im-
age per chamber per condition per replicate. The odds are defined as the

ratio between the number of nuclei within = 15° of the mean (henceforth
named “aligned” nuclei) and the number of nuclei outside of +15° of the
mean (henceforth named “unaligned” nuclei) in one experimental condi-
tion. Odds describe the likelihood of having an aligned nucleus in one
experimental condition. The OR compares the odds of having an aligned
nucleus between two different experimental conditions. For an OR be-
tween emerin KD stretched and control stretched, for example, an OR
of 1 means that there is no difference between the two groups, whereas
an OR of 0.5 means that the odds of having an aligned nucleus in emerin
KD stretched is 50% of the odds of having an aligned nucleus in control
stretched. Similarly, an OR of 2 means that the odds of having an aligned
nucleus in emerin KD stretched is double the odds of having an aligned
nucleus in control stretched condition. The distribution of F-actin orienta-
tion was analyzed similarly.

For cell area, circularity, and fibronectin score (an ordinal fibrillogenesis
scoring system with scores of zero to five indicating no to abundant fibrils,
respectively; Fig. S6 in the supporting material), a STATA multilevel
regression analysis was used to compare the differences of mean values
between conditions with all three replicates combined. The analysis ac-
counted for the data’s hierarchy level: image per chamber or coverslip
per condition per replicate. Densitometry data from western blots were
analyzed using #-test. Statistical significance was indicated if p < 0.05.
Significance levels in the figures are denoted as *p < 0.05, **p < 0.01,
and ***p < 0.001. Additional details regarding the statistical methodology
are included in the supporting material.

RESULTS

Stretch induces alignment of ECM, F-actin, and
nuclei in human lung fibroblasts

We plated WI-38 fetal lung fibroblasts on fibronectin-coated
stretch chambers, and applied uniaxial cyclic stretch (Fig. 1
A) with a pattern reported for human fetal breathing move-
ments: 15% strain at 0.5 Hz for 6 h (5,54). We mapped the
strain distribution in the stretch chamber using FEA
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FIGURE 5 Emerin downregulation decreases fibronectin fibrillogenesis and expression. (A) Epifluorescence images of fibrillogenesis in control (Ctrl) and
emerin KD (Emkd) cells on gelatin-coated coverslips for 8 and 24 h. Cells were labeled for F-actin (red, phalloidin), nuclei (blue, DAPI), and fibronectin
(grayscale, antibody labeling). Green fluorescence is from GFP that was co-transduced by the adenovirus for emerin KD. Scale bars, 25 um. (B) Distribution
of fibrillogenesis scores in control and emerin KD cells. Higher scores represent more fibrillogenesis (Fig. S6). A score of 5 indicates several continuous
fibers over the cell body; a score of 1 indicates only one short fiber at a single edge of a cell. The plot shows the distribution of scores in Ctrl and Emkd
at 8 and 24 h. (C) Comparison of the mean (95% CI) of fibrillogenesis scores in the control and emerin KD cells. The mean scores (95% CI) were as follows:
Ctrl-8hr, 1.78 (1.56-2.00); Emkd-8hr, 0.50 (0.38-0.63); Ctrl-24hr, 2.71 (2.18-3.24); Emkd-24hr, 0.93 (0.64-1.22). ***p < 0.001; n.s. denotes that differ-
ences are not significant. Data were analyzed from three biological replicates. (D) Fibronectin protein expression in control and emerin KD cells that
were replated and cultured for 24 h after the 4-day knockdown or control treatment. Two technical replicates from each condition are shown. (E) Relative
fibronectin protein levels at 24 h. Bars and whiskers represent mean * standard error of the mean, based on five biological replicates. Relative protein levels
were as follows (mean * standard error of the mean). For fibronectin: Ctrl, 0.97 = 0.04; Emkd, 0.26 * 0.10. For emerin: Ctrl, 1.03 * 0.04; Emkd, 0.15 +
0.05. ***p < 0.001.

