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B I O P H Y S I C S

Mechanosensitive nuclear uptake of chemotherapy
Nicholas R. Scott*, Sowon Kang, Sapun H. Parekh*

The nucleus is at the nexus of mechanotransduction and the final barrier for most first line chemotherapeutics. 
Here, we study the intersection between nuclear-cytoskeletal coupling and chemotherapy nuclear internaliza-
tion. We find that chronic and acute modulation of intracellular filaments changes nuclear influx of doxorubicin 
(DOX). Rapid changes in cell strain by disruption of cytoskeletal and nuclear filaments sensitize nuclei to DOX, 
whereas chronic reduction of cell strain desensitize nuclei to DOX. Extracted nuclei from invasive cancer cells lines 
from different tissues have distinct nuclear permeability to DOX. Last, we show that mechano-priming of cells by 
paclitaxel markedly improves DOX nuclear internalization, rationalizing the observed drug synergies. Our find-
ings reveal that nuclear uptake is a critical, previously unquantified aspect of drug resistance. With nuclear perme-
ability to chemotherapy being tunable via modulation of nuclear mechanotransduction, mechano-priming may 
be useful to help overcome drug resistance in the future.

INTRODUCTION
A multitude of chemotherapeutics require access to the nucleus for 
a drug to be effective for cancer treatments (1), and cancers are 
known to have multiple defense mechanisms against these cytotoxic 
molecules. These well-established mechanisms include modulating 
activity/expression of plasma membrane–associated efflux pumps, 
increasing activity of DNA repair molecules, plasma membrane 
lipid modifications, and mutations that alter efficacy of chemothera-
pies (2–7). While these mechanisms have been extensively docu-
mented in various cancers, little is known—or even proposed—about 
how the final barrier to nuclear entry, nuclear transport itself, may 
reduce chemotherapy efficacy. While nuclear transport is a very ac-
tive field of research, few studies have compared nuclear transport 
mechanisms to different cells in the body, specifically between dif-
ferent types of cancer cells.

Considering the physiology of cancer, many reasons come to 
mind about why different cell or tissue types may have different 
nuclear internalization rates, including, but not limited to, both 
ECM and cell-imposed mechanical stresses, shape of the nucleus, 
and possible differences in the number of nuclear pore complexes 
(NPCs) on the surface of the nucleus (8–10). We recently pub-
lished a review pointing to a variety of potential reasons that up-
take of various molecular weight (MW) cargos may transit across 
the nuclear membrane in a manner that is not dominated by typi-
cal diffusion (size-based) relations, which could be cell or tissue 
type specific (8).

Doxorubicin (DOX), an anthracycline, is one of the most com-
mon broad-scale nuclear-localizing chemotherapies in use today. 
It is used to treat both adulthood and childhood cancers for breast 
(11) and prostate (12) cancers as well as a multitude of other can-
cers (13, 14). DOX interacts with mammalian cells through mul-
tiple mechanisms. The most common mechanism is intercalation 
of DNA, where DOX inserts between DNA bases and stabilizes 
its position through hydrogen bonding (15). This intercalation 
results in the breakdown of double-stranded DNA and fragment-
ed nuclei with condensed chromatin, inducing apoptosis (16). 

Another mechanism is the inhibition of topoisomerase II, an en-
zyme that regulates DNA’s superhelical state and unlinks inter-
twined DNA strands (17). When DOX disrupts topoisomerase II 
by trapping it at the cleavage site, DNA cannot replicate further and 
cell death occurs (15,  18). Furthermore, when DOX oxidizes to 
semiquinone and converts back to DOX, it releases free radical re-
active oxygen species (15). These reactive oxygen species cause oxi-
dative damage in the nucleus, resulting in cleavage or degradation 
of DNA that induces DNA strand scissions (15, 19). Some cancer 
cells, however, exhibit multidrug resistance (MDR), where they 
have broad resistance to multiple nonrelated drugs (30 or multiple 
aspects of cytotoxicity like DOX, preventing this chemotherapeutic 
from reaching its final destination—the nucleus). MDR arises from 
different mechanisms: most commonly overexpression of membrane-
bound drug efflux pump and trapping chemotherapies in lysosom-
al compartments.

Beyond MDRs, a key facet of aggressive cancers is pathologically 
altered mechanotransduction (20, 21). Mechanotransduction is the 
translation of mechanical stimuli to biochemical signals, and the 
participants of this pathway—the extracellular matrix (ECM), cyto-
skeleton, LINC (linker of nucleoskeleton and cytoskeleton) com-
plex, and the nucleus (22)—play roles in transmitting the mechanical 
stress to the nucleus. In the nucleus, nuclear lamins (specifically 
lamin A and lamin C) regulate mechanotransduction (8), and their 
deficiency causes impaired nuclear mechanics and nuclear integrity 
in mechanically stressed tissues (23). Lamin A also works with nuclear 
F-actin (NFA), and a balance of opposing forces between NFA and 
lamin A contribute to the regulation of the nuclear shape (24).

The effect of mechanical stress on drug efficacy in cancer cells is 
receiving more interest, but studies are few and most focus on whole 
tumor response, rather than cellular mechanisms. Some studies 
have found that mechanical stresses reduce the efficacy of chemo-
therapeutic agents on cancer cells (25, 26), while others have found 
increasing mechanical stress improved drug efficacy (at the scale of 
single cells) (27). For reports of reduced efficacy, mechanical stress 
leads to increased cellular contractility and concomitant stiffening 
of the ECM (28). The mechanical stress exerted by cells and the 
ECM components (mainly collagen and hyaluronan) causes vessel 
compression and hypoxia, which decreases the efficacy of chemo-
therapies and nanotherapies (29). On the other hand, a study on 
ovarian cancer cells found that cells that were cultured on rigid 
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substrates had increased proliferation, and tumor response to stan-
dard chemotherapy drugs was directly proportional to the stiffness 
of the substrate (and the cell). A corresponding increase in MDR 
protein expression, however, make it difficult to ascribe the posi-
tively correlated stress-chemotherapy efficacy as a direct conse-
quence of mechanical malleability of a cell or if the correlation is due 
to increased expression of resistance genes (27). Ultimately, success 
of therapies such as DOX or cisplatin relies on nuclear entry. While 
DOX is much smaller than the soft cutoff size for nuclear diffusion, 
no studies have probed the fundamental influence of mechanical 
stress on nuclear internalization of chemotherapy.

Here, we measure the mechanosensitivity of chemotherapy 
(DOX) nuclear internalization via its intrinsic fluorescence. The 
DOX internalization signal we measure is likely an aggregate of 
three components: (i) nuclear entrance rate through NPC machin-
ery (notated as transport), (ii) DOX-binding kinetics to the DNA, 
(iii) DNA repair speed. We find that DOX aggregate internalization 
may be modified through atypical mechanical stress and strain, 
which we attempt to parse out in our study. Aggressive cancer cell 
lines from breast and prostate tissues show distinct DOX internal-
ization rates when comparing purified nuclei of the two cell lines; 
however, live, intact cells have similar uptake rates. Coming from 
tissues with different mechanical properties, we reasoned that me-
chanics could affect nuclear internalization and further explored 
how different mechanotransduction pathways may affect a cell’s 
DOX nuclear internalization. Disrupting actin, microtubule, or my-
osin networks significantly sensitizes the nucleus in breast cancer 
cells to higher rates of DOX internalization, likely due to a decrease 
in stress transmitted to or exerted on the nucleus, creating a larg-
er, atypical doorway for molecules and interfering with DNA re-
pair due to these cytoskeletal filaments’ role on DNA repair. 
Knocking down lamin A/C expression, which changes nuclear 
stiffness, also elicits substantial sensitization. Our results suggest 
that nuclear transport itself is a unaccounted for facet of chemo-
therapy resistance.

RESULTS
We sought to probe whether tumor eradication by means of nucleus-
localizing chemotherapies, such as DOX, was subjected to an addi-
tional intracellular barrier: nuclear entry. While DOX is cell membrane 
permeable over long times and is much smaller than the “soft” cutoff 
for passive nuclear transport, here, we study the dynamics of its 
nuclear entry because the nucleus is DOX’s ultimate destination. 
Therefore, we use a strategy to permeabilize the plasma membrane 
using a low concentration pulse of digitonin (∼15 μg/ml) for 8 min. 
This allows us to bypass the plasma membrane, similarly to past re-
searchers that wished to deliver impermeant molecules into cells 
(30–33), which purposefully reduces the impact of various plasma 
membrane–associated drug resistance mechanisms, such as efflux 
pumps, plasma membrane lipid modifications, etc. As the nucleus 
remains intact with this digitonin treatment (31–34), this method 
allows us to effectively measure DOX’s intrinsic nuclear internal-
ization. As an additional control to demonstrate digitonin’s neu-
tralization of plasma membrane drug efflux pumps, we tested a 
drug efflux pump inhibitor, verapamil, on digitonin-permeabilized 
MDA-MB-231 (breast) cells and compared it to cells only permea-
bilized by digitonin for DOX internalization. Verapamil + DOX-
treated cells showed even less nuclear DOX fluorescence compared 

to cells only permeabilized by digitonin (fig. S1). This experiment 
confirms that the plasma membrane and drug efflux pumps are no 
longer rate-limiting in our experimental design, allowing us to at-
tribute differences in nuclear DOX signal to nuclear entry. We fur-
ther verified that pulsed digitonin had minimal effect on the 
nuclear membrane integrity by using purified nuclei and a 40-kDa 
dextran as cargo. The dextrans showed no increase in nuclear trans-
port in the presence of digitonin (see movies S1 and S2 and fig. S2). 
This result is consistent with previous reports that used significant-
ly higher digitonin concentrations and similar incubation times 
where a maintained nuclear integrity was measured by various other 
means (31–34).

