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METHODS & TECHNIQUES

Transgenic force sensors and software to measure force
transmission across the mammalian nuclear envelope in vivo
Kelli D. Fenelon1,2, Evan Thomas1, Mohammad Samani1, Min Zhu1,3, Hirotaka Tao*,1, Yu Sun3, Helen McNeill4,5

and Sevan Hopyan1,2,6,‡

ABSTRACT
Nuclear mechanotransduction is a growing field with exciting
implications for the regulation of gene expression and cellular
function. Mechanical signals may be transduced to the nuclear
interior biochemically or physically through connections between the
cell surface and chromatin. To define mechanical stresses upon the
nucleus in physiological settings, we generated transgenic mouse
strains that harbour FRET-based tension sensors or control
constructs in the outer and inner aspects of the nuclear envelope.
We knocked-in a published esprin-2G sensor to measure tensions
across the LINC complex and generated a new sensor that links the
inner nuclear membrane to chromatin. To mitigate challenges
inherent to fluorescence lifetime analysis in vivo, we developed
software (FLIMvivo) that markedly improves the fitting of fluorescence
decay curves. In the mouse embryo, the sensors responded to
cytoskeletal relaxation and stretch applied by micro-aspiration. They
reported organ-specific differences and a spatiotemporal tension
gradient along the proximodistal axis of the limb bud, raising the
possibility that mechanical mechanisms coregulate pattern formation.
These mouse strains and software are potentially valuable tools for
testing and refining mechanotransduction hypotheses in vivo.

KEY WORDS: FLIM software, FRET-based force sensors, Nemp1,
Mouse embryo, Nuclear envelope, Transgenic, Nesprin-2G, Limb
bud, Nuclear mechanotransduction

INTRODUCTION
The cell nucleus experiences physical forces in a manner that has the
potential to alter chromatin conformation (Irianto et al., 2017; Iyer
et al., 2012), gene expression (Fenelon and Hopyan, 2017; Jain
et al., 2013; Le et al., 2016; Tajik et al., 2016) and downstream
consequences such as cell identity (Shin et al., 2013; Swift et al.,
2013) and movement (Harada et al., 2014; Luxton et al., 2010;

Petrie et al., 2014). Transduction of force is an alternative and more
rapid means of transmitting signals to the nucleus than the diffusion
of biochemical signals (Na et al., 2008). By advancing mechanisms
of mechanical signal transduction, we can potentially generate and
test a broad range of biological hypotheses including those
concerning development and disease (Aureille et al., 2017; Cho
et al., 2017; Graham and Burridge, 2016; Maurer and Lammerding,
2019; Uhler and Shivashankar, 2017). For example, forces that
shape embryonic tissues might co-regulate cell differentiation
(Maurer and Lammerding, 2019) and/or the expression of
patterning genes (Papageorgiou, 2011), and feedback from
pathologically stiff tissue environments might alter gene
expression to promote the progression of chronic inflammation
and neoplasia (Maurer and Lammerding, 2019).

Many of the key methods required for this area of research, such
as quantitative analysis of RNA and protein expression at single cell
resolution (Lamanna et al., 2020), determination of chromatin
conformation (Gentile et al., 2019; Mateo et al., 2019), and
measurement of nuclear (Davidson et al., 2019; Liu et al., 2014;
Wang et al., 2019, 2018a) and tissue (Serwane et al., 2017; Wang
et al., 2018b; Zhu et al., 2020) viscoelastic properties, have
advanced considerably. In contrast, tools to measure forces
experienced by nuclei are only just emerging. Recently,
genetically encoded sensors to measure force transduction across
the nuclear periphery have been described for in vitro studies
(Arsenovic et al., 2016; Carley et al., 2021). Model organisms
expressing force sensors would be useful to define the extent to
which actomyosin or external stresses that deform the nucleus
(Booth-Gauthier et al., 2012; Cho et al., 2019; Stewart et al., 2019)
are transmitted across the nuclear envelope in developmental and
other physiological contexts. Recent attempts to utilise transgenic
tension sensors in vivo have generated both promising (Tao et al.,
2019) and discouraging (Eder et al., 2017) outcomes. Challenges
inherent to employing Förster resonance energy transfer (FRET)-
based sensors in vivo need to be addressed before they can be
applied robustly in animals.

Mechanical connectivity between the nucleus and cytoskeleton
with extracellular matrix or neighbouring cells is increasingly
understood. Underlying that connectivity are physical attachments
of the cytoskeleton to the nuclear envelope through the linker of
nucleoskeleton and cytoskeleton (LINC) complex that links f-actin,
microtubules, and intermediate filaments to the nuclear lamina
(Lombardi and Lammerding, 2011). Mammalian esprin (nuclear
envelope with spectrin repeats) proteins that reside across the outer
nuclear membrane (ONM) bind cytoskeletal filaments such as
f-actin and are anchored to the inner nuclear membrane (INM) by
SUN1/2 (Sad1, UNsC84) proteins (Carley et al., 2021; Lombardi
et al., 2011; Starr, 2011). The nuclear lamina lines the interior aspect
of the INM. Lamin protein filaments polymerise to form a mesh that
largely determines the stiffness of the nucleus, in part by tetheringReceived 26 September 2022; Accepted 29 September 2022
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chromatin (Harada et al., 2014; Schreiner et al., 2015; Vergnes et al.,
2004; Zheng et al., 2018). Chromatin binding is mediated, in part,
by embedded proteins that harbour an LEM (LAP2-emerin-MAN1)
domain (Barton et al., 2015). emp1 is a five-pass INM protein with
a C-terminal (nucleoplasmic) putative BAF-binding domain
(Mamada et al., 2009; Shibano et al., 2015) that binds double
stranded DNA in a sequence-independent manner (Mamada et al.,
2009) and interacts with emerin and other chromatin-binding
components of the nuclear lamina (Tsatskis et al., 2020). In
response to tissue stiffness and forces exerted upon the nucleus,
lamin-A, emerin and NEMP1 modulate nuclear physical properties
(Guilluy et al., 2014; Langevin et al., 2010; Swift and Discher,
2014; Tsatskis et al., 2020), shape (Jain et al., 2013; Langevin et al.,
2010), chromatin organisation (Iyer et al., 2012; Le et al., 2016), and
transcription (Jain et al., 2013; Le et al., 2016; Tajik et al., 2016).
Through these nuclear envelope complexes, forces may directly
alter chromatin conformation. To distinguish direct effects from
indirect force-induced signalling cascades, it would be helpful to
measure forces transmitted across the LINC complex and the INM/
lamina.
Here we present a pair of knock-in, FRET-based sensors that

permit the measurement of tensions across the LINC complex
component esprin-2 giant (esprin-2G) and the INM protein NEMP1
in mice. The former was previously generated for use in vitro
(Arsenovic et al., 2016), whereas the latter is an entirely new sensor.
Control transgenic strains were generated from FRET donor-only
and headless/tailless constructs, and the expressed sensor proteins
localise appropriately. We also introduce software that mitigates
challenges imposed by autofluorescence and low signal-to-noise
ratio to facilitate the fitting of fluorescence decay curves generated
by fluorescence lifetime imaging microscopy (FLIM) of living
embryos. The sensors respond to cytoskeletal relaxation and
externally applied stretch by exhibiting increased fluorescence
lifetime/tension means or ranges. By employing the mouse embryo
for proof-of-principle analysis, we identify spatial and temporal
differences in tensions across the nuclear envelope that correspond
to nuclear roundness and tissue stiffness.

RESULTS
Generation of tension sensor mice
We wished to generate knock-in mouse strains that harbour tension
sensors within the outer and inner aspects of the nuclear envelope.
To measure force transmission across the LINC complex, we
generated a mouse strain capable of conditionally expressing a
previously published tension sensor (NespTS) (Arsenovic et al.,
2016). The construct consists of a FRET-based tension sensing
module (Grashoff et al., 2010) between the actin- and SUN-binding
domains of esprin-2G (Fig. 1A,B). A previously described headless
control construct that lacks the actin binding domain of esprin-2G
(NespHL) was prepared as a separate transgenic construct
(Fig. S1A).
Since chromatin is a structural component of the nucleus and

chromatin architecture regulates transcription, we considered INM
tension sensor candidates that link the membrane to chromatin and
chose the INM protein. A previously characterised FRET-based
tension sensor module (Grashoff et al., 2010) was inserted between
the final trans-membrane domain and the C-terminal putative BAF-
binding domain (NmpTS - Fig. 1A,B; Fig. S1B). Control
constructs, FRET donor-only (NmpDO) and tailless (NmpTL),
were also prepared (Fig. S1A). The tension sensor and control
constructs were transiently expressed in vitro. Super resolution
stimulated emission-depletion (STED) microscopy revealed

appropriate co-localisation of NmpTS and controls with laminB1
(reflecting INM location), and that of NespTS external to laminB1
(reflecting ONM location, Fig. 2A).