simulation and digital image correlation experiment. The re- Epifluorescence images of WI-38 cells demonstrated
sults confirmed a uniform strain distribution over the major- stretch-induced reorientation of three components—nuclei,
ity of the film and a sinusoidal stretching pattern (Fig. S1 in cytoskeletal F-actin, and fibronectin in the ECM—to nearly
the supporting material). FEA informs the area with uniform 90° relative to the axis of uniaxial stretch (Fig. S2 in the sup-
strain distribution, whence the images were sampled. porting material). To the best of our knowledge, while
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previous studies reported alignment of cytoskeleton and
nuclei (55-57), alignment across the entire confluent cell
layer and ECM has not been reported. The morphology
and orientation of these components are shown as distribu-
tions of orientations for fibronectin (Fig. | B), F-actin (Fig. 1
(), and nuclei (Fig. 1 D) based on quantitative image
analysis.

We further studied the effects of strain values on the align-
ment by applying 0, 2, 15, and 20% strain to the fetal lung
fibroblasts (Fig. 1 B—-E). We designated the orientation that
was perpendicular to the axis of stretch as 0°. In WI-38 cells
subjected to 15 and 20% strain, we detected a threefold in-
crease in the fractions of F-actin, fibronectin, and nuclei
that aligned within = 15° of this 0° orientation, compared
with those at lower strains (2 and 0%). The collective realign-
ment of nuclei, F-actin, and ECM suggested that these lung
fibroblasts respond to cyclic strain of 15% or greater as an in-
tegrated network. Subsequently, the roles of the NE in
cellular mechanical response, cell shape, cytoskeleton, and
ECM were investigated to evaluate the potential role of nu-
clear-cytoskeletal coupling in coordinating the cellular re-
sponses to mechanical deformation in lung fibroblasts.

Emerin downregulation reduces stretch-induced
realignment of nuclei and F-actin

We studied the role of nuclear-cytoskeletal coupling in the
responses of lung fibroblasts to mechanical stretch by down-
regulating the expression of the NE protein emerin. We
transduced cells with adenoviruses encoding either a control
shRNA (Ad.con-shRNA) or an emerin-specific ShRNA with
green fluorescence protein marker (Ad.Emerin-shRNA) at a
multiplicity of infection of ~40. By immunoblotting, we
found that emerin protein expression was reduced to ~5%
compared with control, at 96 h after Ad.Emerin-shRNA de-
livery (Fig. 2 C), consistent with the 1.5-day half-life that is
reported in the literature (58). Therefore, we utilized WI-38
fibroblasts 4 days after delivery of either Ad.con-shRNA or
Ad.Emerin-shRNA. After 6 h of 15% strain at 0.5 Hz, con-
trol cells showed highly uniform perpendicular realignment
of nuclei and F-actin relative to the axis of uniaxial stretch,
whereas emerin KD cells showed incomplete reorientation
of nuclei and F-actin (Fig. 2 A). Due to imperfect horizontal
leveling of the stretch chambers, the alignment of objects
showed some offset from an ideal perpendicular direction.
We took this into account and subtracted the mean angle
from the observed objects to evaluate the width of the distri-
bution from the mean.

We quantified nuclear and F-actin realignment and
morphology using customized scripts (Fig. 2 D; materials
and methods). Image analysis showed that emerin KD cells
had fewer aligned nuclei and less aligned F-actin after
stretch, compared with those in control cells (Fig. 2 B).
We used the concept of OR (materials and methods) and sta-
tistical analysis to quantify the alignment tendency. The OR

Emerin impacts cytoskeletal function

compares the odds of having an aligned nucleus
(within = 15° of the mean) between two different experi-
mental conditions. For nuclear alignment, the OR (95%
CI) between emerin KD and control cells was 0.97 (0.81-
1.18, p = 0.81) for the unstretched groups, and 0.63
(0.51-0.77, p < 0.001) for the stretched groups (Fig. 2 E).
For F-actin alignment, the OR (95% CI) was 1.05 (1.03-
1.07, p < 0.001) for the unstretched groups, and 0.54
(0.41-0.70, p < 0.001) for the stretched groups (Fig. 2 E).
To interpret the numbers, in the stretched groups the odds
of having an aligned nucleus in emerin KD were 37% lower
(OR = 0.63) than the odds in control, and the odds of having
an aligned F-actin tile in emerin KD were 46% lower (OR =
0.54) than the odds in control. In the unstretched groups, the
OR for nuclei alignment between emerin KD and control
was not statistically different (OR = 0.97, p = 0.81); the
OR for F-actin alignment was statistically significant
(OR = 1.05, p < 0.001), but its value close to 1 indicates
that it is likely not biologically significant.

