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Small lipid droplets are rigid enough to indent a
nucleus, dilute the lamina, and cause rupture

Irena L. lvanovska®*@®, Michael P. Tobin™*@®, Tianyi Bai'®, Lawrence J. Dooling*®, and Dennis E. Discher'®

The nucleus in many cell types is a stiff organelle, but fat-filled lipid droplets (FDs) in cytoplasm are seen to indent and
displace the nucleus. FDs are phase-separated liquids with a poorly understood interfacial tension y that determines how FDs
interact with other organelles. Here, micron-sized FDs remain spherical as they indent peri-nuclear actomyosin and the
nucleus, while causing local dilution of Lamin-B1 independent of Lamin-A,C and sometimes triggering nuclear rupture. Focal
accumulation of the cytosolic DNA sensor cGAS at the rupture site is accompanied by sustained mislocalization of DNA repair
factors to cytoplasm, increased DNA damage, and delayed cell cycle. Macrophages show FDs and engulfed rigid beads cause
similar indentation dilution. Spherical shapes of small FDs indicate a high y, which we measure for FDs mechanically isolated
from fresh adipose tissue as ~40 mN/m. This value is far higher than that of protein condensates, but typical of oils in water

and sufficiently rigid to perturb cell structures including nuclei.

Introduction

Many cell types have fat-filled lipid droplets (FDs), including
cancer cells and macrophages that acquire fatty acids to make
FDs (Cruz et al., 2020; Hill et al., 2018; Su et al., 2020). In some
tissue cells such as adipocytes, FDs abut the nucleus (Farese and
Walther, 2009), and although fat is soft to the touch, nuclear
stiffness and strength are high based on the surprisingly high
expression levels of mechanosensitive Lamin-A,C (Swift et al.,
2013). The farnesylated lamins Bl and B2 are comparatively
constant across tissues including fat, and they prevent nuclear
rupture in cells which lack Lamin-A,C such as neurons (Chen
et al., 2019) that are susceptible to FD-associated cellular stress
(Ralhan et al., 2021). Such observations suggest an overall hy-
pothesis that FDs somehow possess sufficient rigidity to act as
intracellular mechanical stressors of organelles including the
nucleus. Addressing this hypothesis might eventually clarify, for
example, how fat is lost with aging of some stiff tissues such as
skin or provide insights into how lipodystrophy is caused by HIV
protease inhibitors, farnesylation inhibitors (Anuurad et al.,
2010), and mutations that suppress mature Lamin-A (Bidault
et al., 2011).

FDs appear fluid in FRAP measurements (Lyu et al., 2021) but
have also been assumed to be solid and softer than the nucleus in
mesenchymal stem cells (MSCs) during adipogenesis (Shoham
et al., 2014). We had noted previously (Swift et al., 2013) and
observe again here that micron-sized FDs in MSCs can visibly
indent the nucleus (Fig. 1, A i)—despite the fluidity of FDs in

freshly isolated fat tissue (Fig. S1 A). FDs are often described as
having an interfacial tension v, or energy per area (units of mN/
m), set by their oily triacylglycerols and sterol esters (Hsieh
et al., 2012; Murphy and Vance, 1999) and modulated by a sur-
rounding monolayer of ER-derived phospholipid and protein
(Farese and Walther, 2009; Thiam et al., 2013). The particular
value of y is important because the pressure (force per area) that
an FD exerts against a nucleus is set by y multiplied by the FDs’
curvature (radius™}; Fig. 1, A ii). Furthermore, any distortion
from a spherical shape necessarily increases an FDs’ surface area
and costs an energy set by y (Fig. 1, A ii, scales). For comparison,
protein “condensates” or aggregates have such a low y of <1 kgT/
(10 nm?) that they can be highly elongated to non-spherical
shapes merely by cytoskeleton interactions (Boddeker et al.,
2022).

The crescent shape of a nucleus at the periphery of a mature
adipocyte that has just one giant FD filling the cytoplasm (Fig. 1,
A iii) seems consistent with electron microscopy images that
also suggest indentation (Verstraeten et al., 2011). However,
whether FDs are sufficiently rigid to indent a nucleus and per-
turb key functions such as DNA repair and replication remains
unclear. It is generally important because—even for nonmi-
gratory adipocytes—nuclear rupture in interphase is possible
(De Vos et al., 2011; Nmezi et al., 2019; Tamiello et al., 2013), and
associates somehow with high nuclear curvature and DNA
damage (Cho et al., 2019; Pfeifer et al., 2018; Xia et al., 2018). In
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Fat Droplets (FD’s) generally deform nuclei but small FD’s remain spherical even when indenting nuclei
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Figure 1. FDs of varying size deform the nucleus and alter nuclear lamina density at indentation sites of high Gaussian curvature. (A i) Adherent cellin
culture filled with FDs illustrates possible indentation of the nucleus. MSCs treated with adipogenic induction media for ~2 wk show such indentations in fixed
and immunostained samples (arrowheads). (Aii) The pressure (force per area) needed for deformation of an FD and nucleus is the product of interfacial tension
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(v) and Gaussian curvature, with large (low curvature) FDs deforming at lower stress. A high y relative to other cell tensions is anticipated for FDs and is
currently known only for FDs from sonicated lysates of kidney cells (Cos7 and HEK) and fly hemocyte-like embryonic cells, with y = 2-5 mN/m for ~3-10-pm-
diam FDs (Ben M’barek et al,, 2017; Lyu et al,, 2021). (A iii) Representative images show cells in fat tissue harbor large FDs that squeeze the nucleus to the cell
periphery and flatten it, whereas nuclei in non-fat cells have axisymmetric shapes (arrowheads). (A iv and v) Actomyosin is suppressed in MSCs with FDs, and
nuclear indentation caused by FDs varies within the micron range (error bars are means + SEM, n = 20 cells, representative of duplicate experiments, *, P <
0.05, significance is determined by Mann-Whitney U-test). (vi) Fixed and fresh fat tissue show that adipose nuclei are asymmetric and flattened proximal to
FDs when compared to nuclei in non-fat cells (n=38cells, N =2, % P<0.05 using Mann-Whitney U-test). The nuclear aspect ratio of fat cells also shows
greater nuclear deformation than MSCs on stiff gels or rigid plastic (n = 250 cells, *, P < 0.05, significance between each of the conditions is determined by
Mann-Whitney U-test). The error bars in the box plots are the 95% confidence interval, red lines indicate the median, and black lines are the means. (B i) FDs in
U20S cells after oleic acid addition (day 3) again show FDs in the approximately micrometer range (1.5 pm median diameter; n = 1,800, representative of N = 3
experiments). Inset: FD-containing cells show suppression of F-actin (n = 100, cells, N = 3 experiments, *, P < 0.05, determined by two-tailed t test).
(B iii) Nuclear indentations caused by FDs (arrows) show higher deviation from a smooth, convex shape (n = 30 cells, *, P <0.05, two-tailed t test). (B iii) FDs
maintain the same spherical shape whether indenting nuclei or not (yellow or gray arrow, respectively; n = 75 cells, *, P < 0.05, by Mann-Whitney U-test).
(B iv) At sites of nuclear indentation (orange arrows), stiff F-actin fibers are indented by FDs (white arrows) and may also serve as a backstop promoting
nuclear indentation. (B v) Treatment with F-actin disruptor Latrunculin-A for 90 min suppresses indentations and contact areas between FDs and the nucleus
(n = 200 FDs in 30 cells, K-S test, *, P < 0.05, representative of duplicate experiments). All error bars are means + SEM. (C i and ii) Confocal mid-sections of
nuclear indentation by small FDs show consistent depletion of Lamin-B1, which frequently contrasts with Lamin-A,C (yellow arrowheads). Line plots quantify
immunofluorescence intensities along the envelope, and bar graph quantifies Lamin-A,C’s more varied response at indentations (n = 70, N = 3). (C iii) Relative
densities of Lamin-B1 measured at sites of FD indentation (n = 65, N = 5 experiments). The results fit a rigid filament-binding model (R? = 0.72; see text and
Materials and methods). Model parameters are (best fit: € = 3.9, B = 0.51, a = 10.8) or (constrained fit: € = 4.65, B = 0.50, a = 12.8). Lamin-B1 depletion is
unaffected by knockdown of Lamin-A,C (open points; n = 15 cells, duplicate experiments). Inset: As a function of curvature, Lamin-B1 dilution fits the single
filament model (R? = 0.72: € = 3.9, B = 0.51, a = 10.7). (C iv) Sketch: Lamin-B1 filaments (red) with farnesylation groups (black lines) consistently detach and
deplete from high Gaussian curvature sites, which could favor nuclear rupture despite the more varied response of Lamin-A,C. All error bars are means + SEM.

