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Abstract An enhanced mechanical compliance is considered to be a mechanical indicator for
metastatic cancer cells. Our study using atomic force microscopy (AFM) revealed that breast
cancer cells agreed well with this hypothesis. However, prostate cancer cells displayed a
reverse correlation; less metastatic prostate cancer cells were more mechanically compliant.
Two-dimensional AFM force spectroscopy was performed to characterize dual mechanical
properties—the cell–substrate adhesion as well as the mechanical compliance. Interestingly,
prostate cancer cells displayed a strong positive correlation between the cell–substrate adhe-
sion and metastatic potential. However, there was no clearly observable correlation between
the cell–substrate adhesion and the metastatic potential despite variations in mechanical
compliance of breast cancer cells. These results suggest that the correlation between the dual
mechanical signatures and metastatic potential be uniquely identified for cancer cells origi-
nating from different organs. We postulate that this correlation could reveal which step of
cancer progression is favorable in terms of physical interaction between cancer cells and
micro-environments. We expect that based on the “seed and soil hypothesis”, the identification
of the dual mechanical phenotypes, could provide a new insight for understanding how a
dominant metastatic site is determined for cancer cells originating from specific organs.

Keywords Atomic force microscopy. Force spectroscopy.Metastatic potential .Mechano-
phenotype . Cell–substrate adhesion .Mechanical compliance

Metastasis is a major cause for cancer-related mortality. In addition to epigenic factors and
biochemical interaction, the physical interaction of cancer cells with microenvironments has
recently been noticed to contribute to cancer progression [1]. During the complex metastatic
process, cancer cells are doomed to negotiate their mechanical properties including mechan-
ical compliance, motility, cell–cell adhesion, and cell–substrate adhesions [2–5]. Over the
past decade, many studies have investigated whether an enhanced mechanical compliance,
which is expected to be beneficial for extra/intravasation and invasion, can be utilized as a
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universal marker for cancer metastasis [6, 7]. Against this optimistic prediction, recent studies
reported an unequivocal correlation between mechanical compliance and metastatic progres-
sion [8–10]. These findings suggest that it is important to carefully investigate the key
mechanical properties at each step of metastatic progression [11]. Nevertheless, the lack of
emerging techniques to elucidate the complex nature of metastasis hinders a clear investiga-
tion of multifaceted contribution of mechanical phenotypes of cancer cells to cancer
progression.

In this study, AFM force spectroscopy was utilized to characterize cell–substrate adhesion
as well as the mechanical compliance of cancer cells with distinct metastatic potentials. As a
model, we used highly (CL-1) and lowly (LNCaP) metastatic prostate and highly (MD-MB-
231) and lowly (MCF-7) metastatic breast cancer cell lines [12, 13]. The cells were grown on
pre-sterilized glass slides (Erie Scientific, Portsmouth, NH, USA) 1 day before the AFM data
were taken.

All AFM measurements were taken with an MFP 3D (Asylum Research, Santa Barbara,
CA, USA) mounted on an inverted optical microscope (IX-81, Olympus, Tokyo, Japan).
The physiological temperature and a liquid environment were maintained by a fluid cell and
Bioheater. V-shaped silicon nitride cantilevers (typical spring constant~0.01 N/m) modi-
fied with polystyrene beads (typically 4.5 μm) were used in order to obtain a well-defined
contact area and to reduce the stress from otherwise sharp AFM tips. In order to obtain the
elastic moduli, the force-distance (f-d) curves were acquired with a 1-s time interval, i.e.,
1 Hz, with the trigger force of 100 pN at cell centers (Fig. 1a). The 2D array of f-d curves
were obtained from a single cell or a part of a single cell with the trigger force of 100 pN and
the indentation speed of 1.5–2.3 nm/s. Five to ten independent experiments were repeated
for each cell line.

In order to determine the elastic moduli, the obtained f-d curves were converted to the force-
indentation (f-δ) curves. The Hertz model was applied to determine the elastic moduli from f-δ
curves. According to the analytical expression of the Hertz model,

K ¼ E

1−ν2ð Þ ¼
3

4

f
ffiffiffiffiffiffiffiffi

Rδ3
p ð1Þ

the f-δ curve can be converted to the curve of elastic constant K=E/(1-ν2) versus the
dimensionless quantity δ/R, where the R is the radius of the spherical tip and ν is the Poisson
ratio. In the regions where the Hertz model fails to correctly deduce elastic constants due to
strong substrate effects, advanced models, the Tu and the Chen models, were adopted. The
local variations of the cell-adhesion properties were identified from the boundary conditions of
the models best describing the elastic behavior from the f-δ curves. Whereas the Chen model
considers a cell as a well-adhered layer on a hard substrate, the Tu model does it as a freely
sliding layer. The details of experimental procedures are described elsewhere [11, 14].

