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Hyperwrinkling of the nuclear lamina is associated with
attenuated mechanosensitivity in giant nucleated

cancer cells

Samere Abolghasemzade't, Ryan Blanchard't, Chance French’, Christina R. Dollahon’,
Harrison Pham’, Aidan Atkins', Richard B. Dickinson?, Tanmay P. Lele

Polyploid giant cancer cells (PGCCs) are chemoresistant tumor cells associated with poor patient outcomes. PGCCs
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in tissue are identified by their extremely large sizes and the presence of massive or several nuclei. Although nu-
clear dysmorphia is also a common characteristic of tumor cells, little is known about the shape of nuclei in PGCCs.
We show that the nuclear lamina in giant nucleated PGCCs is highly wrinkled across diverse cancer patient tissues.
We investigated the cause of this hyperwrinkling in ovarian PGCCs in vitro. Laminar hyperwrinkling in PGCCs was
independent of cell shape or cytoskeletal forces. Instead, measurements combined with computational modeling
show that laminar hyperwrinkling is an intrinsic property of PGCCs, arising from a disproportionate amount of
laminar excess area. PGCCs also displayed attenuated mechanosensitivity of cell spreading and YAP nuclear local-
ization compared with control cells. Thus, laminar hyperwrinkling may disrupt PGCC mechanobiological path-

ways, slowing their proliferation.

INTRODUCTION

Nuclear atypia has long been a defining histopathological feature of
cancer progression (I, 2). Recently, polyploid giant cancer cells
(PGCCs), which arise in many tumor types under reproductive
stress such as chemotherapy or hypoxia, have been identified in di-
verse cancers (3-8). These cells contain either one abnormally large
nucleus or several nuclei and form through failed mitosis and accumu-
lation of excess DNA (9-11). Giant nucleated PGCCs (GN-PGCCs),
which initially appear to not be able to divide, can produce daughter
cells through amitotic budding, contributing to aggressive metasta-
sis and treatment resistance (3, 10, 12, 13). Consistent with this, the
presence of PGCCs in patient biopsies is a prognostic marker for
poor outcomes (5, 14-16).

GN-PGCCs are traditionally identified in hematoxylin and eosin
(H&E)-stained tissues based on their large nuclear size (3, 17). Nu-
clear shape irregularities are commonly observed in cancer (1), yet
the extent to which GN-PGCC nuclei adopt abnormal morphologies is
unknown. This may be because it is difficult to discern micrometer-
scale undulations in the nuclear surface in routine H&E histology
(18-23). Nuclear lamins, which form a 15-nm-thick meshwork be-
neath the inner nuclear membrane (24, 25), mechanically determine
nuclear shapes in some mammalian cell types (I, 26-33). Thus, immu-
nofluorescence imaging of nuclear lamins offers the opportunity to
directly visualize the nuclear surface and its fine-scale deformations.

Here, we applied this approach to examine nuclear morphology
in GN-PGCCs. GN-PGCC nuclei tended to exhibit hyperwrinkling
of the nuclear lamina across diverse patient tumor tissues and in an
in vitro model of ovarian GN-PGCCs. These wrinkles could not be
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explained by cell rounding or mechanical indentation by cytoskele-
tal structures, which suggest that hyperwrinkling is an intrinsic fea-
ture of GN-PGCC nuclei. We have recently shown that unwrinkling
of the nuclear lamina correlates with the mechanosensitive nuclear
import of the transcriptional coregulator yes-associated protein (YAP)
(32). Consistent with these prior studies, here, we demonstrate that
GN-PGCCs fail to smooth their nuclei and correspondingly lack
mechanosensitive YAP nuclear localization on stiff extracellular ma-
trices (ECMs).

RESULTS

Giant nuclei in GN-PGCCs exhibit a highly wrinkled lamina in
cancer patient tissues

Previously, we showed that epithelial nuclei in cancer tissues exhibit
greater laminar wrinkling than those in control tissue (19). Moti-
vated by these studies, here, we asked if giant nuclei in GN-PGCCs
are also wrinkled. We performed high-resolution confocal imaging
of formalin-fixed paraffin-embedded (FFPE) human tissue micro-
arrays immunostained for lamin B1 (to label the lamina) and pan-
cytokeratin (to identify epithelial cells). We identified the presence
of giant nuclei in the collected images across 10 different cancer
types (Fig. 1 and fig. S1); giant nuclei were defined as those nuclei
that were at least three times larger than neighboring cancer nuclei.
Cells with these giant nuclei, i.e., GN-PGCCs, were found to be ex-
tremely rare in control (cancer adjacent) tissues but were consis-
tently observed in tumors of all grades (Tables 1 and 2), present in 3
to 25% of patient tumors depending on the cancer type. Across all
tissue types (ovarian, breast, cervical, colon, head and neck, skin,
thyroid, lung, pancreas, and liver cancer), both nongiant and giant
nuclei tended to be wrinkled, consistent with our prior report that
extreme laminar wrinkling is a morphological marker of cancer (19).
Notably, in most cases, the giant nuclei exhibited more severe, “hy-
perwrinkled” laminae compared with surrounding nongiant cancer
nuclei. Using our previously trained deep learning model (19), we
sorted the nuclei into four categories of nuclear wrinkling (fig. S2A).
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Fig. 1. Giant nuclei in GN-PGCCs are highly wrinkled in diverse cancer patient tissues. Confocal images at 60x magnification of giant nuclei in FFPE ovarian, breast,
pancreatic, thyroid, cervical, colon, head and neck, liver, lung, and skin cancer tissues stained for lamin B1 (yellow) and pan-cytokeratin (magenta). Larger images show
surrounding nongiant cancer cells, with white boxes denoting zoomed regions with PGCCs. Regions were selected by the presence of a nucleus at least three times as

large as surrounding epithelial cells. All scale bars are 20 pm.

Fewer smooth nuclei were present in the PGCCs, and a higher pro-
portion of extreme wrinkling (classes 3 and 4) was observed in
PGCCs compared to non-PGCC carcinoma cells, supporting the
presence of hyperwrinkling in PGCC populations (fig. S2B).
Although H&E staining is the gold standard for cancer diagnosis
in tissues based on nuclear shape, we and others have reported that
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H&E images of diverse patient tissues fail to capture the spatial de-
tail of nuclei necessary to visualize wrinkling compared to nuclear
membrane protein immunostaining (19, 23). Consistent with these
results, H&E-stained images of the same giant nuclei as shown above
did not provide evidence of nuclear hyperwrinkling (fig. S3). Collec-
tively, these results suggest that laminar hyperwrinkling, in addition
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Table 1. Prevalence of giant nuclei in cancer tissues. The number of GN-PGCC-positive patients and images, represented as positive (total), counted from
lamin B1 and pan-cytokeratin-immunostained sections of 10 different carcinomas and associated normal and/or cancer-adjacent tissues. GN-PGCC-positive
images and patients were defined as those with at least one in-focus epithelial nucleus which was at least 3x larger than some surrounding epithelial nuclei.
Cells were considered to be epithelial if they expressed pan-cytokeratin. The bold font indicates that the “Pooled cancer” numbers are the sum of all the cancer
numbers (excluding cancer adjacent/normal) for each tissue type.
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(Continued)

PGCCp05|t|ve e (19) e (30) e (14) 3(34) s 0(6) 0 8(87) e
images

Skln# Cancer adjacent BCC Grade 1 Grade 2 Grade 3

PGCC posmve 0 (10) 0(14) 2 (22) (13) 1(6) 7 (55)
patients

PGCC+ posmve 0(20) 0(28) 2 (44) 5(26) 1(12) 8(110)
images

*Two patients are represented in serous and low-grade serous, one patient in grades 1 and 2, and three patients in grades 2 and 3.

cancer and cancer adjacent tissue in this analysis.
qualify as PGCCs.
represented in grades 1 and 2, and one patient in grades 2 and 3.

tEighteen cases contained both

$Because of large nuclear size variation in cancer adjacent tissue, nuclei needed to be 3x larger than most to
§Because of large nuclear size variation in normal colon tissue, nuclei needed to be 3% larger than most to qualify as PGCCs.
#Ten cases contained both cancer and cancer adjacent tissue in this analysis.

9One patient is

Table 2. Abbreviations and cancer types.

Ovary Mucinous adenocarcinoma (papillary, NOS); serous adenocarcinoma (papillary, NOS); low-grade, high-grade serous carcinoma; grades 1 to 3
adenocarcmoma (endometrioid, NOS); metastatic [lymph node metastasis (clear cell carcinoma); serous adenocarcinoma (papillary and NOS)]
Breast IDC intraductal carcinoma [pure DCIS (ductal carcinoma in situ) and intraductal with invasive cancer elsewhere]; invasive ductal

arcinoma; medullary carcinoma

Pancreas ancreatic ductal adenocarcinoma

Thyr0|d

Cerwx

Colon

squamous cell carcinoma

to nuclear enlargement, may be a defining morphological feature of
GN-PGCCs.