particular, Gaussian curvature (typified by a bowl shape) has
been speculated to be of greater importance than mean curva-
ture (a wrinkle or fold; Fig. S1 B). Based on the above, we
specifically hypothesize that small, micron-size FDs possess
sufficiently high interfacial tension to act as spherical indenters
and disrupt nuclear integrity, particularly for cells with low
Lamin-A,C that seem more reliant on their constitutive Lamin-B.
Key results here question a notion that Lamin-B does not reg-
ulate nuclear mechanics (Lammerding et al., 2006) and show
curvature-dependent perturbations to lamin density, and nu-
clear rupture with mislocalization of DNA repair factors plus
increased DNA damage.

Results and discussion

FDs displace and deform the nucleus and cytoskeleton, with
small FDs seeming rigid

Adipogenesis of MSCs is extensive in adult human bone marrow
and is seen in vitro to suppress actomyosin levels (Fig. 1, A iv),
consistent with known remodeling of the actin cytoskeleton
(Spiegelman and Farmer, 1982; Verstraeten et al., 2011).
Whereas actomyosin stress is sufficient to drive nuclear de-
formation and even nuclear rupture when lamins are repressed
(Hatch et al., 2013; Tamiello et al., 2013; Xia et al., 2018), nuclear
indentations in MSCs seem to associate here directly with peri-
nuclear FDs that vary in diameter from 3 to 7 pm (Fig. 1, A v). The
giant FD in a mature tissue adipocyte also deforms the nucleus
compared to nearby non-adipocytes that remain symmetric
(Fig. 1, A iii and vi). All of the tissue nuclei are also highly
elongated (Fig. 1, A vii), consistent with a high local rigidity based
on comparison with nuclear elongation of MSCs on stiff versus
soft substrates (Boddeker et al., 2022; Swift et al., 2013). These
initial observations suggest an interplay of FDs with the nucleus
and cytoskeleton in tissue-relevant cells, but further insight
could benefit from an experimentally tractable model system.
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Osteosarcoma cells derive from mesenchymal cells in bone
(Pontén and Saksela, 1967), and the particular U20S line studied
here has been used to study adipogenic processes (Mohseny
et al., 2011). Addition of oleic acid to cultures is common
(Bersuker et al., 2018; Pfisterer et al., 2017) and relevant to FD
formation in cancer cells (Nieman et al., 2011). Cytoplasmic FDs
with a ~1.5 pm median diameter are seen in a day (Brasaemle
and Wolins, 2006; Mannik et al., 2014); they eventually fill a
similar area of cytoplasm as the nucleus (Fig. 1, B i and Fig. S1 C)
and modestly suppress F-actin levels (Fig. 1, B i inset). Nuclear
indentation in U208 cells is evident in about 30% of cells and
tends to roughen the perimeter (Fig. 1, B ii).

Small FDs that indent a nucleus are always round and in the
micron range (Fig. 1, B iii). Confocal z-stacks also show no flat-
tening of FDs, with profiles similar to polystyrene micro-beads
(Fig. S1D). The thick stress fibers in U20S cells (Hotulainen and
Lappalainen, 2006) are bent by the FDs (Fig. 1, B iv and Fig. S1E),
with effective diameters (<2 um) that are small compared to the
~10 pm persistence length of even a single actin filament (Gittes
et al., 1993). Rescue of the indentations with Latrunculin (90
min) increases the distance between FDs and the nucleus, sug-
gesting that actomyosin helps push small FDs into nuclei (Fig. 1,
B v), but roles for other factors (e.g., nesprins) require further
study. Also, FDs smaller than ~1 pm are likely to be too small to
have the observed effects.

Confocal sections through FDs that indent the nucleus reveal
that Lamin-B1 dilutes reproducibly, whereas Lamin-A,C varies,
and the slightly elevated DNA intensity at the envelope (heter-
ochromatin) shows little change (Fig. 1, C i and ii). Lamin-Bl’s
density also decreases with indent diameter associated with
Gaussian rather than mean curvature, and its dilution proves
independent of Lamin-A knockdown (Fig.1, C ii and iii; and Fig.
S1, F-H). The stoichiometric ratio of Lamin-A:B dictates nuclear
stiffness and strength, and the ratio for MSCs is ~5-10, whereas
for cancer cells such as U20S cells, the ratio is often low despite
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the mechanosensitivity of Lamin-A,C (Irianto et al., 2016; Swift
et al., 2013). GFP-Lamin-B receptor (LBR; Fig. S1I), which binds
Lamin-Bl1 (Olins et al., 2010), also shows FD-induced depletion,
and we see the LBR-demarked ER is often distant from FD in-
dentations, which is notable because of FD biogenesis in the ER
(Thiam et al., 2013).

Lamin filaments have a persistence length in situ of ~1 um
(Turgay et al., 2017), and such rigidity should disrupt the
farnesylation-mediated attachments of Lamin-Bl filaments to a
highly curved nuclear membrane (Fig. 1, C iv); hence, Lamin-B
filaments can be expected to diffuse and bind to flatter regions of
the nuclear membrane. Lamin-A,C lacks farnesylation and its
response at the indentation site varies from accumulation to
slight dilution compared to the reproducible local depletion of
Lamin-B (Fig. 1, C ii and iii; and Fig. S1 G). Our sketch suggests a
“single filament model” of curvature-driven membrane de-
tachment (see Materials and methods) of the form:

B

Tlee’

y

where y is the amount of lamin dilution relative to a flat mem-
brane, x is nuclear membrane curvature, B sets a minimum di-
lution, and ¢ (in ksT units) and o are a membrane binding
energy and curvature-dependent interaction factor, respec-
tively. The equation is the same form as that used, for example,
to fit the pressure-dependent activation of membrane Piezo
channels (Coste et al., 2010) and fundamentally captures the
molecular mechanism. Our measurements of Lamin-B1 deple-
tion (Fig. 1, C iii) are fit well by such a sigmoidal equation even
when ¢ is constrained to a value that fits outward Gaussian
curvature (Pfeifer et al., 2022).

At sites of high outward nuclear curvature (i.e., nuclear
poles), spontaneous nuclear rupture is evident after knockdown
of Lamin-B1 or Lamin-A,C in standard 2D cultures of U20S cells
(Hatch et al., 2013; Xia et al., 2018). Given such protection con-
ferred by both lamins to U20S nuclei, we sought to address
whether FD indentation and the reproducible local depletion of
Lamin-Bl would sometimes cause nuclear rupture in wild-
type U20S.

Small fat droplets contacting the nucleus cause nuclear
rupture, with loss of DNA repair factors
To look for rupture, U20S cells were transfected with mCherry-
cGAS (i.e., cyclic GMP-AMP synthase), which is a “DNA sensor”
that diffuses in the cytoplasm but will enter an interphase nu-
cleus at sites of nuclear rupture and persistently bind chromatin
for many hours (Denais et al., 2016; Harding et al., 2017; Raab
etal., 2016). Nuclear foci of cGAS at FD indentation sites coincide
with Lamin-BI depletion and slight DNA accumulation (Fig. 2, A
i; and Fig. S2, A and B), and live imaging over 3 h clearly shows
nuclear cGAS foci rapidly form at sites of FD-nucleus interaction
(Fig. 2, A ii; and Fig. S2, C i and ii). Such foci are rare in cells
when FDs are not near the nucleus; conversely, only a fraction of
indents shows rupture.

