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Abstract 
The structure and dynamics of the cell nucleus regulate nearly every facet of the cell. Changes 
in nuclear shape limit cell moWlity and gene expression. Although the nucleus is generally seen 
as the sWffest organelle in the cell, cells can nevertheless deform the nucleus to large strains by 
small mechanical stresses. Here, we show that the mechanical response of the cell nucleus 
exhibits acWve fluidizaWon that is driven by the BRG 1 motor of the SWI/SNF/BAF chromaWn-
remodeling complex. Atomic force microscopy measurements show that the nucleus alters 
sWffness in response to the cell substrate sWffness, which is retained a5er the nucleus is isolated 
and that the work of nuclear compression is mostly dissipated rather than elasWcally stored.  
InhibiWng BRG 1 sWffens the nucleus and eliminates dissipaWon and nuclear remodeling both in 
isolated nuclei and in intact cells. These findings demonstrate a novel link between nuclear 
motor acWvity and global nuclear mechanics. 
 
Introduc3on 
The nucleus is generally considered the sWffest organelle of the cell 1-5, with its deformaWon 
being the limiWng factor in the ability of cells to squeeze through Wght spaces of the crowded 
cellular environment. Measurements of nuclear sWffness, usually by atomic force microscopy or 
micro aspiraWon, show that apparent nuclear sWffness is weakly dependent on deformaWon rate 
and increases with increasing force, and provide values on the order of 5 to 10 kilopascal for the 
Young's modulus 6 7 8, which is significantly greater than the sWffness of the cell's acWn-based 
cortex and orders of magnitude sWffer than whole suspended cells and the perinuclear or 
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cytoplasmic volume of the cell, commonly reported to have elasWc moduli on the order of 100 
Pa 9-11. This model of a rigid nucleus sieng within a so5 cell interior is inconsistent with the fact 
that cells can deform the spherical nucleus to a highly elongated shape when a cell is embedded 
within so5 polymer networks such as those formed by a few milligrams per milliliter of collagen 
12. The contracWle stress generated by actomyosin in a non-muscle cell is generally on the order 
of a few kilopascals at most, and even if the contracWle stress were higher, the so5 collagen 
matrix surrounding the cell, a few 100 Pa for 3 mg/ml collagen, could not support much greater 
stresses, even if the collagen sWffens under deformaWon. A perhaps more direct demonstraWon 
that the nucleus might not be as sWff as o5en assumed, is the finding that lipid droplets within 
primary human hepatocytes that exert less than 200 Pa contracWle stress are able to deform the 
nucleus, while retaining their spherical shape 13 14. The high surface tension of the lipid droplet 
can plausibly account for the rigidity of the droplet, but the low contracWle force characterisWc 
of hepatocytes cannot account for the large local strain at the droplet-nucleus interface if the 
nucleus is rigid. 
 
Most studies of nuclear sWffness are made either in intact cells, where the perinuclear 
intermediate filament network or the overlying acWn corWcal network are likely to contribute to 
the elasWc resistance even when the measurements are made directly over the nucleus, and 
accurately accounWng for the contribuWons of these mulW-layered elasWc materials is difficult. 
AlternaWvely, measurements of nuclei purified from cells a5er the cell’s plasma membrane has 
been disrupted and the nuclei separated from the cell remnants by centrifugaWon are 
confounded by the fact that these nuclei have lost soluble contents by diffusion through the 
nuclear pores and are no longer osmoWcally balanced with the cytoplasm. To overcome these 
limitaWons, in this study nuclei have been prepared by centrifugaWon of cells aKached to a glass 
or hydrogel surface by a mechanism in which the nucleus, which is denser than the rest of the 
cell, emerges from the cell body with an intact plasma membrane wrapped around it, but no 
cytoskeleton, ribosomes, endoplasmic reWculum, or other organelles. The space between the 
intact nucleus and the plasma membrane contains approximately 500 nanometer thickness of 
cytoplasm containing glycolyWc enzymes capable of generaWng ATP. This isolated, metabolically 
intact nucleus, termed a karyoplast, has been studied biochemically and morphologically 15-17, 
but not physically. 
 
In this study isolated karyoplasts are characterized morphologically and deformed by atomic 
force microscopy using a flat canWlever to probe the full nucleus, over a wide range of 
deformaWon strains, frequencies, and Wme scales. Both the increased resistant force as the 
nucleus is deformed and the decrease in resistance as external forces are removed reveal the 
contribuWons of both viscous dissipaWon and elasWc storage on the response of nuclei to 
mechanical stress. The effects of disrupWng nuclear lamins, chromaWn, cytoskeletal proteins, 
osmoWc pressure, glycolysis, and surrounding polyelectrolytes that mimic the cytoskeleton on 
karyoplast sWffness have been measured. The results show that the mechanical response of 
nuclei cannot be explained by a passive viscoelasWc model but requires the acWvity of ATPases, 
consistent with the properWes of an acWve material that can change shape in response to even 
small forces, if they are applied over a long Wme, while allowing for full recovery of the original 
nuclear shape when the force is removed.  InhibiWon of the ATPase motor RNA polymerase II 
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has liKle effect on karyoplast rheology, but inhibiWon of the ATPase Brahma-related gene (BRG-
1) sWffened the karyoplast and abrogated dissipaWon, mimicking the effect of global ATP 
depleWon, suggesWng that movement by the Brg/Brm-associated factor (BAF) chromaWn 
remodeling complex is essenWal for the acWve deformaWon of the nucleus.  
 
Results 
The method by which karyoplasts are prepared is shown schemaWcally in Figure 1. Cells are 
cultured either on glass cover slips or hydrogel substrates for 24 hours before reaching 
confluence. The cover slip with or without a gel is then placed into a modified centrifuge tube 

containing a spacer, below which is 
another cover slip coated with 
polylysine (1B). Before 
centrifugaWon, the nucleus in a 
well spread cell is typically a highly 
elongated oblate ellipsoid. A5er 
centrifugaWon, the nucleus 
appears as a sphere, wrapped in a 
sealed plasma membrane that has 
separated from the rest of the cell, 
termed a cytoplast (1C). 

 
Figure 2 shows images of cells and their nuclei a5er the centrifugaWon process, where cells are 
stained for tubulin, vimenWn, and chromaWn. EnucleaWon of cells was performed using either 
normal mouse embryo fibroblasts or fibroblasts derived from a vimenWn null mouse. Not all of 
the wild type cells have lost their nuclei under the relaWvely gentle condiWons of this 
experiment, but almost all of the cells lacking vimenWn have become enucleated (Fig. 2A). The 
efficiency of enucleaWon is shown quanWtaWvely in Figure 2B.  At a constant Wme of 
centrifugaWon (50 min), the percentage of cells that becoming nucleated is strongly dependent 
on the centrifugal force and is significantly more efficient in vimenWn-null cells compared to wild 
type fibroblasts, reaching efficiencies above 80% with a few 1000 * g centrifugal force. At a 
constant centrifugal force, the efficiency of nucleaWon is strongly Wme dependent and again 
more efficient for vimenWn null than wild type cells. A large fracWon of nuclei can be pulled out 
of a cell within 50 minutes a5er the centrifugaWon has started. The appearance of the 
karyoplasts a5er their separaWon from the cells is shown in Figure 2C. In contrast to the 
flaKened nucleus in the adherent cell, the karyoplasts are spherical. Figure 2D shows that the 
volumes of the spherical nuclei are indisWnguishable between wild type and vimenWn null cells 
and are similar to the values of the nuclei measured by light sheet microscopy in intact cells of 
the same cell types 18. The large variance of karyoplast volumes parallels the variance of whole 
cell volumes 18,19 and suggests that there is not a strong selecWon bias to remove either small or 
large nuclei, consistent with the ability to remove nuclei from nearly all of the cells, at least for 
vimenWn null fibroblasts.  
 

