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Discovering tools to prevent cancer progression requires understanding the fundamental differences
between normal and cancer cells. More than a decade ago, atomic force microscopy (AFM) revealed
cancer cells’ softer body compared to their healthy counterparts. Here, we investigated the mechanism
underlying the softening of cancerous cells in comparison with their healthy counterparts based on AFM
high resolution stiffness tomography and 3D confocal microscopy. We showed microtubules (MTs)
network in invasive ductal carcinoma cell cytoskeleton is basally located and segmented for around
400 nm from the cell periphery. Additionally, the cytoskeleton scaffolding protein plectin exhibits a mis-
localization from the cytoplasm to the surface of cells in the carcinoma which justifies the dissociation of
the MT network from the cell's cortex. Furthermore, the assessment of MTs’ persistence length using a
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worm-like-chain (WLC) model in high resolution AFM images showed lower persistence length of the
single MTs in ductal carcinoma compared to that in the normal state. Overall, these tuned mechanics
support the invasive cells to ascertain more flexibility under compressive forces in small deformations.
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1. Introduction

Cancer begins from oncogene expression' and progresses
through epigenetic modifications leading to uncontrolled pro-
liferation.”> The tumor volume expansion is accompanied by
angiogenesis/lymph-angiogenesis,®* remodeling of the tumor
stroma,” and inflaimmatory-like response of the immune
system® which collectively impose compressive forces on
cancer cells in neoplastic lesions. Cancer cells survive this
rigid matrix until the aforementioned mechanical stresses
drive cancer invasion actively” or by interstitial fluid pressure.®
Yet, these cells must be resilient enough to extend across the
micropores of the tumor foundation which are in the range of
0.1 to 30 pm.” In addition, in case we assume that a part of the
cancer cells hold static fine-tuned mechanical properties for
entering the circulatory system to ascertain a successful meta-
static cascade, this would be facilitated if the cell shows easier
deformation and is less viscous. It has been more than a
decade that studies on cancer cells have resolved these cells’
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These data provide new insights into the structural origins of cancer aids in progression.

softer bodies compared to those of their healthy
counterparts.'®*® Focus on physical and mechanical dissimi-
larities between cancerous and healthy single cells unraveled
various rheological alterations thereof. These variations
involve higher cell motility, lower formation of cell-cell junc-
tions, higher contractile and traction forces, and changes in
the cytoskeletal organization of cancerous cells compared to
those of their non-transformed counterparts.”>*!

It is well established that the relative amount of filamen-
tous actin is relevant to the progression of cancer.’®?* In
breast cancer cells the actin network was shown to be less
dense and implied fewer stress fibers in the apical perinuclear
region and more fibers formed in the basal regions.”®>* The
softening of malignant cells is believed to be linked to
changes in cortical actin.'®**?* Furthermore, changes in the
microtubule network have been monitored in a vast variety of
cancers, such as alterations in the expression of tubulin iso-
types e.g. overexpression of PIIl-tubulin which is associated
with resistance to chemotherapeutic drugs,**™* tubulin post-
translational modifications,?**® and the expression of micro-
tubule-associated proteins (MAPs).***' Yet, a thorough search
of the literature yielded only limited studies focusing on MTs’
role in cell rigidity and the results are controversial. While
some studies show a minor effect on the cell rigidity when
microtubules were disrupted using cytoskeletal drugs,'**?
others show that microtubule stabilization induced by pacli-
taxel results in a considerable increase in the overall stiffness®’

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic diagram of a crisscross network of polymeric meshes. (a) All intersects are joined leading to a confined polymer section (Lgj). (b)
The mesh is compromised, lacking joints at some intersects leading to a low spatial hindrance for polymer rods with large sections (L;).

and for suspension cells, at large strains, a significant contri-
bution from the microtubules to cell elasticity was reported.**™*

We previously investigated the reason underlying the soft-
ening of cancerous cells in comparison with their healthy
counterparts based on atomic force microscopy (AFM) with
high lateral and spatial precision and fluorescence microscopy
(FM). We have shown several epithelial cancer cell lines (inva-
sive ductal carcinoma BT20 cell line, amelanotic melanoma
HS695T cell line, liver hepatoma PLC/PRF/5 cell line, and
human lung cancer Calu_1 cell line) presenting cytoskeletal
distortion while indicating lower stiffness compared to their
healthy counterparts®® or well-differentiated cancer cells.*”"*®
In these studies, based on the quantitative nano-mechanical
characterization in PeakForce-tapping (PFT-QNM) AFM mode,
images of cancerous cells showed scarce cytoskeletal filaments
on the cells in direct comparison with the healthy cells.
According to the conformational indications, we attributed the
lower bending rigidity of cancer cells predominantly to lesser
microtubule assembly. The conclusion was based on MTs’
mechanical characteristics as a tube with the highest bending
strength that can yield more contraction and compression
forces among the three types of cytoskeletal filaments. Yet, in
this conclusion we had not considered the low indentation
depth of around 300 nm into the cells which is due to the
limit of oscillation amplitude in PFT mode. This fact ques-
tioned the reason for not observing the MTs in the limit of
300 nm indentation depth in cancer cells while their normal
counterparts exhibiting a good shield of this network in
association with the cells’ cortex on top of the cells.

To conceptualize the matter, we consider a polymeric mesh
wherein the polymer rods are strongly connected at each cross-
link in contrast to a loose polymeric mesh whose polymer rods
mostly lie on top of each other, free to slide across each other,
rather than making a rigid network. The sketch of these two

This journal is © The Royal Society of Chemistry 2023

meshed structures is shown in Fig. 1. It reveals that the network
of the loosely jointed polymeric rods shows higher flexibility
and mobility under compression force as their spatial hin-
drance is lower compared to that of a well-crosslinked mesh.
The loose network resembles the cancer cells’ cytoskeleton and
is hypothetically a cause of these cells’ lower elastic modulus
than that of healthy cells under compression force.

In the supportive cytoskeleton of the cells, the plectin
protein, from the plakin family of cytoskeletal linkers, is ben-
eficial in maintaining the structural and mechanical integrity
of the cells and tissues against external or internal tensions
and stresses. These huge proteins (>500 kDa)*® cross-link inter-
mediate filaments (IFs) to MTs and F-actin and mediate the
attachment of IFs to membrane components,®>>" stabilize MT

52754 enable attachment of cell-cell and cell-

organization,
matrix junctional complexes such as hemidesmosomes and
desmosomes, and cause focal adhesions.””™” Here, we investi-
gated the cells’ cytoskeleton and cyto-linker protein plectin to
elucidate this protein’s pathological manifestation in breast-
type ductal carcinomas and explored its potentially critical role
in these cells’ lower stiffness compared to that of their healthy

cou nterparts.

2. Results and discussion

2.1. Cytoskeletal filament assessment

2.1.1 Analysis and quantification of the cellular cytoskeleton
via fluorescence microscopy shows MT disorganization in cancer
cells. The actin and MT cytoskeleton of normal epithelial
mammary cells (MEC-MCF10a) and breast-type invasive ductal
carcinomas (IDC-BT20) were evaluated using the fluorescence
imaging technique. One set of images is shown in Fig. 2
(a second sample set of the images is provided in ESI Fig. S17).

Nanoscale, 2023, 15, 15008-15026 | 15009
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Fig. 2 Fluorescence microscopy images of normal epithelial mammary cells (MCF10a cell line) and ductal carcinomas (BT20 cell line). Cells were
stained for filamentous actin (in green) and B-tubulin (in red) and DNA were counterstained with DAPI. (a) Nucleus, (b) F-actin (the red arrows rep-
resent the stress fibers formed in the cells), (c) microtubules (the white arrows represent the MTOC location), and (d) merged images of MCF10a
cells. (e) Nucleus, (f) F-actin, (g) microtubules, and (h) merged images of BT20 cells. Cross-sections from the MT networks of the two cell lines on
(c) and (g) are provided in ESI Fig. S2.¥ The scale bar is 20 ym. (i) Quantification of the cellular levels of actin and a-tubulin by western blot.
Increasing amounts of total protein extracts (10, 20 and 40 pg per lane) were loaded for both cell lines and probed with both, actin and a-tubulin
specific antibodies. The expected size of actin is 42 kDa, while that of a-tubulin is 50 kDa. (j) Quantification of four independent replicates (with 2—-3
different concentrations each) shows a similar content of both actin and a-tubulin in both cell lines as well as a similar ratio between actin and

tubulin. There are no significant differences between the two cell lines (t-test).