Live-cell studies done at day 1 with sparse FDs are best to
relate a specific FD with a rupture site. Foci intensity of cGAS
saturated by ~30 min, remained stable for >90 min, extended
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several ums from the site of FD-nucleus interaction, and showed
local densification of chromatin (Fig. 2, A ii and iii; and Fig. S2, A
and B). GFP-Lamin-A expressing cells suggest accumulation of
Lamin-A at cGAS-marked rupture sites (Fig. S2 B), in agreement
with laser-triggered rupture (Kono et al., 2022). Mobile cGAS
not only enters a ruptured nucleus (Fig. S2, C i and ii) but might
also undergo liquid-to-solid gelation beyond ~1 h (Du and Chen,
2018). Pre-existing cGAS foci or “scars” in ~20% of FD-laden
cells indicate past rupture events that remain stable over
~hours, consistent with sustained binding (~6-9 h from com-
paring to live imaging); the cGAS scar frequency certainly ex-
ceeds the combined ~10% observed during the 3 h of live-cell
imaging and ~5% seen as preexisting foci in cells with no FDs
near the nucleus (Fig. 2, A iv; and Fig. S2, C iii and iv). Whereas
GFP-Lamin-A overexpression suppressed cGAS foci in cells with
FDs, multiple cGAS scars in a single nucleus are more common
in Lamin-A,C knockdown cells (Fig. S2, B v). Importantly, all
cGAS entry events in live imaging were associated with FDs < 3.5
pm, consistent with Lamin-B1 dilution (Fig. 1 C).

To further assess spatiotemporal dynamics of cGAS accu-
mulation at a rupture site, we locally indented and ruptured
nuclei in intact cells by using an Atomic Force Microscope
(AFM) with a high curvature tip (<100-nm-diameter tip), a
dwell time of 30 s, and forces of ~10 nN (Fig. 2, B i). cGAS
spreads again over several micrometers from the contact site
(Fig. 2, B ii), which mimics focal rupture by FDs (Fig. 2, B iii vs.
Fig. 2, A i and ii; and Fig. S2 A).

Nuclear exit of a diffusible DNA repair factor was our next
focus in live-cell imaging of FD-induced rupture, and GFP-KU80
was chosen because it is predominantly nuclear but can tran-
siently mislocalize to cytoplasm upon nuclear rupture (Fig. 2 C;
Irianto et al., 2017; Xia et al., 2018). Small FDs within a few
micrometers of the nucleus edge were tracked over time in cells
with sparse FDs and showed modest changes in FD-to-nucleus
distance over ~10 min timescales, suggestive of oscillatory FD
motility (Fig. 2, C i; Valm et al., 2017; Welte, 2009). FDs that
transiently localized at the nuclear rim often associated with a
sudden decrease in nuclear GFP-KU80 simultaneous with an
increase in cytoplasmic GFP-KU8O (Fig. 2, C ii; and Fig. S2, D i
and ii). Nuclear signal recovered after ~1-2 h, which is longer
than recovery of smaller GFP-NLS constructs in other rupture
studies (Robijns et al., 2016; Xia et al., 2018). Although less than
half of all FD-nuclear close-contacts showed nuclear rupture
(Fig. 2, C i stars), overall ~13% of cells loaded with FDs showed
real-time mislocalization of GFP-KU80—exceeding rupture
frequency of controls (Fig. 2 D) and consistent with fixed cell
results and live tracking of rupture using cGAS (Fig. 2, A iv).
Importantly, all KU80 mislocalization events associated with
FDs <3.5 pm, consistent again with Lamin-Bl dilution (Fig. 1 C),
whereas low curvature indentations were not sufficient to
rupture nuclei and mislocalize KU80 (Fig. S2, C iii).

Fat droplets increase DNA damage and cell-cycle defects in 2D
and after 3D migration

Based on loss of key DNA repair factors for hours, we next hy-
pothesized that FD-loaded cells with nuclear rupture would
exhibit more DNA damage. Immunostaining for the DNA
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High Curvature Fat Droplets cause rapid nuclear rupture similar to sharp, rigid probes
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Figure 2. High curvature FDs rupture the nucleus similar to stiff AFM probes, causing rapid accumulation of c¢GAS at rupture sites and mis-
localization of DNA repair factor to cytoplasm. (A i) Cytosolic DNA sensor cGAS accumulates and Lamin-B1 depletes at sites of interaction with high
curvature FDs in fixed cells (representative of N = 3, n = 10 cells). (A ii) Live imaging of cGAS accumulation over 3 h at the nuclear edge after FD contact
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(arrowhead). Intensity plot for the region of interest (ROI: yellow rectangle) shows cGAS accumulation by 10 min and saturation at 30 min. (A ii) cGAS intensity
at rupture sites remains high for hours as a “cGAS scar.” (A iv) Cells with FDs co-localized at the nucleus or not were scored for cGAS foci during live imaging,
with more of the co-localized cells showing foci (N = 3,n = 18, *, P < 0.05, two-tailed t test). All error bars are means + SEM. (B i and ii) A stiff AFM probe of high
curvature is pressed into the nucleus. cGAS accumulates (arrowhead) on micrometer scales over minutes, indicating rupture. A constant intensity of cyto-
plasmic cGAS indicates the plasma membrane does not rupture. (Biii) Further examples of cGAS accumulation (arrowheads) within ~3 min of initiating nuclear
rupture (N = 3, n = 20). (C i) Live-cell imaging of FD mobility within cytoplasm allows measurement of a fluctuating distance to the nucleus. The minimum
distance often coincides with mislocalization of DNA repair factor GFP-KU80 to cytoplasm, indicating nuclear rupture (star; n = 4, representative of duplicate
experiments). (C iii) Mislocalization within minutes of contact of a moving FD (arrow) is followed by a slow recovery into the nucleus (n = 30, N = 2, *, P < 0.05,
Mann-Whitney U-test is used to test the significance of the intensity drop at rupture). Cells were imaged for 7 h at day 1 after FD induction, when FDs remain
sparse. All error bars are means + SEM. (D) Mislocalization of KU8O to cytoplasm for FD-loaded and control U20S cells is compared in live and fixed samples,
with the FD-loaded cells having a higher frequency (open or closed symbols, respectively: n = 370 or 500 cells, N = 4, *, P < 0.05, two-tailed t test). All error bars

are means + SEM.

damage marker YH2AX have associated damage with nuclear
rupture after Lamin-A knockdown in standard 2D culture (Xia
etal., 2018). FD-laden cells with cGAS* nuclear rupture likewise
show high DNA damage relative to a basal level regardless of
FDs (Fig. 3 A). Therefore, FDs do not increase DNA damage
through other mechanisms. Nuclear rupture in the absence of FDs
tends to slightly elevate DNA damage, but the higher frequency of
rupture with FDs (Fig. 2 D) can be anticipated to maximize
damage. DNA damage can trigger checkpoint(s) that impede cell
cycle as we have recently shown with Lamin-A suppression in
beating hearts from chick embryos and in standard 2D cultures of
cardiomyocytes (Cho et al., 2019). FD-loaded cells here indeed
show an increased fraction of cells in S-phase (Fig. 3 B), suggesting
that FDs can initiate indentation —» damage — cell cycle pertur-
bation (Fig. 3 C). Rescue of rupture-induced DNA damage and cell-
cycle delay is indeed achieved in part by overexpressing KU80,
KU70 plus one more repair factor (Xia et al., 2019).

To further assess the effective stiffness of the small FDs and
their impact on other cell functions relevant to MSCs and some
FD-containing cancers, such as migration (Cruz et al., 2020), we
plated the U20S cells with or without FDs at high density on
Transwell membranes with highly constricting 3-um-diameter
pores and then fixed, stained, and imaged by confocal micros-
copy after 24 h (Fig. 3 D). The vast majority of FDs (>90%) are
smaller than the chosen pore size (Fig. 1, B i), and we find many
examples of FDs that co-localize with a nucleus within a pore
(Fig. 3, D i). Importantly, the nucleus deforms but the FD remains
round, even for ~2 pm FDs that strongly distort the nucleus as
the rigidity of the pore back-stops the nuclear indentation (in-
stead of actomyosin stress fibers per Fig. 1, B iv). The results
further underscore the rigidity of FDs.