Breast and prostate cancer cell lines have similar live-cell 
DOX nuclear internalization dynamics despite differences in 
DOX-binding sites
We measured DOX nuclear accumulation via its intrinsic fluores-
cence intensity over 20 min (Fig. 1A). For these experiments, digito-
nin was used in conjunction with a cell-impermeant dye [RedDot 2 
(RD2)] to mark cells that were successfully permeabilized, outlined 
in Fig. 1A. Figure 1 (B and C) show time-lapse images of a standard 
field of view and traces of DOX nuclei fluorescence over time, re-
spectively. The colored traces in Fig. 1C show the average fluores-
cence intensity of individual nuclei, while the dotted black line is the 
median from all tracked nuclei at each time over the entire 20-min 
experiment. Unpermeabilized cells show no nuclear fluorescence 
intensity increase over a span of 20 min because minimal DOX tran-
sits the plasma and nuclear membranes to bind to DNA over this 
time (see movie S4); therefore, these cells are never included in our 
analyses for permeabilized cells. Cellular autofluorescence changes 
due to digitonin permeabilization were also minimal in the span of 
the 20-min experiment (see movie S3) and thus do not contribute to 
our DOX signal. Permeabilizing the plasma membrane allows us to 
focus on nuclear internalization and effectively remove the influ-
ence of effluxplasma and influxplasma (Fig. 1D). This assay design made 
it possible to compare DOX nuclear internalization between aggres-
sive prostate and breast cancer cells and probe how different ele-
ments of mechanotransduction affect nuclear uptake of DOX. We 
note that while the pulsed digitonin permeabilization bypassed 
plasma membrane barriers for DOX, it also allows numerous solu-
ble intracellular molecules such as adenosine 5′-triphosphate, gua-
nosine 5′-triphosphate, RAN–guanosine diphosphate, and cargo 
transport molecules to wash out of the cell (33), thereby limiting any 
active transport. This further emphasizes our focus on passive nu-
clear transport for the internalization of DOX.

We were curious if both invasive MDA-MB-231 (breast) and 
PC3 (prostate) cells showed similar nuclear entry of DOX, given 
their different reported median inhibitory concentration (IC50) val-
ues. Given cell density differences for the two cell lines at high con-
fluence and potentially different cell membrane composition, the 
digitonin concentrations for the two cell lines were determined by a 
digitonin titration study per cell line to achieve 70% permeabiliza-
tion as is common for permeabilization agents (35). We determined 
that MDA-MB-231 cells required slightly less digitonin than PC3 
cells (fig. S3).

Despite disabling the influence of the MDR and plasma 
membrane barriers for DOX nuclear internalization, we ob-
served considerable heterogeneity in a single field of view in 
both invasive MDA-MB-231 and PC3 cancer cell lines (Fig. 2B). This 
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heterogeneity has been reported at double to triple of our concentra-
tion of digitonin with even greater permeabilization (36) using a dif-
ferent nuclear trafficking probe, indicating that heterogeneity in 
DOX nuclear internalization we see is a permeabilization or DOX-
specific artifact. To our surprise, we found only a slight difference in 
the median nuclear internalization of DOX for MDA-MB-231 and 
PC3 (Fig. 2, B and C), where after 20 min, DOX fluorescence in the 
PC3 median nucleus was slightly greater than MDA-MB-231. We 
ensured that the average nucleus size is larger than the depth of field 
of a 0.75 numerical aperture (NA) objective for both cell lines. The 

depth of field is ∼3.08 μm, and the nucleus axial height for either cell 
line was typically greater than ∼7 μm. Therefore, any difference in 
apparent influx of DOX is not an artifact attributed to focal depth 
detecting lack of fluorescence outside the nuclei due to nuclei size 
differences between cells or cell lines. We next looked at cell-to-cell 
heterogeneity, shown by shading in Fig. 2B. There is slight overlap in 
these SE (shaded areas) for the two cell lines. A closer look at the 
heterogeneity of the cells is shown in Fig. 2 (C and D), highlighting 
cell to cell differences in the intensity range and VNuclear, where each 
individual nucleus is depicted as a gray dot, with the median 

A

B

C D

Fig. 1. Experimental overview to measure DOX nuclear internalization in cells. (A) Graphical representation of experimental setup. (B) Example of a field of view of 
cells to be analyzed, where the red fluorescence is DOX intercalating into DNA within the nucleus. (C) Quantified nuclear DOX fluorescence from permeabilized, where 
each line is a single nucleus’ average intensity tracked over time. The dashed black line is the median behavior of all nuclei in a field of view, individual nuclei curves are 
used to obtain population statistics, as discussed in further detail in the Supplementary Materials. (D) Simplified schematic of the internalization of a chemotherapeutic 
within a cell where MDR phenomena affect influxplasma and effluxplasma rate variables. Static diffusion is diffusion within the cytosol. In our study, the plasma membrane is 
perforated to flood the cytosol with DOX, so the dominant aspect measured is influxnucleus. (A) and (D) were created in BioRender, and the entire composite figure was 
compiled in BioRender.
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behavior and quartiles marked in color. Despite their apparent simi-
larities, a non-normal population test was used due to multiple sub-
populations Fig. 2C, and both cell lines for fluorescence intensity 
(F.I.) range are considered statistically different, but their maximum 
nuclear entry rate, referred to as VNuclear, are statistically indistin-
guishable. We note that fig. S4 depicts PC3 having the same trend of 
a slightly higher nuclear uptake compared to MDA-MB-231 with a 
nonreactive Alexa Fluor 488 molecule, showing molecule indepen-
dence to these transport findings.

We wondered whether our permeabilization agent or perhaps 
cytosolic dye influx affected the nuclear uptake. When permeabi-
lized with a different permeabilizing agent (streptolysin O) and 
probed with nonreactive Alexa Fluor 488 dye to examine to molecu-
lar entry into the cytosol, we found that the MDA-MB-231 cells’ cy-
tosol contained more Alexa Fluor 488 in the cytosol compared to 
PC3 (fig. S5), yet relative nuclear uptake was slightly higher for PC3 
(as for DOX). In another control, when using much higher DOX 
concentrations, the DOX fluorescence signal in the two cell lines’ 
cytosols were within a SE of each other. Together, these control ex-
periments emphasize that the difference in nuclear internalization 
of DOX was robust. In addition, these cell lines had similar nuclear 
volumes, although significantly different overall DOX signal, vary-
ing by about 20%, when fixed and fully permeabilized (fig. S6B). We 
found a similar reduction RD2 signal in PC3 nuclei compared to 
MDA-MB-231 nuclei. Considering the accessibility of base pairs to 

which DOX (or RD2) binds may differ between the two cell lines, 
we would expect that the DOX internalization rates may corre-
spondingly vary if an uptake rate was solely due to the accessible 
DOX-binding DNA. Therefore, of the three components: (i) nuclear 
transport, (ii) DOX-binding affinity to the DNA, (iii) DNA repair 
speed, binding affinity is not the dominant feature but may still have 
an impact. However, in live cells, no changes in uptake were evident 
within a 20-min time span. This indicates that live cells have the 
ability to change uptake rates or throttle nuclear internalization in 
some fashion.

DOX internalization in purified nuclei shows intrinsic 
differences in cancer cell nuclear permeability
Purified nuclei were extracted from these cell lines using a commer-
cial mechanical extraction method, where no detergents or prote-
ases were involved, to maintain fidelity of the nuclei. The purified 
nuclei were then attached to the surface of a polylysine-coated well, 
similar to a protocol from (37), and subjected to DOX directly, with-
out digitonin (because there is no plasma membrane). From these 
results, we find that purified nuclei take up DOX much faster than 
for intact cells based on a plateauing signal around 7 min, as ex-
pected, because DOX has direct nuclear access without cytosolic 
“filling” or organelles acting as obstacles, and nuclear volume sig-
nificantly reduces when nuclei are not connected to the cytoskele-
ton. We also found that MDA-MB-231–purified nuclei take up more 

A B C

D E F

Fig. 2. Different aggressive cancer cells show similar DOX nuclear uptake in live cell studies. (A) Representative images of two aggressive cancer cell lines’ internaliza-
tion of DOX over time. (B) Quantification of DOX uptake from multiple experiments for the two aggressive cell lines. Median behavior (lines) and standard error (shadows) 
are shown. (C) Distribution of the two cancer cell lines’ total uptake of DOX of each individual nucleus measured by fluorescence intensity change over the span of the 
experiment and (D) maximum nuclear entry rate of DOX for cells in an experiment where the medians are marked by a symbol, and the colored dashes above and below 
the medians are the first and third quartiles. Analysis of (E) 2D circularity and (F) 2D area versus DOX uptake after 20 min. A low correlation is observed for DOX uptake 
versus area using correlation range definitions provided by Mukaka (55). (A to F) Extract and visualize data from the same experiments, where the number of technical 
replicates for MDA-MB-231 and PC3 are N = 4 and 2, respectively; number of biological replicates for MDA-MB-231 is n = 736 cells, and PC3 is n = 330 cells. Statistics are 
displayed in respective panels for non-normal populations. Imaging conditions were identical for all samples. The entire composite figure was compiled in BioRender.
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DOX than PC3-purified nuclei (fig. S7). With both purified nuclei 
having statistically similar cross-sectional areas (fig. S8), their live-
cell counter parts having statistically similar volumes and a 20% dif-
ference in DOX-binding DNA (fig. S6; to be discussed in the next 
paragraph), we would expect at most a 20% difference in DOX up-
take. The difference in DOX internalization in purified nuclei from 
the cell lines was nearly 30% with PC3-purified nuclei taking up 
72% of the MDA-MB-231–purified nuclei (fig. S7). Therefore, any 
discrepancies between the nuclei above 20% appear to be innate bio-
physical internalization differences. However, as the DOX uptake 
for purified versus intact cells is reversed for the two cells lines, this 
indicates that the MDA-MB-231 cells throttle down overall DOX 
nuclear influx, which further emphasizes the novelty of showing 
that downstream DOX uptake is affected independently of estab-
lished MDR barriers.