 
Figure 1. Nucleus isolaWon from mouse embryo 
fibroblasts using centrifugaWon 
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The integrity of the plasma membrane is largely maintained in the karyoplasts a5er 
centrifugaWon, as shown in Figures 2E and F. Only a small fracWon of the karyoplasts stain 
posiWve for annexin V, a marker that reveals the presence of phosphaWdyl serine on the external 
leaflet of the plasma membrane, a sign that the cell or karyoplast has either undergone 
membrane disrupWon or has lost metabolic acWvity and the ability to maintain the enzymaWc 

acWvity responsible for lipid 
bilayer asymmetry. We also 
find only a small fracWon of 
propidium iodide-posiWve 
karyoplasts, which indicates 
disrupted plasma membranes, 
allowing the dye to enter the 
nucleus and stain the 
chromaWn. Figure 2F shows 
that karyoplasts remain largely 
annexin V negaWve for many 
hours a5er their isolaWon, 
especially for those removed 
from vimenWn null cells. 90% 
of the karyoplasts prepared 
from these cells maintain 
plasma membrane integrity 
and asymmetry for at least 23 
hours a5er their isolaWon, 

during which Wme the rheologic measurements of this study are done.  The plasma membrane 
also has excess surface area beyond the minimum to surround the spherical nucleus, because 
membrane tethers can be pulled from it with small forces similar to those required to pull 
tethers from an intact cell. To demonstrate this, we performed dual-trap opWcal tweezers 
experiments using two polylysine-coated beads to manipulate karyoplasts. This method 
facilitates localized force applicaWon directly onto the karyoplast membrane and allows precise 
control over bead aKachment. When pulling on karyoplasts, we observed a disWnct drop in the 
force data (Figure 2F) followed by a plateau Ftether, a characterisWc signature observed during 
tether pulling from cells 20,21. Simultaneously, fluorescence imaging of the karyoplast 
membrane, achieved by staining the karyoplasts with CellMask enabled real-Wme visualizaWon 
of membrane stretching. InteresWngly, we observed fluorescence along the tethers being pulled 
(Figure 2G), indicaWng that their origin comes from the plasma membrane of the karyoplasts. 
 
The rheologic response of karyoplasts is measured by atomic force microscopy (AFM) as shown 
in Figure 3. To perform AFM studies, we use a large Wpless silicon nitride canWlever that can 
make wide contact across the upper surface area of the karyoplast. The AFM canWlever is 
lowered on to the nucleus, and the resulWng force as the enWre nucleus is deformed is ploKed 
against the change in nuclear height, as shown in Figure 3B. Similar to the finding that the 
appearance and size of nuclei are similar when prepared from wild type or vimenWn null cells, 
the apparent sWffness is also similar. An apparent Young's modulus can be calculated from 

 
Figure 2. CharacterizaWon of cytoplasts and nuclei isolated 
from wild type and vimenWn null mouse embryo fibroblasts 
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appropriate fieng to the force deformaWon curves (Methods) and reveals an apparent Young's 
modulus between five and six kilopascals (kPa) for both wild type and vimenWn null cells. 

 
To determine which structures within the nucleus are responsible for its mechanical properWes, 
karyoplasts have been treated with various agents to disrupt their membranes, the nuclear 
lamina, or chromaWn. Since the plasma membrane is impermeable to large solutes, it was 
locally destabilized using digitonin, which clusters cholesterol and opens pores in the plasma 
membrane bilayer, but has no discernable effect on the nuclear membrane, which does not 

contain cholesterol. 
PermeabilizaWon of the 
plasma membrane by 
digitonin has liKle effect on 
the overall nuclear 
morphology as shown in 
Figure 4A and B, although 
there appeared to be effects 
on the intensity and 
distribuWon of Hoechst 
staining. However, when 
DNase1 was added to the 
medium containing the 
karyoplasts and allowed to 
diffuse within the nucleus 
there was an abrupt change 
in nuclear size and sWffness. 

The loss of Hoechst staining as shown in Figure 4A confirms that much of the DNA was removed 
from the karyoplast, and this perturbaWon led to a change in nuclear volume, dropping from 
approximately 700 to 250 µm3. Along with the change in volume, the remaining karyoplasts 
became much sWffer, increasing in apparent Young's modulus to nearly 15 kPa. Perturbing the 
chromaWn by condensing the DNA with copper had a very different effect on nuclear 
morphology and sWffness. As Figures 4C and D show, copper caused the DNA staining to become 

 
Figure 3 Mechanical properWes of nuclei isolated from wild type and vimenWn null mouse 
embryo fibroblasts.  
 

 
Figure 4. Volume and mechanical properWes of isolated nuclei 
treated with DNase or copper.  
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somewhat more clustered in the center of the karyoplast and increased apparent staining of 
lamin B, presumably because the condensaWon of chromaWn allowed beKer access of the anW 
lamin B anWbody to the nuclear lamina. These perturbaWons did not change the nuclear volume 
but approximately doubled the sWffness of the nuclei. 
 
Next, we examined the role of the nuclear lamina on karyoplast sWffness. Figure 5A shows nuclei 
before and a5er treatment with CDK 1, a kinase that phosphorylates nuclear lamins and leads 
to their disassembly from the nuclear membrane. The loss of lamin staining a5er CDK1 is 
quanWfied in figure 5B. Despite loss of the 
lamin network, the volume of the 
karyoplasts was unchanged (Figure 5C). In 
contrast to the large effect of destabilizing 
nuclear lamins on local high curvature 
deformaWons of the nuclear membrane or 
when nuclei are stretched as cell traverse 
narrow spaces 22-24, Figure 5D shows that 
the apparent Young's modulus decreases 
by less than 50% when the nuclear lamina 
is disrupted, consistent with the 
hypothesis that internal structures within 
the nucleus dominate this global 
response, at least when the nucleus is 
iniWally spherical.  
 
Similarly, treatment with cytochalasin, an inhibitor of cellular acWn polymerizaWon or azide, an 
inhibitor of ATP generaWon by mitochondria, had negligible effect on nuclear sWffness or 
morphology. These effects are expected since the cytoplasmic cytoskeleton and mitochondria 
are essenWally absent from the plasma membrane-coated nuclei that consWtute karyoplasts 
(Supplemental Figure 1A). 
 