Previous findings suggested that in vivo imaging of FRET-based
tension sensors is impaired by low signal-to-noise ratio (Eder et al.,
2017). For this reason and to avoid developmental stage and tissue
expression disparities, we employed a CAG promoter ensure robust
expression of the five sensor or control reporters. A lox-stop-lox
sequence interrupted the promoter-gene junction to allow for Cre-
based conditional expression (Fig. 1A). Constructs were knocked-
into the ROSA26 locus by homologous recombination in ES cells
and chimeric mice were generated by ES cell-morula aggregation.
Following germ-line transmission, micewere bred to pCX-NLS-Cre
or CMV-Cre mice to generate ubiquitously active strains
(henceforth referred to by their construct name).

By confocal fluorescence microscopy, we confirmed that all
five sensor and control proteins localised to the nuclear envelope
in vivo (Fig. 2B). FLIM signal was readily detectable within
different tissues and under experimental perturbations in vivo
(Fig. S2A). Importantly, NmpTS and NespTS caused no
measurable alteration of nuclear shapes compared to H2B-GFP
and comparisons of nuclei marked with either NmpTS or NespTS
revealed a small difference in nuclear size that is expected based
on their relative positions at the INM or ONM in E9.5 distal FL
mesenchyme (Fig. S2B-D).

Adult mice from all five new strains that ubiquitously expressed
the transgenes were morphologically normal, fertile and had normal
body weight (Fig. S3A,B). Nesprin-2 null mice are known to be
viable and fertile (Zhang et al., 2007). The NespTS can functionally
rescue centrosomal orientation and nuclear movement defects
of NIH3T3 fibroblasts depleted of endogenous esprin-2 in vitro
(Arsenovic et al., 2016). To test the functional equivalency of
NmpTS to NEMP1, we bred the sensor and control strains onto
a Nemp1 null background (Tsatskis et al., 2020). Presence of the
NmpDO, but not NmpTS, transgene rescued the otherwise
markedly diminished litter size of females at E8.5-9.5 (Fig. S3C,
D). These findings imply the length or nature of the tension sensor
domain, rather than the level of expression or disruption of the
endogenous amino acid sequence, most affects function of the
protein. We concluded that NempTS is not functionally equivalent
to NEMP1 but could be a useful measurement tool.

An in vivo analysis toolkit
Acquiring force data in live mouse embryos is conceptually ideal
because it reflects a physiologically relevant environment, but
analysis by FLIM or FRET is challenging due to low signal-to-
noise ratio in vivo. Auto-fluorescence, light scatter, and low
photon counts are obstacles to reliable data analysis. To mitigate
these challenges, we developed software to semi-automatically
segment regions of interest such as nuclei and optimally fit
fluorescence decay data acquired in vivo (FLIMvivo) (Fig. 3A-D;
Fig. S4A,B). We chose to analyse sensor data using FLIM because
the method is independent of fluorescence intensity unlike
ratiometric FRET analysis. FLIM data were acquired at 2-min
intervals under live conditions (Wyngaarden et al., 2010). To
maximise signal-to-noise, nuclear envelopes were isolated from
the resultant images using a segmentation manager we prepared
for FLIMvivo (Fig. S5A). Difference in the segmentation
efficiency between the two tension sensor strains was not
significant (Fig. S5B). The program compiled data across six
time points to increase photon counts and to improve fit quality for
individual nuclei (Fig. 3C,D; Fig. S4B).
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There are two principal sources of noise in our setting. A quick
fluorescence decay that is likely due to autofluorescence can
artificially decrease the measured fluorescent lifetime, and
background, or scattered, light can artificially increase the fit
value for measured lifetime unless addressed appropriately
(Fig. S4C). In addition, signal-to-noise ratios between samples
and tissues cannot be assumed to be consistent. Managing
autofluorescence is complicated by the fact the fast mode directly
following the laser pulse is often not much longer than the timescale
of the instrument response function. There is not an obvious way to
fit individual curves to account for these problems using a simple
tail fit because it is not clear where each tail should be cut.
Furthermore, any given segment generally does not have enough

data to simultaneously fit for autofluorescence and FRET signal
time constants as they are poorly correlated. We overcame these
challenges by recognising that autofluorescence is likely unrelated
to our sensors, thereby allowing us to fit for the autofluorescence
signal using the entire field of view and by using a full convolution
fit that properly defines the instrument response (Fig. S4C). Once
these features were accounted for, individually segmented regions
of interest could be analysed (Fig. 3C,D).

Testing sensor responses in vivo
We tested individual sensor responses in vivo using E9.5 wild-type
(Nemp1+/+) distal limb bud mesoderm as a model system due to its
accessibility and well-studied patterning characteristics in intact

Fig. 1. Nuclear envelope tension sensors. (A) The
tension sensors consist of a FRET pair, mTFP and
Venus, separated by flagelliform peptide springs
inserted between the transmembrane and BAF
binding domains of Nemp1, and between the SUN
and actin binding domains of Nesprin-2G. To ensure
robust transcription and enable conditional expression,
a CAG promoter and lox-STOP-lox cassette were
inserted upstream of the sensor sequences,
respectively. The sensors were knocked into the
ROSA26 locus of the mouse genome via homologous
recombination in ES cells. (B) Schematic of sensor
function. NmpTS should report tension between the
inner nuclear membrane and chromatin, whereas
NespTS should report tension through the LINC
complex.
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embryos under live conditions. Relative to NmpTS, NmpDO
exhibited higher mean lifetime values, as expected. NmpTL and
NespHL reported low lifetime values relative to NmpDO and
previously published donor only mTFP measurements (Grashoff
et al., 2010; Tao et al., 2019) with low standard deviation, as
expected. Appropriately, NmpTS and NespTS reported a wider
range of lifetimes than those of NmpTL and NespHL but,
unexpectedly, reported lower means compared to their tailless and
headless controls (Fig. 4A). The relatively narrow and consistent
lifetime ranges reported by the tailless and headless controls
between tissues (Fig. S6A-C) suggest that, unlike their full-length
counterparts (shown in different tissues below), these controls do
not respond to tension but are trapped in a semi-stretched state. It
was recently shown that the position of the sensor module within a
similar esprin-2G construct used in vitro can unexpectedly decrease
FRET index but does not compromise the full-length sensor readout
(Déjardin et al., 2020). For future applications, we will
preferentially compare full length tension sensor readings to
donor-only control means, whereas the tailless and headless
controls will be useful for comparisons of lifetime range.
We next sought to alter nuclear characteristics in vivo. To test the

effect of actomyosin inhibition upon our transgenic sensors, we
treated embryos in roller culture with Rho-associated kinase inhibitor
Y-27632. Compared to carrier-treated controls, Y-compound
treatment reduced donor lifetime across both sensors (Fig. 4B).
Inhibition of actin polymerisation by treatment with Cytocalasin-D
produced similar results across NmpTS (Fig. S6D). It is recognised
that cytoskeletal forces are exerted through the LINC complex and
this finding confirms those forces are transmitted across the inner
nuclear membrane. Pharmacological perturbations of global
chromatin architecture by treatment with either doxorubicin
(Waldes and Center, 1981) or 2-deoxyglucose and sodium azide
(Lléres et al., 2009; Visvanathan et al., 2013) significantly reduced
tension across NmpTS (Fig. S6E,F). Those data suggest that
condensation and fragmentation of chromatin globally relaxes the
tension module.

To determine if our sensors are responsive to exogenous tensile
stress, we applied precisely controlled micro-aspiration of the E9.5
distal forelimb bud as we have done previously (Wen et al., 2017).
Aspiration up to 2500 Pa, but not treatment with Y-27632,
elongated cells (Fig. 4C; Fig. S2A, S7A-E). When aspiration was
maintained during FLIM acquisition, mean lifetime/tension across
NmpTS was increased (Fig. 4C). For NespTS, aspiration widened
the distribution of lifetime values but did not change the mean
(Fig. 4C). Possible explanations for this finding are that LINC
complex tension is a function of perinuclear orientation with regard
to the axis of stress or that the complex remodels to dissipate stress.
The two sensors, therefore, report related but distinct aspects of
force transmission across the nuclear envelope.