Upon examining the fluorescence images acquired from
BT20 (ductal carcinoma cells) and considering the distinct
morphological profiles within this cell population, we observe
MTs experiencing bending and tending to form random net-
works. In contrast, in MCF10a cells, these tubes are oriented
radially outward from the microtubule-organizing center
(MTOC) (Fig. 2c; the MTOC is marked with white arrows).
Furthermore, the MT lattice on BT20 exhibits a fine appear-
ance although densely packed in the cytoplasm, while the well-
defined distributed bundles on MCF10a suggest an organized
structure of the microtubule network on these cells (represen-
tative cross-sections from the MT networks of the two cell lines
are provided in ESI Fig. S2%). In addition, the actin stress
fibers are absent on BT20 cells (the arrows in Fig. 2b indicate
the stress fibers which are formed on MCF10a cells). Yet, all
differences considered, the cytoskeleton network is formed on
the cancerous cells, potentially serving as an effective shield
against external stress. In addition, when quantifying cellular

15010 | Nanoscale, 2023, 15, 15008-15026

levels of actin and a-tubulin through western blot analysis,
both cell lines exhibit a comparable content of both proteins
and a similar ratio between actin and tubulin (Fig. 2j). In con-
trast, our previous AFM-based study demonstrated that the
network shield in cancer cells was considerably weaker com-
pared to its healthy counterparts against the applied force (150
pN setpoint force), at which the probe could easily scan the
cell nuclei full domain and sense their sub-organelles.*®
Hence, the results from the two imaging techniques indicate a
deeper alteration in a cancer cell’s cytoskeleton requiring
further investigation.

2.1.2 Assessment of the cytoskeletal support along the
indentation depth using force-volume mapping characteriz-
ation mode reveals the cancer specific basal localization of
microtubules. To test the cytoskeleton support against force
along the indentation depth, we performed experiments on
single living cells comparing both normal and cancer cell
lines. The force-volume maps were obtained from both cell

This journal is © The Royal Society of Chemistry 2023
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lines at the maximum applied force of F = 1 nN which were in
accordance with fluorescence microscopy results. The MCF10a
cell was stained against F-actin (Fig. 3a) and MTs (Fig. 3b) and
measured in the living state in CO,-independent medium.
Fig. 3e and f show cross-sectional profiles (x-z direction) of the
local elastic modulus as a function of the z-position at the
locations indicated by the cyan lines 1 and 2 in the corres-
ponding F-actin and MT images. The fluorescence image of
actin filaments (Fig. 3a) reveals a uniform distribution of this
protein mesh covering the cell body. Moreover, the fluo-
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rescence image of tubulin filaments (Fig. 3b) depicts a good
support of this network all over the cell’s body, indicating its
protective role in safeguarding the nucleus as well. The cell’s
MOTC is located at the nucleus where microtubules exhibit a
multi-branched network (marked with a red arrow in Fig. 3b).
Local elasticity maps (x-z direction) (Fig. 3e derived from line
1, and 3f derived from line 2) show a range from approximately
100 nm to 150 nm of a very stiff part (~10 kPa - yellow
portion) at the beginning of indentation to the cell that rep-
resents the cell’s membrane and cortex with stretched width.

F-actin
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BT20 - Cell 1
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Fig. 3 Live cell force—volume mapping with the trigger point (F = 1 nN) combined with fluorescence imaging. The MCF10a cell was labelled for (a)
F-actin and (b) MTs (red arrow shows the MTOC location). Cross-sectional profiles (x—2z) of the local elastic modulus as a function of the z-position
at the location indicated by the cyan lines 1 and 2 in the F-actin, and MT images are shown in (e) and (f), respectively. The red arrow bars in (f) are
470 nm. The BT20 cell was labelled for (c) F-actin and (d) MTs. Cross-sectional profiles (x—z) of the local elastic modulus as a function of the z-posi-
tion at the location indicated by the cyan lines 1 and 2 in F-actin, and MT images are shown in (g), and (h), respectively. The yellow arrow bars in (h)
are 480 nm. Images (a)-(d) have the same scale bar of 5 pm in the x-plane. Images (e)—(h) have the same scale bar of 5 ym in the x-plane and
0.6 um in the z-plane. The scale color is segmented for every 2 kPa elevation. A second set of measurements is provided in ESI Fig. S3.1 (i) MT and (j)
F-actin images of BT20-cell2 which was measured using F—V mapping. BT20-cell2 does not show overrepresentation of the MT network in com-
parison with BT20-celll. (k)-(m) Ridgeline plots of kernel smoothed density estimates of the stiffness of MCF10a and BT20 cells acquired from
force—volume maps, with (k) a fitting range of 1500 nm (full indentation range) for the full cell body, and (1) a fitting range of 300 nm indentation
into the cells for the full cell body, (m) a fitting range of 1500 nm for the nucleus domains marked in (a), for MCF10a cells and (c) for BT20-celll.
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The maximum penetration range of the probe into the cell in
the nucleus area was approximately 600 nm (Fig. 3e, red
bracket). The cell shows high elasticity along with the full
indentation depth in the nuclear region highlighting the sig-
nificant protection provided by the MT network against the
applied force (Fig. 3b and e, areas marked with the red
bracket). In the local elastic modulus map (x-z direction)
derived from line 2 (Fig. 3f), directly underneath the cortex
section (Fig. 3f, top yellow portion), a leveled stiff belt (average
stiffness value of 8 kPa) of about 470 nm width is evident
(Fig. 3f, marked with red diamonds). From the combined fluo-
rescence image from the cell’s MT network (Fig. 3b), it is
found that this stiff belt depicts the MT mesh that yields the
applied force in support of the cortex.

The BT20 cell was stained against F-actin (Fig. 3c) and MTs
(Fig. 3d) and measured in the living state in CO,-independent
medium. Fig. 3g and h show cross-sectional profiles (x-z) of
the local elastic modulus as a function of the z-position at the
location indicated by the cyan lines 1 and 2 in the corres-
ponding F-actin and MT images. F-actin is highly concentrated
in the borders of the cell and is not uniformly spread on the
cell. Besides, MTs are over-represented and coiled in the cyto-
plasm (the red dashed line in Fig. 3d designates the location
of the mentioned MTs). The cell’s centrosome could not be
located and the supportive network of MTs is nearly missing at
the rim and on top of the cell’s nucleus. Local elasticity maps
(x-z direction) (Fig. 3g and h) show a maximum range of
approximately ~100 nm for a very stiff (10 kPa - yellow
portion) top portion of the cell that represents the blend of the
cell'’s membrane and cortex range. The cell cortex is not
uniform and is slightly thinner than that of the healthy cell
(~100-150 nm).

The maximum indentation range in the apical nucleus area
is approximately 1.2 pm. Its dimensions are indicated by a
violet square bracket in Fig. 3d & g. This large indentation
range (~1.2 pm) into the nucleus area, in contrast to the
healthy cells (600 nm indentation), indicates that the actin
network with (on average) a higher elastic modulus than
MTs'! fails to resist the large strain that the tip imposes on the
cell’s nucleus area where the support from the MT network is
compromised.

The local elastic modulus map (x-z direction) (Fig. 3h)
derived from position 2 (indicated by the cyan dashed lines in
Fig. 3c and d) shows a low indentation range with a maximum
of ~600 nm while revealing a stiff tape with a thickness of
120 nm to 480 nm, at the end of the trace trajectory (Fig. 3h,
bottom region of the map marked with a purple curly bracket),
which deprived the tip from penetrating further. This stiff tape
demonstrates the abnormally coiled MT network present in
the cancerous cell’s body (Fig. 3d, line 2, curly bracket).
Unexpectedly, the presented MTs are dissociated from the
cortex and placed far lower (around ~400 nm) relative to the
cell’s cortex and plasma membrane that suggests their basal
positioning. This projects an abnormality in the cancer cell’s
MT network as in the normal state the tubes extend from the
centrosome toward the cell cortex and plasma membrane.>®>°

15012 | Nanoscale, 2023, 15,15008-15026
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The reproduced measurements and cell stiffness tomogra-
phy are provided in ESI Fig. S3.f

Intra-tumor cell population heterogeneity and their mor-
phological differences have been reported in numerous patho-
logical studies.®®® This heterogeneity is revealed in the
cancer cell stiffness distribution as well (ESI Fig. S4%).
Therefore, in our study, we observed that carcinoma cells do
not always show a softer mechanical characteristic compared
to their healthy counterparts. This is highly influenced not
only by the expression level of the cytoskeleton components in
the cells but also by the configuration of their network, par-
ticularly the MTs. These tube-like filaments bear the major
load of resisting under compressive and coupling tensile
forces. Fig. 3k depicts the elastic modulus distribution on a
single ductal carcinoma with an abnormally coiled MT
network (BT20-celll, Fig. 3d), a nearly well-differentiated
single ductal carcinoma with a normal configuration of MTs
(BT20-cell2, Fig. 3i) and a single healthy mammary cell, with a
fitting range of 1500 nm (the full indentation range into the
cells) using the BEC contact mechanics model (bottom effect
correction - 2018).°* This model extracts the true elastic
modulus of the soft matter from the force-distance curves by
sorting out the reflection of the stiff substrate underneath
from the forces detected on the tip, in consideration of the
topography.