Laminar wrinkling does not reflect a lack of nuclear
flattening in PGCCs

In spread, cultured epithelial cells which have flattened nuclei, the
nuclear lamina is typically smooth; however, it can develop wrinkles
rapidly when the cell shape is rounded up (34). The wrinkling devel-
ops in the rounded shape as a consequence of a geometric principle:
When a flattened smooth shape is forced toward a more spherical
shape without changing its volume or surface area, wrinkles will de-
velop in the surface, because a sphere has the smallest surface area
for its volume.

To test whether laminar wrinkles in GN-PGCCs are due to a lack
of nuclear flattening, we examined laminar morphology in cultured
PGCCs in vitro. GN-PGCCs were generated by treating HEY human
ovarian cancer cells stably expressing GFP-lamin A (to visualize the
nuclear lamina) with 10 nM docetaxel for 3 days, followed by 1 day
of recovery in fresh medium, and a second 3-day exposure to 10 nM
docetaxel (35, 36). Control cells and GN-PGCCs were next cultured
in fresh medium (without the drug) on fibronectin-coated glass sub-
strates and imaged with high-resolution confocal microscopy. As seen
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BCC. basal cell carcinoma (ﬁbrous epithelial, nodular, small nodular, squamous cell, scler05|s, plgmented, invasive, and NOS types);

in Fig. 2A, control Hey cells featured a smooth nuclear lamina with
a corresponding flattened nuclear cross section in the x-z plane and
a well-organized F-actin cytoskeleton. GN-PGCCs also exhibited
highly flattened nuclear cross-sections in the x-z plane (Fig. 2B).
However, in the x-y plane, these nuclei were notably irregular in
contour, with extensive hyperwrinkling of the lamina. These wrin-
kles were so extensive that they could not be smoothened even by
hypo-osmotic shock (fig. S4A), which we have previously shown
can unfold nuclear wrinkles through an increase in nuclear volume
(32). In addition, large intranuclear cavities in some GN-PGCCs
were occasionally observed, which in some cases contained actin
filaments or lipid droplets, consistent with previous reports of lipid
accumulation in PGCCs (Fig. 2B and fig. S4) (37, 38).

To assess these observations at the population level, we quanti-
fied nuclear contour irregularity using elliptical Fourier analysis
(19, 39-41). This approach computes the elliptical Fourier coefhi-
cient (EFC) ratio, which serves as an inverse measure of contour ir-
regularity. For each nucleus, the mean EFC ratio averaged over three
z-planes was computed as previously described (32). GN-PGCC nu-
clei had a significantly lower EFC ratio than the control nuclei, con-
sistent with their wrinkling appearance (Fig. 2C). Yet, vertical aspect
ratios of the nucleus, which quantify the degree of nuclear flattening,
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Fig. 2. Laminar wrinkling does not reflect a lack of nuclear flattening in GN-PGCCs. Confocal images of (A) HEY control cells and (B) GN-PGCC expressing GFP-Lamin
A (gray) cultured on glass. Cells were stained for DNA (cyan), and F-actin (yellow). All scale bars are 20 pm. Quantification and comparison of (C) EFC ratio, (D) nuclear as-
pect ratio (height/long axis length), (E) nuclear height, (F) major axis length, and (G) cell spreading area between control cells and GN-PGCCs. Statistically significant dif-
ferences were determined by Student’s t test, **#P < 0.001, **#*P < 0.0001, n = 42, 42 for control cells and GN-PGCCs, respectively. Quantitative data were collected from
three independent biological replicates.
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were significantly lower in GN-PGCCs compared to control cells
(Fig. 2D), indicating that GN-PGCC nuclei were more flattened than
control nuclei. Nuclear height in GN-PGCCs was roughly twice that
of controls (Fig. 2E), while the major axis of the GN-PGCC nucleus
was nearly threefold greater (Fig. 2F). In addition, GN-PGCC cells
were also highly spread compared to control (Fig. 2G). Together,
these findings show that hyperwrinkling in GN-PGCCs cannot be
explained by a failure to spread or flatten their nuclei.

Nuclear wrinkling in GN-PGCCs is not induced by
cytoskeletal forces

Another possible explanation for the wrinkles found in giant nuclei is
that cytoskeletal structures mechanically indent the nuclear surface
(42, 43). We performed super-resolution imaging of the F-actin cyto-
skeleton and the lamina to test if wrinkles colocalized with nuclear-
indenting F-actin fibers. Super-resolution imaging successfully resolved
the apparent single laminar lines in the confocal images as double
lines in that plane, suggestive of surfaces on either side of a fold
(Fig. 3A). However, the colocalization of F-actin fibers with these
wrinkles was inconsistent, with F-actin present in some wrinkles but
not others. This suggests that F-actin may not be a driver of wrin-
kling in PGCCs.

We next perturbed cytoskeletal structures pharmacologically.
GN-PGCCs were treated with cytochalasin D and nocodazole to de-
polymerize actin and microtubules, respectively, and blebbistatin or
Y27632 to inhibit nonmuscle myosin IT and Rho kinase, respectively.
Live-cell imaging of green fluorescent protein (GFP)-lamin A ex-
pressing GN-PGCCs revealed no discernible changes in laminar
wrinkling or gross shape under any of these conditions (Fig. 3, B to
F). Fixed imaging confirmed effective cytoskeletal disruption with
clear depolymerization of F-actin and microtubules (fig. S5, A and
B). Quantification of the EFC ratio in the population of fixed cells
likewise showed no significant differences in contour irregularities
across treatments (fig. S5C). We confirmed that cytoskeletal or con-
tractile disruption had no effect on the frequency of wrinkling in WT
GN-PGCCs (fig. S5D); also, WT GN-PGCCs contained approximately
the same proportion of wrinkled nuclei as the GFP-lamin A express-
ing GN-PGCCs (75.3% versus 77.7%). Collectively, these results sug-
gest that laminar wrinkling in GN-PGCCs is not caused by mechanical
indentation of the nuclear surface by cytoskeletal structures.

Hyperwrinkling is an intrinsic feature of GN-PGCC nuclei
To further examine the cause of hyperwrinkling in GN-PGCCs, we
asked whether it could be explained by an excessive nuclear surface
area for its volume. Morphometric analysis showed that nuclear sur-
face area in GN-PGCCs was significantly larger than nongiant control
nuclei and unlike in control cells, scaled with the cell spreading area
(Fig. 4, A and B). Likewise, nuclear volume was significantly larger in
GN-PGCCs than control nuclei and similarly correlated with spread-
ing (Fig. 4, C and D). Despite this increased size, GN-PGCC nuclei
remained highly wrinkled, suggesting the presence of unusually high
surface area. To test this directly, we quantified excess area, defined as
the laminar surface area in excess of the area of a sphere of equal vol-
ume (44). By definition, a smooth sphere has zero excess area and no
wrinkles, while an approximately spherical shape with high excess area
will display high levels of wrinkling. Notably, the excess area was near-
ly four times higher in GN-PGCCs than in control cells (Fig. 4E).

We next applied our previously developed geometric model to
computationally calculate the minimum excess area of the nucleus
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for a given volume and axisymmetric cell shape (26, 32, 44). For di-
rect comparison with experimental data, we selected axisymmetric
cells from our dataset and input their nuclear volume, cell height
(used to calculate the volume of the axisymmetric cell) and cell
spreading area into the model. The model was used to calculate the
nuclear shape with the minimum nuclear surface area, i.e., with a
smooth surface (Fig. 4F). The calculated minimum surface area was
used, along with the volume, to compute the minimum excess area
for the predicted nuclear shape. Comparison of the model-calculated
excess area with the experimentally measured excess area showed
that the datapoints consistently lay above the 45° line (Fig. 4G), with
the experimentally measured excess area far exceeding the computa-
tionally calculated excess area. These findings suggest that GN-PGCC
nuclei have far more excess surface area than needed to establish a
flattened smooth nuclear shape. As a result, even flattened, well spread
cells are unable to unfold the large amounts of excess area in these nu-
clei. Thus, hyperwrinkling is an intrinsic feature of GN-PGCC nuclei.

GN-PGCCs are less mechanosensitive than parental cells

A hallmark of tumor progression, including ovarian tumors, is a grad-
ual mechanical stiffening of the ECM (45-51). Cancer cells are typi-
cally mechanosensitive: They respond to matrix stiffening through
increased adhesion and spreading, and the concomitant nuclear local-
ization of the transcriptional coregulator YAP (32) where it promotes
proliferation (52-55). How matrix stiffening promotes YAP nuclear
localization is still not fully understood (55). We have recently re-
ported that the presence of an unwrinkled nuclear lamina in spread
cells on stiff hydrogels correlates with increased YAP nuclear localiza-
tion (32) across several cancer cell types. An unwrinkling of the lami-
na results in an in-plane tension that depends on lamin A/C, and
depletion of lamin A/C disrupts the sensitivity of YAP nuclear lo-
calization to cell spreading. Given the laminar hyperwrinkling of
GN-PGCCs, whether GN-PGCCs can unwrinkle their lamina on
stiff hydrogels relative to soft hydrogels and whether unwrinkling in
GN-PGCCs correlates with YAP nuclear localization are unclear.