Measuring nuclear forces in developing tissues
One aim of generating knock-in versions of nuclear tension sensors
is to link spatiotemporal changes in morphogenetic forces to gene
expression. As a first step toward that goal, we tested the output of
our sensors in different tissues and at different times. The heart and
brain are potentially useful proof-of-principle candidates because
they are structurally different tissues that exhibit distinct mechanical
properties (Raghunathan et al., 2017; Swift and Discher, 2014).
Both NempTS and NespTS embryos reported higher mean forces
within the beating E9.5 myocardium than from the E9.5 anterior
forebrain (Fig. 5A), an observation that is consistent with the
contractile behaviour of cardiomyocytes.

Spatial variations may also exist within structurally more
comparable tissues. The limb bud is a compelling model system
because distinct domains of patterning genes are expressed along its
proximodistal axis (Cooper et al., 2011; Desanlis et al., 2020;
McQueen and Towers, 2020), suggesting there may be a link
between mechanisms that form the limb bud and pattern its
differentiated tissues such as the skeleton. Evidence for
mechanical heterogeneity within early limb bud mesoderm
includes our earlier finding using magnetic tweezers that the
proximal core is stiffer than the distal periphery (Zhu et al., 2020).

Fig. 2. Tension sensors localise to
appropriate nuclear envelope
locations. (A) Super resolution STED
microscopy demonstrates INM
localisation of Nemp1 sensor
constructs in fixed 293T cells. Nemp1
constructs colocalised with INM
protein aminB1 (red) and nuclear pore
marker O-linked N-acetylglucosamine
(yellow), while NespTS localised
external to aminB1. Scale bars: 2 µm.
(B) Schematics illustrate the
anticipated location and function of
each construct. Confocal images of
fixed E9.5 embryo forelimb
mesenchyme demonstrate nuclear
envelope localisation of the sensor
constructs in vivo by
immunofluorescence. Scale bars:
25 µm.
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Here, using light sheet microscopy to visualise CAG::H2B-
miRFP703 (Gu et al., 2018), a far-red fluorescent nuclear reporter
in live transgenic embryos, we found 3D nuclear sphericity is
greatest in the proximal mesoderm of the E9.5 limb bud (Fig. 5B). At
the resolution of unsegmented tissue, apparent tensions across
NmpTS were also graded in a proximal-high to distal-low fashion
(Fig. 5C, see Fig. 6 for quantification at cellular resolution),
suggesting nuclear sphericity correlates with INM tension in this
setting. To more directly examine the relationship between nuclear
shape and nuclear sensor output, we evaluated nuclear shapes
from the same confocal images we analysed by FLIM. NmpTS
tension correlated with roundness whereas NespTS tension trended,
insignificantly, with elongation (Fig. 5D). To distinguish
fluorescence lifetimes along long and short axes of nuclei, we
wrote a software supplement for FLIMvivo to segment nuclear
envelopes in 2D (Fig. S8A). Consistent with previous NespTS
findings in vitro (Arsenovic et al., 2016; Déjardin et al., 2020),
neither NmpTS nor NespTS reported significant axis-dependent
tension disparities, even under micro-aspiration (Fig. S8B-E), raising
the possibility that the sensor proteins share the mechanical load

around the nuclear envelope. A caveat to nuclear shape segmentation
in 2D is the possibility of underestimating length/width ratios of
elongated cells depending on the obliquity of optical sections. These
data reveal similarities and differences in the responses of the two
sensors and establish their ability to distinguish spatial variations of
nuclear envelope tensions within a tissue.

To test for temporal changes in nuclear forces during
development, we examined limb bud mesoderm at E9.5, E10.5
and E12.5. For NmpTS, proximal-high, distal-low patterns of
measured lifetimes/forces persisted over time (Fig. 6A-D). Across
those time points, mean NmpTS tensions diminished (Fig. 6B-D)
while mean cross-sectional nuclear area enlarged (Fig. S9A,B),
suggesting NmpTS tension correlates with smaller nuclei. For
NespTS, proximodistal variation was not apparent until E12.5 when
a proximal-low to distal-high, pattern was observed (Fig. 6B-D).
That pattern is not unexpected given the different response of
NespTS to cell shape changes that we identified by micro-
aspiration. The spatial variations of the two sensors suggests there
is a gradient of forces exerted across outer and inner layers of the
nuclear envelope at E12.5 (Fig. 6E). Together, these findings

Fig. 3. FLIMvivo fluorescence lifetime fitting pipeline. (A) To average forces over time and remove tissue level extremums, acquired FLIM images were
saved in PicoQuant acquisition software at six timepoints (every 2 min, 10 min total). These images were semi-automatically segmented for regions of
interest (we chose a target of 15 nuclear membranes) using our segmentation manager. (B) FLIMvivo re-segmented nuclei and assessed the aspect ratio
(roundness) for each one. The software then combined FLIM data for each nucleus across all timepoints for fitting. (C) Sample NmpTS data illustrate how
FLIMvivo used all data from FLIM images per dataset to fit for instrument response and autofluorescence (red fit line), and determined whether to use a
mono- or bi-exponential fit for each dataset (orange dotted line). (D) Sample NmpTS data illustrate how each segment was fit individually and lifetime
measurements were generated. Left panel: FLIMvivo output showing the data used for lifetime fit. Middle panel: FLIMvivo output showing the lifetime fit curve
(red line), donor fit (orange dotted line), and lifetime values (bottom left). Right panel: FLIMvivo output plotting the goodness-of-fit of sequential fits used to
threshold background light.
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suggest that nuclear mechanotransduction is a dynamic and nuanced
process. We must contend with these nuances if we are to ‘decode’
the role of mechanical forces in gene expression and pattern
formation.

DISCUSSION
The tension sensor mouse strains we generated are complementary
to an expanding suite of tools one can apply to examine mechanical
mechanisms that drive cell behaviours and regulate gene expression
in vivo. NmpTS and NespTS are sensitive and specific sensors
capable of detecting exogenous and endogenous tensions across the
nuclear envelope in vivo, but are not intended to test the specific
characteristics of their host proteins. From one perspective, it is
advantageous that the sensors are not functionally equivalent to
their intact host proteins because the potential for phenotypes
secondary to ubiquitous expression is avoided. By combining data
from our reporter strains with analysis of cell and tissue properties
and forces, chromatin conformation, and RNA and protein
expression at single cell resolution, it is now possible to test
mechanotransduction hypotheses in a quantitative fashion in vivo.
FRET controls do not necessarily behave as expected in vivo. In

particular, headless/tailless sensor constructs do not uniformly
report maximal FRET, minimal lifetime values, that would reflect a

fully relaxed spring within the tension sensing module (this is also
true in vitro; Arsenovic et al., 2016). Possibilities to explain those
findings such as module position-dependent effects have been
tested previously (Déjardin et al., 2020) and may also include
unanticipated attachment of the headless/tailless protein end to other
proteins or nearby membranes through lipophilic regions. By
identifying the spatially independent output of the tailless/headless
controls, we were able to distinguish the spatially dependent
changes in the range of the full-length sensor constructs. The
significantly lower variation of lifetimes generated by the tailless/
headless controls validates the actuation of the sensors under
endogenous forces. Although the availability of transgenic control
strains was very useful to define the specificity of the sensors, their
spatially stable behaviour implies that comparison to controls is not
necessary for all future analyses, especially within a given tissue
type.

While testing their responses to perturbations, we observed
overlapping and distinct outputs between the two sensors. As
expected, measurements using the esprin-2G and NEMP1 tension
sensors confirmed that cytoskeletal forces are transmitted through
the LINC complex and the nuclear lamina. Those observations are
in keeping with our finding that NmpTS is under greater tension in
relatively spherical nuclei since that trait corresponds to higher