Given that FDs suppress F-actin and indent actomyosin fibers
(Fig. 1, Biand iv), we anticipated an impact on actomyosin
function such as the rate at which a cell pulls itself through a
constricting pore (~3 h) to migrate from top to bottom of a
Transwell (Xia et al., 2019). Indeed, fewer of the FD-loaded cells
migrated in the same period as control cells (Fig. 3, D ii), with
almost as much suppression as occurs with myosin-II inhibition
of U208 cells (Fig. S3, A i). Nuclear indentation by the rigid FDs
in pores might also impede migration, but the small fraction of
such cells (~10% of nuclei in pores; Fig. 3, D i) would not account
for the much larger effect on constricted migration.

Constricted migration through 3 pm pores is known to de-
plete Lamin-B and causes rupture at high curvature poles, but
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also dysregulates DNA repair factors and impedes cell cycle
(Irianto et al., 2016; Irianto et al., 2017; Pfeifer et al., 2018; Xia
et al,, 2019). FDs increase all of these processes (Fig. 3, D iii and
iv; and Fig. S3, A ii and iii), and ruptured nuclei again show
maximum DNA damage (Fig. 3, D v) with FDs delaying cell cycle
in the well-spread cells on bottom as in 2D culture (Fig. 3, D vi).
Generally, FD-induced scars of lamin-Bl and nuclear cGAS are
two- to threefold more frequent than the transient KU8O mis-
localization (Fig. 2 D; and Fig. 3, D iii and iv; and Fig. S2 B).
Mislocalization of KU8O is less clear on the Transwell top, likely
because cell density is so high (in order to drive migration) that
cells and nuclei remain rounded; this typically reflects limited
actomyosin fiber assembly and would predict limited FD indenta-
tion (per Fig. 1, B iv). Nonetheless, Lamin-BI dilution can be found
at sites of FD indentation, whereas nuclear wrinkles—which have
no Gaussian curvature—show no Lamin-Bl dilution (Fig. S3 B).
The results overall provide further evidence for the indentation-
damage-cell-cycle checkpoint pathway caused by FDs (Fig. 3 C) and
again highlight an effective rigidity of FDs.

Interfacial tension is indeed high for FDs in tissue adipocytes

Our various in vitro observations of small FDs interacting with
nuclei—starting with our original observations of nuclear in-
dents (Swift et al., 2013) —all indicate that small FDs deform the
nucleus rather than vice versa. To begin to quantify the me-
chanically key y (Fig. 1, A ii), visceral fat tissue was freshly
isolated from mice and aspirated into micropipettes with supra-
cellular diameters (~50-100 pum; Fig. 4, A i). This method has
been used to measure the elasticity of embryonic heart and the
viscoelasticity of brain (Cho et al., 2019). With a sufficient step in
aspiration pressure, the tissue distends into the micropipette
and slowly flows; a creep compliance power law exponent a <
0.2 indicates a near solid-like response (Fig. 4, A ii and Fig. S3 C).
Such isolated tissue has ECM including multicellular fibers
(Fig. 4, A i) that likely modulate the mechanics (Heid et al., 2014)
and that usually indicate a basal stress and a modest stiffness for
fat tissue (~1-3 kPa; Alkhouli et al., 2013). This agrees with our
past findings that fat tissue has intermediate levels of fibrillar
collagens as well as Lamin-A,C (Swift et al., 2013), which likely
reflects the large FDs acting as mechanical stressors within the
tissue. Indeed, inverting our creep compliance values at 1 s in-
deed gives similar values for cells and tissue (~3-5 kPa) that
is several-fold stiffer than brain, which is softer and has very
little lJamin-A,C and collagen. However, compared to a rigid
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Figure 3. DNA damage and cell-cycle perturbation are increased with FD-induced nuclear rupture, with similar FD-disruptive effects in 3D-
constricted migration. (A) FD-ruptured nuclei (cGAS*) show more DNA damage when compared to non-ruptured controls. Top row images show a large
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FD indents the nucleus (arrow) without rupture based on cGAS remaining cytoplasmic. Bottom row images show rupture (arrow). Immunofluorescence
staining for yH2AX foci is done 1 d after FD induction (n = 135 cells, duplicates, *, P < 0.05, significance was determined by K-S test). Error bars are the 95%
confidence interval, red lines indicate the median and black lines are the means. (B) Cell cycle of FD-loaded cultures is perturbed by FDs, with more cells in
S-phase. Total DNA intensity per nucleus is normalized and used to determine cell-cycle stage (n = 350 cells, N = 3, *, P < 0.05, K-S test). (C) Proposed
pathway: Small, stiff FDs create high Gaussian curvature at indentation sites, in part due to a cytoskeletal backstop, and indentation dilutes Lamin-B1, favoring
nuclear rupture, rapid mislocalization of DNA repair factors, increased DNA damage, and perturbed cell cycle. (D) Cells plated on Transwell tops 1 d after FD
induction were allowed to 3D-migrate through 3-um-diameter pores for 24 h. (D i) Cross-section confocal slices from within Transwell pores show FDs remain
round (arrows) even while they distort the pore-deformed nuclei (n = 13, N = 2). (D ii-iv) Fewer cells with FDs migrate to bottom vs. controls (n = 400 cells, N =
4,*, P < 0.05), and yet ~twofold more FD-loaded cells show rupture with Lamin-B1-deficient nuclear blebs (arrowheads; n = 450 cells, N = 3, *, P < 0.05) and
mislocalization of DNA repair factors (circle, square = KU8O; triangle = KU70; n = 360 cells, N = 3, *, P < 0.05). (D v and vi) Migrated FD* cells with nuclear
rupture maximize yH2AX foci (n = 120; K-S test, *, P < 0.05), and FD* cultures again show more cells in S-phase with a tendency for G2/M suppression (filled =

3D, open = 2D; n = 500 cells, N = 4, *, P < 0.05). For all bar graphs, significance was determined using two-tailed t test.

osteogenic phenotype, adipogenesis of MSCs is favored on soft
matrix and by partial knockdown of lamin-A,C (Swift et al.,
2013), and a nuclear stiffness of ~2 kPa for cells on soft matrix
decreases by half or more after knockdown (Ivanovska et al.,
2017). Such a nuclear stiffness multiplied by the FD’s radius of
curvature (Fig. 1, A ii) suggests y >> 2 mN/m for micron-size FDs
to remain round in nuclear indentation.

To measure y for FDs in fresh fat tissue—which is a mea-
surement we were unable to find in the literature—we me-
chanically isolated FDs from tissue via cycles of back-and-forth
aspiration (Fig. 4, B i). Individual FDs flow in aspiration as vis-
coelastic materials that nearly equilibrate in ~10-100 s (Fig. 4, B
ii), per FRAP recovery timescales (Fig. S1 A). Release shows re-
versibility (Fig. S3 C), consistent with y driving elastic recovery
to a minimum area sphere. Applying the Young-Laplace equa-
tion to distensions near equilibrium gives y ~40 + 4 mN/m
(Fig. 4, B ii plot). This is higher than that of FDs from cultured
kidney cells and fly hemocyte-like cells but typical for oil-water
interfaces (Israelachvili, 2011; Fig. 1, A ii). FDs from tissue could
have distinct factors that affect y, but FDs possess sufficient ri-
gidity to remain spherical as they indent a nucleus.