To test this, we synthesized soft and stiff collagen-conjugated
polyacrylamide hydrogels (Young’s moduli of 1 kPa, soft, and 308 kPa,
stiff, respectively) and cultured HEY GFP-lamin A control cells and
GN-PGCCs generated from HEY GFP-lamin A cells on them. As
expected, control HEY cells displayed mechanosensitive behaviors.
On soft gels, nuclei were wrinkled and cells less spread, while on stiff
gels nuclei were smooth and cells were well-spread (Fig. 5A). In con-
trast, GN-PGCC nuclei were wrinkled on both soft and stiff gels and
there was no statistical difference between their EFC ratios (Fig. 5B).
GN-PGCCs also failed to spread more on stiff gels (Fig. 5C) and
showed no differences in YAP nuclear localization on soft versus
stiff gels, unlike control cells (Fig. 5, A and D). Similar results were
obtained for importin 7, a nuclear importin required for YAP nucle-
ar import (Fig. 5, A and E) (56). Both YAP and importin 7 N/C ratio
displayed a clear correlation with the degree of cell spreading in con-
trol cells (R* = 0.43 and 0.56, respectively), while GN-PGCCs lost
this dependence on spreading (R* = 0.079 and 0.013, respectively)
(Fig. 5, F and G). These results were not substrate specific, as YAP
nuclear localization was significantly lower for giant nuclei of spread
GN-PGCCs on glass compared to control cells and was similar to
GN-PGCCs cultured on stiff gels (fig. S6). We also found that hyper-
wrinkling persisted even upon siRNA-mediated knockdown of lamin
A/C (Fig. 6, A and D), which typically results in higher cell spread-
ing and greater nuclear flattening in noncancer cells (29). Consistent
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Fig. 3. Cytoskeletal and actomyosin disruption does not affect nuclear laminar wrinkling in GN-PGCCs. (A) Super-resolution micrograph of fixed GFP-lamin A GN-PGCC
stained for F-actin. Max projection, middle z-plane, and y-z view are displayed. All scale bars are 20 pm, except for YZ projection, which is 10 pm. Confocal max projection and
middle z-plane images of live GFP-lamin A GN-PGCCs before and after treatment with (B) cytochalasin D, (C) nocodazole, (D) blebbistatin, and (E) Y-27632. Scale bars are
20 pm. (F) Number of wrinkled and unwrinkled nuclei before and after each drug treatment. Dashed lines depict the rare cases when nuclear state was altered by drug treat-
ment. A lack of a dashed line indicates no change in wrinkling state.n =11, 12, 12, and 13 for GN-PGCCs treated with nocodazole, cytochalasin D, blebbistatin, and Y-27632,
respectively. Quantitative data were collected from three independent biological replicates.
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Fig. 4. Nuclear morphometry of giant nuclei reveals the presence of large excess area. Quantification and comparison of (A) nuclear surface area, (B) nuclear surface
area correlated to cell spreading area, (C) nuclear volume, (D) nuclear volume correlated to cell spreading, and (E) nuclear excess area between control cells and GN-PGCCs.
(F) Calculated shapes of cell (blue) and nucleus (red) for a smooth, constrained nucleus under the cell cortex. Scale bar is 5 pm. (G) Comparison of nuclear excess area to
predicted minimum excess area for the same nucleus. Slopes and R? values of linear fitting and P values for slope comparisons are shown on the graphs. Statistically sig-
nificant differences were determined by Student’s t test, ***P < 0.001, ****P < 0.0001, n = 42, 42 for control cells and GN-PGCCs, respectively. Quantitative data were
collected from three independent biological replicates.
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Fig. 5. GN-PGCCs have reduced mechanosensitivity compared to parental cells. (A) Confocal images of HEY control cells and GN-PGCCs expressing GFP-Lamin A
(gray) cultured on soft (1 kPa) and stiff (308 kPa) polyacrylamide hydrogels. Cells were stained for F-actin (yellow), YAP (magenta), and importin 7 (cyan). All scale bars are
20 pm. Quantification and comparison of (B) EFC ratio, (C) cell spreading area, (D) YAP nuclear to cytoplasmic ratio, (E) importin 7 nuclear to cytoplasmic ratio, (F) YAP
nuclear to cytoplasmic ratio correlated to cell spreading area, (G) importin 7 nuclear to cytoplasmic ratio correlated to cell spreading area for control cells and GN-PGCCs
cultured on soft and stiff hydrogels. Slopes and R? values of linear fitting and P values for slope comparisons are shown on the graphs. Statistically significant differences
were determined by Student’s t test, ***P < 0.001, ****P < 0.0001, n = 43, 37, 40, and 37 for Ctrl Soft, Ctrl Stiff, GN-PGCC Soft, GN-PGCC Stiff, respectively. Quantitative
data were collected from three independent biological replicates.
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Fig. 6. Depletion of LMNA does not affect nuclear wrinkling or mechanosensitivity of PGCCs. (A) Confocal images of HEY control cells and GN-PGCCs treated with
siSCRM or siLMNA cultured on soft and stiff polyacrylamide hydrogels stained for Lamin B1 (gray) and YAP (magenta). All scale bars are 20 pm. (B) Efficacy of siRNA-
mediated knockdown of Lamin A/Cin HEY control cells and GN-PGCCs. Expression of lamin A/C in siRNA-treated cells is compared relative to cells treated with scrambled
siRNA after normalization of all Ct values to GAPDH expression using the 2742C method. Quantification and comparison of (C) cell spreading area, (D) EFC ratio, and (E) YAP
nuclear to cytoplasmic ratio between control cells and GN-PGCCs treated with siRNA and cultured on hydrogels. Statistically significant differences were determined by
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with a role for lamin A/C-mediated nuclear tension in mediating YAP
translocation, lamin A/C knockdown reduced YAP nuclear to cyto-
plasmic ratio in nongiant control HEY cells but not in GN-PGCCs
(Fig. 6, A and E). Collectively, these findings show that GN-PGCCs
have attenuated mechanosensitivity. Unlike their parental cancer cells,
they are unable to differentially respond to changes in hydrogel stiff-
ness of two orders of magnitude (1 to 308 kPa) in terms of changes
in nuclear unwrinkling, cell spreading or YAP nuclear entry.

GN-PGCCs cultured on even softer hydrogels (Young’s modulus
of 0.1 kPa) did display a dramatically lower spreading area com-
pared to the 1-kPa substrate with correspondingly lower YAP N/C
ratios (fig. S7). The volume of control and GN-PGCC nuclei was
also significantly lower on 0.1-kPa hydrogels compared to 1-kPa hy-
drogels [volume was not different between 1- and 308-kPa hydro-
gels consistent with our prior findings in (32)]. Control cells did not
display large changes in YAP N/C ratio on 0.1-kPa hydrogels com-
pared to 1-kPa hydrogels. These results suggest that mechanosensitiv-
ity may not be completely lost in PGCCs. Alternatively, the smaller
spreading and lower nuclear volume may reflect a selection mecha-
nism, in which large PGCCs with giant nuclei are unable to adhere
to the 0.1-kPa gels.

DISCUSSION

Reproductive stress, stemming from cancer therapies like chemo-
therapy or other insults like hypoxia, can drive polyploidization,
producing PGCCs with unusually large nuclei (3, 4, 9, 12, 36, 57).
These cells are recognized in tumors by their large size and have
been implicated in poor prognosis (5, 14-16), therapy resistance
(11, 12), and tumor relapse (58). While the large size of PGCCs and
their nuclei are linked to their abnormal behaviors such as response
to chemotherapy drugs (59-61), PGCC nuclear shape is not well-
studied, in part because H&E staining in diagnostic histology does
not adequately resolve the nuclear surface (18-23). Our experiments
with immunofluorescence microscopy of lamin B1 in patient tumor
tissues show that GN-PGCCs across diverse cancers display hyper-
wrinkling of the nuclear lamina, a notable feature not detectable in
histology (Fig. 1). Our results highlight the usefulness of lamin B1
immunofluorescence imaging in delineating the nuclear periphery
with excellent contrast and reveal a previously unrecognized feature
of nuclear atypia in cancer.

To determine the cause of hyperwrinkling in GN-PGCCs, we
turned to an in vitro model of PGCCs developed from cultured Hey
cells (35, 36). Despite some limitations of the model, such as a lack
of tissue context and a three-dimensional (3D) microenvironment,
the PGCCs displayed giant nuclei and hyperwrinkling behavior like
those observed in vivo. Mechanistic experiments with GN-PGCCs
ruled out cell rounding (Fig. 2), cytoskeletal indentation or myosin-
driven contractility as drivers of laminar hyperwrinkling (Fig. 3).
Morphometric measurements show that GN-PGCC nuclei contain
threefold more laminar surface area than control nuclei, which even
well-spread GN-PGCCs are unable to unfold. Computational mod-
eling confirmed that the measured excess area is much larger than
predicted minimum excess area for a smooth nuclear shape (Fig. 4).
Thus, hyperwrinkling of the lamina is intrinsic to GN-PGCCs. The
origins of this excess laminar area are unclear but likely arise during
the laminar assembly step post (failed) mitosis of PGCCs (32).