In contrast to the relaWvely small effects of inhibiWng the nuclear lamina or the cytoskeleton, 
osmoWc stresses on the isolated nuclei had large effects on both the volume and sWffness of 
karyoplasts. Figure 6A shows how the volume of karyoplasts is altered under hyperosmoWc 
pressure caused by increasing the salt concentraWon in the surrounding medium, or by 
hypotonic media. The volume of the karyoplast decreases by less than 50% under an osmoWc 
stress generated by 300 NaCl, corresponding to > 100 kPa, and the volume increases by nearly a 
factor of 3 when the osmoWc pressure of the medium is decreased by removal of 140 mM NaCl. 
Along with these changes in nuclear volume, both hyper- and hypo- osmoWc stresses had a large 
effect on the apparent Young's modulus of the nuclei as shown in Figure 6B (10% PBS vs PBS, p = 
0.0009; PBS vs +300 mM NaCl, p = 0.02). HypoosmoWc swelling, which led to a nearly threefold 
change in volume also led to approximately a threefold decrease in elasWc modulus. In contrast, 
the relaWvely small change in volume under hyper osmoWc condiWons led to a seven Wmes 
increase in elasWc modulus, consistent with the idea that the nucleus can accommodate 
relaWvely large volume changes by increasing water content but cannot decrease volume by the 

 
Figure 5. Volume and mechanical properWes of 
nuclei treated with cyclin dependent kinase-1 
(CDK-1).  
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same amount because of the large solid content held within the nuclear membrane even if it 
remains mostly water. 
 
Altering osmolarity by adding polymers to the outside medium had different effects on nuclear 
volume and sWffness than did changes in osmoWc pressure induced by changes in salt 
concentraWon, and these effects depended on the electrostaWc charge of the macromolecules. 

Figure 6C shows the effect of 5% 
polyacrylamide, an uncharged hydrophilic 
polymer, on karyoplast volume. This 
amount of macromolecule decreases the 
volume by approximately 20% a5er one 
hour and nearly 50% a5er three hours, 
but the loss of volume is nearly 
completely restored by diluWon of the 
surrounding medium to remaining 
concentraWon of 0.05% (Figure 6D). 
ElectrostaWcally charged macromolecules 
have significantly different effects on 
nuclear volume than do uncharged 
polymers like polyacrylamide. Figures 6 
E,F shows that 1% of the caWonic 
polyelectrolyte polylysine of molecular 
weight in the range of 70-150 kilodaltons, 
corresponding to a nominal osmoWc 
pressure of less than 200 Pa decreased 
the nuclear volume by more than a factor 
of 2 and increased the apparent Young's 
modulus by nearly 5x (PBS vs +PDL, p = 2 
x 10 -8).  In contrast to the expected 

hyperosmoWc effect of adding macromolecules to the surrounding medium, addiWon of an even 
larger weight concentraWon of the anionic polyelectrolyte filamentous bacteriophage PF1 led to 
a significant increase in nuclear volume (Figure 6 G,H). The mechanism by which addiWon of 
anionic polyelectrolytes increases nuclear volume, rather than decreasing it as would be 
expected from the osmoWc pressure provided by the increased polymer solute concentraWon is 
not obvious but might be relevant to the seeng in vivo where the nucleus is surrounded by a 
perinuclear cage formed of vimenWn filaments with similar concentraWon (~30 mg/ml) 25. In 
addiWon to more subtle polyelectrolyte effects, one possible effect of placing a large 
concentraWon of filamentous polyanions next to the nucleus is sequestraWon of divalent caWons 
and their release from condensed chromaWn. This possibility is supported by the finding that 
chelaWon of calcium by EDTA increases the volume of the karyoplast, although to a smaller 
extent than the filamentous anionic virus (Figure 6H). Parallel experiments with vimenWn or 
acWn filaments could not be done because such high concentraWons of these biopolymers 
cannot be achieved in vitro to mimic the high concentraWon in which they are present in vivo. 
Measurements of nuclear sWffness could not be measured by AFM because of the viscoelasWc 

 
Figure 6. Volume changes and mechanical 
response of nuclei to osmolarity and charged 
polymers.  
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resistance caused by the high concentraWons the biopolymers added to the surrounding 
medium.  
 
The apparent Young's moduli of nuclei and cells measured by AFM is commonly calculated from 
the increasing force applied to the AFM canWlever as it is pressed into the cell or the karyoplast. 
Fieng these force-indentaWon curves to a Hertz relaWon assumes a linear elasWc conWnuous 
material and yields an apparent Young's modulus, but even an excellent fit of the Hertz relaWon 
to the force extension data does not guarantee that the cell or the nucleus is a linear elasWc 
object. Figure 7A shows that when the AFM canWlever is first pushed into the nucleus and then 
pulled back there is a large difference in the force-displacement curves during indentaWon and 
recovery. This difference does not result from any damage or permanent change to the nucleus 
since repeated measurements of indentaWon and relaxaWon yield similar force-displacement 
curves. The repeatability of mulWple deformaWons together with the extensive dissipaWon 
suggests an elasWc structure acWng in parallel with the highly dissipaWve material. As the height 
of the karyoplast decreases during compression its projected area increases, again nearly 

idenWcally, during each compression cycle (Figure 7B) confirming that volume is conserved 
during these large deformaWons. At maximum, the compressive stress is near 50%, but the area 
does not reach the value seen for the nuclei in intact cells 18, showing that the cell on a rigid 
surface compresses its own nucleus more than can be done with the AFM at 50% strain. The 
reversibility of the indentaWon and the lack of permanent change is confirmed by the nearly 
perfect superposiWon of a decrease in nuclear height and an increase in the projected area 

 
Figure 7.DissipaWon during compression of nuclei and spherical microparWcles. 
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(Figure 7C) consistent with a volume conserving deformaWon that can be repeated with very 
liKle change in the relaWon between nuclear height and projected area.  In contrast to the 
simultaneous change in nuclear height and area, there is a significant lag between the verWcal 
compression of the nucleus and the development of force pushing on the AFM canWlever. Figure 
7D shows that the area increases more rapidly than the development of force during the 
compression phase but also conWnues to decrease even a5er the resisWng force has relaxed 
nearly to the baseline. This lag between deformaWon and force, consistent with a highly 
dissipaWve material, is nevertheless reversible when the deformaWon is done again a few 
seconds a5er an iniWal indentaWon and recovery have occurred. Figure 7D shows that the 
hysteresis in the force-displacement curves is not the result of a simple viscous element 
because even though the dissipaWon is very large it is only very weakly rate dependent over 
nearly three orders of magnitude, and the measured Young’s modulus is also nearly 
independent of frequency.   
 
The possibility that the hysteresis between indentaWon and recovery might be an arWfact of the 
AFM measurement, possibly due to unrecognized adhesion of the karyoplast to the substrate or 
the canWlever is countered by similar experiments done on three different kinds of small 
spherical objects. Figure 7E shows that the force indentaWon of a polyacrylamide sphere made 
by microemulsion is nearly purely elasWc, as expected from the simple elastomeric cross-linked 
polyacrylamide gel. Figure 7E shows similarly that liquid droplets purified from liver or formed 
by fluorocarbon oil in which the elasWc resistance comes enWrely from surface tension that 
cannot relax during deformaWon show a nearly perfect correspondence between indentaWon 
and recovery during an AFM measurement similar to that applied to the nucleus. 
 