Macrophages: Small FDs and phagocytosed beads indent and
dilute Lamin-B1
Macrophages accumulate FDs in atherosclerosis and obesity
among other conditions (Castoldi et al., 2020; Yang et al., 2022),
and human THP-1 macrophages provide a physiologically rele-
vant model in wide use (Chanput et al., 2014; Mejhert et al.,
2020). Endogenous FDs are micron-size and remain round as
they displace the actomyosin (Fig. 5 A), but compared to U20S
cells, the nucleus seems less tensed (as less ellipsoidal) and the
cells are less spread. Peri-nuclear actomyosin fibers are indeed
rare, and Lamin-A:B stoichiometry is high versus U20S cells
(Fig. 5 B), but micron-size FDs induced by oleic acid (Fig. 5 C and
Fig. S1C) again indent the nucleus and dilute Lamin-B1 (Fig. 5 D).
Large FDs are deformed in tissue (Fig. 1, A iii) and also in
some cell-culture models (Loneker et al., 2023), which raises
questions about their ability to act simply as mechanical stres-
sors. Large FDs also associate with lipases (Schott et al., 2019)
and nuclear lipases couple to membrane integrity and tension
(Lomakin et al., 2020; Venturini et al., 2020). To therefore assess
a biophysical basis for indentation dilution, the macrophage
cytoplasm was loaded with 3-pm rigid beads by phagocytosis
(Fig. 5, Eiand ii). Gaussian curvature at sites of bead indentation
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(Fig. 5, E ii, lower image) shows local depletion of Lamin-Bl
(Fig. 5, E iii) that is slightly lower than that for larger FDs in
macrophages (Fig. 5 F) but consistent with U20S trends (Fig. 1, C
iii). Nuclear rupture is less likely because of higher Lamin-A,C as
well as low tension on the THP-1 nucleus, but the results support
our overall hypothesis that FDs possess sufficient rigidity to
mechanically stress the nucleus.

In conclusion, Gaussian curvature-dependent dilution of
Lamin-B is a consistent observation across inward (Figs. 1,2, 3,
and 5) and outward curvature scenarios (Pfeifer et al., 2022; Xia
et al,, 2018). In comparison, Lamin-A,C varies with a rate- or
rupture-dependent response (Kono et al., 2022; Pfeifer et al.,
2022), but mechanoprotects against rupture and likely ex-
plains why Lamin-A,C expression levels in tissues scale with the
operating stress and stiffness of a mature or developing tissue
(Cho et al., 2019; Swift et al., 2013). Consistent with such a
mechanism and the phase-separated nature of FDs as oil in
water, adipogenic differentiation shows decreases in Lamin-A,C
levels (Verstraeten et al., 2011) accompany the progressive in-
creases in FD size—which corresponds reasonably well to de-
creased curvature stress (Fig. 1, A ii).

Materials and methods

Cell culture

U208 cells (gift from Roger Greenberg, University of Pennsyl-
vania) with genotype confirmed the Discher lab (Irianto et al.,
2017) were cultured in DMEM high glucose medium (Gibco)
supplemented with 10% FBS (Sigma-Aldrich) and 1% penicillin/
streptomycin (Gibco). Bone marrow-derived MSCs were iso-
lated from bone marrow aspirates obtained from posterior iliac
crest of anonymous human donors (University of Pennsylvania
Stem Cell Core, with Institutional Review Board approval) under
the procedures and regulations defined by the Helsinki agree-
ment. Mono-nucleated cells were depleted from CD34-positive
cells by a microbead kit (Direct CD34 Progenitor Cell Isolation
Kit, Miltenyi Biotec) and screened by automated cell separation
(AutoMacs, Miltenyi Biotec) according to manufacturer’s pro-
tocols. Cells were cultured in standard tissue culture flasks in
low-glucose basal medium (DMEM, Life Technologies), supple-
mented with 10% FBS (Sigma-Aldrich) and 1% penicillin/strep-
tomycin antibiotics (GE Healthcare) and incubated at 37°C and
5% CO, humidified conditions. After 24 h cells were thoroughly
rinsed (3x times) with PBS to remove non-adherent cells. After
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Figure 4. Fat tissue is solid-like and moderately stiff based on micropipette aspiration, with mechanically isolated FDs exhibiting a high interfacial
tension similar to oil-water. (A i) Fat tissue stained with lipophilic Bodipy dye possesses a collagenous network visible by immunofluorescence in confocal
images. Micropipette aspiration reveals individual fat cells. (A i) Under aspiration pressure (AP ~ 5 kPa), the compliance of fat tissue exhibits a weak power law,
which is a signature of a predominantly solid-like, viscoelastic response (n = 8 tissues from four mice). (B) FDs were mechanically extracted from fresh fat
tissue to measure an effective interfacial tension of FDs. (B i) Tissue was aspirated at high pressure (AP = 50 kPa) causing membrane rupture and cell
fragmentation before release. (B ii) Released FDs were re-aspirated. Sketch: A purely elastic material should respond instantly, and a viscous material should
respond slowly. Plot: Application of the Young-Laplace equation to a near equilibrium strain gives an interfacial tension of ~40 + 4 mN/m (n = 3).
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Droplets in FD-loaded THP-1 macrophages also cause Lamin-B dilution at sites of indentation
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Figure 5. Macrophages also show indentation dilution of Lamin-B1 by FDs and by beads. (A) THP-1 macrophages show endogenous, small FDs (Bodipy
dye), and z-slices from confocal imaging show FDs exclude myosin-IIA (arrows). (B) Immunoblot of lamins shows the ratio of Lamin-A to -B1 is low in U20S
osteosarcoma cells relative to THP-1 macrophages and A549 lung adenocarcinoma (normalized to B-actin). For all cell types, the immunoblot also shows
Lamin-C ~ Lamin-A. Table: Mean + SEM from immunoblots (n = 4, *, P < 0.05 for U20S cell A:B1 ratios compared to others, two-tailed t test). Mean ratios of
mMRNA are calculated from cell-line expression data in The Human Protein Atlas database, and show the same trend. WB, Western blot. (C) Addition of oleic
acid to macrophage cultures for 1d showed most macrophages are FD filled. The histogram of FD diameters (n = 1,500 FDs, duplicates) indicates slightly larger
FDs than in U20S cells (compare to Fig. 1, B i). (D) Top: Four representative images of macrophages filled with FDs. All show focal indentation-dilution of
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Lamin-B1. Black-and-white lower panel: Lamin-B1 signal is contrast-adjusted to visualize its depletion (arrows) relative to nearby nuclear lamina signal.
(E i) Schematic of bead-loading into macrophages by Fc-Receptor mediated phagocytosis. This is done in order to assess any nuclear indentations.
(E i) Brightfield images with fluorescent overlays show bead-loaded macrophages and a few beads that are not internalized (magenta). Representative image
of the nuclear surface in a bead-loaded macrophage shows distinct sites of bead-induced indentation (arrowheads). (E iii) Brightfield and anti-Lamin-B1 IF
overlay shows lamina indentation caused by beads (arrows). Black-and-white right panel: Lamin-B1 signal is contrast-adjusted to visualize its depletion
(arrows) relative to nearby nuclear lamina signal. (F) Lamin-B1 dilution at nuclear indentation sites in macrophages is caused by beads (~3 um diameter) or else
by FDs (4 um diameter; errors are mean + SEM, beads n = 16 and FDs n = 30, N = 3, *, P < 0.05, significance was obtained using Mann-Whitney U-test). A small

difference is consistent with the curvature trend and model fit in Fig. 1, C iii.

3-4d, colony-forming stromal cells appeared in the flasks, which
were further expanded by passaging at ~80 confluency and re-
seeding at ~50% confluency. Typically, cells from three different
donors were mixed and used for the experiments. Flow cytometry
was used to verify that cells are negative for hematopoietic markers
(CD45-RA, CD34) and positive for stromal stem cells markers
(CD105, CD166, CD44, and CD90). For adipogenic differentiation,
bone marrow-derived MSCs were plated (5,000 cells per mm?) on
6-well plates and induced with standard adipogenic media for 2 wk
(R&D), following manufacturer protocol. THP-1 cells (ATCC, #
TIB202) were cultured in RPMI 1640 medium (Gibco) and supple-
mented with 10% FBS and 1% penicillin/streptomycin. All cells were
kept incubated at 37°C with 5% CO,. To obtain macrophages, THP-
1 monocytes were differentiated using PMA (Sigma-Aldrich) for
48 h in RPMI media. When drug treatment was necessary, U20S
cells were PBS-washed and media was replaced with complete
media containing 1 uM Latrunculin-A (Sigma-Aldrich) and incu-
bated at 37°C, 5% CO, for the specified time.