Seeing this difference in purified nuclei versus live-cell DOX 
nuclear uptake, we were curious about the differences between 
MDA-MB-231 and PC3 cells that might be responsible for deter-
mining nuclear permeability to DOX. On the basis of previous find-
ings, possible reasons are: (i) nuclear shape, (ii) variations of density 
of NPCs, and (iii) mechanical stresses the nucleus is subjected to 
(8–10). As mentioned above, we verified that it was reasonable to 
compare these two cell lines based on their nuclear volumes and 
DNA capacity. We found nearly identical nuclear volumes and a 
20% increase in DNA capacity in MDA-MB-231 cells based on both 
DOX and RD2 dyes (fig. S6, A and B). With these similar nuclear 
characteristics, we proceeded to ask whether nuclear shape and two-
dimensional (2D) area correlated with DOX nuclear uptake. To that 
end, we analyzed the final DOX fluorescence (uptake) versus 2D 
nuclear cross-sectional area and 2D circularity (calculated by the 
minor axis/major axis) of each nuclei with respect to its final fluo-
rescence intensity (Fig. 2, E and F). Counter to what we expected, 
both cell lines showed a negligible correlation with nuclear circular-
ity, indicating that measurable 2D geometrical changes, such as at 
the apex of a sharp ellipse, do not facilitate notable changes in up-
take. However, purified nuclei show a weak positive correlation for 
circularity and DOX uptake for both cell lines (see fig. S9), indicat-
ing that nuclear uptake of DOX in live cells of both cell lines is mod-
ified. Next, looking at the 2D cross-sectional area, we found a weak 
to moderately positive correlation for both cell lines and their puri-
fied nuclei for DOX uptake (see Fig. 2F and fig. S9), so 2D shape was 
not an indicator of DOX uptake tendencies in either cell line. To-
gether, with clearly faster nuclear internalization into purified 
MDA-MB-231 compared to PC3 nuclei, similar nuclear volume and 
neither 2D nuclear circularity nor area having a sizeable impact on 
DOX fluorescence for both cell lines, it appears that MDA-MB-231 
nuclei in cells have a built-in effective nuclear chemoresistance. We 
surmise that this nuclear throttling of DOX may additionally con-
tribute to the ∼3.5-fold lower IC50 concentration of PC3 (38) com-
pared to that of MDA-MB-231’s (39), in addition to classical MDR 
mechanisms. Another potential facet of DOX sensitivity of these 
two cell lines may be tissue-dependent nucleoporin (Nup) expres-
sion and overall NPC composition, which may alter structure and 
therefore function of the NPC (40). However, the extent of how 
small-molecule transport is modified by Nups (or the NPC) is un-
known. Nevertheless, our data show that purified nuclei showed a 
near 30% difference in DOX nuclear uptake for the two cell lines, 
when nuclei were not mechanically tethered to any other cellular 
structures, while the DOX uptake in live cells was within SE of each 

other. Therefore, we measured the filamentous cytoskeletal actin 
and microtubule levels found in PC3 and MDA-MB-231 using con-
focal staining. We found that the amount of actin was statistically 
different, while microtubules were somewhat similar (fig. S6, C and 
D). Given that nuclei are tethered to cytoskeletal filaments through 
which forces are applied to nuclei, we found it prudent to evaluate 
the correlations between DOX nuclear uptake and mechanotrans-
duction. Previous studies have investigated a similar topic both 
computationally and experimentally for larger molecules or apopto-
sis inducing molecules (41–43).

Reduced substrate stiffness and cell-generated stress 
throttles DOX nuclear uptake in cells
Studies have shown that the mechanical stresses that a cell experi-
ences will affect the NPC’s channel (44) and basket (45). For exam-
ple, pore selectivity for a molecule has been computationally 
predicted to vary with NPC strain (46); a highly strained pore may 
have an abnormally shaped opening, yielding a dysfunctional NPC 
channel, which then leads to either (i) a unilaterally leakier NPC or 
(ii) a more selective NPC to one molecule over another, similarly to 
what Timney et al. (47) saw in yeast where mutations in FG Nups 
yielded an increase in transport of different sized molecules in a 
nonlinear fashion due to a change in structure of the NPC. However, 
whether such a functional transport difference exists for nuclei ex-
periencing different mechanical stresses has not been empirically 
verified for a chemotherapeutic such as DOX.

Because MDA-MB-231 cells were more resistant to DOX uptake, 
based on IC50s (38, 39), we focus on these cells to explore how nu-
clear mechanotransduction affects DOX nuclear internalization. As 
a starting point, we probed how substrate compliance affects nuclear 
internalization. Clearly, tissue culture plastic is much stiffer than na-
tive breast tissue. Therefore, we grew MDA-MB-231 cells on a softer 
substrate that mimicked its original adipose tissue environment to 
see how tissue mechanics alters DOX uptake, if at all (Fig. 3). These 
softer substrates are 0.2-kPa stiffness polyacrylamide gels with 
slightly different surface chemistry compared to the Ibidi chamber 
slides. Therefore, a direct comparison between Ibidi chamber slides 
and the Matrigen Softwells must be interpreted with care. A control 
experiment comparing tissue culture polystyrene (TCPS) within the 
dish of the Softwell, having the same surface treatment as the Soft-
well, showed an intermediary reduction in DOX uptake when using 
an intermediate (8 kPa) stiffness (see Fig. 3C). The result gave us 
confidence that reducing substrate stiffness reduces DOX uptake 
both after 24 hours and 5 days of cell spreading.

Cells grown on adipose-tissue mimicking substrates (E ∼ 0.2 kPa) 
for 5 to 7 days showed a significant decrease in DOX nuclear uptake 
compared to those on tissue culture plastic. Even after sixfold longer 
times, the cells on soft gels did not exhibit similar uptake as cells on 
tissue culture plastic. This result is consistent with that seen previous 
in Andreu et al. (42) and reinforces the idea that a change in cell-
compensated stress, which may be translated to the nucleus, chang-
es the overall ability for molecules to enter the nucleus. In addition, 
the disparity of DOX uptake between the extremes across different 
fields of view was markedly smaller on soft substrates, showing that 
heterogeneity in nuclear trafficking was also reduced. However, be-
cause growing cells on softer substrates require days, it is plausible 
that considerable changes in protein expression can transpire. For 
example, cells are known to have lower lamin levels on softer sub-
strates, as this is seen in vivo in the invading peripheries of tumor 
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masses (48) where the microenvironment has lower stiffness than 
the tumor core. In addition, lower stresses could also down-regulate 
stress fibers or perhaps other proteins instrumental in affecting the 
rate of passive nuclear transport. These factors make it difficult to 
unequivocally attribute reduced DOX uptake directly to changes in 
nuclear stress and strain because of cell growth on a softer substrate. 
However, similarly to the PC3 and MDA-MB-231 circularity analy-
sis, Softwell grown MDA-MB-231’s 2D circularity had a negligible 
correlation to uptake, and 2D area had an even weaker correlation to 
DOX nuclear uptake than MDA-MB-231 s grown on TCPS (see fig. 
S10). Therefore, the reduction of DOX uptake was uninfluenced by 
a change in nucleus size or circularity. In addition, while a tighter 
distribution of 2D area and circularity existed for Softwell grown 
cells, the centroid of either TCPS or Softwell populations for circu-
larity and area was very similar.