The elasWc modulus of the nucleus is not simply related to nuclear volume nor to the amount of 
chromaWn, as shown in Figure 8. Karyoplasts were isolated from cells cultured on glass or 
polyacrylamide substrates with elasWc moduli of 22 kPa or 5 kPa, which mimic the mechanical 
properWes of so5 Wssues in which fibroblasts occur in vivo. The structures of cells, cytoplasts, 
and karyoplasts prepared on the three different substrates are shown in Figure 8A and confirm 
that nuclei can be removed from cells on each of the mechanically disWnct substrates. A5er 
their removal from the cells, the karyoplasts look approximately similar, independent of the 
substrate sWffness (Figure 8B).  Even hours a5er isolaWon of the nuclei from cells under these 
mechanical condiWons, the volumes of the karyoplasts remain constant and indisWnguishable 
from each other (Figure 8C), but the apparent elasWc moduli of the nuclei are significantly 
different. Nuclei isolated from cells cultured on so5 substrates had apparent Young's moduli less 
than 30% of those isolated from cells cultured on glass (Figure 8D), even though the volumes of 
these nuclei and presumably the amount of chromaWn within them is the same (Figure 8C).  The 
hysteresis between compression and recovery is large in all cases and shows a trend toward 
more dissipaWon in nuclei isolated from cells on so5 substrates (Figure 8E). 
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The very weak dependence of the apparent Young's modulus on frequency and the high extent 
of rate independent dissipaWon shown in Figure 7 suggest that the mechanical dissipaWon 
occurring during deformaWon of the nucleus might result from an acWve process, rather than 
simple viscoelasWcity. This possibility was tested by global inacWvaWon of ATP-dependent motor 
proteins by treaWng the isolated karyoplasts with the glycolysis inhibitor 3 bromo pyruvate. 
InhibiWng ATP producWon from glycolysis has a large effect on both the elasWc modulus and the 
amount of dissipaWon when a nucleus is compressed. Figure 9A shows that the hexokinase 
inhibitor 3-bromopyruvate produces an insignificant effect or possibly a small increase in the 
volume of karyoplasts, but figure 9B shows that it has a large effect on both sWffness and the 
amount of dissipaWon when nuclei are compressed.  The apparent Young's modulus increases 
by nearly a factor of 4 and the hysteresis between indentaWon and recovery is nearly 
eliminated.  
 
The possibility that the dissipaWon is due to an acWve process driven by a chromaWn remodeling 
enzyme or other motor protein was tested using specific inhibitors. The sWffening effect of ATP 
depleWon was almost completely recapitulated by inhibiWon of a single ATPase in the nucleus, 
the BRG1 motor that drives chromaWn reorganizaWon by the BAF or SWI/SNF complex 26. 
InhibiWng BRG 1 slightly increases nuclear volume (Figure 9C), but it strongly increases the 
apparent Young's modulus and decreases dissipaWon ((Figure 9D) in a concentraWon dependent 
manner, suggesWng that the energy dissipaWon resulWng from nuclear displacement is largely 
driven by acWve moWons of chromaWn.  
 
To test whether mechanical effects of BRG1 inhibiWon can also alter nuclear rheology in the 
intact cell, adherent fibroblasts were treated with similar doses of the BRG1 inhibitor. A5er a 

 
Figure 8. CharacterizaWon of nuclei isolated from cells grown on substrates of varying sWffness.  
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few hours of incubaWon, the fibroblasts remained aKached to the substrate and looked similar 
to those of the control uninhibited cells as shown in figure 9E. However, when subjected to 
centrifugal forces needed to pull the nuclei out of the cell to create a karyoplast, cells in which 
BRG1 was inhibited were unable to undergo this morphological transformaWon. Figure 9F shows 
that under condiWons at which nearly 90% of control cells become enucleated, only 10% of 
nuclei could be removed from cells that had inacWve BRG1.  
 
Another perturbaWon of the karyoplast that sWffens it and eliminates dissipaWon is dissoluWon of 

chromaWn by DNase I. Figure 4 shows how DNase I acWvity shrinks the nucleus and increases its 
Youngs modulus, and Supplemental Figure 1B shows that coincident with nuclear sWffening is 
loss of dissipaWon.  Most other perturbaWons of the karyoplast led to either no change or an 
increase in the amount of dissipaWon, whether or not they produced altered the apparent 
Young's modulus. Figure 9G,H shows that disassembly of the nuclear lamina, which makes the 
nuclei somewhat so5er, led to a small increase in the hysteresis between indentaWon and 
recovery.  InhibiWon of RNA polymerase by acWnomycin D had only a modest effect on nuclear 
volume (Supplemental Figure 1C) and a small so5ening effect on karyoplasts, with possibly an 
increase in dissipaWon (Figure 9 I,J). These results suggest that the energy dissipaWon is largely 

 
 
Figure 9.  CharacterizaWon of isolated nuclei and cytoplasts a5er inhibiWon of ATP 
generaWon BRM/BRG-1 ATPase acWvity, nuclear lamins, and RNA polymerase. 
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independent of the nuclear lamina but dependent on DNA and some element that acWvely 
promotes chromaWn movement.   
 
Discussion 
FormaWon of karyoplasts, in which an intact nucleus has been in conWnuous chemical 
equilibrium with the cytosol and in which large elasWc structures of the cytoskeleton and 
cytoplasmic organelles have been removed while retaining an intact plasma membrane and 
conWnuous ATP producWon, permits mechanical invesWgaWons of nuclear structure and 
mechanics without confounding factors from the rest of the cell.  Removal of nuclei from the 
cell by gentle centrifugaWon relaxes the stress that the cytoskeleton exerts on the nucleus and 
retains the chemical composiWon of the nucleus under variable physical condiWons caused by 
such factors as substrate sWffness without the capacity to exchange nuclear contests with the 
rest of the cell.   Our measurements of metabolically acWve nuclei within the karyoplast reveal 
some novel aspects of nuclear structure and mechanical properWes.  The major finding is that a 
large fracWon of the work done to compress the nucleus is dissipated rather than elasWcally 
stored. This dissipaWon is not the result of viscoelasWcity but rather results from acWve 
fluidizaWon of the nucleus by the chromaWn remodeling complex SWI/SNF, driven by the ATPase 
BRG1. 
 
As reported earlier, nuclei from normal and vimenWn null cells produce indisWnguishable 
karyoplasts 27, but their formaWon is more efficient from cells lacking the perinuclear vimenWn 
network. The volumes of karyoplasts are also indisWnguishable from those of the intact cells 
from which they are prepared 18, suggesWng that the osmoWc balances that control nuclear size 
in the cell are maintained in the karyoplast. Once isolated the karyoplast volume is strongly 
dependent on osmoWc condiWons. Numerous recent studies have shown how nuclear and cell 
volumes are altered by osmoWc pressures caused by changes in solvent concentraWon 28-31, and 
that nuclei become sWffer when they are osmoWcally compressed 32. Consistent with these 
studies, the results in Figure 6 show that nuclear volume can be increased strongly under 
hypoosmoWc condiWons but decreased only to a limited extent in hyperosmoWc condiWons, 
presumably because the solute content within the nucleus is near the point at which the acWvity 
of water is far from that in a dilute soluWon 28. 
 