Fat droplet formation and fluorescence staining

Tris HCL-Hydroxymethyl Aminomethane Hydrochloride-and
Tris Base (both from Thermo Fisher Scientific) were dissolved
in deionized water and combined with Fatty Acid-Free BSA
(Sigma-Aldrich). The resulting solution was supplemented with
oleic acid (Sigma-Aldrich), well-mixed, and purified using a
0.20-pm syringe filter (Thermo Fisher Scientific). The resulting
stock solution was mixed with complete DMEM media to obtain
a final concentration of 1 mM (U20S experiments) or complete
RPMI media to a concentration of 400 uM (THP-1 experiments).
Bodipy dye (Invitrogen, FL-C12 D3822 and 558/568, D3835) was
added at a 1:1,000 dilution to the media-oleic acid mix prior to
media replacement into pre-seeded well plates. Cells were in-
cubated in the mixture for a duration of 24-72 h.

Immunostaining

Cell samples were fixed using 4% formaldehyde (Sigma-Aldrich)
for 15 min, permeabilized using 0.5% Triton-X 100 (Sigma-Al-
drich) for 10 min, and blocked with 5% BSA for 30 min at room
temperature. Intermediate wash steps were conducted using
0.1% BSA in PBS. Cells were incubated in primary antibody at
4°C overnight. Antibodies utilized include: Lamin-A/C (1:500,
mouse, 4ClL; Cell Signaling), Lamin-Bl (1:500, rabbit, 16048;
Abcam), myosin-IIa (1:50, rabbit, 34035; Cell Signaling), yH2AX
(1:500, rabbit, 11174; Abcam), KU70 (1:500, mouse, sc-17789;
Santa Cruz), and B Actin (1:300, mouse, cs-47778; Santa Cruz).
Secondary antibody incubation (1:500, donkey anti-mouse 488,
#A21202, 546, #A100036, 647, #A31571 or rabbit 488, #A21206,
546, #A10040, 647, #A31573; Thermo Fisher Scientific) occurred
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over 90 min at room temperature. Actin was visualized using
Alexa Flour 647 phalloidin (A-31573; Invitrogen). Nuclei of cells
were stained using Hoechst 33342 (H3570; Thermo Fisher Sci-
entific) for 15 min.

Microscopy and live imaging

Lower magnification epifluorescence and brightfield images
were obtained from an Olympus IX71 microscope with a 40x/
0.6-NA objective and a digital EMCCD camera (Cascade 512B;
Photometrics). Confocal image stacks were captured using ei-
ther a Leica TCS SP8 system or a Zeiss LSM 980 system with a
63x/1.4-NA oil immersion objective. When mounting was nec-
essary, fixed samples were placed between two glass coverslips
wet with 15 pl antifade mountant (Prolong Gold and Prolong
Diamond, Thermo Fisher Scientific) and allowed to set over-
night. Experiments involving fixed, wet samples were per-
formed, stained, immersed in PBS, and imaged within 35-mm
coverglass-bottom dishes (MatTek) or chambered coverglasses
(Thermo Fisher Scientific).

Live imaging experiments were performed at 37°C with 5%
CO, using a Zeiss Axio Observer 7 with a 40x objective or an
EVOS FL Auto 2 Imaging System with a 40x objective over the
course of 3-7 h. Plates were imaged every 5-10 min to minimize
photobleaching and cell death.

All images were processed with Fiji software (National Institute
of Health) and fluorescent intensities, area measurements, and
shape parameters were analyzed using the appropriate Fiji tools.

FRAP experiments

Freshly isolated mouse intestinal tissue was labeled with Bodipy
for 2 h at 37°C. Confocal images were captured using a 20x/0.75-
NA objective at different temperatures ranging from 24° and
37°C using a temperature-controlled stage on the microscope. In
each experiment, a square area 25 x 25 yum was bleached using
high laser power. Bleaching was minimized to >65% prebleach
intensity in order to minimize any photoinduced damage or
other adverse effects. Each recorded curve is then normalized to
the prebleached intensity and corrected by subtracting the
background intensity of the non-bleached section of the cell. The
data were fitted with single exponent I = Iy + A(1 - e”™*), where
7 is the halftime of recovery of photobleaching.

Single-filament model

This parsimonious model (Pfeifer et al., 2022; Xia et al., 2019)
considers a single stiff Lamin-B1 filament with an in situ length
Lg and persistence length I, (Turgay et al., 2017). The filament is
either attached to or detached from the nuclear membrane,
giving a two-state partition function for the filament:
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7 = e-Es/ ksT _ e_Eattached/ ksT e_Edetached/ ksT 1
Z (1)
The detached state is the reference state with Egetacheq = O. For a
flat nuclear membrane, Egttachea €quals the negative binding energy,
-E, which favors filament attachment. However, since the nuclear
membrane can be curved (with curvature = 1/R), two competing
contributions to the energy of the attached state are considered:

Eattached = Ebinding + Ebending- (2)
Ebending: Written as 1 X (where k is the filament bending

modulus), accounts for the energy cost of bending the stiff fil-
ament along the curved membrane, whereas Epnging cOmprises
the negative binding energy which favors filament attachment.
Epinding is modulated by membrane curvature because curvature
can alter the filament-membrane contact area. Thus, Eq. 2 can be
expanded to be written as a function of curvature:
Eattached = —E + % + % RL<2 (3)
The a/R term, where a is constant, captures the change in
contact area between the nuclear membrane and Lamin-B1 fil-
ament resulting from induced curvature. The latter terms in-
crease for decreasing R (i.e., higher membrane curvature),
which means filament attachment becomes energetically costly
at high membrane curvatures—and detachment more likely.
The probability of the detached state is:

1

le“Edetached/kBT =
Z 1+ e(E—%—%k/RZ)/kBT

(4)

Pietached =

In the high-curvature limit, 1/R becomes very large and Paetached
— 1, consistent with a high probability of Lamin-Bl1 dilution and
perhaps nuclear rupture at sites of FD-induced high membrane
curvature (Fig. 1 D and Fig. 2, A and C). In the low curvature
limit, 1/R - 0, Pgetachea = 1/(1 + €¥/%T) — 0, assuming E >> ksT. A
Lamin-Bl filament is thus unlikely to detach or dilute when low
curvature is introduced by a large FD.

In this model, the term k depends on filament length Lg and
persistence length L,: k = (I,ksT)Lg1. The values Lg; = 0.38 pm and
I, = 0.5 pm from Turgay et al. (2017) were utilized to calculate k =
(I, ksT)Lg1 = (0.5 pm; 0.38 um)ksT = (0.19 pm?)ksT. Additionally,
the bending term 1 X has almost no effect on the best-fit curve
when fitting data, so we exclude it. The form of the equation that
fits the inset to (Fig. 1, C iii) per the main text:

B

= 1+ ec-ox’

y (5)
where B is a fit parameter, x is curvature, and ¢ and a are a
relative binding energy and interaction energy, respectively.
Here, FDs that interact with the nuclear membrane impose a
curvature D, where D is most commonly the diameter of the FD
indenting the nucleus. Thus, the equation may be rewritten as:
B
—— (6)
1+ eH‘(l%)
where curvature is defined as 1/radius. Thus, the size of FD
indentation is correlated with Lamin-B1 dilution. The measured
dilution that fits the main plot of (Fig. 1, C iii) takes the form:

y =
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— (7)
1+ eg’“(%)

Fit parameters have very similar values to those applied to
nuclear rupture (Pfeifer et al., 2022; Xia et al., 2018).

y=1-

Transfections or transduction

U20S cells were transfected with mCherry-cGAS (from R.
Greenberg, University of Pennsylvania; Harding et al., 2017),
GFP-KU80 (from S.L. Rulten, University of Sussex, Brighton,
UK; Grundy et al., 2013), or GFP-LBR (from R.-H. Chen, Acade-
mia Sinica, Taipei, Taiwan; Tseng and Chen, 2011) using a
standard protocol (Xia et al., 2018). Briefly, Optimem (Gibco)
was separately combined with Lipofectamine 2000 (Invitrogen)
or the respective plasmid following the manufacturer’s protocol.
The two solutions are then mixed well and after 10 min, the
mixture was added to antibiotic-free media before replacing the
media in wells plated at 50-80% cell confluency.