We have recently shown that nuclei in cancer and normal cells
conform to the “nuclear drop” model (30, 32, 44, 62, 63). In this model,
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each nucleus is formed postmitosis with a laminar surface area that
is in excess compared to the area of a sphere with the same volume.
This results in wrinkles in the lamina of newly formed daughter nu-
clei (32). The presence of these wrinkles allows nuclei to change
shape as the daughter cells spread without requiring substantial me-
chanical energy to deform the nucleus. Complete unwrinkling of
the nuclear lamina that typically occurs in cultured, spread cells is
responsible for the nuclei reaching a steady-state shape (32), because
it results in a taut, smooth lamina that is inextensible to cellular
forces (26, 30, 32, 64, 65). The presence of the large number of wrin-
kles in GN-PGCC nuclei, which prevents the development of in-plane
tension, may explain how these nuclei become even more flattened
than control nuclei, which possess a taut lamina. In hyperwrinkled
nuclei, it is possible that the nucleus reaches a steady state shape dur-
ing flattening owing to the many folds in the lamina that may be-
come trapped during the downward compression of the nucleus.

We have previously proposed that the development of surface
tension by unwrinkling of the nuclear lamina can promote the nu-
clear localization of YAP (32). The presence of lamin A/C is required
for the development of surface tension in the unwrinkled lamina
(26, 63) and depletion of lamin A/C reduces YAP nuclear localiza-
tion (32). Consistent with this, we found that YAP localization was
higher in the smooth nuclei in nongiant control HEY cells cultured
on stiff ECM compared to the wrinkled nucleus in control cells cul-
tured on soft ECM. The hyperwrinkling in giant nuclei likely pre-
vents the development of in-plane tension in the lamina and YAP
remains cytoplasmic in these cells as a result. The mechanisms by
which laminar tension promotes YAP nuclear localization are not
known. An absence of tension in the lamina may promote phos-
phorylation of YAP by the Hippo pathway kinases through as yet
unknown mechanisms, preventing YAP binding to importin 7, and
leading to YAP retention in the cytoplasm (56).

Tumor stiffening that accompanies tumor progression is known
to promote cell proliferation (66-68), and such mechanosensitive
proliferation is mediated by YAP nuclear localization (67-69). There-
fore, the absence of mechanosensitive YAP nuclear localization in
GN-PGCCs may account for their relative quiescence (70-72) that
precedes the rare catastrophic division event into many daughter
cells (3, 12, 13).

Our data collectively establish nuclear hyperwrinkling as an in-
trinsic feature of GN-PGCCs and as a novel type of nuclear atypia in
tumors. This laminar hyperwrinkling may disrupt mechanobiological
signaling pathways that normally couple mechanical cues to tumor
cell proliferation. Further studies are needed to define the molecular
basis of excess laminar area in giant nuclei and to understand the
full implications of hyperwrinkling for PGCC dysfunction.

MATERIALS AND METHODS

Cell culture

Cell lines were maintained in a humidified incubator at 37°C and
5% CO,. Human ovarian cancer cells HEY (Cytion, 305017) were
cultured in Dulbecco’s modified Eagle’s medium with glucose (4.5 g/
liter; Corning), supplemented with 10% (v/v) fetal bovine serum
(Gibco) and 1% (v/v) penicillin/streptomycin (Corning). GN-PGCCs
were formed by treating HEY WT and GFP-lamin A cells with 10 nM
docetaxel for 2 periods of 72 hours, separated by 24 hours in fresh
culture medium. To culture cells on glass-bottom dishes, the surface
was coated with human fibronectin (0.1 pg/ml; Corning) in deionized
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water at room temperature for 30 min, then washed with phosphate-
buffered saline (PBS). After seeding, cells were allowed to spread for
3 hours for control cells and 24 hours for PGCCs before fixation.
GFP-fusion lamin A was stably expressed in cancer cell lines by ret-
roviral transduction as previously described (32).

Immunofluorescence staining and microscopy

Cells cultured on glass or hydrogels were fixed in 4% paraformalde-
hyde (PFA; Thermo Fisher Scientific) for 15 min at room tempera-
ture, permeabilized with 0.1% Triton X-100 (Thermo Fisher Scientific)
in PBS for 30 min, and blocked with SuperBlock blocking buffer
(Thermo Fisher Scientific) for 1 hour at room temperature. Cells
were then incubated with primary antibodies rabbit anti-lamin B1
(Abcam, ab229025; dilution 1:1000), rabbit anti-a-tubulin (Abcam,
ab18251; dilution 1:2000), and mouse anti-YAP (Santa Cruz Biotech-
nology, sc-101199; dilution 1:100) diluted in SuperBlock overnight
at 4°C. The sample was washed with PBS thrice and incubated with
secondary antibodies Alexa Fluor 594 goat anti-rabbit (Invitrogen,
dilution 1:200), Alexa Fluor 594 goat anti-mouse (Invitrogen, dilu-
tion 1:200), or Alexa Fluor 647 goat anti-mouse (Invitrogen, dilu-
tion 1:200) diluted in PBS for 2 hours at room temperature. DNA
and F-actin were stained with Hoechst 33342 (Sigma-Aldrich) and
phalloidin conjugated to Alexa Fluor 405 or 488 (Invitrogen; dilu-
tion 1:400), respectively.

For importin 7 staining, cells were washed three times in 37°C
PBS and fixed in 4% PFA for 15 min at 37°C (56). The cells were then
washed with PBS and permeabilized with 0.1% Triton X-100 for 10 min
at room temperature and incubated with primary antibody rabbit
anti-importin 7 (Proteintech, dilution 1:200) for 1 hour at room
temperature. The cells were washed with PBS and incubated in sec-
ondary antibody Alexa Fluor 594 goat anti-rabbit (1:200) for 1 hour
at room temperature.

Live and fixed imaging was conducted using 60x/1.3 numerical
aperture (NA) or 60x/1.5 NA oil-immersion objectives on an Olympus
FV3000 confocal microscope (Olympus Scientific Solutions Americas
Corp.). Brightness and contrast were adjusted for some images for
visualization. A z-step size of 130 nm and a pinhole size of 1 Airy
disk were used for 3D confocal imaging to sample at less than half
the focus depth to satisfy the Nyquist criterion

FWHM _1 _ 088-A, 1 0.88-488nm
2 2 iV -NA? % 15-V152-14 (D
~223 nm> 130 nm

where FWHM is the full width at half maximum, A, is the excitation
wavelength, 7 is the refractive index of the immersion medium, and
NA is the lens NA.

Super-resolution imaging was performed on a Nikon N-STORM
microscope using a 60x/1.42 NA silicone oil-immersion objective.
A z-step size of 128 nm was used.

FFPE tissues were immunostained and imaged as described pre-
viously (19). Some images used here were collected from this previ-
ous study. In brief, tissues were deparaffinized, treated for antigen
retrieval in an instant pot on high for 20 min with a 1X universal
antigen retrieval solution (Abcam), blocked, and immunostained over-
night at 4°C for lamin B1 (Abcam, diluted 1:2000) and pan-cytokeratin
(LS-Bio, diluted 1:50). Secondary staining was performed at 1:500
dilution for 1 hour at room temperature, followed by imaging on an
Olympus confocal microscope (FV3000) with a 60X (NA = 1.50)
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objective or a 60X (NA = 1.30) objective. Brightness and contrast
were adjusted for some images for visualization. GN-PGCCs were
identified from previously collected images as nuclei in focus appear-
ing around 3X the size of at least some of their neighboring nuclei.

H&E staining was performed as described previously (19) on the
same tissue arrays that were previously immunostained for lamin
and pan-cytokeratin. H&E images were collected with a color cam-
era (Olympus DP23) on the Olympus microscope using 60X objec-
tives (NA = 1.3 and 1.5) or with a 63X (NA = 1.4) objective on a
Leica DM 6B upright microscope.

Synthesis and functionalization of polyacrylamide hydrogels
Polyacrylamide hydrogels were synthesized as previously described
(32). Acrylamide and bis-acrylamide (Bio-Rad Laboratories) were
combined at 5/0.1% and 15/1.2% to prepare gels with Young’s mod-
ulus (E) of 1 and 308 kPa, respectively. The precursor solution was
desiccated, then mixed with 0.5% (v/v) ammonium persulfate (Thermo
Fisher Scientific) and 0.1% (v/v) tetramethylethylenediamine (Thermo
Fisher Scientific) to initiate polymerization, and 25 pl of the solution
was layered between a hydrophobic 18-mm glass coverslip and a hydro-
philic glass-bottom 35-mm dish (World Precision Instruments) at
room temperature for 20 min. The gels were functionalized using sulfo-
succinimidyl 6-(40-azido-20-nitophenylamino) hexanoate (Sulfo-
SANPAH, G-Biosciences) and coated with rat tail collagen type I
(0.2 mg/ml; Corning) overnight. Hydrogels were washed with PBS
and incubated at 37°C before cell seeding.