The osmoWc sensiWvity of nuclear volume is also seen when macromolecules, rather than small 
solutes, are the source of osmoWc stress. In the case of polymers, the charge density on the 
macromolecule has a strong effect on the volume response of the karyoplast. PosiWvely charged 
polymers are significantly more efficient than neutral polymers in creaWng a hyperosmoWc 
environment in which the karyoplast shrinks. In striking contrast, a nominally hyperosmoWc 
environment formed by a high concentraWon of anionic macromolecules, in this case the 
nanoscale filamentous FD virus, causes the nucleus to swell rather than shrink (Figure 6 G,H), as 
would have been expected due to the high concentraWon of polymer added to the medium. This 
swelling of the nucleus caused by anionic polymers is presumably due to polyelectrolyte effects 
that shi5 the balance of mobile counter ions between the anionic DNA inside the nucleus and 
the anionic macromolecule outside, but whether this effect is due only to sequestraWon of 
divalent caWons by the external polyelectrolyte or to some other polyelectrolyte effect remains 
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to be clarified. The swelling effect of PF1 virus on the nucleus might however account for the 
fact that nuclei within cells that have a dense perinuclear network of vimenWn intermediate 
filaments, which have similar charge density as Pf1 virus 33, are larger than nuclei in cells 
without vimenWn 18, even though when karyoplasts are formed from these cells therefore, they 
have the same volumes (Figure 2). 
 
Numerous studies indicate that both the nuclear lamina and chromaWn configuraWon play 
significant roles in shaping and maintaining the rigidity of the nucleus 34. Studies on isolated 
nuclei using pipeKe stretchers indicate that the level of euchromaWn and heterochromaWn 
mediates nuclear sWffness at relaWvely small strain, while at larger extensions lamin A/C control 
sWffening of the nucleus 35 with loss of lamin A/C decreasing sWffness by 36% at large strains. 
Measurements with micropipeKe aspiraWon also show an approximately 50% decrease in 
nuclear compliance with lamin A/C knockdown 36. Further, disrupWon of nuclear lamins 
increases nuclear deformaWons and can lead to nuclear abnormaliWes, such as blebbing and 
nuclear envelope rupture 37. Our results of AFM compression of isolated nuclei show similarly a 
decrease in nuclear sWffness upon treatment with CDK 1 that disassembles the nuclear lamina, 
and that the loss of lamina does not alter the degree of dissipaWon during nuclear compression. 
The relaWvely small effect of disrupWng the nuclear lamina is also consistent with previous 
studies showing that deformaWon to strains below 40% are dominated by the nuclear interior 
with the lamina dominaWng at larger strains 35.  In addiWon to the nuclear lamins, our study 
highlights a significant role of nuclear acWvity and the BRG1 motor of the SWI/SNF complex in 
mediaWng nuclear sWffness. 
 
Perhaps the most striking rheological characterisWcs of karyoplasts are the high degree of 
dissipaWon when they are deformed to large extents, the reversibility when compressed to 
strains greater than 50%, and the dependence of mechanical dissipaWon on the generaWon of 
ATP and the acWvity of intranuclear motor proteins.  The partly fluid nature of the nucleus has 
been previously shown, for example in striking images of nuclei being pulled into micro 
capillaries 36 and by measurements of chromaWn deformaWon by a ferromagneWc bead in a 
magneWc field gradient, which also emphasized the fluidity of the nucleus 38.   The ability of the 
nucleus to flow in a response to an external stress does not appear to be the result only of a 
high passive viscosity, but rather is due to acWve fluidizaWon of the dense intranuclear core. This 
fluid nature of the karyoplast disappears when DNA is digested, glycolysis is prevented, or when 
the BRG 1 motor of the SWI/SNF complex is inhibited.   
 
The high degree of karyoplast sWffening upon ATP depleWon is closely paralleled by recent AFM 
studies of nuclear sWffness in intact cells before and a5er permeabilizaWon.  In the intact cell, 
the nuclear region has an apparent Young’s modulus of 5 kPa, but when the nucleus is exposed 
to the medium by detergent permeabilizaWon of the cell and nuclear membranes, the elasWc 
modulus rises to 22 kPa 7, very similar to the values shown in Figure 9. Other studies, however, 
report that the nucleus within the cell is sWffer than the insolated nucleus, because of cell-
generated stresses that deform the nucleus and sWffen it by pre-tension 8. 
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The BRG1-containing chromaWn remodeling complexes SWI/SNF or BAF have structural and 
dynamic properWes consistent with their ability to fluidize the nucleus. These complexes can 
move chromaWn or naked DNA at rates of 50 base pairs per second (bp/s) with a step size of 2 
bp 39,40, implying that the turnover rate of the motor is >25 Hz, which is faster than the rates of 
deformaWon accessible to the AFM (Figure 7), and therefore consistent with the finding that 
although nuclear deformaWon is largely dissipaWve, it is not rate dependent over the range of 
our measurements.  The force developed by this motor is also remarkably high, 12 nN 40, 
enabling it to make large movements in the dense environment of the nucleus.   
 
The data presented here show that fluidizaWon of the nucleus is eliminated when the BRG1 
motor is inhibited, but other structures within the nucleus might also be important in 
determining both the Young's modulus and the degree of dissipaWon.  When karyoplasts are 
isolated from cells cultured on substrates with different sWffnesses, they retain very different 
rheological properWes even long a5er their isolaWon from the cell.  One well documented 
difference in nuclear structure that depends on substrate sWffness is the trafficking of the 
transcripWon regulatory proteins yap and taz into the nucleus. Whether alteraWons and 
transcripWon profiles are sufficient to change nuclear sWffness is not known. However, another 
structure that was recently shown to change strongly with substrate sWffness is the amount of 
polymerized nuclear acWn 41. Networks of acWn filaments form when cells are cultured on sWff 
substrates but only amorphous structures of similar concentraWons of acWn are seen in the 
nucleus of cells on so5 substrates. The role of acWn and myosin motors in the nucleus is much 
less understood than the funcWon of these proteins in the cytoskeleton, but their presence in 
the nucleus is increasingly well documented, and our preliminary experiments show that  
2,3-butanedione monoxime (BDM) which is a relaWvely nonspecific inhibitor of myosin affects 
karyoplast rheology, as shown in Supplemental Figure 1D. The possibility that acWn filaments 
might contribute to karyoplast rheology is supported by earlier studies showing that the 
SWI/SNF complex contains a subunit of beta acWn and acWn related proteins and nucleates acWn 
filaments 42. Moreover, when acWn polymerizes within the nucleus on a sWff substrate it is 
bound to the SWI/SNF complex, and this binding is essenWal for the transcripWonal acWvity of 
yap and taz regulators 41.  
 