Fig. 4. Nuclear envelope tension sensor responses to cytoskeletal and external stresses in vivo. (A) In vivo FLIM measurements demonstrated lower
NmpTS and NespTS lifetimes than nucleoplasmic (NmpDO) or cytoplasmic (VinTFP) donor only controls [t-test (as for all comparisons unless otherwise
stated): NmpTS: P<0.0001; NespTS: P=0.0042]. NmpTL lifetimes were significantly lower than those of NmpDO (P=.0084). NmpTL and NespHL report
significantly less variance than NmpTS and NespTS, respectively [F test (as for all variances): NmpTL: P<0.0001; NespHL: P=0.0008; NmpDO: P=0.3964;
VinTFP: P<0.0001]. NmpTS: n=68 nuclei from five embryos; NmpTL: n=110 nuclei from eight embryos; NmpDO: n=126 nuclei from nine embryos; NespTS:
n=105 nuclei from seven embryos; NespHL: n=45 nuclei from three embryos. (B) Treatment of embryos in roller culture with Y-27632 significantly decreased
tension across both NmpTS and NespTS (NmpTS: P<0.0001; NespTS: P=0.0066). NmpTS: DMSO (carrier): n=105 nuclei from seven embryos; 5 µM
(Y-27632): n=45 nuclei from three embryos; NespTS: DMSO: n=45 nuclei from three embryos: n= 60 nuclei from four embryos (C) Precise micro-aspiration
of live E9.5 embryo distal forelimb buds using a 90 µm diameter capillary tube at 2500 Pa significantly increased mean lifetime/tension across NmpTS
(P=0.0098), but not across NespTS at 2500 Pa (P=0.9696) or 1500 Pa (P=0.7920). Aspiration increased the variance of lifetimes reported by NmpTS and
NespTS (F test, P<0.0001, P<0.0001). NmpTS Pre (no)-aspiration: n=65 nuclei from five embryos; NmpTS 2500 Pa: n=43 nuclei from five embryos; NespTS
Pre-aspiration: n=118 nuclei from eight embryos; NespTS 1500 Pa: n=43 nuclei from four embryos; NespTS 2500 Pa: n=41 nuclei from four embryos.
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cortical tension. Interestingly, forced nuclear stretching resulted in
distinct responses by the two sensors. Unlike the NmpTS that
responded in a relatively linear manner, the NespTS exhibited a
greater range of values. One possibility is that stress-induced
cytoskeletal remodelling results in a relatively broad range of
NespTS values.
The overall strategy we employed has pros and cons. Use of

FRET-based sensors is advantageous since the output is largely not
dependent upon expression levels. Major differences in expression
are avoided by the strategy of knock-in to a ubiquitously expressed,
single genomic site. However, the in vivo nature of our analyses
presented particular challenges. Poor curve fitting resulting from the
combination of low photon counts and background fluorescence
(autofluorescence, background scatter) was a barrier to reliable
FLIM analysis when we applied commercially available fitting
software. Similar hurdles were encountered previously with an
E-cadherin tension sensor in Drosophila, resulting in apparently
poor sensitivity (Eder et al., 2017). Despite our tissues of interest
being deep within mouse embryos, the software we developed
through multiple rounds of iteration permits reliable and consistent
FLIM analysis in living tissues and is applicable to a broad range of
FLIM analyses.
The differences we observed between tissues such as the brain and

heart as well as along the proximodistal limb bud axis correspond to
previous measurements of tissue stiffness (Zhu et al., 2020). Those
correlations imply that traction and contractile forces exerted by cells
in stiffer environments are transmitted to the nuclear interior. Since
gene expression domains co-vary with these properties along the
proximodistal limb bud axis, we intend to examine the influence of

forces upon transcription. Mechanical effects of force transmission
to the nuclear interior is an exciting frontier in developmental and
cell biology. Our ability to measure force transmission in animal
systems opens doors to explore this area, and future technologies will
no doubt improve the variety and precision of tools that measure how
forces are transmitted to the nucleus.

MATERIALS AND METHODS
Transgenic mouse generation
All mouse breedings were performed in a barrier suite at Lab Animal
Services at PGCRL and all procedures were approved by the Animal Care
Committee in accordance with guidelines by the Canadian Council for
Animal Care.

NmpTS/DO/TL were generated by PCR amplification of the tension
sensor module from the Vinculin Tension Sensor (Grashoff et al, 2010) and
ligation into NEMP1. NespTS/HL were purchased from Addgene (68127,
68128). Testing of constructs’ proper subcellular localisation was done by
Lipofectamine 2000 (Thermo Fisher Scientific, 11668030) transient
transfection in 293T cells. EBFP and IRES were removed from the pR26-
CAG/BFP-Dest plasmid (Addgene, 74282) and each construct was cloned
into this ROSA26 targeting vector via gateway cloning (Thermo Fisher
Scientific, 56484, 56481) through pDONOR (Thermo Fisher Scientific,
12536017) for mouseline generation. These constructs were sequenced to
select reliable candidates for mouseline generation.

Chimeras were generated by traditional homologous recombination
through aggregation and implantation of electroporated embryonic stem
cells (ESCs) in wild-type embryos (The Centre for Phenogenomics,
Toronto, Canada). Final ESCs were selected by PCR genotyping and copy
number analysis (TCAG at the Peter Gilgan Centre for Research and
Learning). Founders were confirmed by PCR genotyping and fluorescence
imaging of crossings with various Cre lines. Constitutively active lines were

Fig. 5. Spatial variation of nuclear envelope
tensions in the mouse embryo. (A) Lifetime/force
across NmpTS and NespTS is significantly higher in
the beating myocardium (Heart) than in the anterior
forebrain (Brain) (NmpTS: P=0.0435; NespTS:
P<0.0001). NmpTS: Brain: n=32 nuclei from three
embryos; Heart: n=44 nuclei from three embryos;
NespTS: Brain: n=45 nuclei from three embryos;
Heart: n=40 nuclei from three embryos. (B) At E9.5,
nuclei in the proximal region are significantly more
spherical than those in the distal region (P=0.0008,
Prox FL Mes: n=239 nuclei from three embryos; Dist
FL Mes: n=327 nuclei three embryos; Mann–Whitney
test). (C) Colour-coded representation of NmpTS
lifetimes/forces along the proximodistal axis of E9.5
limb bud mesoderm (generated from confocal FLIM
images processed in FLIMfit). (D) Nuclear roundness
correlates with increased lifetime/force across NmpTS
(slope: −0.07638; F test: P=0.0106) but not NespTS
(slope: 0.01940; F test: P=0.0884).

7

METHODS & TECHNIQUES Biology Open (2022) 11, bio059656. doi:10.1242/bio.059656

B
io
lo
g
y
O
p
en



generated by crossings with pCX-NLS-Cre (Mouse Genome Informatics,
Tg(CAG-cre)1Nagy) or CMV-Cre (Jackson Laboratories, 006054) and
littermates were compared visually and by weight. These lines were then
inbred or outcrossed with CD1 to assess fertility.

Microscopy
All imaging was performed in the Sickkids Research Institute Imaging
Facility. Super resolution STED microscopy was performed on a Leica SP8
confocal microscope using 458 nm or 514 nm excitation wavelength with
592 nm or 660 nm depletion wavelength for sensor constructs in vitro. For
immunofluorescence of embryonic tissue sections, 550 nm or 488 nm
excitation wavelength with 592 nm or 660 nm depletion wavelength were
used on a Leica SP8 Lightning Confocal. Huygens software was employed
for deconvolution. Confocal images were captured on a Nikon A1R
confocal microscope using Nikon NIS software for acquisition and Volocity

for image processing. The FRET donor of the sensors is mTFP, so all FLIM
data were acquired on a Nikon A1R confocal microscope connected to a
PicoQuant pulse system with a 440 nm laser and 520/35 nm detector
channel in Picoquant SymPhoTime 64 software. All FLIM images were
acquired using transgenic mice in a wild-type background.

Live imaging was performed within 3 h of dissection on embryos in
DMEMwith 50% rat serum, at 37°C and 5%CO2 held in place with cheese
cloth. In roller culture experiments, embryos were first placed in roller
culture consisting of DMEM with 50% rat serum, 5% DMSO, and
specified final drug concentrations and rolled for 1 h at 37°C in a 20% O2,
5% CO2 chamber. Aspiration experiments were performed on the A1R
using a 90 µm diameter glass needle in a previously published device
(Wen et al, 2017) which allows for precise modulation of pressure within
the needle. The needle was moved along the surface of the coverslip to a
position near the distal FL bud of live embryos for pre-aspiration imaging,

Fig. 6. Spatio-temporal variation of nuclear envelope tensions in the limb bud. (A) Schematic representation of the proximal and distal regions of the
early limb bud examined by FLIM. (B,C) Forces exerted across NmpTS, but not NespTS, are significantly higher in the proximal than the distal region of the
forelimb bud at E9.5 and E10.5. For NmpTS: at E9.5: P=0.0265, Prox FL Mes: n=68 nuclei from five embryos, Dist FL Mes: n=84 nuclei from five embryos; at
E10.5: P=0.0015: Prox FL Mes: n=89 nuclei from six embryos, Dist FL Mes: n=179 nuclei from six embryos. For NespTS: at E9.5: P=0.4278, Prox FL Mes:
n=105 nuclei from seven embryos, Dist FL Mes: n=105 nuclei from seven embryos; E10.5: P=0.8120, Prox FL Mes: n=55 nuclei from three embryos, Dist FL
Mes: n=55 nuclei from three embryos. (D) At E12.5, forces exerted across NmpTS decrease in the distal forelimb, whereas those exerted across NespTS
increase distally. For NmpTS: Prox versus Dist FL Mes: P=0.0157; Prox FL Mes: n=45 nuclei from three embryos, Mid FL Mes: n=45 nuclei from three
embryos, Dist FL Mes: n=45 nuclei from three embryos. For NespTS: Prox versus Dist FL Mes: P=0.0002; Prox FL Mes: n=45 nuclei from three embryos,
Mid FL Mes: n=45 nuclei from three embryos, Dist FL Mes: n=45 nuclei from three embryos. (E) Graphic representation of tension sensor changes across the
proximodistal limb bud axis, based on subsection D.
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then was moved to contact the bud and a precise pressure differential was
applied for aspiration imaging (Fig. S7A).