Transfection of siRNAs

Transfection of cells was carried out as previously described (30).
HEY WT control cells and PGCCs were cultured in 12-well plates
and 25-cm? culture flasks, respectively, in an antibiotic-free medium
at 40% confluency at the time of transfection. The transfection solu-
tion consisted of 0.25% lipofectamine RNAIMAX transfection reagent
(Invitrogen) and 0.4% siRNA for control cells and 0.8% siRNA for
PGCCs (Dharmacon, siGENOME Non-Targeting Control siRNA Pool
no. 2, D-001206-14-05, target sequences: UAAGGCUAUGAAGAGA
UAC, AUGUAUUGGCCUGUAUUAG, AUGAACGUGAAUUGCU-
CAA, and UG GUUUACAUGUCGACUAA; LMNA siGENOME
SMARTpool siRNA, D004978-01, target sequence: GAAGGAGGG-
UGACCUGAUA; IPO7 siGenome SMARTpool siRNA, D-012255,
target sequences: GAAGAUCGCCAUUGUAUUC, GGAAUCUG-
CUUACAGGUCA, GUAUUGGCCUGAUCGAGAA, and GCAC-
UGACUCACGGUCUUA) in the reduced serum Opti-MEM medium
(Gibco). The culture medium was replaced with transfection solu-
tions, and cells were incubated in 5% CO for 3 days. After 48 hours
for control cells and 72 hours for PGCCs, cells were collected for
polymerase chain reaction (PCR) assay to verify siRNA knockdown
and were passaged onto polyacrylamide hydrogels.

Reverse transcriptase-quantitative PCR

To quantify the efficacy of the siRNA knockdown, cells were lysed
and purified using the RNeasy Plus Kit (Qiagen), then RNA concen-
tration was determined. RNA, reverse transcriptase, oligo primers,
and nucleotide triphosphates (ANTPs) (iScript Advanced cDNA Syn-
thesis Kit, Bio-Rad Laboratories) were mixed in PCR-grade nuclease-
free water (Invitrogen) to generate cDNA. The reaction mixture was
incubated in the Bio-Rad thermocycler at the appropriate tempera-
ture and duration for reverse transcription. The PCR reaction com-
bined ¢cDNA, primers, DNA polymerase, dNTPs, and iQ SYBR Green
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Supermix reaction buffer (Bio-Rad Laboratories). Forward and reverse
primer sets [GAPD: VHPS-3541, forward (5'-3"): GAGTCAACGG-
ATTTGGTCGT, reverse (5'-3"): TTGATTTTGGAGGGATCTCG,
RealTimePrimers; LMNA: Ref# 460260112 & 13, forward sequence:
ATGAGGACCAGGTGGAGCAGTA, reverse sequence: ACCAGG-
TTGCTGTTCCTC-TCAG] were used to target the cDNA of the
genes of interest. PCR amplification was performed using appropri-
ate cycling conditions recommended by Bio-Rad. The standard curves
and Ct values were used to quantify gene expression levels for the
genes of interest normalized to the expression level of GAPD in the
treatment group relative to the normalized gene expression levels in
the siSCRM group.

Image analysis

We used a customized MATLAB code to analyze nuclear morphometry
as previously described in detail (32). In brief, an Otsu segmenta-
tion algorithm was used to generate and segment the maximum-
projection images of the lamin channel. Nuclear masks were created
using these maximum-projection images for the identification of
nuclei, and nuclei were individually cropped by applying the resulting
nuclear masks to lamin z-stack images. Nuclear height was quantified
by calculating mean lamin intensity across z-planes and identifying
the bottom and top confocal planes as the points where intensity rose
above and fell below background. Height was measured as the dis-
tance between these planes. The MATLAB Image Processing Tool-
box was used to quantify nuclear surface area and volume. Nuclear
aspect ratio was quantified by measuring the major axis using the
x-y view and dividing by the nuclear height as calculated previously.
We captured and quantified nuclear irregularities using an elliptical
Fourier analysis, as reported previously (40). This method approxi-
mates nuclear shapes through the decomposition of the shape into a
series of harmonic ellipses (41). We improved the Otsu segmenta-
tion by tracing the maximum intensity on each normal line along
the nuclear periphery to delineate the precise nuclear contour at sub-
pixel resolution. The precise nuclear contour was accurately approx-
imated using a series of elliptic harmonics derived from the Fourier
analysis coefficients of the x and y coordinates of the nuclear outline
(31, 40). Shape irregularity was quantified using the EFC ratio, calcu-
lated by comparing the combined lengths of the major and minor semi-
axes at the first harmonic to those of the next 14 higher-frequency
harmonics. A smooth, regular nuclear contour, well represented by
the first harmonic with minimal contributions from higher frequen-
cies, leads to a higher EFC ratio. Conversely, a more irregular con-
tour requires greater input from higher-frequency harmonics, leading
to a lower EFC ratio. To account for variations of nuclear irregularity
across different confocal planes, we extracted contours at 75, 50, and
25% of the nuclear height, representing the top, middle, and bottom,
and averaged their EFC ratios of three planes for each nucleus. Cell
masks were generated by applying Otsu segmentation to maximum-
projection images of the phalloidin channel. Cell spreading area was
quantified using MATLAB Image Processing Toolbox. The nuclear-
to-cytoplasmic YAP and importin 7 ratios were calculated by applying
nuclear and cell masks to maximum-projection YAP and importin
7 images and using the formula: [(Nuclear intensity) — (Background
intensity)]/[(Cytoplasmic intensity) — (Background intensity)].

Nuclear classification using deep learning model
The full versions of the cropped images of tissues shown in Fig. 1 were
cropped into individual nuclei and passed through our established
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deep learning model to sort nuclei into different classes of nuclear
wrinkling (shown in fig. S3A), as described previously (19). The re-
sults from this analysis were reported as the pie chart for “all nuclei”
in fig. S3B. As PGCC were not always cropped properly by our method,
all PGCC in Fig. 1 were cropped by hand and passed through the
deep learning model. In order to generate the “all nuclei” column in
table S1, all tissue images checked for PGCC were cropped into in-
dividual nuclei.

Cytoskeleton and contractility disruption

For the cytoskeleton disruption experiments, GFP-lamin A-expressing
HEY PGCCs were cultured on fibronectin-coated glass-bottom dishes
and treated with 50 pM cytochalasin D (Sigma-Aldrich) or nocodazole
(STEMCELL Technologies) for 2 hours. Z-stack live imaging was
performed both before and after treatment with a 130-nm step size
to evaluate nuclear wrinkling. After treatment, cells were fixed and
stained for F-actin and microtubules to verify disruption. For the con-
tractility disruption experiments, GFP-lamin A-expressing HEY
PGCCs were cultured on fibronectin-coated glass-bottom dishes and
treated with 50 pM blebbistatin (Sigma-Aldrich) or Y-27632 (Sigma-
Aldrich) for 3 hours. Z-stack live imaging was performed both be-
fore and after treatment with a 130-nm step size to evaluate nuclear
wrinkling. After treatment, cells were fixed and stained for F-actin.
Live-imaging z-stacks of lamin A before and after treatment were
used to determine the wrinkling state of each nucleus.

Determination of minimum nuclear surface area confined by
the cell cortex

As demonstrated previously (32, 44), the cortical and nuclear surface of
fully spread cells tend to be surfaces of constant mean curvature
(fig. S8). The cell and nuclear shapes of a fully spread, axisymmetric
cell can be calculated for given spread area, cell volume, nuclear vol-
ume, and nuclear surface area as follows. In general, an axisymmetric
surface of constant mean curvature is characterized by radius R(¢)
versus vertical position z(¢), parameterized by variable ¢, with con-
stant mean curvature, H. The equations for R(¢) and z(¢) are

R(p) = \/ o2cos?d + BZsin’

z($) = aE(d, k) + PF(d, k) (3)

where F(¢, k) and E(, k) are incomplete elliptical integrals of the
first and second kinds, respectively, and

1++v1-4CH 1-+v1-4CH
Y P=—"m

Here, C is parameter that establishes where the surface is a no-
doid or unduloid surface of rotation [see Dickinson and Lele (44)
for a detailed mathematical derivation]. As illustrated in fig. S8, the
axisymmetric cell and nucleus shapes are comprised of the nucleus-
cortex interface (a spherical cap with mean curvature H,, and pa-
rameter C_; = 0), the nucleus-cytoplasm interface (a nodoid with
mean curvature H, . and C_ . > 0), and the cortical surface away
from the nucleus (either nodoid or unduloid with mean curvature
H_, and C_ of either sign depending on the spread area). Defin-
ing (R;, z;) as the junction point of the three surfaces and equating

dR/dz at this point yields

2

Ccell = (Hcap - I—Icell)Rl2 Cnuc = (Hcap _Hnuc)R12

4
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The radius R,; where the nucleus surface impinges tangentially
(dz / dR = 0) on the substratum, is given by

H cap

H,

nuc

R 1- (5)

0o =R

n

For a given cell spread area, the specific cell and nuclear shapes
can then be calculated by solving for the values of . H,,, H_, and

cap?
H,,. that yield specified values of cell volume, nuclear VT)Iume, and
nuclear surface area.