We also studied the impact of emerin KD on stretch-
induced changes in F-actin pattern by image analysis, where
the pattern of F-actin was represented by ellipses of persis-
tence, and the major and minor axis values of the ellipse
represented the spread of F-actin (details in supporting ma-
terial). Stretch increased F-actin anisotropy, with lengthened
major axis and shortened minor axis of the representative el-
lipses in both control and emerin KD fibroblasts (Fig. S3).
Emerin KD cells showed larger values of both the major
and minor axes compared with the respective measurements
in control cells, leading us to investigate the impact of
emerin KD on cell shape.

Emerin downregulation changes cell size,
circularity, and F-actin organization

To quantitatively characterize morphology and F-actin orga-
nization, we treated and stretched the WI-38 cells as
described previously and at a lower plating density. Noting
that nearly all emerin KD cells had a strikingly round shape,
independent of stretch (Fig. 3 A), we examined cells at higher
magnification. Emerin KD cells had consistently larger sizes
(~60%) than control cells (Fig. 3 B; p < 0.001 for each). The
size was not affected by stretch in either control or emerin KD
cells (Fig. 3 B). We also applied a circularity metric and found
that emerin KD cells contrasted substantially with the spindle
shape of control cells in both unstretched and stretched con-
ditions (Fig. 3 C; p < 0.001 for each).

F-actin was strikingly limited to the cell periphery in
emerin KD cells, in stark contrast to control cells (Fig. 3
A). Higher-magnification images confirmed that the perinu-
clear cell center was often largely devoid of F-actin in
emerin KD cells, and that bundles of short F-actin fibers
localized near the cell perimeter (Fig. 3 A). These short
F-actin filaments were randomly oriented in unstretched
emerin KD cells (Fig. 3 A), but formed diamond shapes

Biophysical Journal 122, 3690-3703, September 19, 2023 3697



Jin et al.

with the long axis perpendicular to the stretch direction
(Fig. 3 A). By a quantitative analysis of F-actin organization
(Fig. 3 D), we found uniform fluorescence intensity for
F-actin across the entire cell width in the control group,
but we documented consistently lower signals near the nu-
cleus in emerin KD cells (p < 0.001; Fig. 3 D and E). We
define the perinuclear region as a region of interest (ROI)
bounded by margins 20 and 80% of the distance along a
line scan of the width of each studied cell. Interestingly, mi-
crotubules and intermediate filaments vimentin were present
throughout the perinuclear region in both emerin KD and
control cells (Figs. S4 and S5 in the supporting material)
and were therefore apparently unaffected by emerin down-
regulation. This suggested a role for emerin and the NE in
organization and anchoring F-actin in lung fibroblasts
during spreading as well as during stretch.

Emerin downregulation decreases myosin light
chain phosphorylation

Alterations of cell shape and F-actin organization in emerin
KD cells suggested changes in functional interactions of the
actomyosin cytoskeleton with the nucleus. We were moti-
vated to examine myosin activation in the setting of emerin
KD by previous evidence of emerin mediation of F-actin
binding to the nucleus and of nuclear tethering of actomy-
osin during force generation (24,43,59). Furthermore, previ-
ous work showed that phosphorylation of myosin light chain
(MLC) regulated filament formation with a preferential
spatial distribution, where monophosphorylated MLC at
Serl9 (pMLC) localized to peripheral stress fibers and
diphosphorylated MLC at Thr18 and Ser19 (ppMLC) local-
ized to central stress fibers (60). Since the stress fibers are
absent in the center region in emerin KD cells, we investi-
gated both pMLC and ppMLC. After 8 or 24 h of cell
plating, we collected cell lysates and probed for pMLC,
ppMLC, and unmodified total MLC (Fig. 4 A). At 8 h early
stages of spreading and adhesion, control cells exhibited
robust pMLC and ppMLC. By contrast, pMLC and ppMLC
in emerin KD cells were reduced by ~90% at 8 h (Fig. 4 B;
p < 0.001 for each). At 24 h, when cells typically reach a
steady state of spreading and adhesion, pMLC and ppMLC
decreased in control cells and remained low in emerin KD
cells (Fig. 4 B). We concluded that emerin may be required
to fully activate or maintain MLC kinase activity during
early cell attachment, spreading, and growth.