Acute disruption of cytoskeletal architecture leads to 
increased DOX nuclear uptake
Therefore, to understand how different aspects of nuclear mechano-
transduction contribute to DOX nuclear internalization, we contin-
ued an “outside-in” approach, where we acutely perturbed parts of 
the cytoskeleton using small-molecule inhibitors, and end with a 
chronic 3-day treatment with knockdown of LMNA. These experi-
ments allow us to assess how forces transmitted to the nucleus from 
the cytosol change DOX permeability of the nucleus (see Fig. 4A for 
details). Unlike low substrate stiffness experiments, small-molecule 
inhibitors allow for relatively fast experiments within ∼60 min of 
application to minimize possible changes in off-target protein ex-
pression. On the basis of the soft substrate experiment above, we 
hypothesized that inhibiting the cytoskeleton in some fashion would 
reduce the mechanical stress that the nucleus experiences through 
the LINC complex and therefore change the DOX internalization 

rate. We also found it prudent to ensure cytoskeletal filaments were 
not destroyed or removed via diffusion out of the cell during the 
process of permeabilization; therefore, we permeabilized live cells 
and then paraformaldehyde (PFA)–fixed and stained for actin and 
microtubules. Cytoskeletal structures were still evident in the per-
meabilized cells, showing that digitonin use did not destroy cyto-
skeletal filaments, in agreement with previous research article (see 
fig. S11) (32).

Blebbistatin, latrunculin, nocodazole, and acrylamide are known 
inhibitors of mechanotransduction pathways that transmit forces to 
the nucleus via the LINC complex, so mechanical stress reduction to 
the nucleus is implied when these agents are used (49). When look-
ing at Fig. 4 (A and B), we can see that certain the treatments strong-
ly sensitized the cells to DOX. All treatments were previously 
described in established protocols at given concentrations and incu-
bation times (50–52). The data indicate that microtubules, actin, 
nonmuscle myosin II, and even intermediate filaments to some de-
gree play a role in providing nuclear resistance to DOX entry. Acryl-
amide, which was incubated for 2 hours and should depolymerize 
intermediate filaments—such as vimentin, keratin, and potentially 
nuclear lamins (which we test below)—and, to a lesser degree, actin 
and microtubules, showed only a minor increase in DOX nuclear 
influx compared to the control. Contrary to the other molecules 
that had significantly larger effect on DOX nuclear influx, the ex-
periments with acrylamide indicate that intermediate filaments do 
not strongly influence nuclear uptake of DOX. We note that carrier 
fluids of these mechano-inhibitors, such as dimethyl sulfoxide, are 
not relevant during the DOX experiments because the cells are 
washed thoroughly (five times) during the permeabilization process, 
flushing any residual molecules of the carrier fluids away before 
DOX is ever applied to the cells. Cells that were successfully sensi-
tized by disrupting the mechanotransduction pathways of actin or 

A B C

Fig. 3. Culturing cells on soft substrates reduces DOX nuclear uptake. (A) Representative images of DOX internalization in MDA-MB-231 on a TCPS or soft substrates, 
with similar confluence levels around 80 to 90% (shown in bright-field insets on time 0). (B) Quantification of many fields of view for 20 min with static time point images 
at 60 and 120 min for the Softwell. Median behavior (lines) and SE (shadows) are shown. Median is marked by large symbols, colored dashes above and below the medians 
are the first and third quartiles, and gray points show individual nuclei. For (B), the number of technical replicates (N) and biological replicates (n) are as follows: MDA-
MB-231 TCPS, N = 6 and n = 953 cells; MDA-MB-231 Softwell, N = 2 and n = 275 cells. (C) Control experiment showing 10 to 12% reduced DOX nuclear internalization for 
an 8-kPa hydrogel substrate compared to a similarly treated TCPS substrate for 24 hours or 5 days of culture. Bar charts are averages, and error bars are SD error propaga-
tion of the populations used to create the ratios. Imaging conditions were identical for all samples. The entire composite figure was compiled in BioRender.
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microtubules still had a small resistant population that looks similar 
to untreated cells, as seen in the deconstructed box and whisker plot 
of DOX (Fig. 4, B and C). The broad distributions of VNuclear and 
fluorescence intensity range for the individual nuclei show the het-
erogeneous population of treated cells. Again, two subpopulations 
are evident for most treatment types, similar to what was seen in 
both PC3 and MDA-MB-231 control cells. We recognize that DOX 
is a complicated and inefficient fluorophore, so we performed this 
mechano-inhibition coupled with molecule uptake experiment with 
a different nuclear localizing dye explicitly created to be a fluoro-
phore, RD2. RD2 has roughly double the MW of DOX and has two 
permanent positive charges (compared to no charge on DOX), and 
so we deemed it sufficiently different to test whether this mechano-
inhibition phenomenon was unique to DOX. Our results show sim-
ilar sensitization of mechano-inhibited cells occurred with this 
probe molecule, showing the generality and robustness of this phe-
nomenon (see fig. S12).

While acrylamide is known to affect cytoskeletal intermediate 
filaments (52, 53), we do not know if it or any of the other small-
molecule inhibitors interact with lamin A/C—the intermediate fila-
ment nucleoskeleton that supports and anchors the NPC to the 
nuclear envelope. This is important because if we reduce the stress 
transmitted to the nucleus and coincidentally reduce nuclear stiff-
ness due to an off-target inhibition of lamin A/C (23, 54), then we 
would be changing the strain the nucleus and NPCs experience in a 
convoluted manner. Therefore, we stained all treatment conditions 
with a lamin A/C antibody after fixing and Triton X-100 permeabi-
lization (Fig. 4, D and E). Lamin A/C antibody staining showed only 
a mild change in intensity, and the distinct fluorescent thin ring 

commonly seen around the nuclear envelope appears to be disrupt-
ed in only latrunculin dosed cells. Note that while nocodazole, la-
trunculin, and blebbistatin showed a significant increase from the 
baseline DOX influx dynamics, they showed only a modest change 
in lamin signal. Acrylamide-treated cells showed virtually no change 
in lamin A/C antibody signal or architecture, suggesting that acryl-
amide does not affect lamin A/C intermediate filaments. In addi-
tion, we wished to check whether changes in nuclear area or shape 
were contributing to the change in influx, perhaps by changing the 
curvature of the envelope surrounding the NPC (fig. S14). Again, 
the trends of changes in nuclear area for latrunculin, nocodazole, 
and blebbistatin treated cells relative to the control cells were incon-
sistently relative, considering all showed much faster DOX uptake. 
We further explored how mechano-inhibition treatments possibly 
changed the correlation coefficients for 2D circularity and area with 
F.I. All treatments showed a trivial correlation for circularity (<0.15), 
and a trivial (=0.11) to low (=0.43, 0.44) correlations using correla-
tion range definitions provided by (55), depending on the treatment, 
for area and F.I. (see fig. S13). Therefore, neither differing lamin lev-
els, nuclear shape, nor nuclear area appear to be reasons for the 
increased DOX influx for the mechano-inhibited cells. In addition, 
intermediate sensitization was displayed for cells incubated with 0.5 μM 
latrunculin (fig. S15), which was one-tenth of the concentration 
shown in Fig. 4. This showed that this sensitization behavior was pro-
gressive with a greater reduction of actin stress fibers.

Given the three components that we believe to be the core of 
nuclear internalization, we wondered if DOX-DNA binding affin-
ity could be altered due to the atypical mechanical stresses after 
mechano-inhibition. However, we are not aware of any studies 

A B

D

EC

Fig. 4. Rapid disruption of actin, microtubules, or myosin cytoskeletal networks increased DOX nuclear uptake. (A) Effect of small-molecule disruption of cytoskel-
etal filaments on DOX nuclear uptake in MDA-MB-231 cells. Median behavior (lines) and SE (shadows) are shown. (B) Distribution of the total DOX uptake of each indi-
vidual nucleus measured by fluorescence intensity. (C) Maximum nuclear entry rate of DOX for cells under the various cytoskeletal inhibitors. Medians are marked by large 
symbols, colored dashes above and below the medians are the first and third quartiles, and gray points show individual nuclei. For (A) to (C), the number of technical 
replicates (N) and biological replicates (n) are as follows: MDA-MB-231, N = 6 and n = 953 cells; nocodazole, N = 4 and n = 973 cells; latrunculin, N = 2 and n = 222 cells, 
blebbistatin, N = 4 and n = 915 cells; acrylamide, N = 2 and n = 261 cells. (D) Lamin A/C immunofluorescence images for different treatments and (E) fluorescence quan-
tification per cell. Bars are median with error bars showing SE. For (E), the number of technical replicates (N) and biological replicates (n) are as follows: MDA-MB-231, N = 
4 and n = 767 cells; latrunculin, N = 3 and n = 211 cells; nocodazole, N = 2 and n = 273 cells; acrylamide, N = 1 and n = 108 cells; blebbistatin, N = 2 and n = 308 cells. 
Statistics are displayed in respective panels for non-normal populations. ANOVA details are in the Supplementary Materials. Imaging conditions were identical for all 
samples for DOX and lamin A/C antibody, respectively. The entire composite figure was compiled in BioRender.
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showing DNA structural changes with cytoskeletal inhibition. There-
fore, we assume that DOX-DNA binding affinity is not a strongly 
contributing factor to these mechanosensitive nuclear DOX inter-
nalization results.