The stiffness distribution histogram on carcinoma-celll in
the full indentation range (1500 nm) has a mode value of
11.50-12.00 kPa (median value of 14.38 kPa), and that of carci-
noma-cell2 was 5.50-6.00 kPa (median value of 5.34 kPa). The
single healthy mammary cell stiffness histogram showed a
mode value of 7.50-8.00 kPa (median value of 9.30 kPa).

For a better understanding of the mechanical property
differences among the cancer cells we sorted out noninvasive
and invasive ductal carcinomas using a Boyden chamber with
an 8 um diameter size porous membrane. We note that all
reported errors from median values in the following data are
median absolute deviation (MAD). Cancer cells show overall
slightly higher stiffness median values of 15.44 kPa (MAD =
6.18 kPa) and 15.31 kPa (MAD = 6.33 kPa) for 20 invasive and
non-invasive ductal carcinoma cells, respectively, compared to
20 normal cells with a median value of 14.23 kPa (MAD = 5.05
kPa), in the large deformation range (1500 nm indentation)
(stiffness distributions of measured cells and statistics are
given in ESI Fig. S5at). Cancer cells present overly bent and
compact polymerized tubulin in the cytoskeleton of the cells,
observed by fluorescence microscopy (Fig. 1 and ESI Fig. S27),
which potentially contributes to these cells’ higher elastic
modulus compared to the MECs with large deformations.

The stiffness of these cells represents an inverted distri-
bution when the cell cytoplasm stiffness values are excluded
from the histograms. The stiffness distribution histogram of
the carcinoma nucleus has a mode value of 11.50-12.00 kPa
and a median value of 13.85 kPa, while the mode value from
the histogram of the healthy mammary cell nucleus was
18.50-19.00 kPa with a median value of 21.60 kPa (Fig. 3m).
This agrees with the findings that the cytoskeleton, specifically

This journal is © The Royal Society of Chemistry 2023
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the MTs network, does not provide a good shield against an
external force on top of the cancer cell’s nucleus.’®*” In
addition, cancer cell nuclei isolated from the carcinoma cells
show lower elasticity compared to healthy mammary cells, with
median values of 21.76 kPa (MAD = 13.25 kPa) and 38.10 kPa
(MAD = 27.85 kPa), respectively (20 nuclei were measured from
each cell line, and the stiffness distribution and statistics of the
measured nuclei are given in ESI Fig. S5cf). Given the infor-
mation mentioned earlier, it’s important to exercise caution
regarding the outcomes of AFM-based studies that employ col-
loidal or sharp probes, at which, a single force-distance (FD)
curve is captured by positioning the probe over the cell to
compare mechanical properties of cancerous and healthy cells.
The results from these AFM experiments are highly influenced
by the specific location chosen for performing FD spectroscopy.
In view of the basal positioning of the MT network in
cancer cells based on stiffness tomography data, we calculated
the elastic modulus values on the cells with a fitting range of
300 nm using the BECC model. The stiffness distribution his-
togram of a single carcinoma cell2 in the shallow indentation
range (300 nm) has a mode value of 5.50-6.00 kPa (median
value of 14.98 kPa) while that of a single healthy mammary
cell was 9.50-10.00 kPa (median value of 10.82 kPa) (Fig. 31).
Furthermore, accumulative stiffness values with the fitting
range of 300 nm of 20 cells from both cell lines were calculated
(ESI Fig S5bt). The data show a lower median stiffness value of
8.30 kPa (MAD = 2.70 kPa) for invasive ductal carcinoma than
that of noninvasive cells with a median value of 9.59 kPa (MAD
= 3.16 kPa). But both cancer cell categories were softer than
normal cells with a median value of 12.04 kPa (MAD = 4.71
kPa) in small deformations. The invasive cells show a signifi-
cant drop in stiffness (in comparison with the full bulk range -
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1500 nm stiffness values) of about 7.14 kPa and a similar drop
for noninvasive cells of about 5.72 kPa by limiting the defor-
mation range. In consideration of the median stiffness values
for the full body of the cells (nucleus and cytoplasm), these
results signify the dependence of the acquired stiffness
measures on the indentation range while illustrating that the
cancer cells are softer only in small deformations in compari-
son with the normal cells.

In addition, further study on the cell’s cytoskeleton support
with small deformations using high-resolution imaging by
quantitative nanomechanical characterization mapping in
PeakForce tapping mode (PFT QNM) on clusters of cells has
been carried out and the results and discussion are provided
in the ESL. T

2.1.3 Fluorescence microscopy confirms the cancer specific
low localization of microtubules. To visualize the distribution
of the actin and tubulin cytoskeleton we performed confocal
3D fluorescence microscopy on cancerous and normal
mammary cells. Fig. 4a depicts the 3D confocal image of
MCF10a cells. The position where the cross-section was drawn
through the x-z plane (Fig. 4b) is illustrated as a horizontal
line in Fig. 4a. We observe on the selected cell #1 the MT mesh
on top of the nucleus with even distribution of filaments. The
orthogonal view in the y-z direction (Fig. 4c) at the position of
the vertical line in Fig. 4a shows the selected cell #2 in which
the MTs are situated along the cell surface at the periphery to
mechanically support the shape of the cell (quantitative assess-
ment of the 3D images from the MT network in normal cells is
provided in ESI Fig. S9a-gt). Furthermore, the mesh of MTs
and F-actin are closely associated with each other in the MECs.

Fig. 4d depicts the 3D confocal image taken from BT20
cells. The horizontal line in Fig. 4d illustrates the position

Fig. 4 3D confocal microscopy of MCF10a and BT20 cells. Cells were stained for filamentous actin (in green) and p-tubulin (in red) and DNA was
counterstained with DAPI (in blue). MCF10a; (a) x—y view, (b) x—z section derived from the position of the horizontal line in (a), and (c) y—z section
derived from the position of the vertical line in (a). BT20; (d) x—y view, (e) x—z section derived from the position of the horizontal line in (d), and (f)

y—2z section derived from the position of the vertical line in (d).

This journal is © The Royal Society of Chemistry 2023
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where the cross-section shown in Fig. 4e (x-z plane) was
drawn. All selected cells #1, #2, and #3 show basal location of
MTs in the cytoplasm of the cells, and the network is disso-
ciated from the cell’s periphery (Fig. 4e, areas marked with
arrows and brackets). This supports the prior findings from
cancer cells’ stiffness tomography (quantitative assessment of
the 3D images of the MT network in transformed cells is pro-
vided in ESI Fig. S9h-nt). The location where the cross-section
through the y-z plane in Fig. 4f was drawn is illustrated by the
vertical line in Fig. 4d. The unusually large cell #4 shows over-
representation of the MTs on top of the nucleus. Yet the MT
skeleton features fully separated individual tubes that may
facilitate higher mobility of the mesh under loads. In all
cancer cells it is observable that F-actin and MTs are located
distant to each other in most parts. This demonstrates the lack
of proper crisscross (entanglement) between these cytoskele-
ton components in the cancer cells.

While the MTs are segmented from the cancer cells’ cortex,
our data based on the 3D confocal microscopy images (Fig. 4d
and ESI Fig. S9h-m, S11, S12t) did not show remodeling of
actin filaments or formation of stress fibers in contrast to the
results from the study that showed that the MTs were dis-
rupted in the cells using e.g., colchicine.®® This possibly is due
to the fact that the polymer of big size tubulin proteins
(50 kDa) is still present in the cancer cells and the cells may
respond by reinforcing the cytoskeleton in case the filamen-
tous components are absent.