Emerin downregulation decreases fibronectin
fibrillogenesis and protein expression

Matrix patterning is a key component of tissue morphogen-
esis (61). Fibronectin fibrillogenesis is facilitated by cell
shape, traction force, and transmission of force to ECM in
an MLC-requiring manner (62-64). Perturbations in
morphology, cytoskeletal organization, and MLC activity
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in the emerin KD fibroblasts prompted us to study matrix
assembly in these cells. We examined fibronectin fibril for-
mation in control and emerin KD fibroblasts at 8 and 24 h af-
ter replating (Fig. 5 A). We developed an ordinal
fibrillogenesis scoring system from O to 5 (no to abundant fi-
brils; Fig. S6 in the supporting material). Fibrillogenesis was
scored by a single-blind observer (Fig. 5 B). The analysis of
the fibrillogenesis (Fig. 5 B) showed that 60% of control cells
had scores of 2 and 3 at 8 h, whereas only ~10% of the emerin
KD cells had scores of 2 and ~60% had scores of 0. At 24 h,
about 15% of control cells had elongated fibronectin fibrils
spanning the entire cell (scores of 4 and 5), whereas most
emerin KD cells exhibited only early fibril formation, and
none had scores above 3. Fig. 5 C showed that the mean fibril-
logenesis scores were higher for control than for emerin KD
cells, at both 8 and 24 h (p < 0.001 for each).

Since emerin and other NE proteins have been implicated
in the regulation of chromatin binding, transcription factor
activation, and transcription (35,48,65), we also measured
fibronectin protein expression in WI-38 fibroblasts with
and without emerin KD. We measured total fibronectin pro-
tein levels 24 h after replating (Fig. 5 D). Emerin KD cells
produced about 75% less fibronectin protein than control
(Fig. 5 E; p < 0.01). These data indicate that emerin modu-
lates both fibronectin fibrillogenesis and production.

DISCUSSION

Growing appreciation for the role of the nucleus in mechan-
ical signal transduction during motility, development, me-
chanical perturbation, and disease has catalyzed work to
elucidate the interactional dynamics and unique roles of
molecules that mediate nuclear-cytoskeletal linkages in
the NE (35,59,66,67). LINC proteins, lamins A/C, and
emerin have all been shown to modulate nuclear shape
and positioning during cell motility (39,41,50,68). Nesprin
and LINC components regulate nuclear movement during
retinal development in mammals (59,69). SUN and lamin
A impart resilience to nuclear responses and transcriptional
modulation during mechanical distortion (27,34,67).
Finally, high-impact debilitating diseases including cere-
bellar ataxia, progeria syndromes, dilated cardiomyopathy,
and muscular dystrophies stem from NE dysfunction due
to mutations in nesprins 1, 2, and 4, lamin A/C, emerin,
and SUN proteins (70).