The current study has several limitaWons. The nuclei studied are only from fibroblasts, and only 
from cells in interphase, where the nucleus can be released intact by centrifugaWon. The data 
strongly suggest that the nucleus is not the sWffest organelle of the cell; internal membraneless 
organelles such as the nucleolus are sWffer 43 as are lipid droplets, even when their size is similar 
to that of the nucleus. Much remains to be learned about how nuclear composiWon relates to 
nuclear mechanics, and the method of making karyoplasts that retain much of the naWve 
structure and acWviWes of the intact nucleus provides a useful tool for further studies. 
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Materials and Methods 
 
Cell Culture 
Wild-type mouse embryonic fibroblasts (mEF WT) and vimenWn null fibroblasts (mEF vim null) 
were cultured in high glucose DMEM (Corning) plus 10% FBS (Sigma-Aldrich), 0.1 ug/ml 
Penicillin, 0.1 mg/ml Streptomycin (Mediatech), and 5% non-essenWal amino acids (Gibco). Cells 
were maintained at 37 °C in a 5% CO2 environment with saturated humidity. 
 
Centrifuge Tube Insert and Polyacrylamide Gel Fabrica3on 
As previously described 27 inserts for thick-walled polycarbonate ultracentrifuge tubes (32 ml 
capacity, Beckman Coulter, Brea, CA) were prepared by bonding air plasma-treated round 18 
mm diameter glass coverslips to polydimethylsiloxane (PDMS) rings (inner diameter:13mm, 
outer diameter:20 mm, height :3mm). Next, inserts were funcWonalized by treaWng with (3-
aminopropyl)trimethoxysilane. Polyacrylamide (PAAm) gel mixtures with Young’s moduli ranging 
from 5 kPa (5% acrylamide, 0.15% bis-acrylamide) to 22 kPa (8% acrylamide, 0.48% bis-
acrylamide) were then added and polymerized under a Rain-X treated glass coverslip. To 
prevent cell aKachment to the uncovered glass surface, 2% agarose was added to the periphery 
of the gels. Inserts with PAAm gels were coated with 0.1 mg/ml collagen by first funcWonalizing 
the gel surface with sulfo-SANPAH and incubaWng with ligand overnight at 4 degrees. Inserts 
without PAAm gels underwent air-plasma treatment and were also incubated with ligand 
overnight. In some cases, fluorescent microspheres were added to the PAAm gels to enable 
tracWon field microscopy studies 44.  Since the karyoplasts retain an intact plasma membrane, 
they adhere to the collagen-coated gel surface.  Supplemental Figure 1E shows the tracWon field 
immediately below an adherent karyoplast.  The small strain field is consistent with gel 
deformaWon cause by the adhesion energy of the spherical karyoplast, similar to that formed by 
adhesion of a phospholipid vesicle 45, and shows that the remaining cytoplasm does not spread 
on the surface of the hydrogel.  
 
Nucleus Isola3on 
Nuclei were isolated as previously described 27 based on the methods of 46,47 with some 
modificaWons. Cells were cultured on the prepared inserts for 24-48 hours before isolaWon of 
nuclei. Just before isolaWon, cells were incubated with 5 ug/ml Hoechst (diluted in cell culture 
media) for 30 mins. Subsequently, samples were centrifuged at speeds ranging from 405 to 
2880 x g for up to 50 mins. The centrifugaWon was performed in DMEM supplemented with 1% 
FBS and 2 ug/ml cytochalasin D at 37 °C using a Beckman-Coulter OpWma LE-80 
K ultracentrifuge with an SW-28 rotor. To stabilize the inserts during centrifugaWon, PDMS was 
cured in the base of ultracentrifuge tubes to create a flat surface. During centrifugaWon, isolated 
nuclei were collected in inserts coated with 0.1 mg/ml poly-d-lysine. EnucleaWon efficiency was 
assessed by imaging cells a5er nucleus isolaWon and analyzing the percentage of cells lacking 
nuclei, as determined by the absence of Hoechst staining. AddiWonally, the volume of isolated 
nuclei was calculated assuming a spherical shape based on their radii.  
 
Fluorescent Staining of Isolated Nuclei and Cytoplasts 
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Freshly isolated nuclei were incubated with Annexin V and propidium iodide for up to 24 hrs to 
determine exposure of phosphaWdylserine (PS) and integrity of the plasma membrane 
surrounding the nuclei, respecWvely, using an apoptosis detecWon kit (Life Technologies, 
V13241).  For immunostaining, both nuclei and cytoplasts were fixed with 4% paraformaldehyde 
for 10 mins at room temperature. Samples were then permeabilized with 0.1 % Triton X-100 for 
5 mins and incubated with 1 % bovine serum albumin (BSA) for 30 mins. For isolated nuclei, 
incubaWons were then made with lamin A/C (Cell Signaling Technologies, 4777S) and lamin B 
(ABCAM, ab16048) anWbodies (diluted 1:500 in 1% BSA) for 1 hr. For cytoplasts, incubaWons 
were made with alpha tubulin monoclonal anWbody (Bio Rad, MCA77G) and vimenWn anWbody 
(Novus Biologicals, NB300-223) also for 1 hr. Samples were then rinsed with 1% BSA and 
incubated for 1hr with the following fluorescently labeled secondary anWbodies: goat anW-
chicken IgY (Invitrogen, A11039), goat anW-mouse IgG (Invitrogen, A11029), and goat anW-rat 
IgG (Invitrogen, A11007). These anWbodies were diluted 1:500 in 1% BSA. Samples were then 
rinsed with PBS and imaged using a 63x objecWve. Analysis of fluorescence intensity was 
performed using Image J. 
 
Treatments of Isolated nuclei 
Hoechst-stained isolated nuclei, aKached to glass coverslips unless indicated otherwise, were 
exposed to the following treatments: for DNA degradaWon experiments, nuclei were 
permeabilized with 1% digitonin and treated with 1mg/ml DNase in PBS for 1 hr. In treatments 
involving copper, nuclei were permeabilized with 0.1 % saponin then treated with 1 mM copper 
sulfate in tris-buffered saline (TBS) for 1hr. To invesWgate osmoWc effects, nuclei were exposed 
to PBS, 50% PBS/ 50 % H2O, 90% PBS/ 10% H20, PBS + 100 mM NaCl, or PBS + 300 mM NaCl for 
1 hr. For nuclear lamin disassembly experiments, nuclei were treated with 90 pmol cyclin 
dependent kinase-1 (CDK-1) in the presence of 1 mM ATP for 1 hr in suspension. AddiWonally, 
nuclei were treated with either caWonic 1% poly-d-lysine or neutral 5% linear polyacrylamide 
(PAAm) in PBS for 1 hr. AlternaWvely, isolated nuclei were incubated with 50 mg/ml anionic PF1 
virus (Asla Biotech, Riga LV, dialyzed against PBS) in suspension for 4 hrs.  ATP producWon by 
glycolysis was inhibited by 3-bromopyruvate (Cayman Chemical 19068).  RNA polymerase was 
inhibited by AcWnomycin D (Invitrogen A7592). The BRG1 motor of the BAF complex was 
inhibited by the dual BRM and BRG1 inhibitor BRM-014 (Cayman Chemical 36138). 
 
Following these treatments, nuclei were either imaged with a Leica DM IRE2 microscope using a 
63x objecWve or compressed using a Bruker Nanowizard 4 atomic force microscope (AFM) 
mounted on a Leica DMI600 fluorescence microscope. 
 