2.2. Cancer cells’ cytoskeletal filament dissociation is a cross-
linking failure

In several cancers, plectin mis-localization to the surface of
the cell and its dysfunction are reported and claimed to be
linked to the cancer cell’s invasiveness and metastasis.**®
Furthermore, studies show that MTs in Plc-deficient (Plc
(7/7)) keratinocytes display increased acetylation that leads to
changes in cell shape.*® Furthermore, MTs in plectin gene
mutant cells continued to grow and undergo bending at the
periphery of the cell.>*®” Plectin suppression in cells results in
a change in centrosomal positioning and its dissociation from
the nuclear membrane.®® The cells’ shape abnormality, undir-
ected bending of MTs in their cells’ body, and centrosome
absence or shifted position are the highlights of the ductal car-
cinoma cells in our experiments.

Fig. 5 depicts the distribution of the cyto-linker protein,
plectin, in ductal carcinoma (BT20) and healthy mammary
cells (MCF10a) (second set of epifluorescence microscopy
images are provided in ESI Fig. S10}). The expected localiz-
ation of plectin proteins in normal cells is in the cytoplasm or/
and primarily at the periphery of the cells.®***”° Images of
MCF10a cell plectin proteins show fulfillment of this expec-
tation and they feature a universal distribution on all the cells.
In contrast, BT20 cells show heterogeneity in plectin protein
distribution. Some cells show the homogeneous distribution
of the protein all over the cells’ bodies and nuclei (Fig. 5e,
marked with yellow arrows), while in other cells plectins are
aggregated on top of the cell’s nucleus (Fig. 5e, red arrows).

15014 | Nanoscale, 2023, 15, 15008-15026
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We investigated the positioning of the plectin proteins inside
the two cell lines using 3D confocal microscopy with a stack of
30 slices with ~300 nm axial resolution. Fig. 5g-1 illustrate
maximum intensity projections of image stacks of 6 frames
from MCF10a cells. The integrated intensity of plectin in the
z-direction of 6 cells (Fig. 5m, derived from the squares
marked in Fig. 5g-1) shows uniform distribution of plectin pro-
teins in the cells’ cytoplasm with a peak intensity near or at
the midpoint of the cells’ volume. The 3D confocal microscopy
results on BT20 cells are illustrated in Fig. 5n-s, which show
maximum intensity projections of the image stacks of 6
frames. The integrated intensity of plectin in the z-direction of
6 cells (Fig. 5t, derived from the squares marked in Fig. 5n-s)
shows apical positioning of the plectin proteins in cancer
cells.

It is worth noting that the aggregation of proteins provides
a comparably stiff response as observed by atomic force spec-
troscopy. Thus, the centralization of plectin proteins on top of
the nucleus domain is observable in the AFM images through
a change in elasticity and/or energy loss. The oscillation trajec-
tory in PFT QNM-AFM is sinusoidal causing the peak velocity
of the cantilever to be at the middle position of the oscillation.
This allows for relatively high-speed imaging while for main-
taining the image resolution, the oscillation amplitude of the
probe in PFT-QNM mode is limited to max. 300 nm. The small
oscillation amplitude eventually limits the maximum indenta-
tion of the tip into the samples to be around 300 nm (ESI
Fig. S77).

Considering the shallow indentation limit of the probe into
the cell and its capability of recording super high-resolution
spectra, it is credible to employ this mode for further study of
plectin protein physiological manifestation in the cancer cells.
For this aim, we characterized the ductal carcinoma cells in
living state for a duration of around an hour using PFT QNM
mode and instantly fixed and stained the cells against plectin
proteins after the AFM measurements. Fig. 6a and b depict two
living round shaped BT20 cells with fairly different heights
showing high elasticity in the center of the nucleus domains
(Fig. 6c, representative height and elastic modulus cross sections
derived from the location in Fig. 6a and b). These two cells
exhibit aggregation of plectin proteins on top of the nuclei in
fluorescence images (Fig. 6d-f). Considering the low indentation
range of about 300 nm into the sample in PFT QNM mode it is
valid to conclude that plectin proteins are apically positioned
and they also form a firm aggregate on top of the nucleus.

Heterogeneity is a hallmark of cancer and is apparent in
plectin protein distribution in these cells as well (Fig. 5, and
ESI Fig. S101). In contrast to the first case, some BT20 cells
show an even distribution of plectin proteins on the cell body
and nucleus. For monitoring the behavior of the latter cells
under force, two morphologically different (polygon shaped)
BT20 cells are chosen to be measured in living state (Fig. 6g,
and h). The elastic modulus values on the nucleus domains of
these cells show an even distribution (Fig. 6i, representative
height and elastic modulus cross sections derived from the
location in Fig. 6g and h), while the fluorescence images

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Fluorescence microscopy images of cyto-linker plectin proteins; epifluorescence microscopy: (a) nucleus, (b) plectin proteins, (c) merged
image of normal mammary cells (MCF10a cell line). (d) Nucleus, (e) plectin proteins, and (f) merged image of ductal carcinomas (BT20 cell line). (g)-
(1) Maximum intensity projections of 3D confocal microscopy image stacks containing 30 slices each of the plectin proteins in MCF10a cells. Plectin
staining is shown in red and nuclear DNA is counterstained with DAPI and shown in blue. The yellow squares illustrate the selected cells for plectin
protein assessment in the cells’ volume. (m) Integrated intensity of plectin in the z-direction. The cells show uniform distribution of plectin proteins
in the cell body with a peak intensity near or at the middle of cells’ volume. (n)—(s) Maximum intensity projections of 3D confocal microscopy image
stacks containing 30 slices each of the plectin proteins in BT20 cells. Plectin staining is shown in red and nuclear DNA is counterstained with DAPI
and shown in blue. The yellow squares illustrate the selected cells for plectin protein assessment in the cells’ volume. (t) Integrated intensity of
plectin in the z-direction. The cells show the distribution of plectin proteins near the surface of the cells. This confirms these proteins’ apical posi-
tioning in cancer cells. The scale bar is 20 um.
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Fig. 6 Living BT20 cell AFM measurements followed by fluorescence microscopy. Cells were stained against plectin proteins (in green) and DNA
was counterstained with DAPI (in blue). (a) Height image, (b) DMT image of BT20 cells with a central stiff nucleus domain due to plectin aggregation
shown in (c) the height profile and stiffness distribution derived from the locations marked in (a) and (b). Cells were instantly fixed and stained after
the AFM measurement; (d) nucleus, (e) plectin protein, and (f) fluorescence merged image. (g) Height image, (h) DMT image of BT20 cells with
smooth stiffness distribution on the nucleus domain illustrated in (i) the height profile and stiffness distribution derived from the locations marked in
(g) and (h). (j) Nucleus, (k) plectin protein, and (l) fluorescence merged image.

confirm the nearly uniform spread of plectin proteins on the
cells’ body and nucleus (Fig. 6j-1).

In view of the above-mentioned plectin-related disorders
and the information provided by our experiments, the mis-
localization of plectin proteins and their centralized apical
positioning in the carcinomas signify a disruption in these
proteins’ task fulfillment as the main crosslinker of the cytos-
keleton of the cells. This might lead to impaired crosslinking

15016 | Nanoscale, 2023, 15, 15008-15026

of the cytoskeletal filaments over the cell’s body and disen-
gaged MTs (broken IF-MT bridges). We segregated the invasive
and noninvasive ductal carcinoma cells using a Boyden
chamber with 8 um membrane pores and performed z-stacks
using confocal imaging on each cancer cell category stained
against F-actin, a-tubulin and plectin proteins (ESI Fig. S11
and S127). Remarkably, only invasive cells show aggregation of
plectin proteins on the nucleus domains and uneven distri-

This journal is © The Royal Society of Chemistry 2023
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bution of the plectin proteins in cells’ body (ESI Fig. S11d, i
and n,} marked with yellow arrows), while noninvasive cell
plectin proteins are evenly spread all over the cells’ body and
nuclei (ESI Fig. S121). The orthogonal views of invasive cells
feature more flattened morphology in comparison with the
noninvasive cells (Fig. 7). In the invasive cells (Fig. 7a) MTs
(indicated by red) are positioned basally and very poorly cover-
ing the nuclei, and plectin proteins (indicated by magenta) are
present on top of the nuclei (marked with asterisk in Fig. 7a).
In contrast, noninvasive cells show, in some cases, compact
MTs in cells’ body (marked with asterisks in Fig. 7b) which
strongly manifested over the nuclei as well.