In fixed sample imaging, α-aminB1 rabbit polyclonal antibody was used
to label LaminB1 (1:1000, ab16048, Abcam) or α-O-GlcNAc mouse
monoclonal antibody was used to label nuclear pores (1:500, NB300524SS,
Thermo Fisher Scientific). In fixed in vitro samples, short (30 min.,
4% PFA) fixation allowed for imaging of mTFP or Venus within sensor
constructs, but longer fixation (o/n, 4% PFA) of in vivo samples required
labelling of sensor constructs with mouse monoclonal α-GFP (1:500,
sc-9996, Santa Cruz Biotechnology, Inc.).

Sample sets and statistics
FLIM data were segmented into isolated nuclear membrane regions. Unless
clarified otherwise in the figure legends, each dataset presented is nuclei
from at least three separate embryos. With the exception of VinTFP which
was fitted to entire fields of view, 15 nuclei, or as many clear nuclei as were
available, per image were segmented for each region of each embryo.
Further, segments with low quality data (as determined automatically by
FLIMvivo) were rejected prior to statistical analysis.

Statistical analysis was done in Prism. With the exception of pregnancy
rate comparisons, regression analyses, and variance comparisons, P-values
were calculated using the t-test, applyingWelch’s correction to comparisons
with significantly different standard deviations for datasets expected to be
normally distributed and using the Mann–Whitney test for non-normally
distributed datasets. For t-tests, four key assumptions (independence,
normality, homogeneity of variance, and random sampling) were
considered prior to test application. Pregnancy rate comparison P-values
were calculated using the χ-square test. Variance comparisonswere performed
using F-tests. P-values greater than 0.05 were considered insignificant. In all
experiments where tissues from the same embryos were compared, the values
were normalised to the mean of all embryos and tissues for that experiment.

FLIMvivo
FLIMvivo was written in Python and is available at https://www.github.
com/HopyanLab/FLIMvivo. The basic FLIMvivo.py script takes a CSV
data file and can perform either convolution or tail fitting applying either a
mono-exponential or bi-exponential model. Segmentation masks for
analysed FLIM images were generated using either the FLIMvivo or the
FLIMfit (Warren et al., 2013) segmentation managers. The convolution
option which uses fast Fourier transforms to accelerate convolution fitting
and is the mode we use. One caveat here is that in order for the convolution
scheme to behave properly, the data must be uniformly spaced in time, but
this is not a problem in our situation.

A helper script, FLIMseg.py, is also included, which performs the
sequence of fits described herein. It takes PicoQuant PTU files and TIF
segmentation files, extracts decay data by segment (summing across
multiple PTUs were they are supplied), then calls upon FLIMvivo to fit the
extracted data. The script uses FLIMvivo first to fit the full field with a
model of a Gaussian instrument response convoluted with a bi-exponential
in order to establish an autofluorescence lifetime (Fig. 3C). It checks if
the bi-exponential model seems appropriate and switches to a mono-
exponential fit if necessary. Because the autofluorescence is likely unrelated
to the sensors we wish to measure, this technique maximises the data
available for a reliable fit. Finally, using either the autofluorescence lifetime
from the full image field or a mono-exponential model, FLIMvivo is called
again to fit for the signal lifetime in each segment (Fig. 3D). In this way, the
autofluorescence and signal lifetimes are decoupled so that the signal fits are
possible even when the per-segment data would not be good enough to fit
for both simultaneously.

Extended Methods
FLIMvivo
We model the FLIM-FRET decay as a bi-exponential, with autofluorescent
and signal components,

DðtÞ ¼ Aautoexpðt=tautoÞ þ Asignalexpðt=tsignalÞ;

where the time constants are the means of the relevant distributions. So the
microscope data we measure are the above decay function convoluted with
an instrument response, which we model as a narrow Gaussian,

IRFðtÞ ¼ 1

s
ffiffiffiffiffiffi
2p

p exp½�ðt � mÞ2=2s2�;

centred at μ with width σ. As an aside, a measured instrument response can
be used here, but comparing the results using this techniquewith a measured
response for a few data sets we see no significant difference in the fit signal
lifetimes. We fit the full field to the convolution:

IRF�DðtÞ ¼
ðt

�1
IRFðsÞDðt � sÞds;

with the two amplitudes, two lifetimes, and two Gaussian parameters as fit
parameters. Once complete, we can use the resulting autofluorescent
lifetime and instrument response fitting any segment of the field with only
the signal lifetime and two amplitudes as fit parameters. We additionally
treat the end of the considered data range as a kind of fit parameter described
below, so that we cut the data before background noise drives the fit away
from the true signal value.

For our fitting algorithms we use a maximum likelihood fitting scheme
assuming Poisson statistics, minimizing the ‘negative log-likelihood’ (NLL),

� logLðXi; YiÞ ¼
X
i

½ f ðXiÞ � Yilogð f ðXiÞÞ�;

which is the proper statistical assumption for decay processes in contrast
with the usual Gaussian assumption for chi-square fitting. In the case of high
photon counts the two are both reasonable assumptions and give similar
results, but as photon counts decrease the choice of statistical assumption
becomes more relevant. As such, our choice is more justified for lower count
data.

Finally, in fitting, we treat the end point (where the data is cut off ) as fit
variable, chosen by maximizing the ratio of best fit NLL to the square root of
the number of data points. This way the data range is uniformly chosen by
maximizing a measure of data contribution to our fit metric, thereby
eliminating any potential bias introduced by choosing manually.

Sensor PCR primers
All constructs were genotyped using these primers: Forward: CTC-
TGCTGCCTCCTGGCTTCT, WT Reverse: CGAGGCGGATCACAAG-
CAATA, Mutant Reverse: CCGCGAGCTGTGGAAAAAAAAGGG.