Fabrica3on of Polyacrylamide (PAAm) Micropar3cles 
Polyacrylamide (PAAm) microparWcles were fabricated through inverse emulsion 
polymerizaWon. For this purpose, the surfactant polysorbate 85 (Span 85, Sigma-Aldrich) was 
dissolved at a 2% (v/v) concentraWon in 200 ml of cyclohexane solvent to stabilize the spherical 
morphology of parWcles. Due to free radicals being required to iniWate the polymerizaWon 
of PAAm, oxygen, a free radical trap, was removed from the synthesis system by linking a 
nitrogen tank to the flask’s rubber stopper. During the degassing process, a 10 
mL PAAm soluWon was prepared using acrylamide, bis-acrylamide, ammonium persulfate (APS, 
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Sigma-Aldrich), and phosphate buffered saline (PBS). The final concentraWon of acrylamide, APS 
and bis-acrylamide were kept constant at 4%, 0.1% (v/v) and 0.2% (v/v), respecWvely. 
Then, N,N,Nʹ,Nʹ-tetramethylethylenediamine (TEMED, Thermo Fisher Sci.) was added to 
the PAAm soluWon to yield a final concentraWon of 0.1% (v/v).  A5er 10 seconds of vortexing, 
the PAAm soluWon was added dropwise into the cyclohexane/Span 85 mixture. The sWrring rate 
was enhanced (∼1000 RPM) to make microparWcles of the desired size. Once the 
polymerizaWon reacWon was completed (∼1 h), sWrring was stopped, and microparWcles were 
allowed to seKle for 30 minutes. The supernatant was removed, and the microbeads were 
washed twice with 100% ethanol and pelleted by 5 minutes centrifugaWon at 400g. The 
microbeads were then immersed overnight, in PBS, on a shaker. 
 
Fabrica3on of fluorocarbon droplets 

A monodisperse droplet emulsion was synthesized according to a protocol adapted from 48,49, as 
outlined in 50. Briefly, an equal volume of dimethoxydimethysilane (98%, Sigma-Aldrich) and 
(3,3,3-trifluoropropyl)methyldimethoxysilane (97%, Gelest) was mixed together with deionized 
water at 5 vol%. The mixture was homogenized by vortexing for 5 min and shaking on a shaker 
(~ 1000 rpm) for 6 h. Ammonia (27 vol% aqueous solution, Sigma-Aldrich) was then added at 1 
vol% and mixed by gently tumbling the container, and the droplets were left to grow on a rotator 
for 24 h. 100 mM SDS solution was added to the mixture to reach a final SDS concentration of 1 
mM to prevent further growth and coalescence. The droplets were then washed three times by 
centrifugation with 1 mM SDS to remove ammonia and reaction byproducts, and finally stored in 
a 5 mM SDS solution until further use.  

Animal Studies 
All animal work was carried out in strict accordance with the recommendaWons in the Guide for 
the Care and Use of Laboratory Animals of the NaWonal InsWtutes of Health. Animal protocols 
were approved by the InsWtuWonal Animal Care and Use CommiKee of the University of 
Pennsylvania (protocol #804031). ob/ob mice were obtained from the Jackson Laboratories 
(strain #000632) and were housed in a temperature-controlled environment with appropriate 
enrichment, ad libitum feeding of standard rodent chow and water, and 12h light/dark cycles. 
Euthanasia was carried out by CO2 inhalaWon followed by exsanguinaWon.  
 
Lipid Droplet Isola3on 
Lipid droplets were isolated from ob/ob mouse livers harvested at 12 weeks with a sucrose 
density gradient as described previously, with minor modificaWons 51. Briefly, fresh livers were 
minced and washed with 1X DPBS, then homogenized in a Dounce Wssue grinder (Wheaton) 
with 55.5% (w/v) sucrose in TE buffer (10 mM Tris-HCl [pH 7.4], 1 mM EDTA [pH 8.0]). The 
homogenate was centrifuged at 1000 x g for 10 min at 4°C. 8 mL of the supernatant was placed 
into a 50 mL conical, and 6 mL of 40% (w/v) sucrose in TE buffer was carefully added on top, 
ensuring that the two phases remained separate. 6 mL of 25% sucrose in TE buffer, 4 mL of 10% 
sucrose in TE buffer, and 8 mL of TE buffer were then added in a similar fashion before 
centrifugaWon at 2000 x g at 4°C for 30 min. The top layer containing the lipid droplets was 
transferred using a glass pipeKe to a 2 mL microcentrifuge tube and washed in 1x DPBS. All 
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soluWons contained protease and phosphatase inhibitors, used at the concentraWons 
recommended by the manufacturer (cOmplete Protease Inhibitor Cocktail and PhosSTOP, Sigma 
Aldrich). 
 
Atomic Force Microscopy (AFM) 
AFM measurements were made with a Nanowizard 4 (Bruker) mounted on a Leica DMI 6000 B 
microscope. Before each experiment, a calibraWon was made by determining the slope of the 
deflecWon of the AFM canWlever on a petri dish to determine the deflecWon sensiWvity. Isolated 
nuclei were disWnguished from cells that detached during centrifugaWon by a near complete 
overlap between bright field images and Hoechst staining.  
 
Nuclei, PAAm microparWcles, fluorocarbon microparWcles and lipid droplets were compressed 
using Wpless silicon nitride canWlevers (NP-O10, Bruker, Camarillo, CA) with a nominal spring 
constant of 0.35 N/m at frequencies of 0.01, 1, and 9 Hz and a maximum applied force of 
approximately 30 nN. All measurements were made at room temperature in PBS with a 
minimum of 10 samples per condiWon. 
 
AFM force curves were analyzed using the JPK analysis so5ware and fit to a double contact 
hertz model for a sphere being compressed between two planes 52: 
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where " is the deformaWon as a funcWon of the force F, , is the Poisson’s raWo, E is the Young’s 
modulus and 0" is the radius of the nucleus.  In some cases the index of plasWcity (IOP) was 
calculated as the relaWve difference in the areas below the indentaWon and retracWon curves 53. 
 
Op3cal tweezers experiments 
Before experiments, the microfluidic flow cell (Lumicks B.V) was passivated with 0.3% casein for 
about 1 hour, then rinsed with H2O and Nuclear Buffer (10 mM Hepes pH 7.5, 2mM MgCl2, 
25mM KCl, 250 mM Sucrose,1mM DTT, 1mM PMSF). Carboxylated polystyrene microspheres 
(3% v/v, Spherotech) of 4.67 um diameter were washed (2000g for 1 min) and incubated with 
0.05% poly-L-lysine (Sigma Aldrich) for 30 mins at RT on a rotaWng Eppendorf mixer; the final 
pellet was resuspended in 1mL Nuclear Buffer. Karyoplasts were stained with CellMask and 
finally diluted 1:4 in Nuclear Buffer (for a final volume of 150-200uL). For opWcal tweezer 
experiments, the karyoplast soluWon was flushed in channel 4, while the beads were flushed in 
channel 2. A5er catching two beads in the dual traps, the laKer are moved to channel 4 and 
aKached to a single karyoplasts; the karyoplast is then moved to channel 3 (containing Nuclear 
Buffer) where the stretching experiments are performed. 
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Figure legends 
Figure 1. Nucleus isolaWon from mouse embryo fibroblasts using centrifugaWon. (A) Top and side 
view of a centrifuge tube insert with cultured mouse embryo fibroblasts. Inserts were made by 
bonding a glass coverslip to a ring of PDMS. (B) Ultracentrifuge tube containing enucleated cells 
in top insert and isolated nuclei collected on poly-d-lysine coated boKom insert. PDMS was 
cured in the base of the ultracentrifuge tube to stabilize inserts during centrifugaWon. (C) Side 
view of a cell before and during centrifugaWon, illustraWng the isolaWon of a nucleus based on 
density. Notably, the isolated nucleus is surrounded by the donor cell’s plasma membrane and a 
thin layer of cytoplasm, also referred to as a karyoplast. 
 