In the present study, the cell shapes of approximately axisymmet-
ric cells were taken as the x-z cross sections of the cell cortex. A hy-
pothetical nuclear surface with minimum surface area was found by
varying the nuclear surface area to fit the calculated x-z profile to the
observed cell shape for a given (measured) nuclear volume. The re-
sulting calculated nuclear shape is that of the smallest surface area
(for the measured nuclear volume) that can be confined beneath the
cell cortex.

Statistical analysis

All quantitative data are presented as mean + SEM. GraphPad Prism
10.0 was used for statistical analysis and graphic representations of
data. The following symbols were used to denote significance: NS:
P> 0.05,*P <0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
The details of experimental conditions and statistical tests are pro-
vided in the figure legends.

Supplementary Materials
This PDF file includes:

Figs. S1to S8

Table S1

REFERENCES

1. 1.Singh, T. P. Lele, Nuclear morphological abnormalities in cancer: A search for unifying
mechanisms. Results Probl. Cell Differ. 70, 443-467 (2022).

2. D.Zink, A. H. Fischer, J. A. Nickerson, Nuclear structure in cancer cells. Nat. Rev. Cancer 4,
677-687 (2004).

3. S.Zhang, |. Mercado-Uribe, Z. Xing, B. Sun, J. Kuang, J. Liu, Generation of cancer stem-like
cells through the formation of polyploid giant cancer cells. Oncogene 33, 116-128 (2014).

4. X.Zhou, M. Zhou, M. Zheng, S.Tian, X. Yang, Y. Ning, Y. Li, S. Zhang, Polyploid giant cancer
cells and cancer progression. Front. Cell Dev. Biol. 10, 1017588 (2022).

5. A.M. Alharbi, A. M. D. Marzo, J. L. Hicks, T. L. Lotan, J. |. Epstein, Prostatic adenocarcinoma
with focal pleomorphic giant cell features. Am. J. Surg. Pathol. 42, 1286-1296 (2018).

6. H.Lv,Y.Shi, L. Zhang, D. Zhang, G. Liu, Z. Yang, Y. Li, F. Fei, S. Zhang, Polyploid giant cancer
cells with budding and the expression of cyclin E, S-phase kinase-associated protein 2,
stathmin associated with the grading and metastasis in serous ovarian tumor. BMC
Cancer 14,576 (2014).

7. E.Therman, G. E. Sarto, D. A. Buchler, The structure and origin of giant nuclei in human
cancer cells. Cancer Genet. Cytogenet. 9, 9-18 (1983).

8. T.P.Wu, X. Li, S. Ba, P. Jones, D. E. Hansel, J. Liu, Meeting report: 1st International
Conference on Polyploid Giant Cancer Cells—Biology, clinical applications, and the birth
of a new field in cancer research. Cancer Lett. 612, 217447 (2025).

9. S.R.Amend, G.Torga, K. C. Lin, L. G. Kostecka, A. de Marzo, R. H. Austin, K. J. Pienta,
Polyploid giant cancer cells: unrecognized actuators of tumorigenesis, metastasis, and
resistance. Prostate 79, 1489-1497 (2019).

10. Y.Song,Y.Zhao, Z. Deng, R. Zhao, Q. Huang, Stress-induced polyploid giant cancer cells:
Unique way of formation and non-negligible characteristics. Front. Oncol. 11, 724781 (2021).

11. P.Liu, L. Wang, H. Yu, Polyploid giant cancer cells: Origin, possible pathways of formation,
characteristics, and mechanisms of regulation. Front. Cell Dev. Biol. 12, 1410637 (2024).

12. V.Rohnalter, K. Roth, F. Finkernagel, T. Adhikary, J. Obert, K. Dorzweiler, M. Bensberg,
S. Miiller-Brusselbach, R. Miiller, A multi-stage process including transient
polyploidization and EMT precedes the emergence of chemoresistent ovarian carcinoma
cells with a dedifferentiated and pro-inflammatory secretory phenotype. Oncotarget 6,
40005-40025 (2015).

Abolghasemzade et al., Sci. Adv. 12, eaed 1645 (2026) 17 July 2026

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

. M.Zheng, S.Tian, X. Zhou, M. Yan, M. Zhou, Y. Yu, Y. Zhang, X. Wang, N. Li, L. Ren, S. Zhang,

MITF regulates the subcellular location of HIF 1« through SUMOylation to promote the
invasion and metastasis of daughter cells derived from polyploid giant cancer cells.
Oncol. Rep. 51, 63 (2024).

. L.T.D. Chinen, J. A. Torres, V. F. Calsavara, A. B. C. Brito, V. S. E. Silva, R. G. S. Novello,

T. C. Fernandes, A. Decina, R. Dachez, P. Paterlini-Brechot, Circulating polyploid giant
cancer cells, a potential prognostic marker in patients with carcinoma. Int. J. Mol. Sci. 25,
9841 (2024).

. G.Saini, S. Joshi, C. Garlapati, H. Li, J. Kong, J. Krishnamurthy, M. D. Reid, R. Aneja,

Polyploid giant cancer cell characterization: New frontiers in predicting response to
chemotherapy in breast cancer. Semin. Cancer Biol. 81,220-231 (2022).

. D.J.Gironda, R. C. Bergan, R. K. Alpaugh, D. C. Danila, T. L. Chuang, B. Y. Hurtado, T. Ho,

D. L. Adams, Cancer associated macrophage-like cells are prognostic for highly
aggressive prostate cancer in both the non-metastatic and metastatic settings. Cancer
15,3725 (2023).

. F.Fei, D. Zhang, Z. Yang, S. Wang, X. Wang, Z. Wu, Q. Wu, S. Zhang, The number of

polyploid giant cancer cells and epithelial-mesenchymal transition-related proteins are
associated with invasion and metastasis in human breast cancer. J. Exp. Clin. Cancer Res.
34,158 (2015).

. G. Bussolati, Proper detection of the nuclear shape: Ways and significance. Rom. J.

Morphol. Embryol. 49, 435-439 (2008).

. T.-C.Wang, C. R. Dollahon, S. Mishra, H. Patel, S. Abolghasemzade, I. Singh, V. Thomazy,

D. G. Rosen, V. C. Sandulache, S. Chakraborty, T. P. Lele, Extreme wrinkling of the nuclear
lamina is a morphological marker of cancer. Npj Precis. Oncol. 8, 276 (2024).

G. Bussolati, C. Marchio, L. Gaetano, R. Lupo, A. Sapino, Pleomorphism of the nuclear
envelope in breast cancer: A new approach to an old problem. J. Cell. Mol. Med. 12,
209-218 (2008).

M. D. Kinsella, B. Hinrichs, C. Cohen, M. T. Siddiqui, Highlighting nuclear membrane
staining in thyroid neoplasms with emerin: Review and diagnostic utility. Diagn.
Cytopathol. 41, 497-504 (2013).

1. Coban, A. Cakir, T. D. K. Unal, N. Bassullu, V. Karpuz, G. B. Dogusoy, M. Alper, Emerin
expression in well differentiated epithelial lesions of thyroid: Implications in papillary
thyroid carcinoma diagnosis and predicting malignant behavior. Pathol. Oncol. Res. 21,
357-366 (2015).

S. Asioli, G. Bussolati, Emerin immunohistochemistry reveals diagnostic features of
nuclear membrane arrangement in thyroid lesions. Histopathology 54, 571-579 (2009).
Y.Turgay, M. Eibauer, A. E. Goldman, T. Shimi, M. Khayat, K. Ben-Harush,

A. Dubrovsky-Gaupp, K.T. Sapra, R. D. Goldman, O. Medalia, The molecular architecture of
lamins in somatic cells. Nature 543, 261-264 (2017).

P. Friedl, K. Wolf, J. Lammerding, Nuclear mechanics during cell migration. Curr. Opin. Cell
Biol. 23, 55-64 (2011).

M. Mohajeri, T.-C. Wang, P. Agarwal, S. Kaur, A. Kumar, R. B. Dickinson, A. Jain, T. P. Lele,
Evidence for drop-like nuclear deformation in sheared endothelial monolayers. Small 22,
06536 (2026).

J. Lammerding, P. C. Schulze, T. Takahashi, S. Kozlov, T. Sullivan, R. D. Kamm, C. L. Stewart,
R.T.Lee, Lamin A/C deficiency causes defective nuclear mechanics and
mechanotransduction. J. Clin. Invest. 113, 370-378 (2004).

C. D. Capo-Chichi, K. Q. Cai, J. Smedberg, P. Ganjei-Azar, A. K. Godwin, X. X. Xu, Loss of
A-type lamin expression compromises nuclear envelope integrity in breast cancer. Chin.
J. Cancer 30,415-425 (2011).

Y.Li, D. Lovett, Q. Zhang, S. Neelam, R. A. Kuchibhotla, R. Zhu, G. G. Gundersen, T. P. Lele,
R. B. Dickinson, Moving Cell Boundaries Drive Nuclear Shaping during Cell Spreading.
Biophys. J. 109, 670-686 (2015).

B. McKeg, S. Abolghasemzade, T.-C. Wang, K. Harsh, S. Kaur, R. Blanchard, K. B. Menon,
M. Mohajeri, R. B. Dickinson, T. P. Lele, Excess surface area of the nuclear lamina enables
unhindered cell migration through constrictions. Sci. Adv. 11, eads6573 (2025).