We carried out several control force spectroscopy measure-
ments to distinctly examine the pivotal role of each cytoskele-
ton component in cells’ mechanical integrity. In one group of
controls normal mammary epithelial cells (MEC-MCF10a) were
treated with cytochalasin-D drug for disrupting the actin fila-
ments, in the second group colchicine was added to induce
MT disassembly and in the third group MCF10a cells were
transfected with siRNA targeting the plectin proteins. The
median BECC elastic modulus values for small and large
deformations are provided in Table 1. The violin plots of
kernel smoothed density estimates of the stiffness can be
found in ESI Fig. S13.f For a small deformation range
(300 nm) F-actin was disrupted and cyto-linker plectin
deficient cells appeared with a drastic decrease in the elastic
moduli compared to the intact MECs (7.07 kPa, 7.56 kPa,
12.04, respectively). This shows either F-actin collapse or cyto-
linker absence, and the cortex of the cell becomes highly flex-
ible. Also, we observe that in the absence of MT support under
the cortex of the cell (colchicine-treated), F-actin roughly fails
to keep the cells’ cortex mechanical integrity (a decrease from
12.04 kPa to 9.80 kPa). Remarkably, in a large deformation
range (1500 nm) the significant role of MTs in supporting the
cells’ stiffness is evident, as cells show the softest form among
all control cases when MTs are disrupted. Here we note that
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there is a major discrepancy among the biophysics community
reports on the MT disruption effect on cell stiffness due to
employing conventional contact mechanic models which do
not consider the bottom-effect-artifacts (see elastic modulus
distributions produced with the DMT model in ESI
Fig. S13d¥).

While both invasive and noninvasive ductal carcinoma cells
show very close stiffness values in full bulk consideration
(1500 nm fitting range, 15.44 kPa, and 15.31 kPa, respectively),
the lower median stiffness value of the invasive cells (8.30 kPa)
in comparison with that of noninvasive ones (9.59 kPa) on a
small deformation scale is justified majorly by basal position-
ing of MTs in invasive cells which was earlier argued.

In the light of the above arguments and the results from
the 3D confocal imaging and the control stiffness measure-
ments, we concluded that the plectin mis-localization in inva-
sive cells causes segmentation in cyto-linking which in turn
leads to MTs parting from the cell’s cortex and basal localiz-
ation of these tubes in cancer. This tuned mechanics helps the
invasive cells in the progression and intravasation of the ana-
tomical spaces.

2.3. Microtubule persistence length assessment

2.3.1 High resolution imaging of the MTs using AFM
unravel the lower persistence length of these filaments in the
cancer state. Bending persistence length (I,) is the segment
length of a polymer at which the orientation of its bonds per-
sists and below that it can be approximated as a rigid rod. This
provides a useful quantitative measure of a polymer’s stiffness.
In case [, is smaller than the polymer contour length (L), the
polymer is more flexible, if the /, and L are comparable, the
polymer is considered semiflexible, and when the [, is larger
than the L the polymer acts like a rigid rod. We provided a
schematic illustration of polymers with various [, in Materials
and methods (4.7.2 Persistence length assessment, Fig. 9a—c).

a Invasive ductal carcinoma

Noninvasive ductal carcinoma
* ) *

NO‘

Fig. 7 3D confocal microscopy of ductal carcinoma cells (BT20). (a) Orthogonal views of invasive cells and (b) orthogonal views of noninvasive
cells. Cells were stained for filamentous actin (CellMask actin-tracking) (in green), a-tubulin (in red), and plectin proteins (in magenta), and DNA was
counterstained with DAPI (in blue). The location at which these views are derived from are marked in ESI Fig. S11 and S127 (merged images).

Table 1 Effect of cytoskeleton components on cell mechanical integrity. Median stiffness values measured based on the BECC model

Invasive ductal Noninvasive ductal

Deformation ~MEC (MCF10a) Cytochalasin-D Colchicine Plectin siRNA carcinoma (BT20) carcinoma (BT20)
range (kPa) treated (kPa) treated (kPa) transfected (kPa) (kPa) (kPa)

300 nm 12.04 (MAD =4.71)  7.07 (MAD=2.10)  9.80 (MAD =2.35)  7.56 (MAD =2.11)  8.30 (MAD =2.70)  9.59 (MAD = 3.16)
1500 nm 14.28 (MAD = 5.05) 13.39 (MAD = 4.78) 12.83 (MAD = 4.01) 13.98 (MAD = 6.20) 15.44 (MAD = 6.18)  15.31 (MAD = 6.33)

This journal is © The Royal Society of Chemistry 2023
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Given that cytoskeletal filaments are thick polymers and are
governed by their bending energy, they are considered to be
generally semiflexible in normal cells, but by focusing on the
MT configuration using fluorescence microscopy (ESI
Fig. S147), it becomes clear that these tubes show emphasized
coiled shapes in cancer cells which is against their nature of
having a straight lattice in the normal stable state. Previous
studies on the dynamics of MTs found curved protofilaments
(PFs) at the tip of depolymerizing MTs, therefore portraying
the curvature as an indication of instability in MTs and reveal-
ing its catastrophe state.”*””* Other studies found a curved con-
formation of PFs in both GTP- and hydrolyzed GTP-capped
cases.”"”>’* The curved-straight transition of the PFs is in
general the competition of the dimer’s bent spring tendency
with lateral interaction forces. Nevertheless, cancerous cells’
MTs seem to overcome the lateral forces and favor strongly

Mammary Epithelial Cell (MCF10a)

Ductal Carcinoma (BT20)

d‘l‘ b, N

{

6.9 nN

9.5 nN

-109.6 nm I
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curved configurations that need further investigation. Yet,
from the mechanical point of view, these coil shape single
tubes suggest MTs with a lower [, than the contour length
which indicates a flexible polymer. We have imaged sections of
the cancerous and healthy cells with very high resolution of
2 nm per pixel using nanomechanical characterization
mapping to spot the MTs in the cells. The cells’ F-actin was
disrupted using cytochalasin-D to facilitate easier localization
of the MTs in the images and cells were instantly fixed prior to
the experiments. The representative images of 5 cell scans
from each cell line are illustrated in Fig. 8 (the other 4 scans
from each cell line are provided in ESI Fig. S15%). For not
mixing the MTs with intermediate filaments we first located
the centrosome in each cell line and assessed the configur-
ation of the tubes and bundles (Fig. 8b and e). In normal cells
the centrosome was found adjacent to the nucleus (Fig. 8a, box

201.1 pN -100.1 nm I 385.6 nm

2« K Heigh

3

-80.7 nm -272.5 nm MY 132.6 nm

Fig. 8 PFT QNM-AFM. (a) PeakForce error full image of a MCF10a cell with a scan size of 92 x 92 um? and a low resolution of 180 nm per pixel, (b)
PeakForce error image of the centrosome, zoomed-in in the area of box 1 in (a) with a scan size of 10 x 10 um? and a high resolution of 2 nm per
pixel, (c) height images of MTs in the cytoplasm of the cell, zoomed-in in the area of box 2 in (a) with a scan size of 10 x 10 um? and a high resolu-
tion of 2 nm per pixel. (d) PeakForce error full image of a BT20 cell with a scan size of 92 x 92 pm? and a low resolution of 180 nm per pixel, (e)
height image of the centrosome, zoomed-in in the area of box 1 in (d) with a scan size of 10 x 10 pm? and a high resolution of 2 nm per pixel, (f)
height images of MTs in the cytoplasm of the cell, zoomed-in in the area of box 2 in (d) with a scan size of 10 x 10 pm? and a high resolution of
2 nm per pixel. Cyan dashed curves illustrate the conformation of the tubes in (b) and (e) and the circles represent the location from which the
height profile of the tubes is obtained (ESI Fig. S161). White dashed lines in (b), (c), and (e) are representative of tangent—tangent correlation, and the
yellow line with the corresponding blue normal lines in (b), (c), and (f) are representative of the beam deflection model and the white lines in (e) and
(f) are representative of straight tube estimate. Images were taken with a setpoint of 10 nN, with an oscillation frequency of 2 kHz and an oscillation
amplitude of 100 nm. Scan rate was set to 0.1 Hz.
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1) while in cancer cells either it was shifted in position (Fig. 8d,
box 1) or absent. The MTs’ bundles in both cell lines depict a
full width-at-half-maximum of 100-120 nm and that of the
tubes was 25-32 nm (the height profiles are given in ESI
Fig. S16;f the circles in Fig. 8b and e are the locations from
which the height profiles are derived). In the AFM images the
tubes maintain both an average planar/straight conformation
and various curved shapes. We note with our common under-
standing, the term “straight” refers to the length scale over
which a polymer does not change direction. The worm-like-
chain (WLC) model” is the most commonly used continuum
description for characterizing nano-mechanics and thermo-
dynamics of biopolymers, in which the I, of the chains is
defined by the characteristic length scale (s) for the exponential
decay of the two-point correlation function between unit tangent
vectors (t) along the polymer (Fig. 9e). For L > [, the WLC
behaves like an ideal chain with discrete N numbers. Therefore,
here, we used the freely jointed chain model cosine correlation
function for the flexible tubes for measuring the I, given by:"*”®

(cos(8(s) — 9(0))) = ¢ ™ (1)

where J(s) is the tangent angle at coordinate (s) and 9(0) is the
reference tangent angle.