Silencing of the lamin A/C nucleoskeleton leads to increased 
DOX nuclear uptake
With changes in cytoskeletal filaments causing changes in DOX nu-
clear uptake, we moved our focus to the lamin A/C network that 
supports and anchors the nuclear membrane and NPCs. We knocked 
down lamin A/C protein expression through small interfering RNA 
(siRNA) by twofold of the scramble-negative control by using 
LMNA siRNA (Fig. 5, D and E). Immunofluorescence of lamin A/C 
showed that lamin-specific siRNA resulted in most cells having min-
imal lamin rings lining the nuclear membrane compared to control 
or scrambled siRNA treatment. Similar to other treatments, LMNA 
siRNA did not modify the nuclear size (fig. S14). Lamin A/C knock-
down elicited a similar sensitization of MDA-MB-231 nuclei in live 
cells to DOX uptake as was seen for latrunculin, blebbistatin, or no-
codazole (Fig. 5, A and B). In addition, no significantly different cor-
relation was evident between circularity or area and DOX uptake 
compared to other cases (see fig. S16). We believe that lamin expres-
sion affects nuclear transport, but it is difficult to compare this with 
previous cytoskeletal inhibition as the lamin A/C knockdown is not 
complete. Moreover, lamin A/C inhibition affects nuclear transport 
in a cargo size-dependent manner. Small molecules such as DOX 
may experience a modest change in uptake due to large changes in 
lamin levels, while large molecules (∼70 kDa) and exceptionally 

large molecules (500 kDa) appear to strongly leak into the nucleus 
that have lamin knockdown (56) when they previously were unable 
to enter the nucleus. These results provide two takeaways: (i) the in-
crease in DOX uptake seen by latrunculin, which happened to have 
reduced lamin levels, was likely still only due to actin inhibition, as the 
changes to lamin (Fig. 4E) were similar to that of the siRNA Scram-
ble seen in (Fig. 5E), where DOX nuclear uptake in the siRNA 
scramble was similar to control MDA-MB-231 cells, and (ii) NPC 
support/function is unaffected by an almost 25% reduction of lamin 
A/C by the scramble siRNA but is affected by a reduction in slightly 
more than 50%. This 50% reduction implies that lamin A/C–binding 
sites for specific lamin-interacting Nups of the NPC are not limiting 
transport due to a lack of lamin protein-binding sites—as this would 
result in a lower uptake rate with fewer gateways into the nucleus for 
a reduction of lamin A/C. Instead, we believe that the inhibition of 
lamin A/C yields a reduction in stiffness of the nuclear membrane, 
leading to a higher membrane strain for a given stress that appears 
to enhance transport for small molecules. As with cytoskeletal inhi-
bition in live cell, no evidence suggests that DOX-DNA binding nor 
DNA repair speed are changed with altered lamin levels, suggesting 
that these are not strong contributors to our results.

Actin and microtubule filament inhibition oppositely affect 
DOX uptake in purified nuclei
Considering how latrunculin changes uptake rates of DOX within 
MDA-MB-231, multiple possibilities exist. One possibility is disrup-
tion of NFA, while another is elimination of cell-generated stress 
onto the nucleus by disruption of cytosolic actin filaments connected 

A

E

B C

D

Fig. 5. Lamin A/C knockdown affects DOX nuclear uptake. (A) DOX uptake median response for MDA-MB-231 and siRNA scramble and LMNA at 25 nM siRNA duplex. 
Median behavior (lines) and standard error (shadows) are shown. (B) Distribution of total DOX uptake of individual nuclei for scramble and LMNA siRNA treatment in 
MDA-MB-231 cells as measured by fluorescence intensity. (C) Maximum nuclear entry rate of DOX for cells with scramble and LMNA siRNA treatment in MDA-MB-231 cells. 
Median is marked by large symbol, colored dashes above and below the medians are the first and third quartiles, and gray points show individual nuclei. For (A) to (C), the 
number of technical (N) and biological replicates (n) are as follows: siRNA Scramble, N = 2 and n = 305 cells; siRNA LMNA, N = 2 and n = 184 cells. (D) Lamin A/C immuno-
fluorescence images for control, scramble siRNA, and LMNA siRNA. (E) Lamin A/C antibody quantification per cell. Bars are median with error bars showing SE. The number 
of technical replicates (N) and biological replicates (n) are as follows: SiRNA Scramble, N = 3 and n = 199 cells; siRNA LMNA, N = 5 and n = 196 cells. Statistical quantification 
is displayed in respective panels for non-normal populations. Imaging conditions were identical for all samples for DOX and lamin A/C antibody, respectively. The entire 
composite figure was compiled in BioRender.
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to the LINC complex. NFA resists nuclear deformation (57), and 
Hoffman et al. (44) showed a colocalization of actin stress fibers and 
NPC after a cells experience mechanical stress. Perhaps, the inhibi-
tion of actin allows for a less discriminant molecular passage by re-
ducing ability for the nucleus to resist deformation? NFA does 
appear to occur more readily after cells have been subjected to che-
motherapies (57), which possibly factors into this chemoprotection 
mechanism. We stained for NFA in live cells and saw a filament net-
work present by colocalized phalloidin staining with DNA staining 
on a confocal z-stack (see Fig. 6C). To probe the effect of NFA with-
out the complication of the LINC complex and cytosolic-based fila-
ments of the cytoskeleton, we again return to extracted nuclei.

NFA was visible in some purified nuclei with phalloidin staining, 
but the protein organization was distinct from live-cell NFA (Fig. 6, 
B and C). In addition, we expect there to be varying degrees of NFA 
across all cells in a field of view based on the cell cycle and other cell 
stressors (57). Therefore, latrunculin was used to depolymerize NFA 
in purified nuclei to attempt to highlight the effect of NFA on DOX 
nuclear uptake. Purified nuclei do not show consistent a NFA net-
work as is seen in live cells; most do not have any evidence of NFA 
(Fig. 6E and fig. S18). Green aggregates of phalloidin surround the 
region around nuclei, but little green signal is colocalized within/to 
nuclei. We originally thought that these aggregates were actin debris 
from cells; however, after incubating purified nuclei with latruncu-
lin for the same duration that live cells were incubated and then 
staining for actin, the aggregations were still evident. This meant 
that it was more likely that phalloidin was aggregating on the 
polylysine-coated cover glass used to attach purified nuclei for im-
aging (fig. S18). Nevertheless, purified nuclei were dosed with 5-μm 
latrunculin for the same amount of time as live cells before incubat-
ing the purified nuclei with DOX (Fig. 6A). This experiment showed 
a minimal increase in DOX nuclear relative to untreated purified 
nuclei nor a change to heterogeneity. While latrunculin depolymer-
izes NFA (57) to reduce nuclear mechanical deformation, it can have 
other effects: (1) as a small molecule, it can also enter the nucleus 
and contribute to nuclear crowding that might restrict DOX en-
trance or (2) it may somehow interfere with DOX internalization 
through the nuclear membrane by crowding at the NPCs. We are 
unable to pinpoint the exact reason why latrunculin-treated purified 
nuclei show similar DOX uptake to untreated purified nuclei. How-
ever, we wished to compare this to the two additional mechano-
inhibitors that had large live-cell sensitizations: blebbistatin and 
nocodazole. Therefore, we measured the effect of blebbistatin and 
nocodazole on DOX uptake in purified MDA-MB-231 nuclei. We 
found that nocodazole caused a considerable reduction in DOX up-
take compared to untreated, purified nuclei. Because there are no 
reported microtubules in nuclei not undergoing mitosis, it is possi-
ble that nocodazole may interfere similarly to latrunculin (during 
the 1-hour incubation phase), inhibiting DOX’s entrance into the 
nucleus compared to untreated nuclei. For blebbistatin, DOX inter-
nalization in the purified nuclei was slightly reduced compared to 
untreated, purified nuclei. Because NFA has been shown to contain 
nonmuscle myosin II, blebbistatin may relieve NFA tension (in-
creasing DOX internalization) while also interfering with NPC 
transport (inhibiting DOX internalization), resulting in slightly re-
duced DOX internalization into purified nuclei. To verify that bleb-
bistatin may be crowding the nucleus or NPCs, we measured its 
intrinsic fluorescence in purified nuclei. Blebbistatin colocalized 
with the RD2 (fig. S19), which supports the idea that it could crowd 

the nucleus and disrupt nuclear transport. However, these hypoth-
eses require future study. Last, we note that the multipopulation 
phenomenon with respect to nuclear area and circularity and DOX 
uptake that exists in live cells is never present for the purified nuclei 
(see figs. S9 and S17). All MDA-MB-231–purified nuclei, control or 
with inhibitors, showed a low positive correlation between DOX 
F.I. and circularity, while live cells always had minimal correlations.

Subpopulation analysis of cytoskeletal or lamin A/C 
inhibition reveals multiple routes for DOX 
nuclear sensitization
A cluster analysis of similar cells within the circularity and F.I. scatter 
graph revealed treatment-dependent behavior. Looking back to Fig. 
2 (E and F), one can easily pick out two different clusters of cells for 
each cell line. We clustered the cells based on Gaussian fits of the 
scatter plots and analyzed the trends in circularity, area, uptake, and 
uptake speed of the slow and fast DOX uptake populations (see fig. 
S20 and Supplementary Materials for more detail regarding how 
clustering was done and raw data points). Latrunculin, blebbistatin, 
and LMNA siRNA treatments changed the population such that the 
slow DOX nuclear uptake population (presumably the more resil-
ient population to DOX) percentage was reduced, while the popula-
tion that take up DOX faster increased relative to the control. In 
addition, both cell subpopulations showed faster average DOX up-
take speed compared to the control’s subpopulations. Overall, the 
percentage of cells that were fast versus slow in control cells was in-
verted for cells treated with siRNA LMNA, blebbistatin, and latrun-
culin. We observed almost no change in the DOX uptake population 
percentages for nocodazole or acrylamide treatment, although up-
take speeds of the subpopulations did change. This suggests that the 
resiliency of the overall cell population may decrease with an acute 
inhibition of these filament types, where each cytoskeletal filament 
could be used to biophysically overcome chemotherapeutic resis-
tances, by either shifting the overall population behavior (depicted 
by shifts in percentage of cells in each subpopulation seen in fig. 
S20D) to be more rapidly susceptible to DOX or by causing the 
more resilient, slow uptaking population to end up accumulating 
more DOX (depicted by shifts in slow cluster’s uptake of DOX seen 
in fig. S20C).