J. Lammerding, L. G. Fong, J. Y. Ji, K. Reue, C. L. Stewart, S. G. Young, R.T. Lee, Lamins A and
C but not Lamin B1 regulate nuclear mechanics. J. Biol. Chem. 281, 25768-25780 (2006).
T. C.Wang, S. Abolghasemzade, B. P. McKee, I. Singh, K. Pendyala, M. Mohajeri, H. Patel,
A. Shaji, A. L. Kersey, K. Harsh, S. Kaur, C. R. Dollahon, S. Chukkapalli, P. P. Lele,

D. E. Conway, A. K. Gaharwar, R. B. Dickinson, T. P. Lele, Matrix stiffness drives drop like
nuclear deformation and lamin A/C tension-dependent YAP nuclear localization. Nat.
Commun. 15,10151 (2024).

K. Wolf, M. te Lindert, M. Krause, S. Alexander, J. te Riet, A. L. Willis, R. M. Hoffman,

C. G. Figdor, S. J. Weiss, P. Fried|, Physical limits of cell migration: Control by ECM space
and nuclear deformation and tuning by proteolysis and traction force. J. Cell Biol. 201,
1069-1084 (2013).

R. B. Dickinson, A. Katiyar, C. R. Dubell, T. P. Lele, Viscous shaping of the compliant cell
nucleus. APL Bioeng. 6,010901 (2022).

R.R. Bowers, M. F. Andrade, C. M. Jones, S. White-Gilbertson, C. Voelkel-Johnson,

J.R. Delaney, Autophagy modulating therapeutics inhibit ovarian cancer colony
generation by polyploid giant cancer cells (PGCCs). BMC Cancer 22,410 (2022).

14 0f 15

9202 ‘2T AInC Uo B10°30UB 105" MMM//:ST1Y WOJ | PSpE0 |UMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

36. S.Zhao, L.Wang, M. Ouyang, S. Xing, S. Liu, L. Sun, H. Yu, Polyploid giant cancer cells
induced by docetaxel exhibit a senescence phenotype with the expression of stem cell
markers in ovarian cancer cells. PLOS ONE 19, 0306969 (2024).

37. L.G.Kostecka, K. J. Pienta, S. R. Amend, Lipid droplet evolution gives insight into
polyaneuploid cancer cell lipid droplet functions. Med. Oncol. 38, 133 (2021).

38. |.Sirois, A. Aguilar-Mahecha, J. Lafleur, E. Fowler, V. Vu, M. Scriver, M. Buchanan, C. Chabot,
A. Ramanathan, B. Balachandran, S. Légaré, E. Przybytkowski, C. Lan, U. Krzemien,

L. Cavallone, O. Aleynikova, C. Ferrario, M.-C. Guilbert, N. Benlimame, A. Saad,

M. Alaoui-Jamali, H. U. Saragovi, S. Josephy, C. O’Flanagan, S. D. Hursting, V. R. Richard,
R. P. Zahedi, C. H. Borchers, E. Bareke, S. Nabavi, P. Tonellato, J.-A. Roy, A. Robidoux,

E. A. Marcus, C. Mihalcioiu, J. Majewski, M. Basik, A unique morphological phenotype in
chemoresistant triple-negative breast cancer reveals metabolic reprogramming and
PLIN4 expression as a molecular vulnerability. Mol. Cancer Res. 17, 2492-2507 (2019).

39. K.R.Atanasova, S. Chakraborty, R. Ratnayake, K. D. Khare, H. Luesch, T. P. Lele, An
epigenetic small molecule screen to target abnormal nuclear morphology in human
cells. Mol. Biol. Cell 33, ar45 (2022).

40. A.C.Tamashunas, V.J. Tocco, J. Matthews, Q. Zhang, K. R. Atanasova, L. Paschall, S. Pathak,
R. Ratnayake, A. D. Stephens, H. Luesch, J. D. Licht, T. P. Lele, High-throughput gene screen
reveals modulators of nuclear shape. Mol. Biol. Cell 31, 1392-1402 (2020).

41. G.Diaz, A. Zuccarelli, I. Pelligra, A. Ghiani, Elliptic Fourier analysis of cell and nuclear
shapes. Comput. Biomed. Res. 22, 405-414 (1989).

42. M. Versaevel, J.-B. Braquenier, M. Riaz, T. Grevesse, J. Lantoine, S. Gabriele, Super-
resolution microscopy reveals LINC complex recruitment at nuclear indentation sites. Sci.
Rep. 4,7362 (2014).

43. B.D.Cosgrove, C. Loebel, T. P. Driscoll, T. K. Tsinman, E. N. Dai, S.-J. Heo, N. A. Dyment,

J. A. Burdick, R. L. Mauck, Nuclear envelope wrinkling predicts mesenchymal progenitor
cell mechano-response in 2D and 3D microenvironments. Biomaterials 270, 120662 (2021).

44. R.B.Dickinson, T. P. Lele, Nuclear shapes are geometrically determined by the excess
surface area of the nuclear lamina. Front. Cell Dev. Biol. 11, 1058727 (2023).

45. V.Mieulet, C. Garnier, Y. Kieffer, T. Guilbert, F. Nemati, E. Marangoni, G. Renault,

F. Chamming’s, A. Vincent-Salomon, F. Mechta-Grigoriou, Stiffness increases with
myofibroblast content and collagen density in mesenchymal high grade serous ovarian
cancer. Sci. Rep. 11,4219 (2021).

46. X.Wei, H. Lou, D. Zhou, Y. Jia, H. Li, Q. Huang, J. Ma, Z. Yang, C. Sun, Y. Meng, S. Xu, X. Yang,
X.Li, T. Ji, Z. Guo, Q. Gao, TAGLN mediated stiffness-regulated ovarian cancer progression
via RhoA/ROCK pathway. J. Exp. Clin. Cancer Res. 40, 292 (2021).

47. Y.Fan, Q. Sun, X. Li, ). Feng, Z. Ao, X. Li, J. Wang, Substrate stiffness modulates the growth,
phenotype, and chemoresistance of ovarian cancer cells. Front. Cell Dev. Biol. 9, 718834
(2021).

48. J. ). Northey, L. Przybyla, V. M. Weaver, Tissue force programs cell fate and tumor
aggression. 7, 1224-1237 (2017).

49. J.Zhang, C. A. Reinhart-King, Targeting tissue stiffness in metastasis: Mechanomedicine
improves cancer therapy. Cancer Cell 37, 754-755 (2020).

50. P Katira, R.T. Bonnecaze, M. H. Zaman, Modeling the mechanics of cancer: Effect of
changes in cellular and extra-cellular mechanical properties. Front. Oncol. 3, 145 (2013).

51. A.Pathak, S. Kumar, Biophysical regulation of tumor cell invasion: moving beyond matrix
stiffness. Integr. Biol. 3, 267-278 (2011).

52. Y.-P.Tao, H.-Y. Zhu, Q.-Y. Shi, C.-X. Wang, Y.-X. Hua, H.-Y. Hu, Q.-Y. Zhou, Z.-L. Zhou, Y. Sun,
X.-M.Wang, Y. Wang, Y-L. Zhang, Y.-J. Guo, Z.-Y. Wang, X. Che, C.-W. Xu, X.-C. Zhang,

M. Heger, S.-P.Tao, X. Zheng, Y. Xu, L. Ao, A.-J. Liu, S.-B. Liu, S.-Q. Cheng, W.-W. Pan, STPR1
regulates ovarian cancer cell senescence through the PDK1-LATS1/2-YAP pathway.
Oncogene 42, 3491-3502 (2023).

53. H.Yagi, K. Asanoma, T. Ohgami, A. Ichinoe, K. Sonoda, K. Kato, GEP oncogene promotes cell
proliferation through YAP activation in ovarian cancer. Oncogene 35, 4471-4480 (2016).

54. X.Pan, Z.Geng, J. Li, X. Li, M. Zhang, X. Wang, Y. Cong, K. Huang, J. Xu, X. Jia, Peptide
PDHPS1 inhibits ovarian cancer growth through disrupting YAP signaling. Mol. Cancer
Ther. 21, 1160-1170 (2022).

55. S.Dupont, L. Morsut, M. Aragona, E. Enzo, S. Giulitti, M. Cordenonsi, F. Zanconato,

J. L. Digabel, M. Forcato, S. Bicciato, N. Elvassore, S. Piccolo, Role of YAP/TAZ in
mechanotransduction. Nature 474, 179-183 (2011).

56. M. Garcia-Garcia, S. Sdnchez-Perales, P. Jarabo, E. Calvo, T. Huyton, L. Fu, S. C. Ng,
L. Sotodosos-Alonso, J. Vazquez, S. Casas-Tinto, D. Gorlich, A. Echarri, M. A. D. Pozo,
Mechanical control of nuclear import by Importin-7 is regulated by its dominant cargo
YAP. Nat. Commun. 13, 1174 (2022).