Figure 2 (A) Fluorescence images of wild type and vimenWn null mouse embryo fibroblasts a5er 
enucleaWon. Scale bar = 25 um. (B) Analysis of enucleaWon rates with increasing centrifugal 
force for 50 mins at a centrifugal force of 2880 x g from 10 to 50 mins. (C) Fluorescence images 
of chromaWn and lamins in nuclei isolated from wild type and vim null fibroblasts. (D) ScaKer 
plot showing the volume of nuclei isolated from wild type and vimenWn null fibroblasts. (E) 
Analysis of PS exposure and propidium iodide entry into isolated nuclei up to 22 hours a5er 
isolaWon. (F) Force vs distance pulled as a membrane tether is pulled from the surface of a 
karyoplast. (G) Bright field and fluorescence image of tether pulled from a karyoplast with 
fluorophore-labeled plasma membrane lipid bilayer, 
 
Figure 3. Mechanical properWes of nuclei isolated from wild type and vimenWn null mouse 
embryo fibroblasts.  (A) AFM canWlever posiWoned next to a karyoplast aKached to a poly-D-
lysine coated surface. Scale bar = 20 um. (B) Force versus indentaWon curves for karyoplasts 
isolated from wild type and vimenWn null fibroblasts fit to the Hertz model. (C) ScaKer plot of 
the Young’s moduli of nuclei isolated from each cell type. p = 0.02 
 
Figure 4. Figure 4. Volume and mechanical properWes of isolated nuclei treated with DNase or 
copper. (A) Hoechst staining of isolated nuclei under control, digitonin, and digitonin + DNase 
treatments). (B) ScaKer plots of volume (digitonin vs DNase, p =0.00001) and Young’s moduli 
(Digitonin vs DNase, P = 0.005) of nuclei corresponding to the treatments in panel (A). (C) 
Fluorescence images of nuclei treated with 1 mM copper sulfate. (D) ScaKer plots represenWng 
the volume (p = 0.12) and Young’s moduli (p = 0.0000001) of nuclei corresponding to the 
treatments in panel (C). Scale bar = 5 µm. 
 
Figure 5. Volume and mechanical properWes of nuclei treated with cyclin dependent kinase-1 
(CDK-1). (A) Lamin B staining of isolated nuclei treated with CDK-1. Bar = 10 um. (B) Line profiles 
show decreased fluorescence intensity of lamin B staining a5er treatment with CDK-1. (C) 
ScaKer plot of the volume of nuclei isolated from mEF WT and mEF VN with and without CDK-1. 
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(D) ScaKer plot of the Young’s moduli of nuclei isolated from mEF WT and mEF VN with and 
without CDK-1 (WT vs WT+ CDK-1, p = 0.04). 
 
Figure 6. (A) Hoechst staining of karyoplasts in hypo (10% PBS + 90% dd H2O) and hyperosmoWc 
(PBS+300 mM NaCl) soluWons for 1 hr) (B) ScaKer plots of volume and Young’s moduli of 
karyoplasts in hypo and hyperosmoWc soluWons. (C) Hoechst staining of isolated nuclei placed in 
1% poly-D-lysine soluWon for 1 hr. (D) ScaKer plots showing the volume and Young’s moduli of 
karyoplasts incubated with poly-D-lysine. (E) Hoechst staining of isolated nuclei in linear 
polyacrylamide (PAAm). (F) Volume analysis of nuclei incubated with linear PAAm. (G) Hoechst 
staining of nuclei incubated with 50 mg/ml PF1 virus for 4 hrs. Bar = 10 um (H) Volume of 
isolated nuclei suspended in PF1 virus and nuclei treated with 5mM EDTA. For all comparison 
p<0.05 except for PBS vs 0.095% PAAm.  
 
Figure 7. Comparison of dissipaWon during compression of nuclei and spherical microparWcles. 
(A) AFM force curves showing consecuWve compressions of a karyoplast at 0.1 Hz. (B) Area 
analysis of nucleus imaged during consecuWve compressions. (C) Comparison of nuclear area 
change, nuclear deformaWon and applied force over Wme for three consecuWve compressions of 
a karyoplast. (D) AFM compression curves for a nucleus compressed at rates of 0.01, 1 and 9 Hz 
and plot of Young’s modulus vs frequency (E) AFM compression of PAAm microparWcles, lipid 
droplets and fluorocarbon parWcles compressed at 1 Hz. Bar = 20 um. 
 
Figure 8. CharacterizaWon of nuclei isolated from cells grown on substrates of varying sWffness.  
(A) Fluorescence images of mEFs on collagen coated glass, 22 kPa PAAm and 5 kPa PAAm gels 
shown a5er the enucleaWon procedure. Bar = 20 um. Cells were cultured on each substrate for 
24 hr before nucleus isolaWon. (B) Hoechst staining of nuclei isolated from cells cultured on 
glass, 22 kPa, and 5 kPa PAAm gels. ScaKer plots of volume (C) and Young’s moduli (D) of nuclei 
isolated from cells grown on substrates of varying sWffness (Glass vs 22 kPa, p = 0.05; Glass vs 6 
kPa, p = 0.01). (E) AFM force curves for nuclei isolated from cells grown on substrates of varying 
sWffness. 
 
Figure 9.  CharacterizaWon of isolated nuclei and cytoplasts a5er inhibiWon of ATP generaWon 
and BRM/BRG-1 ATPase acWvity. (A) Images and volume analysis of Hoechst-stained nuclei 
incubated with 100 uM 3-bromo-pyruvic acid for 2 hrs. (B) AFM compression curves of isolated 
nuclei treated with 3-bromo-pyruvic acid compared to DMSO control. (C) Images and volume 
analysis of isolated nuclei treated with 100 uM BRM/ BRG-1 inhibitor for 24 hrs (Control vs 
BRM/BRG-1 inhibitor, P-value = 0.009). (D) AFM compression curves for nuclei treated with 50 
uM BRM/ BRG-1 inhibitor compared to DMSO control. (E) F-acWn (green) and Hoechst (blue) 
staining of control and BRM/BRG-1 inhibitor treated mEF vim null cells. Images taken a5er 
enucleaWon procedure. (F) Analysis of enucleaWon efficiency a5er treatment with BRM/BRG-1 
inhibitor. (G) AFM indentaWon-retracWon curves for control and CDK-1 treated isolated nuclei. 
(H) AFM indentaWon-retracWon curves for nuclei isolated from cells grown on substrates of 
varying sWffness. Scales bars: 10 µm A,C; 100 µm E. 
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