In order to compare the mechanical compliance of all the investigated cell lines, the average
elastic moduli at the cell centers were determined by the Hertz model. Typical f-δ curves
obtained from the cell centers of breast and prostate cancer cells are shown in Fig. 1a. We found
that the average elastic moduli of MD-MB231 were significantly lower than those of MCF-7
(Fig. 1b). This agrees well with the general expectation that enhanced mechanical compliance is
suggested for highly metastatic cells involving a substantial mechanical deformation [15].
However, for prostate cancer cells, the dependence of mechanical compliance on metastatic
potential was reversed. We found that CL-1 cells were mechanically stiffer than LNCaP cells
(Fig. 1b). This nano-mechanical result agrees well with previous AFM studies on prostate
cancer cells [8, 11]. These unequivocal correlations from the breast and prostate cancer cells
imply that the mechanical compliance assay alone cannot sufficiently represent the mechano-
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phenotype characteristic for cancer metastasis. More information is required in order to
corroborate the correlation between the mechanical phenotype and cancer metastasis for
specific organs.

Cancer cells undergo a unique mechano-reciprocity with the microenvironment at each
step of the metastatic progression [16]. Followed by the primary tumor proliferation and
angiogenesis, the metastatic cascade begins with a detachment of cancer cells from the
epithelium. The subsequent invasion, intra/extravasation and the formation of a secondary
tumor involve significant cell–cell and cell–substrate adhesions under the influence of diverse
microenvironments [1, 5]. A dynamic modulation of cellular adhesion might occur during each
progression step [3]. In this study, we determined the cell–substrate adhesion properties by
utilizing AFM force spectroscopy. As described earlier, by utilizing the mathematical models
considering the different boundary conditions, the cell–substrate adhesion was determined for
a local nano-domain of a cell. As shown in Fig. 2a–b, the CL-1 cells were primarily analyzed
by the Chen model assuming the well-adhered layers on the substrate, while the Hertz model
was mostly used to analyze the LNCaP cells. However, we did not observe any difference in
the local variation of the models between MCF-7 and MD-MB231 cells (Fig. 2c–d).

Fig. 1 a Representative f-δ curves obtained from prostate—CL-1 and LNCaP—and breast—MCF-7 and MD-
MB231—cancer cells. The data obtained from the cell centers (dots) fit well with the Hertz model (solid lines).
(b) The average elastic moduli determined from CL-1, LNCaP, MCF-7, and MD-MB231 cells at cell centers
(*p<0.01). n indicates the number of cells investigated. There is no statistical difference in the trigger forces
applied on all investigated cells
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Note that breast cancer cells were investigated over a limited part of a cell region due to
their thickness variations outside the vertical range of the AFM scanner (15 μm). The entire
region of the prostate cancer cells was investigated by AFM. As shown in Fig. 2e, we
counted the number of the mathematical models best describing the elastic behavior of
nano-domains of investigated cells. The Chen model was highly utilized to analyze the f-δ
curves obtained from the CL-1 cells. The adoption occurrence of the Chen model is much

Fig. 2 Adhesion maps derived from 2D f-d curves obtained from a CL-1, b LNCaP, cMD-MB231, and dMCF-
7 cells. The resolutions of images are 1.27 μm, 1.00 μm, 1.56 μm, and 0.97 μm per pixel for (a), (b), (c), and (d),
respectively. The adhesion maps were acquired by determining the mathematical model that best describes the
homogeneous elastic behavior for local nano-domains of a cell. The colors correspond to the following models
except for black representing the glass substrates: from left to right, the Hertz, the Tu, and the Chen models with
varying Poisson ratio of 0.5, 0.4, 0.3, 0.2, 0.1, and 0.0. The Chen model represents well-adhered regions of cells
on a substrate. e The mathematical model yielding the most constant elastic moduli over the observed indentation
range was counted for each cell line. Compared to LNCaP cells, the Chen model was primarily adopted to
calculate the elastic moduli of CL-1 cells, indicating an enhancement of the cell-substrate adhesion (*p<0.01).
We did not observe any significant difference in the mathematical models used between breast cancer cells. The
Tu model was hardly used for the cells investigated
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higher for CL-1 cells than for LNCaP cells (p<0.01). This result implies that the cell–
substrate adhesion displays a strong correlation with metastatic potential for the prostate
cancer cells. The adoption frequency of the Chen model is comparable for both breast
cancer cell lines, indicating that the adhesion properties of the breast cancer cell lines are
similar. The focal adhesion representing the cell–substrate adhesion is known to nucleate
the actin microfilaments governing the cellular structural integrity and mechanical stiff-
ness. An enhanced adhesion observed in CL-1 cells consistently supports the increase in
mechanical stiffness, i.e., elastic moduli compared to LNCaP cells. As for breast cancer
cells, the observed similarity in cell–substrate adhesion implies no significant difference in
the nucleation of actin microfilaments. A decrease in the elastic moduli observed fromMD-
MB231 cells might originate from either the constitutional difference of the actin cytoskel-
eton or other cellular organelles. Recently, the keratin intermediate filaments were noticed
as a major contributor to cellular mechanical resilience [17].