Sensor sequences
NmpTS
ATGGCGGGAGGAATGAAAGTGGCGGTCTCGCCGGCAGTTGGTC
CCGGGCCCTGGGGCTCGGGAGTCGGGGGC GGTGGGACAGTGC
GGC TACTCTTGATCCTCTCCGGCTGCTTGGTCTACGGCACAGCT
GAAACTGATGTAAATGTGGTCATGCTTCAGGAATCCCAA GTTT-
GTGAAAAGCGTGCCAGCCAACAATTCTGTTACACAAATGTGCT-
TATCCCAAAATGGCATGATATATGGACACGGATACAGATCCGAG-
TAAATAGTTCCAGATTGGTTCGAGTCACCCAGGTGGAGAATGAG-
GAGAAACTGAAGGAGCTAGAGCAGTTTAGTATCTGGAACTTTT-
TTTCCTCCTTTTTAAAAGAGAAATTGAATGACACCTATGTTAAC-
GTGGGTCTATACAGCACAAAAACCTGCCTCAAAGTTGAGATTAT-
AGAGAAGGACACCAAGTACAGTGTCATTGTGATCCGGAGATTT-
GATCCCAAACTCTTTCTTGTTTTCCTTCTTGGACTTATGCTATTTT-
TTTGTGGAGACTTGCTGAGCAGAAGTCAAATTTTCTACTACTCT-
ACTGGGATGACTGTGGGAATTGTGGCCTCTCTGCTAATCATCA-
TTTTTATACTATCTAAGTTTATGCCTAAGAAAAGTCCCATTTACG-
TCATCCTGGTGGGAGGCTGGTCTTTTTCTCTGTACCTCATTCAAC-
TAGTTTTTAAAAATTTACAAGAGATCTGGAGGTGTTACTGGCAG-
TATCTTTTAAGTTATGTCCTCACAGTTGGATTCATGAGTTTTGCA-
GTATGTTACAAGTATGGGCCCTTGGAGAATGAACGAAGTATCAA-
CCTGCTGACCTGGACCTTGCAGCTGATGGGCCTGTGTTTCATGT-
ATTCTGGCATCCAGATACCACATATTGCCCTTGCCATTATCATCA-
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TTGCTCTTTGTACTAAGAACCTGGAACACGGATCCATGGTGAGC-
AAGGGCGAGGAGACCACAATGGGCGTAATCAAGCCCGACATGA-
AGATCAAGCTGAAGATGGAGGGCAACGTGAATGGCCACGCCTT-
CGTGATCGAGGGCGAGGGCGAGGGCAAGCCCTACGACGGCAC-
CAACACCATCAACCTGGAGGTGAAGGAGGGAGCCCCCCTGCCC-
TTCTCCTACGACATTCTGACCACCGCGTTCGCCTACGGCAACAG-
GGCCTTCACCAAGTACCCCGACGACATCCCCAACTACTTCAAGC-
AGTCCTTCCCCGAGGGCTACTCTTGGGAGCGCACCATGACCTTC-
GAGGACAAGGGCATCGTGAAGGTGAAGTCCGACATCTCCATGG-
AGGAGGACTCCTTCATCTACGAGATACACCTCAAGGGCGAGAA-
CTTCCCCCCCAACGGCCCCGTGATGCAGAAGAAGACCACCGGC-
TGGGACGCCTCCACCGAGAGGATGTACGTGCGCGACGGCGTGC-
TGAAGGGCGACGTCAAGCACAAGCTGCTGCTGGAGGGCGGCG-
GCCACCACCGCGTTGACTTCAAGACCATCTACAGGGCCAAGAA-
GGCGGTGAAGCTGCCCGACTATCACTTTGTGGACCACCGCATCG-
AGATCCTGAACCACGACAAGGACTACAACAAGGTGACCGTTTAC-
GAGAGCGCCGTGGCCCGCAACTCCACCGACGGCATGGACGAG-
CTGTACAAGGGGCCAGGTGGTGCAGGGCCAGGTGGTGCAGGG-
CCAGGTGGTGCAGGGCCAGGTGGTGCAGGGCCCGGTGGTGCA-
GGTCCAGGTGGTGCAGGTCCAGGTGGTGCAGGTCCAGGTGGTG-
CTATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCC-
CATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTC-
AGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAG-
CTGACCCTGAAGCTGATCTGCACCACCGGCAAGCTGCCCGTGC-
CCTGGCCCACCCTCGTGACCACCCTGGGCTACGGCCTGCAGTG-
CTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCA-
AGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTT-
CTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAG-
TTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCA-
TCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA-
GTACAACTACAACAGCCACAACGTCTATATCACCGCCGACAAGC-
AGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACAT-
CGAGGACGGCGGCGTGCAGCTCGCCGACCACTACCAGCAGAA-
CACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCAC-
TACCTGAGCTACCAGTCCAAGCTGAGCAAAGACCCCAACGAGA-
AGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGG-
GATCACTCTCGGCATGGACGAGCTGTACAAGGAATTCCCTATTC-
AGTGGCTGTACATCACCTGCAGAAAGGTGTGTAAGGGAGCAGA-
AAAGCCTGTTCCCCCTCGTCTCCTGACAGAAGAAGAATATCGGA-
TACAAGGAGAGGTAGAAACCCGAAAGGCTTTAGAGGAGCTCC-
GAGAATTTTGTAACAGTCCAGACTGCTCTGCTTGGAAGACTGTT-
TCTCGAATCCAGTCTCCAAAAAGATTTGCTGACTTTGTGGAAGG-
CTCTTCCCACCTCACGCCAAATGAAGTTTCTGTCCATGAGCAGG-
AGTATGGATTAGGGAGCATTATTGCCCAGGATGAAATCTATGAG-
GAAGCATCCTCTGAGGAGGAGGACTCATATTCTCGGTGTCCTGC-
TATCACACAGAACAACTTTCTAACCTGA.

NmpTL
ATGGCGGGAGGAATGAAAGTGGCGGTCTCGCCGGCAGTTGGT-
CCCGGGCCCTGGGGCTCGGGAGTCGGGGGCGGTGGGACAGTG-
CGGCTACTCTTGATCCTCTCCGGCTGCTTGGTCTACGGCACAGC-
TGAAACTGATGTAAATGTGGTCATGCTTCAGGAATCCCAAGTTT-
GTGAAAAGCGTGCCAGCCAACAATTCTGTTACACAAATGTGCT-
TATCCCAAAATGGCATGATATATGGACACGGATACAGATCCGAG-
TAAATAGTTCCAGATTGGTTCGAGTCACCCAGGTGGAGAATGA-
GGAGAAACTGAAGGAGCTAGAGCAGTTTAGTATCTGGAACTTT-
TTTTCCTCCTTTTTAAAAGAGAAATTGAATGACACCTATGTTAA-
CGTGGGTCTATACAGCACAAAAACCTGCCTCAAAGTTGAGATT-
ATAGAGAAGGACACCAAGTACAGTGTCATTGTGATCCGGAGAT-
TTGATCCCAAACTCTTTCTTGTTTTCCTTCTTGGACTTATGCTAT-
TTTTTTGTGGAGACTTGCTGAGCAGAAGTCAAATTTTCTACTAC-
TCTACTGGGATGACTGTGGGAATTGTGGCCTCTCTGCTAATCAT-
CATTTTTATACTATCTAAGTTTATGCCTAAGAAAAGTCCCATTTA-
CGTCATCCTGGTGGGAGGCTGGTCTTTTTCTCTGTACCTCATTC-
AACTAGTTTTTAAAAATTTACAAGAGATCTGGAGGTGTTACTGG-
CAGTATCTTTTAAGTTATGTCCTCACAGTTGGATTCATGAGTTTT-
GCAGTATGTTACAAGTATGGGCCCTTGGAGAATGAACGAAGTA-

TCAACCTGCTGACCTGGACCTTGCAGCTGATGGGCCTGTGTTTC-
ATGTATTCTGGCATCCAGATACCACATATTGCCCTTGCCATTATC-
ATCATTGCTCTTTGTACTAAGAACCTGGAACACGGATCCATGGT-
GAGCAAGGGCGAGGAGACCACAATGGGCGTAATCAAGCCCGA-
CATGAAGATCAAGCTGAAGATGGAGGGCAACGTGAATGGCCA-
CGCCTTCGTGATCGAGGGCGAGGGCGAGGGCAAGCCCTACGA-
CGGCACCAACACCATCAACCTGGAGGTGAAGGAGGGAGCCCC-
CCTGCCCTTCTCCTACGACATTCTGACCACCGCGTTCGCCTACG-
GCAACAGGGCCTTCACCAAGTACCCCGACGACATCCCCAACTA-
CTTCAAGCAGTCCTTCCCCGAGGGCTACTCTTGGGAGCGCACC-
ATGACCTTCGAGGACAAGGGCATCGTGAAGGTGAAGTCCGACA-
TCTCCATGGAGGAGGACTCCTTCATCTACGAGATACACCTCAAG-
GGCGAGAACTTCCCCCCCAACGGCCCCGTGATGCAGAAGAAG-
ACCACCGGCTGGGACGCCTCCACCGAGAGGATGTACGTGCGCG-
ACGGCGTGCTGAAGGGCGACGTCAAGCACAAGCTGCTGCTGG-
AGGGCGGCGGCCACCACCGCGTTGACTTCAAGACCATCTACAG-
GGCCAAGAAGGCGGTGAAGCTGCCCGACTATCACTTTGTGGAC-
CACCGCATCGAGATCCTGAACCACGACAAGGACTACAACAAGG-
TGACCGTTTACGAGAGCGCCGTGGCCCGCAACTCCACCGACGG-
CATGGACGAGCTGTACAAGGGGCCAGGTGGTGCAGGGCCAGG-
TGGTGCAGGGCCAGGTGGTGCAGGGCCAGGTGGTGCAGGGCC-
CGGTGGTGCAGGTCCAGGTGGTGCAGGTCCAGGTGGTGCAGGT-
CCAGGTGGTGCTATGGTGAGCAAGGGCGAGGAGCTGTTCACCG-
GGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGG-
CCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACC-
TACGGCAAGCTGACCCTGAAGCTGATCTGCACCACCGGCAAGC-
TGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGGGCTACGG-
CCTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCAC-
GACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGC-
GCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGC-
CGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAG-
CTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGC-
ACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCACC-
GCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCC-
GCCACAACATCGAGGACGGCGGCGTGCAGCTCGCCGACCACTAC-
CAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCG-
ACAACCACTACCTGAGCTACCAGTCCAAGCTGAGCAAAGACCCC-
AACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGC-
CGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTGA.