57. L.M. Lopez-Sanchez, C. Jimenez, A.Valverde, V. Hernandez, J. Pefiarando, A. Martinez,
C. Lopez-Pedrera, J. R. Munoz-Castaieda, J. R. De la Haba-Rodriguez, E. Aranda,
A. Rodriguez-Ariza, CoCl2, a mimic of hypoxia, induces formation of polyploid giant cells
with stem characteristics in colon cancer. PLOS ONE 9, €99143 (2014).

58. B.You,T.Xia, M. Gu, Z. Zhang, Q. Zhang, J. Shen, Y. Fan, H. Yao, S. Pan, Y. Lu, T. Cheng,
Z.Yang, X. He, H. Zhang, M. Shi, D. Liu, Y. You, AMPK-mTOR-mediated activation of
autophagy promotes formation of dormant polyploid giant cancer cells. Cancer Res. 82,
846-858 (2022).

Abolghasemzade et al., Sci. Adv. 12, eaed 1645 (2026) 17 July 2026

59. C.-J.Kim, A. L. K. Gonye, K. Truskowski, C.-F. Lee, Y.-K. Cho, R. H. Austin, K. J. Pienta,

S.R. Amend, Nuclear morphology predicts cell survival to cisplatin chemotherapy.
Neoplasia 42, 100906 (2023).

60. K.J.Pienta, E. U.Hammarlund, R. H. Austin, R. Axelrod, J. S. Brown, S. R. Amend, Cancer
cells employ an evolutionarily conserved polyploidization program to resist therapy.
Semin. Cancer Biol. 81, 145-159 (2022).

61. K.J.Pienta, E.U. Hammarlund, J. S. Brown, S. R. Amend, R. M. Axelrod, Cancer recurrence
and lethality are enabled by enhanced survival and reversible cell cycle arrest of
polyaneuploid cells. Proc. Natl. Acad. Sci. U.S.A. 118, 2020838118 (2021).

62. R.B.Dickinson, S. Abolghasemzade, T. P. Lele, Rethinking nuclear shaping: Insights from
the nuclear drop model. Soft Matter 20, 7558-7565 (2024).

63. A.Katiyar, J. Zhang, J. D. Antani, Y. Yu, K. L. Scott, P. P. Lele, C. A. Reinhart-King,

N. J. Sniadecki, K. J. Roux, R. B. Dickinson, T. P. Lele, The nucleus bypasses obstacles by
deforming like a drop with surface tension mediated by lamin A/C. Adv. Sci. 9, €2201248
(2022).

64. A.Katiyar, V. J. Tocco, Y. Li, V. Aggarwal, A. C. Tamashunas, R. B. Dickinson, T. P. Lele, Nuclear
size changes caused by local motion of cell boundaries unfold the nuclear lamina and
dilate chromatin and intranuclear bodies. Soft Matter 15, 9310-9317 (2019).

65. S.Neelam, B. Richardson, R. Barker, C. Udave, S. Gilroy, M. J. Cameron, H. G. Levine,

Y. Zhang, Changes in nuclear shape and gene expression in response to simulated
microgravity are LINC complex-dependent. Int. J. Mol. Sci. 21, 6762 (2020).

66. K.R.Levental, H.Yu, L. Kass, J. N. Lakins, M. Egeblad, J. T. Erler, S. F. Fong, K. Csiszar,

A. Giaccia, W. Weninger, M. Yamauchi, D. L. Gasser, V. M. Weaver, Matrix crosslinking forces
tumor progression by enhancing integrin signaling. Cell 139, 891-906 (2009).

67. F.Zanconato, M. Cordenonsi, S. Piccolo, YAP/TAZ at the roots of cancer. Cancer Cell 29,
783-803 (2016).

68. F.Zanconato, M. Forcato, G. Battilana, L. Azzolin, E. Quaranta, B. Bodega, A. Rosato,

S. Bicciato, M. Cordenonsi, S. Piccolo, F. Zanconato, M. Forcato, G. Battilana, L. Azzolin,
E. Quaranta, B. Bodega, A. Rosato, S. Bicciato, M. Cordenonsi, S. Piccolo, Genome-wide
association between YAP/TAZ/TEAD and AP-1 at enhancers- drives oncogenic growth.
Nat. Cell Biol. 17,1218-1227 (2015).

69. B.Zhao, X. Wei, W.Li, R. S. Udan, Q. Yang, J. Kim, J. Xie, T. kenoue, J. Yu, L. Li, P. Zheng, K. Ye,
A. Chinnaiyan, G. Halder, Z.-C. Lai, K.-L. Guan, Inactivation of YAP oncoprotein by the
Hippo pathway is involved in cell contact inhibition and tissue growth control. Genes Dev.
21, 2747-2761 (2007).

70. J.Liu, N. Niu, X. Li, X. Zhang, A. K. Sood, The life cycle of polyploid giant cancer cells and
dormancy in cancer: Opportunities for novel therapeutic interventions. Semin. Cancer
Biol. 81, 132-144 (2022).

71. M. Pustovalova, T. Blokhina, L. Alhaddad, A. Chigasova, R. Chuprov-Netochin,

A. Veviorskiy, G. Filkov, A. N. Osipov, S. Leonov, CD44+ and CD133+ non-small cell lung
cancer cells exhibit DNA damage response pathways and dormant polyploid giant
cancer cell enrichment relating to their p53 Status. Int. J. Mol. Sci. 23, 4922 (2022).

72. Y.Jiao, Y.Yu, M. Zheng, M. Yan, J. Wang, Y. Zhang, S. Zhang, Dormant cancer cells and
polyploid giant cancer cells: The roots of cancer recurrence and metastasis. Clin. Transl.
Med. 14, 1567 (2024).

Acknowledgments

Funding: We acknowledge support from the National Institutes of Health grant U01 CA225566
(to T.PL. and R.B.D.), the Cancer Prevention and Research Institute of Texas Established
investigator award RR200043 (to T.P.L.), the National Science Foundation awards 2412520 and
2226157 (to T.PL.), and 2226156 to R.B.D. We thank S. Kaur for aid in experimental work.
Author contributions: S.A.: Conceptualization, data curation, formal analysis, investigation,
methodology, software, visualization, writing—original draft, and writing—review and
editing. R.B.: Conceptualization, data curation, formal analysis, investigation, methodology,
visualization, writing—original draft, and writing—review and editing. C.A.F.: Formal analysis,
investigation, and methodology. C.R.D.: Data curation, formal analysis, investigation,
methodology, visualization, writing—original draft, and writing—review and editing. H.G.P.:
Investigation. A.A.: Investigation, data curation, and validation. R.B.D.: Funding acquisition,
investigation, software, methodology, visualization, writing—original draft, and writing—
review and editing. T.PL.: Conceptualization, methodology, formal analysis, investigation,
funding acquisition, resources, project administration, supervision, visualization, writing—
original draft, and writing—review and editing. Competing interests: Portions of this work
used a technique described in a pending patent application by authors C.R.D. and T.P.L. (PCT/
US2025/040800). The other authors declare that they have no competing interests. Data,
code, and materials availability: All data and code needed to evaluate and reproduce the
results in the paper are present in the paper and/or the Supplementary Materials. This study
did not generate new materials.

Submitted 16 October 2025
Accepted 11 June 2026
Published 17 July 2026
10.1126/sciadv.aed 1645

150f 15

9202 ‘2T AInC Uo B10°30UB 105" MMM//:ST1Y WOJ | PSpE0 |UMOQ



Science Advances

Hyperwrinkling of the nuclear lamina is associated with attenuated
mechanosensitivity in giant nucleated cancer cells

Samere Abolghasemzade, Ryan Blanchard, Chance French, Christina R. Dollahon, Harrison Pham, Aidan Atkins, Richard
B. Dickinson, and Tanmay P. Lele

Sci. Adv. 12 (29), eaed1645. DOI: 10.1126/sciadv.aed1645

View the article online

https://www.science.org/doi/10.1126/sciadv.aed1645
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2026 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

9202 ‘2T AInC Uo B10°30UB 105" MMM//:ST1Y WOJ | PSpE0 |UMOQ


https://www.science.org/content/page/terms-service

	Hyperwrinkling of the nuclear lamina is associated with attenuated mechanosensitivity in giant nucleated cancer cells
	INTRODUCTION
	RESULTS
	Giant nuclei in GN-PGCCs exhibit a highly wrinkled lamina in cancer patient tissues
	Laminar wrinkling does not reflect a lack of nuclear flattening in PGCCs
	Nuclear wrinkling in GN-PGCCs is not induced by cytoskeletal forces
	Hyperwrinkling is an intrinsic feature of GN-PGCC nuclei
	GN-PGCCs are less mechanosensitive than parental cells

	DISCUSSION
	MATERIALS AND METHODS
	Cell culture
	Immunofluorescence staining and microscopy
	Synthesis and functionalization of polyacrylamide hydrogels
	Transfection of siRNAs
	Reverse transcriptase-quantitative PCR
	Image analysis
	Nuclear classification using deep learning model
	Cytoskeleton and contractility disruption
	Determination of minimum nuclear surface area confined by the cell cortex
	Statistical analysis

	Supplementary Materials
	This PDF file includes:

	REFERENCES
	Acknowledgments