While we tested the effects of how different mechano-inhibitors 
affected nuclear uptake, we also continuously monitored the correla-
tions between area and circularity as well as DOX uptake measured 
by change in F.I. Neither circularity nor area changed significantly 
between MDA-MB-231–untreated cells and mechano-inhibited cells, 
indicating that the change in DOX uptake was not due to changes to 
area or circularity. Instead, the commonality between the different 
cytoskeletal filaments and lamin A/C, all of which sensitized the 
cells to uptake of not only DOX, but different nuclear localizing 
fluorophores, was an acute change in strain to the nuclear mem-
brane. While inhibition of any cytoskeletal filament type would re-
duce mechanical stress transmission to the nucleus, the reduction in 
nuclear stiffness due to a reduction in lamin A/C functionally affects 
uptake as well. However, a change in lamin A/C, in theory, should 
not change mechanical stress transmitted to the nucleus. Instead, it 
would increase the amount of mechanical strain the membrane ex-
periences. Oddly, these two treatment conditions end up resulting 
in conflicting mechanical strain changes, where loss of lamin leads 
to increased strain, while loss of cytoskeletal filaments leads to re-
duced strain. Therefore, we propose that any acute perturbations 
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D

A B

Fig. 6. Purified nuclei of MDA-MB-231 treated with same cytoskeletal inhibition drugs as for cells. (A) Purified nuclei show limited change in DOX uptake for with 
inhibition of actin (latrunculin) or myosin (blebbistatin) activity, but DOX internalization is slowed after nocodazole (microtubule) treatment. Median behavior (lines) and 
SE (shadows) are shown. (B) Distribution of total DOX uptake of individual nuclei for mechano-inhibited purified nuclei of MDA-MB-231 cell line as measured by fluores-
cence intensity. (C) Maximum nuclear entry rate of DOX for cells for mechano-inhibited purified nuclei of MDA-MB-231 cell line. Median is marked by large symbol, colored 
dashes above and below the medians are the first and third quartiles, and gray points show individual nuclei. The number of technical replicates of (A) to (C) (N) and bio-
logical replicates (n) are as follows: MDA-MB-231, N = 5 and n = 217 purified nuclei; latrunculin, N = 4 and n = 270 purified nuclei; blebbistatin, N = 1 and n = 119 purified 
nuclei; nocodazole, N = 2 and n = 230 purified nuclei. (D) Live cells and their inset show consistent NFA in all cells. Images in (B) and (C) show phalloidin (green) and DRAQ5 
for the nucleus (blue). (E) Purified nuclei show heterogenous display of actin in insets (1) where few to none are colocalized with the nucleus and (2) significant amounts 
are colocalized. Standalone green aggregates in purified nuclei are not actin-specific cellular debris, but instead nonspecific interactions of phalloidin with the surface and 
general cell debris (see fig. S18 for more details) that can be seen in bright field. Imaging conditions were identical for all samples for DOX, phalloidin, and DRAQ5. The 
entire composite figure was compiled in BioRender.
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that modify nuclear strain [or strain directly imposed on the nucle-
us directly as in (42)] positively affect DOX uptake through changes 
in the structure and therefore functionality of the NPC, as was theo-
rized in (45, 46). However, allowing for a cell-controlled reduction 
of nuclear strain by changing cytoskeletal architecture and in ex-
pression levels due to a chronic perturbation, e.g., a reduction in 
substrate stiffness, leads to a reduction in nuclear uptake. With this 
proposed mechanism, we still are in complete congruence to previ-
ous work such as (42) that discuss mechano-sensitivity and its rela-
tion to nuclear uptake, but we enrich the understanding of this 
coupled phenomenon with the inclusion of timescales that allow for 
cells to compensate or not. In addition, this phenomenon does not 
appear to be substrate stiffness-restricted phenomenon. While we 
tested the effects of substrate stiffness, we also tested cytoskeletal 
inhibition, both of which changed uptake. Previous researched 
pressed on cells (42), while others sensitized cells with a shearing 
flow rate (43) that sensitized two different cell lines to an apoptosis-
inducing ligand. Therefore, this seems to be a global response in 
how external mechanical stresses can modify how a cell responds to 
drugs. Our work highlights that the nucleus itself appears to be in-
strumental for DOX internalization, but more importantly times-
cale is extraordinarily important.

Paclitaxel microtubule stabilization demonstrates 
DOX-paclitaxel synergy
Our findings suggest a rationale for the synergistic effects of a pop-
ular combinatorial chemotherapy treatment: DOX and paclitaxel. 

Paclitaxel’s mechanism of action involves the stabilization of β-
microtubules (58) to prevent cell division. Paclitaxel has also been 
shown to stiffen both the plasma membrane and intracellular envi-
ronment through atomic force microscopy and microrheology in 
different mesenchymal and cancer cell lines (59,  60). Moreover, 
paclitaxel was recently shown to cause nuclei fragmentation by 
rigid microtubules squeezing nuclei in malignant ovarian cancer 
cells (61). As administration of paclitaxel is a not a cell-controlled 
change in stress transmission to the nucleus, we would expect that 
atypical strains on the NPC would create a leakier sieve pore. We 
tested our hypothesis regarding synergistic effects of the two drugs 
with nuclear uptake of DOX as the readout. To avoid excess cell 
toxicity, we used a 1- and 24-hour incubation at an IC90 for MDA-
MB-231s (62) to see if and how the process yielded changes in nu-
clear uptake.

Stabilization of the microtubules through 24-hour paclitaxel 
incubation strongly increased nuclear uptake of DOX (Fig. 7, A to 
C), similar to how the mechano-inhibition had four- to sixfold 
sensitization. This confirms our hypothesis that the synergistic ef-
fects of these two chemotherapies have resulted in a nuclear sensi-
tization, similar to the other non-cell–compensated perturbations 
to mechanotransduction pathways. Moreover, the results also re-
inforce our theory that any acute (stress above or below the base-
line stress a cell normally experiences) can affect uptake. Our 
previous experiments performed induced rapid depolymerization, 
while paclitaxel does the exact opposite and both markedly im-
proved nuclear uptake of DOX.

B C

D

A E

Fig. 7. Mechanotransduction affects nuclear internalization, whether through stabilization or inhibition. (A to C) MDA-MB-231 cells incubated 24 hours with 
paclitaxel before nuclear uptake study with DOX to prove that any acute treatment, whether depolymerization or stabilization with positively sensitize cells to DOX. 
(D) Mechanofactors that do and do not affect nuclear uptake based on findings of this study and (42). (E) Cartoonish depiction of NPCs under various loading conditions 
whether cell-compensated or not, where the hard substrate cell-compensated (chronic) condition was gleaned from data of a different research paper (42). Number of 
technical replicates (N) and biological replicates (n) are as follows: MDA-MB-231 1-hour control, N = 1 and n = 224 cells; MDA-MB-231 24-hour control, N = 1 and n = 252 
cells; paclitaxel 1-hour control, N = 3 and n = 716 cells; paclitaxel 24-hour control, N = 3 and n = 217 cells. (D) and (E) were created in BioRender, and the entire composite 
figure was compiled in BioRender.
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DISCUSSION
While it is plausible to ask if rapid changes in nuclear strain affect 
the porosity of the nuclear envelope itself to modify DOX internal-
ization, recent work showed that all nuclear traffic, regardless of 
size, goes via NPCs (63). Therefore, we believe modified DOX inter-
nalization is more likely dominated by molecules passing through 
atypically deformed NPCs, as was previously purported by research-
ers (44–46), in addition to possible reductions in DNA repair acces-
sibility after actin, mysoin, microtubules, or lamin A/C filamentous 
networks have been disrupted (64–67). A functional effect on tumor 
volume reduction was shown in mice when DOX was given to mice 
with a polymerizing or depolymerizing agent, showing that what we 
have seen is not necessarily an artifact of in vitro work. Figure 7E 
is a schematic depicting how a cell-compensated (regulated) me-
chanical stimulus and noncompensated mechanical stimuli affect 
transport of DOX through NPCs, altering the total observed inter-
nalization. This explanation is fully consistent with the synergy we 
observed between DOX and paclitaxel, which is also observed at the 
patient level in bonafide cancer treatment by elevated complete and 
partial response rates of tumors (68).

In addition, we have found that cell cycle is a contributor to DOX 
and RD2 uptake in preliminary work, where G2-M cells internalized 
around 20 to 30% more, on average, than G1 cells. Cell cycle in a 
nonsynchronized population of cells may contribute to heterogene-
ity seen in all populations tested. This may also explain to some de-
gree the shift in population percentages to a phenotype showing 
increased DOX uptake (seen in fig. S20) for mechano-inhibitors, 
which are known to arrest cells in a certain cell-cycle phase, such as 
paclitaxel.