Furthermore, assuming that the WLC is well approximated
as an inextensible filament (e.g. compliance of the cell is due
to filaments bending and sliding over each other and not their
extension), we calculated the [, from the freely jointed beam
deflection model (bending mode) by means of the deviation of
size § from a straight line of correlation length ¢ (end-to-end
approach, sum of all discrete chains, schematic illustration is
provided in Fig. 9d) given by:”®"°

&

(0*) = asl, (2)

In addition, the straight bundles are estimated by following
their contour length. The calculation of 80 segments of MTs
(40 tubes, 40 bundles) were carried out from 5 cells out of each
cell line (Table 2). The average of the bundles [, is slightly
higher in normal cells than that in cancer cells (6.49 x 10™°® m
+1.02 x 107> m and 5.99 x 107® m + 1.23 x 10> m, respect-
ively; note that the large standard deviation only emphasizes
the large distribution of filament persistence lengths in cells).
Yet, the main difference between these two cell line MT lattices
manifests in their single tubes. The single MTs in Fig. 8b
(depicted by cyan dashed curves) exhibit an open curved con-
formation in normal cells while the single tubes in Fig. 8e
(depicted by cyan dashed curves) feature a compact and coiled

Table 2 Persistence length of MTs and MT bundles, in situ

¢p (for L>¢)) ?p (for L< 7)) ?) (total)
Cell line (m) (m) (m)
MCF10a 7.51%x 1077 6.49 x 107° 3.81x107°
+6.47 1077 +1.02x107° +7.97x10°°
BT20 3.93x 1077 5.99 x 107° 3.36x107°
+3.07%x1077 +1.23x107° +9.33x107°

This journal is © The Royal Society of Chemistry 2023
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conformation in cancer cells. These observations are in good
agreement with the prior fluorescence measurements (ESI
Fig. S147). The average value of [, of single MTs in cancer cells
is calculated to be around 360 nm and it is less than that of
healthy cells (Table 2, 3.93 x 10~ m + 3.07 x 10~” m, and 7.51
x 107 m + 6.47 x 10~ m, respectively).

MTs are characterized as a very stiff rod with persistence
length in the range of 1-8 mm.%"® Yet, the shear modulus of
the MTs is reported to be largely lower than their elastic
modulus®® due to weaker inter-protofilament bonds than
protofilament head-to-tail bonds that allow them to slide on
one another.®>®® This implies that the flexural rigidity and in
consequence the [, is contour-length-dependent and studies
show that, as a result, MTs have [, values one to two orders of
magnitude shorter on shorter scales than those in earlier
reports.**®” Our data are in accordance with the latter reports.

We believe that the lower I, of MTs in cancer cells leads to a
more flexible behavior of individual tubes under compressive
forces than semiflexible chains present in the normal cell MT
lattice. In addition to the basal location of the MTs in cancer
cells, the lowered I, of these cells’ tubes can also effectively aid
the cancer cells in squeezing through the micropores and
facilitate cancer to invade surrounding tissues.

3. Conclusions

We investigated the mechanism underlying the softening of
cancerous cells in comparison with their healthy counterparts
based on AFM high resolution stiffness tomography and 3D
confocal microscopy. We studied breast type cancerous and
healthy epithelial mammary cells in this work. Our data illus-
trate an abnormality in the invasive ductal carcinoma MT
network. Fluorescence images from the network show overly
bent tubes and a compact lattice in the cytoskeleton of the
cells while the centrosome is absent or shifted in position.
The stiffness tomography, in addition, depicts the basal
location of the MT network in the IDC cell cytoskeleton while
being segmented for around 400 nm from the cell cortex and
plasma membrane. Nevertheless, in normal cells the MT
network is situated in the cells’ periphery supporting the cells’
cortex. These observations are confirmed by means of 3D con-
focal microscopy from both cell lines in this study.

Cell cytoskeletal filaments are interconnected in the periph-
ery exploiting a cyto-linker protein, so called plectin, to main-
tain the mechanics of the cells. The peripheral localization of
plectin proteins in normal epithelial mammary cells (MCF10a)
and their good cytoskeletal filament association observed by
3D confocal microscopy and cell stiffness tomography confirm
their mechanical and scaffolding integrity. Yet, the cytoskele-
ton scaffolding plectin proteins are located apically in the
form of aggregates on top of the nucleus in invasive carci-
nomas. Apical positioning of plectin in these cells indicates a
disruption in their scaffolding function in the periphery which
causes a failure in maintaining the MTs right beneath the
plasma membrane and cell’s cortex.
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In addition, the single MTs in ductal carcinomas showed
lower persistence length in comparison with normal cells’
MTs. Overall, the fragmented crosslinking of cytoplasmic fila-
ments and lowered persistence length of the MTs help the
invasive cells in becoming more flexible under compressive
forces with small deformations and aid them in migrating
through tight anatomical spaces more efficiently in the meta-
stasis cascade.

4. Materials and methods
4.1 Cell culture

Ductal carcinoma cells (BT20 cell line) received from CLS Cell
Lines Service GmbH (Eppelheim, Germany) and normal
mammary epithelial cells (MCF10a cell line; Research
Resource Identifiers RRID CVCL_0598) were used in this study.
BT20 cells were cultured at first in tissue culture flasks in
DMEM/F-12 media (50:50 vol:vol) from Thermo Fisher
Scientific (Thermo Fisher Scientific, Germany) containing 10%
FBS (Merck KgaA, Darmstadt, Germany) and 1% penicillin/
streptomycin (Carl Roth GmbH+Co. KG, Karlsruhe Germany)
and MCF10a cells were cultured in DMEM/F-12 media (50: 50
vol:vol) from Thermo Fisher Scientific containing 10% FBS
(Merck KgaA, Darmstadt, Germany), 1% penicillin/streptomy-
cin (Carl Roth GmbH+Co. KG, Karlsruhe Germany), 20 ng ml™"
EGF (Peprotech, Germany #AF-100-15), 0.5 mg ml~" hydrocorti-
sone (Merck KgaA, Darmstadt, Germany, #H-0888), 100 ng
ml™" cholera toxin (Merck KgaA, Darmstadt, Germany,
#C-8052), and 10 pg ml™" insulin (Merck KgaA, Darmstadt,
Germany, #19278). We used trypsin/EDTA (Thermo Fisher
Scientific, Germany #25300062) to detach the cells, and sub-
sequently centrifuged and seeded them on glass coverslips/
slides for the experiments and incubated at 37 °C/5% CO,.

4.2. Cell staining

4.2.1 Cytoskeleton - fixed cells. Cells were fixed with 3.7%
formaldehyde diluted in PBS for 15 min followed by 15 min
permeabilization with 0.2% Triton X-100 in PBS at RT.
Afterwards, the cells were blocked to avoid non-specific
binding by means of 1% bovine serum albumin (BSA) in PBS
and incubated for 20 min at RT. Cells were incubated in
primary antibody mouse monoclonal anti-B-3 tubulin (#2 28
33) (Thermo Fisher Scientific, Germany) or mouse-anti-o
tubulin (Sigma Aldrich Clone DM1A) diluted in blocking solu-
tion at a ratio of 1:200 at RT for 1 h. The cells were washed 3
times using PBS. Afterwards the cells were incubated for 1 h in
the secondary antibody AlexaFluor 594 conjugated goat-anti-
mouse (#A32744) (Thermo Fisher Scientific, Germany) which
was diluted in blocking solution at a ratio of 1:1000. The
F-actin network was stained for 15 min using CellMask Actin-
Tracking green (#A57249) (Thermo Fisher Scientific, Germany)
diluted in blocking solution at a ratio of 1:1000 and counter-
stained with DAPI (Thermo Fisher Scientific, Germany) which
was diluted in blocking solution at a ratio of 1:1000 at RT.
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4.2.2 Cytoskeleton - living cells. Prior to AFM experiments,
cells were loaded with CellMask actin-tracking green and
tubulin-tracker deep red (Thermo Fisher Scientific, Germany,
#A57243 and #T34077, respectively) at a ratio of 1:1000 in
FluoroBrite DMEM (Thermo Fisher Scientific, Germany, #
A1896701) for 40 min in a 37 °C/5% CO, incubator and
washed with probenecid (77 mg ml™") containing buffer
(1:1000) to minimize the efflux of the probe during washing
and imaging.