Our work harnesses quantitative imaging and image anal-
ysis metrics to provide insights into the role of emerin in
nuclear-cytoskeletal coupling during two mechanical transi-
tions—cyclic stretch and spreading. We interrogated the
impact of acute emerin KD on mechanical transitions during
both cell spreading and cyclic stretch because both are
essential components of tissue development. Differences
in the microenvironmental mechanics of the two systems
used for these two lines of inquiry (standard tissue culture
surfaces and PDMS stretch chambers) arise directly from
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pragmatic aspects of experimental efficiency and are
reported. Future work would benefit from a uniform micro-
environment for all experiments. For cyclic stretch experi-
ments, 2 h of adhesion and 6 h of stretch were used; for
cell spreading, 8 and 24 h were designed to match the stretch
experiments and for achieving a stabilized spreading state,
respectively. We used shRNA to rapidly reduce emerin
protein expression to ~5% of normal levels within 4 days
after treatment. We graphically summarize the conse-
quences of this acute knockdown in Fig. 6. We demonstrated
that the odds of stretch-induced realignment with emerin
KD were nearly 40% lower for the nucleus (OR = 0.63)
and ~50% lower for F-actin (OR = 0.54) compared with
control counterparts. We probed further for alterations in
cytoskeletal organization, connectivity, and function that
might cause this change in mechanical responsiveness and
showed that perinuclear F-actin occupancy fell by over
50% in emerin KD cells, while mean values for cell size
were 60% larger and circularity index scores tripled. Further
functionally important cytoskeletal aberrations in emerin
KD cells included reduction of regulatory MLC phosphory-
lation by ~90% during cell adhesion and spreading, and a
dramatic decrement in fibronectin fibrillogenesis. Our find-
ings support the hypothesis that emerin has a key functional
role in the mechanical continuity between the microfilament
cytoskeleton and the NE. Severe acute reduction in emerin
availability disconnects the physical basis of mechanical
force transduction from polymerized F-actin filaments to
the NE, resulting in the loss of a key fulcrum at the center
of the cell’s actomyosin network. Consequences for the fetal
lung fibroblasts used here include an actual spatial gap be-
tween this actomyosin network and the nucleus with result-
ing circular morphology, decrements in actomyosin force
generation as evidenced by lower levels of myosin light
chain phosphorylation and less efficient fibronectin fibrillo-
genesis, and disconnection of coordinated realignment of
the nucleus with the ECM and actin cytoskeleton in
response to cyclic stretch.
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Emerin is an LEM domain protein that has classically
been found to be localized to the inner nuclear membrane,
but has been observed at the outer nuclear membrane during
nuclear movement and under mechanical strain where it was
associated with enriched foci of F-actin polymerization
(41,49,71). Furthermore, emerin caps the pointed end and
stabilizes actin filaments in vitro and has been shown to
facilitate polarization of cytoskeletal F-actin flow and
front-rear nuclear polarity during migration of several cell
types (39,41,42,50). Recent super-resolution and single-
molecule tracking data on the nanoscale organization of
emerin in the NE provide detailed insights on its transitions
between monomeric and oligomeric forms and emerin
scaffolding interactions with barrier-to-autointegration fac-
tor, lamin A/C, and LINC complexes (35). These dynamic
interactions regulate nuclear shape change in response to
mechanical stress—induced in their study by substrates
with 5-15 pum wide micropatterns—and include emerin-
requiring bridges that span the NE and bind to the actomy-
osin cytoskeleton (35).

The strikingly atypical fibroblast phenotype that we
observe with emerin KD was characterized by rounded cells
with a paucity of perinuclear F-actin and poor mechanical
responsiveness. These features all suggest reduced nu-
clear-cytoskeletal connectivity. Precedents for these obser-
vations include the perturbed front-rear nuclear polarity,
and diffused and disorganized F-actin, matrix adhesions,
MTOC, and Golgi distributions in retinal pigment epithelial
cells subjected to RNAI for emerin (50). In addition, siRNA-
mediated emerin KD in melanoma cells decreased the
efficiency of ameboid movement and hindered F-actin-
dependent modulation of nuclear stiffness (39). Together
with our findings, data from these studies of others suggest
that emerin facilitates the generation and adaptive harness-
ing of force by the actin cytoskeleton. Graham et al. hypoth-
esize that tethering of actomyosin filaments to the nucleus is
a critical component of the molecular clutch that improves
the efficiency of force transmission from the ECM to the
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cytoskeleton. Their findings of poor 3D migration and defi-
cient traction force generation by fibroblast and endothelial
cell cytoplasts supports this hypothesis (24).