In this study, we found that nuclear uptake of DOX into live 
cells of two aggressive cancer cell lines from different tissues was 
notably similar, considering that their IC50 values are different by 
more than threefold. When exploring if there is a fundamental dif-
ference of the nuclei themselves by analyzing mechanically sepa-
rated purified nuclei, we found that the nuclear permeabilities of 
DOX in the MDA-MB-231 and PC3 cell lines were unique, sug-
gestive of a previously unquantified nuclear barrier to DOX che-
motherapy that is independent of established MDR mechanisms. 
We used this purified nuclei study between these two cell lines as 
a springboard to explore how these differences are muted in live 
cells. Specifically, in purified nuclei, the cells have minimal external 
forces transmitted to the nucleus. Live cells from two different cell 
lines may have a differing degree of cytoskeletal filament assembly 
and possibly lamin network assembly, which can modify the strain 
felt by nuclei within cells. Therefore, we explored whether modify-
ing mechanical stresses would make MDA-MB-231 cells react dif-
ferently to nuclear internalization of DOX.

Lowering mechanical stress by growing MDA-MB-231 cells 
on soft substrates (over days) reduced the uptake of DOX, with 
even sixfold more time not being enough to reach the median 
uptake of the cells on tissue culture plastic. However, reaching 
conclusions from a complex scenario such as chronic cultivation 
on a lower substrate stiffness is difficult due to many conflating 
cellular changes over this experimental time period, including 
changes in mechanotransduction gene expression (69). We then 
used an acute perturbation of mechanotransduction by inhibiting 
microtubules, actin, or myosin II, which resulted in a significant 
increase of nuclear internalization of DOX in live cells. Along 
similar lines, siRNA knockdown of LMNA resulted in increased 

DOX uptake, consistent with previous work (56). These results all 
point toward a mechanosensitization of chemotherapy internal-
ization to the nucleus, provided that the mechanical perturbation 
was acute.

As a final experiment, we used combinatorial therapy now used 
in cancer therapy: paclitaxel plus DOX. We measured DOX uptake 
within cells incubated with 24-hour paclitaxel. We saw a sixfold sen-
sitization of DOX. This paclitaxel-DOX synergy is consistent with 
treatment plans used within patients, indicating that what we see 
may be happening in vivo. Thus, all of the mechanotransduction 
pathway perturbations point to a model where a sudden, forced 
change in nuclear mechanical strain has a sensitization effect on 
nuclear internalization of DOX, whether by perturbation of cyto-
skeletal or nucleoskeletal filaments (Fig. 7E). Our findings may help 
rationalize the existence of a higher NFA expression in cells that 
have been incubated with a chemotherapy, as part of this newly pro-
posed nucleo-centric chemoprotectant mechanism since NFA has 
been stated to reduce deformation and thus reduce mechanical 
strain (57).

Lastly, we believe that this work may give more insight as to why 
certain tissue types seem to be less susceptible to specific chemo-
therapeutics and/or having a lower therapeutic index ratio for can-
cer cells to healthy cells, beyond classical MDR mechanisms. As 
different tissue types experience different levels of mechanical stress, 
potentially changing NPC function.

MATERIALS AND METHODS
Digitonin and DOX stock solution preparation
Digitonin (Millipore, catalog no. 300410) was prepared in cell cul-
ture grade H2O (autoclaved UltraPure Type 1) and sterile filtered at a 
concentration of 10 mg/ml as solubility in water is around 50 mg/ml 
and was aliquoted to be stored at −20°C to avoid freeze thaws. Work-
ing concentrations of digitonin were 15 μg/ml for both PC3 and 
MDA-MB-231, and a solution of that concentration and a RD2 (Bio-
tium, catalog no. 40061) dilution ratio of 1:200 should be prepared 
before experimentation. In addition, DOX (TCI chemicals, catalog 
no. D4193) was dissolved in culture grade H2O at a concentration of 
10 μM for 10× the IC50 of MDA-MB-231 to be able to see rapid fluo-
rescence intensity increase in the short permeabilization window of 
20 min. DOX should also be aliquoted at a higher concentration than 
working and stored in the freezer for single use purposes as well.

For digitonin permeabilization:
1) Normal media is replaced with CO2-independent L-15 media 

for the duration the cells are out and not actively being permeabi-
lized. The cell dish is placed in a heated stage preheated to 37°C.

2) Cells were washed 2× with phosphate-buffered saline (PBS).
3) Cells were incubated with digitonin-RD2 cocktail for 8 min.
4) Cells were washed 2× with PBS.
5) We ensured that zero drift compensator on the microscope 

is active.
6) DOX IC50 × 10 solution was added.
7) Two covers were replaced to ensure even heating.
8) Imaging process was started.
Note that IC50 × 10 was required to get sufficient fluorescence in 

a 20-min time span for permeabilized cells. Unpermeabilized cells 
did not have any fluorescence over the experimental time. PC3 was 
subjected to the IC50 × 10 of MDA-MB-231 cell line to standardize 
the dose that both cell lines were given.
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Cell culture
MDA-MB-231 [female cancer line, American Type Culture Collec-
tion (ATCC), catalog no. HTB-26, RRID: CVCL0062] was grown in 
complete media of Dulbecco’s modified Eagle’s medium (DMEM) 
and glucose (4.5 g/liter; Corning, catalog no. 10-013-CV) with 10% 
fetal bovine serum (FBS) and no antibiotics. PC3 (male cancer line, 
ATCC, catalog no. CRL-1435, RRID: CVCL0035) was grown in 
complete media of RPMI 1640 (Gibco, catalog no. 11875-093) with 
10% FBS and no antibiotics. Both cell lines would be passaged and 
plated onto an eight-well ibidi slide, where they would grow until 
they reach 80% confluence or greater and then would be used in a 
DOX uptake experiment. Cell lines were not explicitly verified using 
STR profiling and were not checked for mycoplasma contamination; 
however, the passage numbers of either cell line purchased directly 
through ATCC would not exceed passage number 8 for any experi-
ment. Only the central four wells were used for dynamic DOX up-
take studies to ensure near-identical well temperatures by the heated 
stage and ensure that DOX uptake was not modified by heated 
stage-based temperature fluctuations. All wells would be analyzed in 
1 day to prevent infection risk. L-15 CO2-independent and phenol 
red–free media (Gibco, catalog no. 21083-027) was used for a short 
duration (typically less than 1 hour) during the dox process for ei-
ther cell line to prevent pH imbalance before permeabilization due 
to the open air gas exchange during the permeabilization process 
not being suitable for CO2-dependent media in wells not being test-
ed at that moment. Cells were not randomized, and the investigators 
were not blinded to the cell line during experiments.

Fixation and antibodies
For lamin A/C antibody staining, ice-cold acetone was used to fix 
and permeabilize the cells, incubated at −20° for 10 min. Cells were 
washed twice in PBS and then incubated for 10 min at room tem-
perature on a shaker with 0.1% Triton X-100 and 0.5% bovine se-
rum albumin (BSA) in PBS. Lamin A/C antibodies were purchased 
via Abcam (catalog no. ab205769, RRID: AB3105823) and used at a 
concentration of 1:1000 for immunocytochemistry in conjunction 
with 0.1% Triton X-100 and 3% BSA for blocking for 1 hour at room 
temperature. Two washes were followed to remove nonspecifically 
bound antibodies with PBS, 0.1% Triton X-100, and 0.5% BSA before 
imaging. No counterstain was used to prevent fluorescence resonance 
energy transfering (FRETing). Nonreactive, carboxylic-acid Alexa Flu-
or 488 (Thermo Fisher Scientific, catalog no. A33077) control used for 
figs. S4 and S5. The same digitonin protocol was used (fig. S4) and a 
similar permeabilization protocol but replacing digitonin with strepto-
lysin O (Millipore, catalog no. S5265) with a 15-min incubation time, 
similar to researchers Walev et al. (35) and Teng et al. (70) (fig. S5).

For dig. S6, cells were incubated with either 5 μM latrunculin or 
10 μM nocodazole for 1 hour. Then, both control cells and treated 
cells were fixed with PFA for 20 min at room temperature. Cells 
were then washed twice with PBS and incubated for 10 min with a 
perm buffer (0.1% Triton X-100 and 0.5% BSA in PBS) at room tem-
perature on a shaker. Then, the cells were incubated with 0.1% Tri-
ton X-100, 3% BSA, RD2, phalloidin 594, and α tubulin antibody in 
PBS for 30 min at room temperature on a shaker. The cells were then 
washed twice before imaging.

For α tubulin antibody staining shown in fig. S11, after digitonin 
permeabilization, both control cells and permeabilized cells were 
fixed with PFA for 30 min. The use of PFA over acetone was to en-
sure that fixation happened before further permeabilization of the 

cell membrane, as acetone is known to do both simultaneously, and 
we wished to ensure that nonpermeabilized control cells maintained 
all cytoskeletal structure as comparison in case permeabilization 
disrupted that. Cells were then washed twice with PBS and then 
incubated for 10 min at room temperature on a shaker with 0.1% Tri-
ton X-100 and 0.5% BSA in PBS. α Tubulin antibody was purchased 
from Thermo Fisher Scientific (Thermo Fisher Scientific, catalog no. 
53-4502-82, RRID: AB1210525) and used at a concentration of 1:100 
in conjunction with 0.1% Triton X-100, 3% BSA, and phalloidin 594 
(AAT Bioquest, catalog no. 23122) for blocking for 1 hour at room 
temperature on a shaker. Two washes with permeabilization buffer 
were used to remove nonspecific bound antibody and phalloidin, be-
fore RD2, the nuclear stain dye, was introduced for 10 min and 
then washed.