NmpDO
ATGGCGGGAGGAATGAAAGTGGCGGTCTCGCCGGCAGTTGGT-
CCCGGGCCCTGGGGCTCGGGAGTCGGGGGCGGTGGGACAGTG-
CGGCTACTCTTGATCCTCTCCGGCTGCTTGGTCTACGGCACAGC-
TGAAACTGATGTAAATGTGGTCATGCTTCAGGAATCCCAAGTTT-
GTGAAAAGCGTGCCAGCCAACAATTCTGTTACACAAATGTGCT-
TATCCCAAAATGGCATGATATATGGACACGGATACAGATCCGAG-
TAAATAGTTCCAGATTGGTTCGAGTCACCCAGGTGGAGAATGA-
GGAGAAACTGAAGGAGCTAGAGCAGTTTAGTATCTGGAACTTT-
TTTTCCTCCTTTTTAAAAGAGAAATTGAATGACACCTATGTTAA-
CGTGGGTCTATACAGCACAAAAACCTGCCTCAAAGTTGAGATT-
ATAGAGAAGGACACCAAGTACAGTGTCATTGTGATCCGGAGAT-
TTGATCCCAAACTCTTTCTTGTTTTCCTTCTTGGACTTATGCTAT-
TTTTTTGTGGAGACTTGCTGAGCAGAAGTCAAATTTTCTACTAC-
TCTACTGGGATGACTGTGGGAATTGTGGCCTCTCTGCTAATCAT-
CATTTTTATACTATCTAAGTTTATGCCTAAGAAAAGTCCCATTTA-
CGTCATCCTGGTGGGAGGCTGGTCTTTTTCTCTGTACCTCATTC-
AACTAGTTTTTAAAAATTTACAAGAGATCTGGAGGTGTTACTGG-
CAGTATCTTTTAAGTTATGTCCTCACAGTTGGATTCATGAGTTTT-
GCAGTATGTTACAAGTATGGGCCCTTGGAGAATGAACGAAGTA-
TCAACCTGCTGACCTGGACCTTGCAGCTGATGGGCCTGTGTTTC-
ATGTATTCTGGCATCCAGATACCACATATTGCCCTTGCCATTATC-
ATCATTGCTCTTTGTACTAAGAACCTGGAACACGGATCCATGGT-
GAGCAAGGGCGAGGAGACCACAATGGGCGTAATCAAGCCCGA-
CATGAAGATCAAGCTGAAGATGGAGGGCAACGTGAATGGCCA-
CGCCTTCGTGATCGAGGGCGAGGGCGAGGGCAAGCCCTACGA-
CGGCACCAACACCATCAACCTGGAGGTGAAGGAGGGAGCCCC-
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CCTGCCCTTCTCCTACGACATTCTGACCACCGCGTTCGCCTACG-
GCAACAGGGCCTTCACCAAGTACCCCGACGACATCCCCAACTA-
CTTCAAGCAGTCCTTCCCCGAGGGCTACTCTTGGGAGCGCACC-
ATGACCTTCGAGGACAAGGGCATCGTGAAGGTGAAGTCCGACA-
TCTCCATGGAGGAGGACTCCTTCATCTACGAGATACACCTCAAG-
GGCGAGAACTTCCCCCCCAACGGCCCCGTGATGCAGAAGAAG-
ACCACCGGCTGGGACGCCTCCACCGAGAGGATGTACGTGCGCG-
ACGGCGTGCTGAAGGGCGACGTCAAGCACAAGCTGCTGCTGG-
AGGGCGGCGGCCACCACCGCGTTGACTTCAAGACCATCTACAG-
GGCCAAGAAGGCGGTGAAGCTGCCCGACTATCACTTTGTGGAC-
CACCGCATCGAGATCCTGAACCACGACAAGGACTACAACAAGG-
TGACCGTTTACGAGAGCGCCGTGGCCCGCAACTCCACCGACGG-
CATGGACGAGCTGTACAAGGAATTCCCTATTCAGTGGCTGTACA-
TCACCTGCAGAAAGGTGTGTAAGGGAGCAGAAAAGCCTGTTCC-
CCCTCGTCTCCTGACAGAAGAAGAATATCGGATACAAGGAGAG-
GTAGAAACCCGAAAGGCTTTAGAGGAGCTCCGAGAATTTTGTA-
ACAGTCCAGACTGCTCTGCTTGGAAGACTGTTTCTCGAATCCAG-
TCTCCAAAAAGATTTGCTGACTTTGTGGAAGGCTCTTCCCACCT-
CACGCCAAATGAAGTTTCTGTCCATGAGCAGGAGTATGGATTA-
GGGAGCATTATTGCCCAGGATGAAATCTATGAGGAAGCATCCT-
CTGAGGAGGAGGACTCATATTCTCGGTGTCCTGCTATCACACAG-
AACAACTTTCTAACCTGA.
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Lléres, D., James, J., Swift, S., Norman, D. G. and Lamond, A. I. (2009).
Quantitative analysis of chromatin compaction in living cells using FLIM-FRET.
J. Cell Biol. 187, 481-496. doi:10.1083/jcb.200907029

Lombardi, M. L. and Lammerding, J. (2011). Keeping the LINC: the importance of
nucleocytoskeletal coupling in intracellular force transmission and cellular
function. Biochem. Soc. Trans. 39, 1729-1734. doi:10.1042/BST20110686

Lombardi, M. L., Jaalouk, D. E., Shanahan, C. M., Burke, B., Roux, K. J. and
Lammerding, J. (2011). The interaction between nesprins and sun proteins at the
nuclear envelope is critical for force transmission between the nucleus and
cytoskeleton. J. Biol. Chem. 286, 26743-26753. doi:10.1074/jbc.M111.233700

Luxton, G. W., Gomes, E. R., Folker, E. S., Vintinner, E. and Gundersen, G. G.
(2010). Linear arrays of nuclear envelope proteins harness retrograde actin flow
for nuclear movement. Science 329, 956-959. doi:10.1126/science.1189072