4.2.3 Plectin proteins - fixed cells. Cells were fixed with
3.7% formaldehyde diluted in PBS for 15 min followed by
15 min permeabilization with 0.2% Triton X-100 in PBS at RT.
Afterwards, the cells were blocked to avoid non-specific
binding by means of 1% bovine serum albumin (BSA) in PBS
and incubated for 20 min at RT. The cells were incubated in
primary rabbit-anti-plectin antibody (Thermo Fisher Scientific,
Germany, #SY29-04), diluted in blocking solution at a ratio of
1:200 at RT overnight, and later the samples were washed 3
times using PBS and incubated for 1 h in secondary antibody
goat-anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific,
Germany, #A48282) or goat-anti-rabbit Alexa Fluor 647
(Thermo Fisher Scientific, Germany, #A21245) which were
diluted in blocking solution at a ratio of 1:1000 and counter-
stained with DAPI (Thermo Fisher Scientific, Germany) at a
ratio of 1:1000 in blocking solution at RT.

For the second round of experiments (shown in ESI
Fig. S13t), cells were fixed at —20 °C in 100% methanol and
were incubated in primary rabbit-anti-plectin antibody (Thermo
Fisher Scientific, Germany, #SY29-04) as described above. The
samples were washed 3 times with PBS and incubated for 1 h in
secondary antibody goat anti-rabbit Alexa Fluor 488 (Thermo
Fisher Scientific, Germany, #A48282) which was diluted in
blocking solution at a ratio of 1: 1000 without DAPI.

4.3 Control measurements

4.3.1 Colchicine and cytochalasin-D treatment. In actin
depolymerization experiments, cells were incubated for
30-40 min with 5 pg ml™" cytochalasin-D (Merck KgaA,
Darmstadt, Germany, #C8273) prior to AFM measurements.
Cytochalasin-D was kept as a stock solution of 1 mg ml™" in
dimethyl sulfoxide (DMSO) at —20 °C. In MT disruption experi-
ments, cells were incubated for 1.5 h with 50 pg ml™" colchi-
cine (Merck KgaA, Darmstadt, Germany, #C9754) prior to AFM
measurements. 0.5 g colchicine per 100 ml in sterile distilled
water was kept as a stock solution at room temperature in the
dark. Before applying the drug to the cells, they were incubated
with CellMask actin-tracking green and tubulin-tracker deep
red (Thermo Fisher Scientific, Germany, #A57243 and
#T34077, respectively) at ratio of 1:1000 in FluoroBrite DMEM
(Thermo Fisher Scientific, Germany, # A1896701) for 40 min in
a 37 °C/5% CO, incubator. Cell cytoskeletons were checked
before and after the drug loading with fluorescence
microscopy. ESI Fig. S17 and S18f depict the effect of the
drugs on the cell cytoskeleton and the selected cells for AFM
measurements.
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4.3.2 Plectin siRNA transfection. Plectin siRNA(h) (#sc-
29453) was received from Santa Cruz Biotechnology, Inc,
Dallas Texas. The MCF10a cells were seeded on two, 1 cm size
diameter coverslips in each well of a six well tissue culture
plate (2 x 10° cells per well), and they were incubated until
they reached 30-50% confluency. The MCF10a cells were trans-
fected to target plectin based on the provider protocol. For
each transfection 10 pl of siRNA duplex was diluted in 90 pl
siRNA transfection medium (Santa Cruz Biotechnology, Inc,
Dallas Texas, #sc-36868) in a vial, and 6 pl siRNA transfection
reagent (Santa Cruz Biotechnology, Inc, Dallas Texas, #sc-
29528) was diluted in 94 pl transfection medium in another
vial. Later the first solution was added into the second vial,
mixed well, and incubated at room temperature for 45 min.
The culture cell coverslips were introduced to a new well plate
for excluding the extra cells on the former culture plate in
transfection. Cells were washed with 2 ml transfection
medium and immersed in 800 pl transfection medium with
no serum and antibiotics. 200 pl transfection solution was
added drop-wise to each well covering the whole surface. The
cells were incubated with the solution for 7 h. Next, 1 ml of 2x
serum and antibiotic supplemented DMEM/F12 medium were
added. After 24 h incubation, the solution was aspirated, and
cells were fed with fresh normal growth medium. The cells
were measured for the plectin level by western blot analysis for
24-48-72 h after the addition of fresh normal medium. Based
on the results the best timepoints to measure the effect of
plectin knockdown was 48 hours post-transfection (ESI
Fig. S19,7 plectin knockdown western blots). Transfection
efficiency control tests were carried out using fluorescein con-
jugated control siRNA (Santa Cruz Biotechnology, Inc, Dallas
Texas, #sc-44239). We note that the first round of controls with
6 ul siRNA duplex did not give a satisfactory plectin knock-
down, but the high concentration of 10 pl siRNA duplex led to
cell loss after 72 h of transfection.

Moreover, a separate round of transfection was performed
with the optimized parameters and at 48 h after adding the
fresh medium to the cells, they were characterized with AFM.

4.3.3 Nucleus isolation. Cells from both cell lines were cul-
tured to 90% confluency. They were washed off with ice-cold
PBS, and the culture dish was placed afterwards on ice, the
cells were scraped off the dish while being immersed in 1 ml
PBS, and they were transferred to a 1.5 ml centrifuge tube.
They were centrifuged for 5-10 s at 10 000 rpm. The super-
natant was discarded, and the cells were resuspended in
900 pl of ice-cold PBS containing 0.1% NP-40. The cell suspen-
sion was triturated with a pipette. They were centrifuged again
for 5-10 s at 10 000 rpm and the last two steps were repeated
for another round. After discarding the supernatant, isolated
nuclei were resuspended in 100 pl buffer A2 (TEA 20 nM, KClI
30 mM, MgCl, 10 mM, sucrose 0.25 M, PMSF 1:100).

4.4 Atomic force microscopy imaging

4.4.1 PeakForce tapping quantitative mechanical mapping
AFM. We obtained AFM images in the PeakForce tapping
mode using a Bruker Icon atomic force microscope (Bruker

This journal is © The Royal Society of Chemistry 2023
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AXS, Santa Barbara, CA). The deflection versus z-piezo position
curves can be transformed into force versus indentation (FD)
curves knowing the force constant of the cantilever and cali-
brating the inverse optical lever sensitivity on a stiff sapphire
sample. Subsequently the FD curves can be fit by the Hertz/
Sneddon/DMT model that provides a relationship between the
sensed force by a conical indenter and the sample deformation
as follows:

2

F==
L7 n1— 02

tan ()&%, (3)
where Fy, is the applied load, E the elastic modulus of the
sample, v the sample’s Poisson ratio (0.3), @ the half opening
angle of the cone and ¢ the indentation depth. We used canti-
levers with nominal force constants of 0.02 N m™" (rectangu-
lar-shaped microlevers, MLCT-BIO-DC-B, non-conductive
silicon nitride from Bruker) to gently acquire the elastic
modulus of the cells for the high-resolution cell cluster spec-
troscopy. To obtain a more precise value of the force constant
we calibrated using the thermal noise method.®® The corres-
ponding cantilever tip shape was pyramidal with a nominal tip
radius R = 20 nm and a half-opening cone angle of a = 35°.
The fundamental flexural resonant frequency of
MLCT-BIO-DC-B cantilevers in cell medium was f; fex = 1.5
kHz. AFM images were taken in CO,-independent medium
(Thermo Fisher Scientific, Germany, Gibco #18045088) to keep
the risk of cell death to a minimum due to a pH value change
of the medium during the measurement. PeakForce tapping
mode was operated with a high digital resolution of 4096 x
4096-pixel for approximately 12 hours per image at a scan rate
of 0.1 Hz for scan sizes of 91 x 91 um® Consequently, the
lateral resolution achieved in each image was approximately
22 nm per pixel. In persistence length measurements, in situ
SNL cantilevers (triangular shaped microlevers, SNL-A, non-
conductive sharp silicon nitride from Bruker) with a nominal
force constant of 0.35 N m™", a sharp tip radius size of 2 nm
and a nominal flexural resonance frequency in air of 65 kHz
were used for high resolution imaging of MT filaments in
fixed cells.