Experiments to decrease Lamin-A gene expression were
conducted as above using ON-TARGETplus Human Lamin-A
(4000) siRNA—SMARTpool, 5 nmol, L-004978-00-0005 (Dhar-
macon) for transfection.

Lipid droplets were formed in the cells 24 h after transfection
per Brasaemle and Wolins (2006) as described above.

The GFP-Lamin-A plasmid with EFl-a promoter (Izumi et al.,
2000) was packed into a lentiviral delivery system for trans-
duction of stably expressing U20S cells. GFP-Lamin-A S22A
plasmid was constructed by standard site directed mutagenesis
(Stratagene). GFP-positive cells were sorted by flow cytometry
and expanded.

Immunoblotting

For each sample, 1-2 million cells were trypsinized, pelleted, and
resuspended in 1xradioimmunoprecipitation assay buffer sup-
plemented with 1% protease and 1% phosphatase inhibitors be-
fore being sonicated for 15 s at intermediate power. After
centrifugation at 4°C, samples were denatured at 90°C before
addition of 0.5% B-mercaptoethanol and lithium dodecyl sul-
fate. Samples were loaded into a bis-Tris 4-12% gradient gel at
2 x 5,10, and 15 pl for each sample and electrophoresis was
performed (100 V x 10 min, 160 V x 55 min). Proteins were
transferred onto a blotting polyvinylidene fluoride membrane
using an iBlot Gel Transfer stack, Nitrocellulose, Mini (In-
vitrogen, Thermo Fisher Scientific) for antibody staining.
Quantification of the blot to obtain the intensity ratios in the
different cell lines was done by measuring the integrated in-
tensity of the band of interest in Fiji, subtracting the back-
ground from a region of interest next to the band and
calculating the ratio between the bands of interest.

Macrophage bead phagocytosis

Streptavidin-coated polystyrene beads (#SVP-30-5; Spherotech)
were opsonized using anti-streptavidin primary antibody
(1:500, #410501; Biolegend), centrifuged and washed, and
added to complete RPMI media. The bead-media mix was
incubated with differentiated macrophages for 3 h prior to
fixation. Secondary antibody was added after fixation but
before permeabilization of the cells to distinguish uptaken
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and non-uptaken beads. Following bead labeling, immunostaining
proceeded as above.

DNA damage and cell-cycle measurements

Cells were fixed and immunostained with YH2AX (see above).
Foci were assessed and quantified in Image] using maximum
signal intensity projections taken from raw confocal images
stacks. 10 cells per field of view were randomly selected for
manual counting of foci prior to application of a counting macro.
The parameters of the counting macro that best reflected man-
ual foci counts were applied to all other cell contours within the
image. We measured DNA intensity for each nucleus based on
Hoechst dye staining, and the main mode was used to normalize
the histogram; this showed the maximum intensity was about
twofold higher, as expected for genome duplication.

Transwell migration

Constricted migration assays were performed using 24-well
inserts with 3-um-diameter pores in polycarbonate mem-
branes (Costar #3415; Corning). 1.5 x 10° cells were seeded on the
tops of the membranes in complete media. FD-loaded cells were
plated on tops of Transwells 24 h after addition of oleic acid.
Complete media was also added to the bottom of the insert such
that there was no nutrient gradient. The assay was kept incu-
bated at 37°C and 5% CO, and allowed to proceed for 24 h. After
24 h, cells were fixed and membranes were detached from the
insert for immunostaining as described above.

AFM indention during fluorescent imaging

Experiments were performed per Xia et al. (2018). Briefly, U20S
cells transfected with mCherry cGAS were replated on cover-
slips at a density of 60,000 cells/cm? and cultured overnight.
Coverslips were mounted in the fluid cell of a hybrid AFM
system (MFP-3D-BIO; software: MFP-3D + Igor Pro 6.05; Asylum
Research; Oxford Instruments) equipped with an inverted op-
tical fluorescence microscope (Olympus IX81 with 40x/0.60 NA
objective). Experiments were performed in a closed liquid cell at
a temperature of ~29°C in DMEM high-glucose medium with
10% serum buffered at pH 7.4 with 25 mM Hepes to prevent cell
death in the absence of CO,. Cells were indented using MSCT-
AUHW (Bruker) cantilevers with nominal spring constant
0.03 N/m, nominal tip radius 10-40 nm, and nominal tip height
2.5-8 pm. The cantilever spring constant was calibrated using
thermal fluctuation method. The cantilever was positioned on
the top of the nucleus, and the nucleus was indented with forces
of ~10 nN, which tended to rupture nuclei in roughly 50% of
contacts. When the cantilever deflection reached a predefined
set point, the tip would dwell on the spot for 100 s before the
cantilever was retracted and detached from the cell. Simulta-
neous fluorescent images were captured every 10 s for the entire
probing cycle, including before the force was applied and after
the cantilever was retracted for several minutes. Ultimately,
experimental results (Fig. 2 B) are single-cell experiments with
images shown from different experiments. To maximize cell
viability on the stage, experiments were carried out within ~30
min, and after a cell was poked the dish and cantilever were
tossed out to avoid tip contamination artifacts.
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Image analysis of curvature and relative density of Lamin-B1
and Lamin-A/C

Quantification of indentation curvature and Lamin-Bl and
Lamin-A/C relative density at curvature sites was examined
using confocal slices captured every 400 nm. For analysis of the
intensity of the lamina, cells containing an FD indenting the side
of the nucleus causing an inward Gaussian curvature were used.
Intensity profiles were obtained using line segments (lengthl
pm, thickness 2-3 pixels) drawn along the rim of the nucleus in
xy plane over the z-slice that corresponded to the maximum
indentation projection. Individual line segment profiles were
combined to create intensity versus distance plots, which pro-
vided insights into the relative intensity change along the rim
and within the indentation curvature (Fig. S1 F). The relative
density of the lamins was obtained by taking the ratio of the
mean intensity along the line at the indentation curve and along
the lines adjacent to the curvature for comparable lengths. In-
tensity was measured in the corresponding imaging channels
using the same profile lines.

Micropipette aspiration of fat tissue and mechanically isolated
fat droplets
Fat tissue was excised from mouse intestine and immediately
pulled using a homemade micropipette aspiration setup. Mi-
cropipettes were pulled from glass capillaries (World Precision
Instruments) with 1-mm inner diameters using a Flaming-
Brown Micropipette Puller (Sutter Instrument). Pulled tips
were cut with ceramic tile to final inner diameter 50-100 pm.
Pipettes were filled and treated for 20 min with 3% BSA in PBS
to prevent sticking to the inside of the pipette. Pipettes were
attached to a water-filled manometer-double reservoir of ad-
justable height. Pressures were applied with a combination of
syringe suction and were measured using a pressure transducer
(Validyne). Imaging was done on a Nikon TE300 epifluorescence
microscope with a 40x/0.60 NA air objective and a digital
EMCCD camera (Cascade, Photometrics). Fat tissue was placed
in a glass chamber filled with CO, independent media and was
aspirated at room temperature with pressures in the range of
1-50 kPa. The effective Young's modulus of the aspirated
spheroids was obtained from the linear relationship between the
pressure and the strain L/Rp for L < Rp,

AP = 277TE£ )

39, Rp

where AP is the pressure difference inside the pipette relative to
outside, L is the length of tissue aspirated measured from the
mouth of the pipette, Rp is the pipette’s inner radius, and ¢, is a
shape factor ~2.

When a cell was aspirated at high pressure >50 kPa, cells
rupture and the lipid are extracted and released into sample
holder. The fat droplet that is formed in that way is aspi-
rated again and the interfacial tension was calculated using
Laplace’s law.