11

METHODS & TECHNIQUES Biology Open (2022) 11, bio059656. doi:10.1242/bio.059656

B
io
lo
g
y
O
p
en

https://www.github.com/HopyanLab/FLIMvivo
https://doi.org/10.1016/j.bpj.2015.11.014
https://doi.org/10.1016/j.bpj.2015.11.014
https://doi.org/10.1016/j.bpj.2015.11.014
https://doi.org/10.1016/j.bpj.2015.11.014
https://doi.org/10.1016/j.ceb.2016.10.003
https://doi.org/10.1016/j.ceb.2016.10.003
https://doi.org/10.1016/j.ceb.2016.10.003
https://doi.org/10.1016/j.ceb.2015.03.005
https://doi.org/10.1016/j.ceb.2015.03.005
https://doi.org/10.1016/j.ceb.2015.03.005
https://doi.org/10.1016/j.bpj.2012.10.039
https://doi.org/10.1016/j.bpj.2012.10.039
https://doi.org/10.1016/j.bpj.2012.10.039
https://doi.org/10.7554/eLife.58541
https://doi.org/10.7554/eLife.58541
https://doi.org/10.7554/eLife.58541
https://doi.org/10.7554/eLife.58541
https://doi.org/10.1083/jcb.201610042
https://doi.org/10.1083/jcb.201610042
https://doi.org/10.1083/jcb.201610042
https://doi.org/10.1016/j.devcel.2019.04.020
https://doi.org/10.1016/j.devcel.2019.04.020
https://doi.org/10.1016/j.devcel.2019.04.020
https://doi.org/10.1016/j.devcel.2019.04.020
https://doi.org/10.1126/science.1199499
https://doi.org/10.1126/science.1199499
https://doi.org/10.1126/science.1199499
https://doi.org/10.1039/C9LC00444K
https://doi.org/10.1039/C9LC00444K
https://doi.org/10.1039/C9LC00444K
https://doi.org/10.1039/C9LC00444K
https://doi.org/10.1039/C9LC00444K
https://doi.org/10.1083/jcb.201908036
https://doi.org/10.1083/jcb.201908036
https://doi.org/10.1083/jcb.201908036
https://doi.org/10.1083/jcb.201908036
https://doi.org/10.3390/jdb8040031
https://doi.org/10.3390/jdb8040031
https://doi.org/10.3390/jdb8040031
https://doi.org/10.1038/s41598-017-14136-y
https://doi.org/10.1038/s41598-017-14136-y
https://doi.org/10.1038/s41598-017-14136-y
https://doi.org/10.1016/j.ceb.2017.06.001
https://doi.org/10.1016/j.ceb.2017.06.001
https://doi.org/10.1016/j.ceb.2017.06.001
https://doi.org/10.1016/j.devcel.2019.05.021
https://doi.org/10.1016/j.devcel.2019.05.021
https://doi.org/10.1016/j.devcel.2019.05.021
https://doi.org/10.1016/j.devcel.2019.05.021
https://doi.org/10.1016/j.devcel.2019.05.021
https://doi.org/10.1016/j.ceb.2016.03.006
https://doi.org/10.1016/j.ceb.2016.03.006
https://doi.org/10.1038/nature09198
https://doi.org/10.1038/nature09198
https://doi.org/10.1038/nature09198
https://doi.org/10.1038/nature09198
https://doi.org/10.1038/nbt.4166
https://doi.org/10.1038/nbt.4166
https://doi.org/10.1038/nbt.4166
https://doi.org/10.1038/ncb2927
https://doi.org/10.1038/ncb2927
https://doi.org/10.1038/ncb2927
https://doi.org/10.1038/ncb2927
https://doi.org/10.1083/jcb.201308029
https://doi.org/10.1083/jcb.201308029
https://doi.org/10.1083/jcb.201308029
https://doi.org/10.1083/jcb.201308029
https://doi.org/10.1016/j.bpj.2016.09.047
https://doi.org/10.1016/j.bpj.2016.09.047
https://doi.org/10.1016/j.bpj.2016.09.047
https://doi.org/10.1016/j.bpj.2012.08.041
https://doi.org/10.1016/j.bpj.2012.08.041
https://doi.org/10.1016/j.bpj.2012.08.041
https://doi.org/10.1073/pnas.1300801110
https://doi.org/10.1073/pnas.1300801110
https://doi.org/10.1073/pnas.1300801110
https://doi.org/10.1073/pnas.1300801110
https://doi.org/10.1038/s41467-020-19394-5
https://doi.org/10.1038/s41467-020-19394-5
https://doi.org/10.1038/s41467-020-19394-5
https://doi.org/10.1038/s41467-020-19394-5
https://doi.org/10.1007/s00418-010-0680-3
https://doi.org/10.1007/s00418-010-0680-3
https://doi.org/10.1007/s00418-010-0680-3
https://doi.org/10.1007/s00418-010-0680-3
https://doi.org/10.1038/ncb3387
https://doi.org/10.1038/ncb3387
https://doi.org/10.1038/ncb3387
https://doi.org/10.1038/ncb3387
https://doi.org/10.1038/ncb3387
https://doi.org/10.1021/nn500553z
https://doi.org/10.1021/nn500553z
https://doi.org/10.1021/nn500553z
https://doi.org/10.1083/jcb.200907029
https://doi.org/10.1083/jcb.200907029
https://doi.org/10.1083/jcb.200907029
https://doi.org/10.1042/BST20110686
https://doi.org/10.1042/BST20110686
https://doi.org/10.1042/BST20110686
https://doi.org/10.1074/jbc.M111.233700
https://doi.org/10.1074/jbc.M111.233700
https://doi.org/10.1074/jbc.M111.233700
https://doi.org/10.1074/jbc.M111.233700
https://doi.org/10.1126/science.1189072
https://doi.org/10.1126/science.1189072
https://doi.org/10.1126/science.1189072


Mamada, H., Takahashi, N. and Taira, M. (2009). Involvement of an inner nuclear
membrane protein, Nemp1, in Xenopus neural development through an
interaction with the chromatin protein BAF. Dev. Biol. 327, 497-507. doi:10.
1016/j.ydbio.2008.12.038

Mateo, L. J., Murphy, S. E., Hafner, A., Cinquini, I. S., Walker, C. A. and
Boettiger, A. N. (2019). Visualizing DNA folding and RNA in embryos at single-
cell resolution. Nature 568, 49-54. doi:10.1038/s41586-019-1035-4

Maurer, M. and Lammerding, J. (2019). The driving force: nuclear
mechanotransduction in cellular function, fate, and disease. Annu. Rev.
Biomed. Eng. 21, 443-468. doi:10.1146/annurev-bioeng-060418-052139

Mcqueen, C. and Towers, M. (2020). Establishing the pattern of the vertebrate limb.
Development 147, dev177956. doi:10.1242/dev.177956

Na, S., Collin, O., Chowdhury, F., Tay, B., Ouyang, M., Wang, Y. and Wang, N.
(2008). Rapid signal transduction in living cells is a unique feature of
mechanotransduction. Proc. Natl. Acad. Sci. USA 105, 6626-6631. doi:10.1073/
pnas.0711704105

Papageorgiou, S. (2011). Physical forces may cause Hox gene collinearity in the
primary and secondary axes of the developing vertebrates.Dev. Growth Differ. 53,
1-8. doi:10.1111/j.1440-169X.2010.01218.x

Petrie, R. J., Koo, H. and Yamada, K. M. (2014). Generation of compartmentalized
pressure by a nuclear piston governs cell motility in a 3D matrix. Science 345,
1062-1065. doi:10.1126/science.1256965

Raghunathan, R., Zhang, J., Wu, C., Rippy, J., Singh, M., Larin, K. V. and
Scarcelli, G. (2017). Evaluating biomechanical properties of murine embryos
using Brillouinmicroscopy and optical coherence tomography. J. Biomed. Opt. 22,
1-6. doi:10.1117/1.JBO.22.8.086013

Schreiner, S. M., Koo, P. K., Zhao, Y., Mochrie, S. G. and King, M. C. (2015). The
tethering of chromatin to the nuclear envelope supports nuclear mechanics. Nat.
Commun. 6, 7159. doi:10.1038/ncomms8159

Serwane, F., Mongera, A., Rowghanian, P., Kealhofer, D. A., Lucio, A. A.,
Hockenbery, Z. M. and Campás, O. (2017). In vivo quantification of spatially
varying mechanical properties in developing tissues. Nat. Methods 14, 181-186.
doi:10.1038/nmeth.4101

Shibano, T., Mamada, H., Hakuno, F., Takahashi, S. and Taira, M. (2015). The
inner nuclear membrane protein Nemp1 is a new type of RanGTP-binding protein
in eukaryotes. PLoS One 10, e0127271. doi:10.1371/journal.pone.0127271

Shin, J.W., Spinler, K. R., Swift, J., Chasis, J. A., Mohandas, N. andDischer, D. E.
(2013). Lamins regulate cell trafficking and lineage maturation of adult human
hematopoietic cells. Proc. Natl. Acad. Sci. USA 110, 18892-18897. doi:10.1073/
pnas.1304996110

Starr, D. A. (2011). KASH and SUN proteins. Curr. Biol. 21, R414-R415. doi:10.
1016/j.cub.2011.04.022

Stewart, R. M., Rodriguez, E. C. and King, M. C. (2019). Ablation of SUN2-
containing LINC complexes drives cardiac hypertrophy without interstitial fibrosis.
Mol. Biol. Cell 30, 1664-1675. doi:10.1091/mbc.E18-07-0438

Swift, J. and Discher, D. E. (2014). The nuclear lamina is mechano-responsive to
ECM elasticity in mature tissue. J. Cell Sci. 127, 3005-3015. doi:10.1242/jcs.
149203

Swift, J., Ivanovska, I. L., Buxboim, A., Harada, T., Dingal, P. C., Pinter, J.,
Pajerowski, J. D., Spinler, K. R., Shin, J. W., Tewari, M. et al. (2013). Nuclear
lamin-A scales with tissue stiffness and enhances matrix-directed differentiation.
Science 341, 1240104. doi:10.1126/science.1240104

Tajik, A., Zhang, Y., Wei, F., Sun, J., Jia, Q., Zhou, W., Singh, R., Khanna, N.,
Belmont, A. S. and Wang, N. (2016). Transcription upregulation via force-

induced direct stretching of chromatin. Nat. Mater. 15, 1287-1296. doi:10.1038/
nmat4729

Tao, H., Zhu, M., Lau, K., Whitley, O. K. W., Samani, M., Xiao, X., Chen, X. X.,
Hahn, N. A., Liu, W., Valencia, M. et al. (2019). Oscillatory cortical forces
promote three dimensional cell intercalations that shape the murine mandibular
arch. Nat. Commun. 10, 1703. doi:10.1038/s41467-019-09540-z

Tsatskis, Y., Rosenfeld, R., Pearson, J. D., Boswell, C., Qu, Y., Kim,K., Fabian, L.,
Mohammad, A.,Wang, X., Robson, M. I. et al. (2020). TheNEMP family supports
metazoan fertility and nuclear envelope stiffness. Sci. Adv. 6, eabb4591. doi:10.
1126/sciadv.abb4591

Uhler, C. and Shivashankar, G. V. (2017). Regulation of genome organization and
gene expression by nuclear mechanotransduction. Nat. Rev. Mol. Cell Biol. 18,
717-727. doi:10.1038/nrm.2017.101
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