From AFM results, we found that prostate and breast cancer cells display an inconsistency
in the mechano-phenotypes representing a high metastatic potential. Highly metastatic prostate
cancer cells show a decrease in the mechanical compliance and an increase in the cell–
substrate adhesion. However, an enhanced mechanical compliance with a similar cell–sub-
strate adhesion is identified as a typical mechano-phenotype of highly metastatic breast cancer
cells. Despite no difference in the blood flow, the “seed and soil” hypothesis states that a tumor
cell metastasizes to a specific organ just as a seed grows well on a land with fertile soil [18].
Prostate cancer cells are known to metastasize well to bones, whereas breast cancer cells
metastasize dominantly to the liver and lungs [19, 20]. We can conjecture that metastasis
seems to be successful only when cancer cells acquire the necessary traits to overcome the
physical barriers as well as other environmental conditions. Several studies revealed that
metastasis of breast cancer cells to the lung and liver is mainly mediated by an abnormally
enhanced adhesion to the vasculature via specific proteins such as selectin and integrin [21,
22]. This molecular insight supports our AFM-based adhesion assay. In Fig. 2e, comparing
with the Chen model, the Tu model, considering a freely sliding layer on a substrate, is rarely
optimal for the breast cancer cells investigated. This result indicates strong cell–substrate
adhesions of breast cancer cells. However, the difference in the cell–substrate adhesion is
hardly noticed between MCF-7 and MD-MB231 cells, while a significant difference in the
mechanical compliance exists between them. The initial arrest of the breast cancer cells in the
capillary beds is thought to contribute to metastasis. However, our results imply that the
physical break-through in the vascular endothelium or the basement of the host cells, which
can be benefited by the enhanced mechanical compliance, needs to be considered as a more
critical step. On the other hand, our mechanical compliance assay reveals that the mechanical
compliance is impaired in highly metastatic prostate cancer cells (Fig. 1b). In terms of the
physical interaction of cancer cells with microenvironments, our data suggests that despite the
physical difficulties in invasion due to impaired mechanical compliance, metastasis of prostate
cancer cells can be facilitated by a significantly enhanced cell–substrate adhesion. It is being
increasingly recognized that prostate cancer cell interactions with a bone microenvironment
initiate a complex and vicious cycle accompanying regulatory factors such as matrix metallo-
proteinases [23]. Together with our AFM results, we postulate that it is relatively easy to
overcome a deficiency in mechanical compliance of prostate cancer cells by several regulatory
factors in a bone microenvironment. However, the initial arrest of prostate cancer cells
facilitated by enhanced cell–substrate adhesion might be a critical step for cancer progression.
Our study using prostate and breast cancer cells suggests that a differentiated diagnostic and
therapeutic strategy be applied to each type of cancer in order to protect the patients from
metastasis.
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We conclude that mechanical compliance alone fails to serve as a universal indicator for
metastatic progression, but AFM-based characterization of mechano-phenotype utilizing the
dual mechanical properties of mechanical compliance and cell-substrate adhesion might
provide dual mechanical properties (mechanical compliance and cell–substrate adhesion)
might provide critical phenomenological information for a critical step of metastasis for
different types of cancer. Although more precise molecular mechanisms correlating the
phenomenological information remains to be elucidated, we believe that our AFM-based dual
mechano-phenotype provides a novel approach which ultimately may be applicable for the
identification of therapeutic targets and for the enhancement of drug efficacy for advanced
cancer patients.
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