Confocal microscopy of nuclear uptake and 
antibody staining
An Olympus FluoView FV3000 (RRID: SCR017015) was used for all 
imaging purposes, and a Pecon TempController 2000-2 was used 
to ensure an adequate body temperature was maintained through-
out the entirety of the experiment. For live-cell DOX experiments, 
microscope settings were maintained across cell lines and condi-
tions, and DOX was excited using the 488 laser line at 2% power and 
600 HV and captured using a filter that allows 570- to 620-nm wave-
length light to pass through to prevent significant photobleaching 
over the span of 20 min, where an image was taken every 6.43 s. 
Simultaneous imaging of DOX and RD2 was possible due to the ex-
citation and emission differences, where RD2 was excited at 640, its 
fluorescence was captured at 657 to 757 nm with a laser power of 
4.5% and an HV of 700, and all images were taken using a 20× air 
UPlanSapo 0.75 NA and a resolution size of 1024 × 1024. Similarly, 
the Alexa studies used 1.5% laser power and 400 HV and captured 
using a filter that allows 500- to 540-nm wavelength light at the same 
imaging interval for the data in figs. S4 and S5 (right). For fig. S5 
(left), where the timespan was 45 s, images were taken every 0.5 s for 
Alexa and high concentration DOX. The same objective was used for 
all Alexa, RD2, and DOX time-lapse studies. The Olympus ZDC au-
tofocus unit was used for all time-lapse imaging studies to ensure the 
same focal plane was studied.

For lamin studies used a 488 laser line to excite at a power of 5% 
and an HV of 525, collecting a z-stack throughout the entire thick-
ness of the nuclei in the field of view to ensure that nuclei at different 
heights were accounted for without bias. No nucleus counter stain 
was used to ensure that FRETing did not occur to any extent, as 
DRAQ5 made fluorescence slightly weaker. These images were tak-
en using a 40× air UPlanSapo 0.95 NA and an image size of 1024 × 
1024. For purified nuclei studies, DOX/RD2 laser power and image 
acquisition rate were changed due to a faster uptake because the cy-
toplasm is not existent. DOX was excited using the 488 laser line at 
1% power and 600 HV and captured using a filter that allows 570 to 
620 nm wavelength light to pass through, while RD2 used a 640 la-
ser line at 3% laser power and 600 HV for a filter of 657 to 757 nm 
using the 20× air UPlanSapo 0.75 NA and an image size of 1024 × 
1024. For the purified nuclei blebbistatin crowding control in fig. 
S19, a static image was taken, and RD2 (640 laser line 1.5% power, 
600 HV, and a filter of 650 to 750 nm) and blebbistatin (445 laser 
line, 50% power, 750 HV, and a filter of 460 to 500 nm) were taken 
sequentially using the 20× air UPlanSapo 0.75 NA and a resolution 
size of 1024 × 1024.

D
ow

nloaded from
 https://w

w
w

.science.org on June 23, 2025



Scott et al., Sci. Adv. 10, eadr5947 (2024)     18 December 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

14 of 16

siRNA reverse transfection protocol
On the basis of titration experiments to optimize Lipofectamine 
and siRNA concentrations, 0.75 μl of Lipofectamine RNAiMAX 
(Invitrogen, catalog no. 13778-030) and 25 nM oLMNA (Ambion, 
catalog no. 4390824) or Scramble (Ambion, catalog no. 4390843) 
siRNA were used for these experiments.

For four wells combined:
1) 8.4 μl (equates to 6 pmol of RNAiDuplex) solution of the siRNA 

(invert if thawing) was mixed to 160 μl of Opti-MEM media with 
reduced serum.

2) One quarter of the volume was placed in each well that the 
cells will be seeded into and mixed gently.

3) Lipofectamine was inverted, and 0.75 μl of Lipofectamine 
RNAiMax was added to each well, mixed gently, and incubated 
for 20 min.

4) Cells were diluted in complete growth medium without antibi-
otics. The final volume for 60 to 80% coverage at 24 hours of plating 
should be 200 μl of media per well.

5) The 200 μl of cell-media mixture was added to each well con-
taining the RNA solution and mixed gently by rocking back 
and forth.

6) The media + cells + RNA solution were incubated for 24 to 
72 hours (the transfection time) at 37°C depending on protein half-life.

7) Media was replaced after 24 hours past transfection time.

Cytoskeletal treatments
All cytoskeletal inhibition solutions were used in conjunction with 
complete growing media DMEM glucose (4.5 g/liter) and incubated 
with MDA-MB-231 cells, but times and concentrations vary based 
on previous researchers effective concentrations. Nocodazole (Milli-
pore, catalog no. 487929) (10 μM), and latrunculin A (STEMCELL 
Technologies, catalog no. 100-0563) (5 μM) solutions were incubated 
for 1 hour as per Aspengren et al. (50). Blebbistatin (Millipore, cata-
log no. 203389) (10 μM) was also incubated for 1 hour with cells in 
darkness to ensure inhibition of myosin II as per Farman et al. (51). 
Acrylamide (VWR, catalog no. 0341) was the least acute treatment, 
where a 10 mM solution was incubated with cells for 2 hours to in-
terrupt cytoskeletal filaments, as was previously shown by Arocena 
(52). Verapamil (in kit from Biotium, catalog no. 40081) concentra-
tions (10 μM) and incubation times (30 min) were influenced by 
biotium’s NucSpot-488 (Biotium, catalog no. 40081) protocol and 
Roger et al. (71) protocol that used MDA-MB-231 in conjunction 
with verapamil.

Purification of nuclei
A detergent-free nuclei isolation kit (Invent biotechnologies catalog no. 
NI-024) was used to extract intact nuclei from cells following their post-
ed protocol. Nuclei were never frozen and refrigerated for a minimum 
of 0 days and a maximum of 2 days before being used for any study. To 
be used in any uptake study, nuclei were first attached to sterile ibidi 
eight-well slides that had been pretreated with polylysine-l to help nu-
clei attach. They were then spun down onto the slides at 450g for 5 min, 
following a similar protocol in Neely and Bao (37). Then, the nuclei 
were prestained with RD2 for 10 min followed by two PBS washes and 
kept hydrated for ease of fluorescent visualization. After a plane and 
field of view were found, the DOX study proceeded similarly to what 
was shown above for the digitonin protocol, but without the digitonin 
step (effectively starting at step 5 of the digitonin protocol).

Image processing ImageJ
Post-processing was done through ImageJ (version 2.14.0,RRID: 
SCR

0
03070), where images where background was subtracted, and 

then the image was blurred to create an ideal gray image for auto-
thresholding. Autothresholding used the Otsu method to identify 
nuclear objects, and two populations were captured using the auto-
thresholding method a second time while ignoring the extra bright 
nuclei that were captured during the first autothresholding object 
detection. A macro script was built to allow for the same process to 
be used across cell lines and treatments, reducing bias while obtain-
ing a very high capture rate of both of the different nuclei popula-
tions, (see fig. S21 for examples of segmentation protocol). Creating 
three populations was explored, but background and cytosol were 
regularly captured in the third, indicating that there was not a sig-
nificant population of nuclei that were not captured in steps 1 and 2.

MATLAB analysis
Figures 2 (C and D), 3C, 4 (B and C), and 5 (B and C) were using the 
total amount of nuclei in all fields of view, where the range of fluo-
rescence was the maximum-minimum fluorescence on a per nuclei 
basis. VNuclear was obtained after a multistep process. First, we inter-
polated both time and DOX uptake F.I. to obtain a greater number 
of data points and then fit the interpolated data to a Savitzky-Golay 
filter to reduce any noise-based oscillations. Then, the slope of the 
Savitzky-Golay filtered data was obtained at every time step, and the 
maximum slope was used as the metric for VNuclear or the maximum 
rate of nuclear entry. Both VNuclear and total range of fluorescence for 
all individual nuclei over all fields of view/experiments were then 
pooled together, and the medians and quartiles were obtained and 
highlighted in a graphical form, as well as nonparametric statistics 
were completed to compare these non-normal populations. All sta-
tistical analyses were using nonparametric statistics such as Kruskal-
Wallis analysis of variance (ANOVA) for studies that had more than 
two populations that were compared and Mann-Whitney U tests for 
studies that had exactly two populations to compare.

Clustering seen in fig. S20 was done by fitting the F.I. and circular-
ity scatter plots with a Gaussian mixture model, where the number of 
components were two, indicating, based on the scatter plot–separated 
clusters, that two subpopulations exist within a single-cell popula-
tion. After a Gaussian fit has been completed, the cluster function 
was called to separate the population into the two components to be 
further analyzed.

Supplementary Materials
The PDF file includes:
Figs. S1 to S21
Tables S1 to S9
Legends for movies S1 to S4
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Movies S1 to S4
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