Lemmon and Romer previously proposed a model of
cellular mechanotransduction in which both magnitude
and direction of traction force at any discrete location in
the cell are proportional to the first moment of area about
that point in the cell, suggesting that the cytoskeleton pro-
vides a cohesive network of connectivity for the cell’s con-
tractile forces (63). The reciprocal relationship between
actin recruitment to stress fibers and MLC phosphorylation,
and the inefficiency of regulatory MLC that we report here
indicate that emerin KD reduces this cytoskeletal network
connectivity and resultant force generation (72,73). The
reduced traction force at matrix adhesion sites may result
in less-efficient exposure of intermolecular fibronectin-to-
fibronectin binding sites on the cell surface (74,75). This
effect may be exacerbated by the loss of the prototypic
fibroblastic spindle shape of the cells that enhances ECM
fibril formation, and together these changes may explain
the retardation of fibronectin fibrillogenesis that we
observe with emerin KD (63,64). In addition, others have
observed altered distribution of chromatin and impaired
expression of mechanosensitive genes such as egr-/ and
iex-1 in the setting of decreased emerin expression
(47,50). Subnormal emerin levels and subsequent lower
levels of cytoskeletal-nuclear connectivity may contribute
to the abnormally low levels of fibronectin protein expres-
sion that we observed here.

The prominent phenotype displayed by the human fetal
lung fibroblasts with emerin KD in our study is discrepant
with both data from murine emerin knockout work (47,76)
and with the apparent lack of primary pulmonary dysfunc-
tion in patients with X-linked Emery-Dreifuss muscular
dystrophy, for whom the loss of emerin function is the pri-
mary driver of disease (77). In one previous study (47),
emerin-deficient mouse embryonic fibroblasts derived
from male emerin hemizygous mice (Emd™) show
abnormal nuclear shape, increased nuclear cross-sectional
area, decreased nuclear shape stability, impaired expression
of mechanosensitive genes in response to stretch, but no
apparent alteration of F-actin organization. Our study
with acute emerin KD by adenoviral transduction in WI-
38 human fetal lung fibroblasts shows disconnection of
F-actin from nuclei and incomplete reorientation of nuclei
and cytoskeleton upon stretch. Functional redundancies in
the NE proteins may explain some of these divergent
findings, since the time course of full-term embryonic
development allows for upregulation of proteins that
may compensate for emerin function, whereas our acute
emerin KD approach does not (70). In addition, lamina-
associated polypeptide 1 (LAP1) may have substantial
functional overlap with emerin and murine expression
levels are relatively much higher than those in humans
(78,79). Future investigations of downstream molecular
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signaling consequences of emerin KD or emerin mobility
within the NE may further clarify the role of emerin
partners such as LAP1 and Bcl-2-associated transcription
factor 1. Compensatory changes in gene expression of
these partners may moderate developmental lung pathology
in the setting of congenital emerin dysfunction or
absence (80,81).

CONCLUSION

Work presented here focuses on the functional impact of
acute knockdown of the NE protein emerin in human fetal
lung fibroblasts during actomyosin-mediated responses
to mechanical transitions. Responsiveness to positioning
cues, connectivity of the actomyosin network to the nu-
cleus, and activation and harnessing of cell traction force
via myosin light chain phosphorylation and matrix fibrillo-
genesis are all perturbed by acute emerin KD. All of these
are essential contributions of lung fibroblasts to tissue
morphogenesis. Albeit a part of a multifaceted interroga-
tion of the whole spectrum of emerin-associated proteins,
our findings advance an important paradigm that expands
perspective on the role of emerin and its binding partners
in providing mechanical continuity via a direct linkage be-
tween the NE to the cytoskeleton in mechanotransduction
in development and disease.

Our investigations of the impact of fetal breathing
patterns on cellular organization provide an innovative
platform for examining mechanisms and consequences
of mechanical responsiveness of the nuclear-cytoskeletal
continuum. Mechanical stretch is one facet of signal inte-
gration that influences tissue development and growth.
Our recent findings on the combinatorial effects of sub-
strate stiffness and geometry on tissue organization pave
the way for exciting future investigations (82). Incorpora-
tion of micropatterns (Fig. S7) and substrates of various
stiffnesses into the stretch platform used here could
facilitate the investigation of multimodal signal integra-
tion in the developing lung and other mechanosensitive
tissues (83).
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