Statistics
We adhered to the reproducibility requirements of the Journal of
Cell Biology. Analysis and model fitting was conducted using
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Prism (Graphpad) and SigmaPlot (SPSS). Unless otherwise in-
dicated, plots display mean + SEM, and n indicates the number of
technical replicates (e.g., cells), with N indicating the number of
biological replicates beyond duplicates. Statistical analyses were
conducted using two-tailed Student’s t tests when data passed
normality tests (using Shapiro-Wilk test in SigmaPlot) and
Mann-Whitney U-test was performed if the data did not pass a
normality test. Data for fluorescent intensity were normalized
by maximum raw intensity value. When data from multiple
experiments were normalized to the control, one-sample t tests
were conducted to test for statistical significance. K-S tests were
used to compare distributions (FD distance to nucleus, DNA
damage foci, and cell cycle). Significance is indicated with a star
where appropriate in a figure or legend if P < 0.05.

Online supplemental material

Fig. S1 A contains data from FRAP experiments of freshly iso-
lated mouse fat tissue at different temperatures. Fig. S1 B illus-
trates Gaussian curvatures with different signs. Fig. S1 C shows
kinetics of FD area/nuclear area for U20S and THP-1 macro-
phages. Fig. S1 D contains confocal images and data of the
sphericity of indenting and not indenting FD calibrated with
fluorescently labeled beads. Fig. S1 E contains images of acto-
myosin meshwork disruption by FDs and additional images of
FDs induced displacement of actin fibers. Fig. S1F illustrates the
procedure used to quantify lamin intensity at sites of in-
dentations. Fig. S1 G contains more images of Lamin-Bl and
Lamin-A,C at different curvatures. Fig. S1 H shows Lamin-A,C
expression levels in siLamin-A-treated U20S. Fig. S1 I shows
images and data about LBR depletion at FDs induced nuclear
indentations. Fig. S2 A contains additional examples of colocal-
ization of Lamin-Bl depletion and mCherry-cGAS accumulation
at FD-induced rupture sites. Fig. S2 B shows images of GFP-
LaminA-transduced U20S. Fig. S2 C contains additional live-
cell images of cGAS accumulation at rupture; multisite rupture,
cGAS foci spatiotemporal kinetic; spatial correlation between
cGAS foci and FD; rupture frequency in Lamin-A knockdown and
overexpression; immunoblot of Lamin-A,C overexpression. Fig.
S2 D contains additional live-cell images and kinetics of GFP-
KU80 mislocalization due to FD-induced rupture. Fig. S3 A
shows data of Transwell cell migration and compares the effect
of FDs and blebbistatin on the migration efficiency and rupture
frequency. Fig. S3 B shows FD-induced curvature with Lamin-B1
dilution and lamina wrinkle without. Fig. S3 C shows that iso-
lated FDs have an elastic recovery.

Data availability

Data supporting the findings of this article are available in the
published article and openly available in Figshare at https://doi.
org/10.6084/m9.figshare.22722424.v1.
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Figure S1.  FDs are liquid, are spherical when small, and indent actomyosin and the nuclear lamina. (A) FDs within freshly isolated tissue show liquid-like
mobility based on FRAP experiments that show a rapid recovery time across a range of temperatures (n = 5). (B) Positive Gaussian curvature is induced in the
nuclear lamina by indenting FDs. For comparison, surfaces with zero Gaussian curvature and with negative Gaussian curvature allow attachment of rigid
filament (red segment) in particular orientations. (C) Total area of FDs grows over time in a cell-type-dependent manner. A high concentration (1 mM) of oleic
acid in U20s fills an area equivalent to the nucleus size by day 7 (n = 1,600 cells, N = 2 experiments), whereas a lower oleic acid concentration (400 puM) fills the
cytosol of THP-1 macrophages much more quickly (n = 50 cells, duplicate experiments). (D) Confocal z-stacks of U20S cells confirm that FDs show no change
in sphericity when indenting a cell nucleus, with a similar height: diameter ratio for indenting FDs, non-indenting FDs, and nondeformable silica beads (n = 19
FDs, n = 9 beads). (E) Cytoplasmic FDs displace or disrupt the organization of the U20S cell’s actomyosin meshwork, based on exclusion of myosin-IIA at FD
sites as well as deformation of acto-myosin fibers (arrows). (F) Nuclear lamina intensity quantitation was done along 1 micron line segments in order to
measure relative dilution within an indentation site as compared to adjacent regions. Scale bar = 1 um. (G) Across a range of high curvature indentations by FDs
(arrowheads), Lamin-B1 depletion is consistently observed in U20S cells whereas Lamin-A,C varies from accumulation or no change to some depletion.
(H) Lamin-A knockdown (KD) cells in U20S cells showed a large decrease in mean intensity (~70%) relative to control cells. (1) LBR, a marker correlated with
lamin-B level, is also depleted at FD-induced indentation sites in U20S cells.
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Lamin-B1 dilution is present at cGAS+, FD-induced rupture sites while more Lamin-A protects the nucleus from rupture
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Figure S2. Nuclear rupture by small FDs depends on lamin-A levels. (A) Additional examples of FD-induced nuclear rupture with the FD colocalizing with
Lamin-B1 depletion and accumulation of mCherry-cGAS. One line profile goes through the indentation-rupture site, and the second profile goes through the
non-ruptured site. Line profiles show at rupture sites that both cGAS and DNA are more dense, whereas Lamin-B1 is depleted (n = 3 nuclei). (B) GFP-Lamin-A
transduced U20S cells show accumulation at a rupture site (arrow) but dilution at a non-rupture site of FD-indentation at the opposite pole; Lamin-B1 dilutes
at both sites of FD-induced indentation (representative of n = 3 cells). (C) Additional live imaging examples of FD-induced nuclear rupture (per Fig. 2 A).
(C i) After contact with an FD, the top of a nucleus is ruptured and begins to accumulate cGAS (arrow). (C ii) cGAS foci arise at two distinct nuclear sites within
the same nucleus, and both foci appear at regions that are in close proximity to small diameter FDs (arrows). (C iii) Spatiotemporal kinetics of cGAS illustrates
accumulation of ¢cGAS around an FD contact site by 10 min that lasts for hours. (C iv) At the start of live imaging (t = 0) and during live imaging, nearly all
rupture events show an FD in close proximity to a cGAS scar. (C v) Knockdown (KD) of Lamin-A (LMNA) showed increased multi-site rupture by FDs (du-
plicates, n = 200), whereas Lamin-A overexpression suppressed the frequency of nuclear rupture (duplicates, n = 120 cells). Immunoblot for Lamin-A,C in-
dicates the overexpression level of GFP-Lamin-A in transduced U20S relative to B-actin. (D i) Additional live imaging examples of KU8O mislocalization (per
Fig. 2 C) after FD-nuclear contact (arrows or arrowheads) followed by slow recovery over 2-3 h. (D ii) Large FDs impose low curvature on the nucleus and do
not trigger nuclear rupture with KU8O mislocalization, despite deep indentations. (D iii) Kinetics (20 min bins) of KU80 mislocalization for rupturing nuclei
during live imaging (*, P < 0.05). Source data are available for this figure: SourceData FS2.
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Figure S3. FDs impede constricted migration, indent with Gaussian curvature, and deform reversibly. (A i) Cytoskeleton-disrupting FDs reduce cell
migration (Fig. 3, D ii) similar to the myosin-Il inhibitor blebbistatin, which also suppresses migration through constricting pores. (A i) However, blebbistatin
reduces nuclear rupture after constricted migration, whereas FDs cause a twofold increase in nuclear rupture. (A iii) FDs cause more KU8O or KU70 mis-
localization relative to control cells in both 2D cultures (open points; Fig. 2 D fixed and live) and 3D Transwell migration studies (filled points; Fig. 3, D iv).
(B) Lamin-B1 dilution at sites of FD-driven Gaussian curvature remains visible across consecutive slices within a 1 um z-space; the relative density of Lamin-B1
is 0.55 (day 2 after droplet induction). Nearby wrinkle lacks Gaussian curvature and does not show Lamin-B1 dilution even in the presence of an FD. (C) Isolated
FDs show an elastic recovery when aspiration pressure is removed.
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