4.4.2 Force-volume mapping in combination with fluo-
rescence imaging. Force-volume-mapping was performed
using a Nanowizard II atomic force microscope (JPK instru-
ments AG, Berlin, Germany) in combination with the optical
stand of Zeiss Axio Observer Z1 (Carl Zeiss GmbH,
Oberkochen, Germany). Force volume mapping is a linear
ramp technique with which a complete force-distance curve is
recorded at each pixel. Soft cantilevers with a nominal force
constant of 0.06 N m™" (triangular shaped microlevers, SNL-D,
non-conductive sharp silicon nitride from Bruker), a nominal
flexural resonance frequency in air of 18 kHz and a sharp tip
radius size of 2 nm were used for measuring the mechanical
properties and performing spectroscopy of the cells. The
inverse optical lever sensitivity of the AFM setup was deter-
mined using a single force-distance curve on the glass sub-
strate (coverslip) of the cells in DMEM and the cantilever
spring constant was calibrated as mentioned in the PeakForce
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tapping section. For stiffness tomography measurements, the
trigger point was set at 1 nN, the z-length was 3 um, extend
time was 30 s, and the maximum sample rate was 16 000 Hz,
for a grid size of 30 x 30 pm> with 512 x 512 point. Later, the
whole map was processed with a MATLAB code to achieve the
stiffness tomography as follows. In the first step, the baseline
tilt was corrected by fitting a line in the data intervals between
50% and 99% of z-piezo values. The contact point was esti-
mated as the z-piezo position and upon further approach the
force stays in the positive (repulsive) interaction regime.
Furthermore, the distance between the tip and sample and
indentation into the sample were calculated based on the
difference between cantilever deflection and z-piezo position.
We stepwise calculated the cell stiffness with intervals of 5 nm
containing four data points in each interval (see a representa-
tive F-ind curve trace trajectory, fit to the Herz-Sneddon model
for each of its 5 nm intervals in ESI Fig. S201). We show cross
sections through the cell stiffness tomography in the xz-plane
in order to present the cell’s cytoskeleton component resis-
tance under compression force and its network integrity.

For comparative analyses of the stiffness values of control
measurements acquired by F-V mapping in this study, the
trigger point was set at 2 nN for achieving a large indentation
range, the z-length was 3 um, time was extended to 90 s, and
the maximum sample rate was 16 000 Hz, for a grid size of 30
x 30 pm?* with 512 x 512 point. All the global elastic modulus
values were ascertained by cumulative local elastic modulus
values obtained from 4096 F-d curves measured on each cell
or nucleus. For extracting the elastic modulus values the
bottom effect correction was applied based on the cell topogra-
phy according to ref. 64 implemented in the MATLAB code.

As the elastic modulus distributions were skewed with
extreme outliers, we reported the median and mode values for
an appropriate measure of the center of the data.

4.5 Confocal fluorescence microscopy imaging

Cells were imaged using a Leica SP5 II confocal microscope
(Leica, Wetzlar, Germany), equipped with a 100x HCX PL Apo
CS objective lens with an NA of 1.4. Alexa 488 was detected
using 488 nm laser excitation and a spectral detection window
of 526-558 nm. Alexa 594 was detected using 561 nm laser
excitation and a spectral detection range between 570 and
680 nm. DAPI was recorded using 405 nm laser excitation and
detection between 415 and 480 nm. All channels used the
AOBS for the separation of excitation and emission wave-
lengths. Images were recorded using constant detector settings
and a pixel size of 101 nm. The plane spacing in z was system
optimized and set to approximately 300 nm. To prevent spec-
tral cross contamination the images were recorded in two
sequences.

4.6 Western blot

BT20 and MCF10A cells were grown in T75 flasks and har-
vested by trypsination. After cell counting the pellets were
lysed in RIPA buffer (50 mM Tris-HCL pH 8.0, 1% NP-40, 0.5%
sodium-deoxycholate, 150 mM NaCl, 1 mM EDTA, 0.1% SDS,
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1 mM PMSF, 1 mM Na;VO, and 1 mM NaF) at a density of 5.8
x 10° cells per ml, followed by 10 time shearing through a G21
needle. Protein concentrations were determined by the Pierce
660 nm protein-assay (Thermo Fisher) and the indicated
amounts of total protein were loaded on a 12% PAA gel. After
transfer to nitrocellulose (Trans-Blot Turbo, Biorad) the equal
loading was controlled with Ponceau S (Thermo Fisher) and
the membrane was blocked in 1% BSA in PBS for 30 min.
Primary antibodies (mouse-anti-a-tubulin (clone DM1A,
1:5000) and mouse-anti-actin (clone AC-40, 1:2000), both
from Sigma Aldrich) were added and incubated for 1 hour at
room temperature. For the detection of the bound antibodies
goat anti-mouse-IgG-Cy 5 (Amersham, 1:5000) was added and
incubated again for 1 hour at room temperature. The bands
were quantified using an Amersham AI600 imager.
Experiments were performed with two biological and two tech-
nical replicates each.

4.7 Statistical analyses

4.7.1 Image processing and analysis. AFM image proces-
sing and analyses were performed with the software
Nanoscope Analysis 1.8 (Bruker AXS, Santa Barbara, CA),
JPKSPM data processing (JPK instruments AG) and Gwyddion
2.54 (Department of Nanometrology, Czech Metrology
Institute, Czech Republic). Data processing and fitting of the
elastic moduli and deformation values to Gaussian distri-
bution were performed with Igor pro 6.37 (WaveMetrics, Inc,
Portland, OR). Violin plots of kernel smoothed density esti-
mates of the stiffness were produced using a MATLAB code
(the width of the violin in axis space is by default 0.3 and the
bandwidth of the kernel density estimate was between 10%
and 40% of the data range). Mann-Whitney U-test and
Kruskal-Wallis H-test were performed and to identify the
specific pairs with significant differences, a Dunn-Bonferroni
test was conducted and analyses were carried out using the
statistics software Prism version 10 (June 2023). Ridgeline
plots of kernel smoothed density estimates of the stiffness
were produced using Origin (version 2023b) which was set to
Scott bandwidth.®® Details about the image size and image
resolution can be found in the atomic force microscopy
imaging section.

4.7.2 Persistence length assessment. Cells were incubated
with 5 pl ml™" cytochalasin-D for 30 min and instantly fixed
with 3.7% formaldehyde diluted in PBS for 15 min followed by
10 min permeabilization with —20 °C methanol to dissolve the
bilipid layer and air dried. These steps were taken to have
direct access to the MTs in cells in situ. Fig. 9a-c show a sche-
matic illustration of chain conformations depending on [, and
L. We used the WLC freely jointed chain model to fit the MTs
for measuring the persistence length. Fig. 9d illustrates the
end-to-end bending mode approach with the deviation size &
from the straight line of correlation length £ and Fig. 9e illus-
trates the angular analysis that determines the [, from the
cosine correlation of tangent angles 6 along the characteristic
length of (s).
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Fig. 9 Schematic illustration of chain conformations depending on [, and L. (a) Flexible chain, (b) semiflexible chain, and (c) rigid rod. WLC models
with (d) end-to-end bending mode fitting and (e) cosine correlation of tangent angles 0 along the segment (s).

The correlation length £ and deviation size § were measured
from the total planar distance, and angles 6 were measured
from the azimuth ¢, with the distance tool in Gwyddion 2.54
(Department of Nanometrology, Czech Metrology Institute,
Czech Republic). The characteristic length (s) was measured by
drawing a mask, with the same width of the filament, over the
length scale with which the decay occurs. Using the Gwyddion
statistical quantities tool, we found the masked projected area.
Dividing this area by the filament width (mask width, ~25 nm
for single MT and ~100 for MT-bundles) granted us a good
estimate of the characteristic planar length.
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