www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Cancer cells impact the
microrheology of endothelial cells
during physical contact or through
paracrine signalling

Georgia M. Kefala?, Daria Tsvirkun, Valérie M. Laurent* & Claude Verdier'™*

During the process of metastasis, cancer cells transmigrate through the endothelial barrier of the
vascular walls. Cancer cells interact with the endothelial cells, leading to changes of their mechanical
properties. While this interaction has been extensively studied from the perspective of cancer cells
(CCs), the mechanical properties of the endothelium remain underexplored, even though they may
play a crucial role in regulating this process. In this study, we used a microrheology AFM-based
approach to demonstrate that the properties of endothelial cells (ECs) are altered when cultured either
in CC-conditioned medium or in direct contact with cancer cells. We found that the viscoelasticity

of ECs decreased when cultured in diluted CC-conditioned medium. Furthermore, ECs in direct

contact with a cancer cell at short times (less than 30 min) also showed significantly lower stiffness

and viscoelastic moduli. In parallel, we observed a reduction in the quantity of actin fibers and actin
clusters within the EC cytoskeleton, resulting in a less structured network that may facilitate CC
transmigration. Overall, our findings indicated that the rheological properties of ECs can be altered
either directly through physical contact with CCs or indirectly via CC-secreted substances. This suggests
that the endothelium actively responds to the presence of cancer cells, rather than serving only as a
passive barrier.
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Vascular endothelial cells (ECs) line the inner walls of blood vessels and constantly interact with the blood
flow and surrounding tissues. The endothelial cell monolayer with adherens junctions and tight junctions
provides the functional integrity of blood vessels and forms a selective barrier to control the movement of
molecules and cells in and out of the bloodstream'. Dysfunction of the endothelial monolayer leads to a variety
of cardiovascular and metabolic disorders?. Understanding the differences in the mechanical properties of the
endothelial monolayer, under normal and abnormal conditions, may provide insight into the pathogenesis of
circulatory disorders and diseases. The mechanisms of transendothelial migration have been extensively studied
in the case of monocytes®*, but such mechanisms are also particularly relevant in the case of cancer metastasis.
Upon detaching from a primary tumour, cancer cells (CCs) migrate towards the endothelium, cross it to become
circulating cancer cells, and later transmigrate through the endothelium once again to invade secondary tissues®.
This process remains poorly understood due to its multifactorial and multicomponent nature, involving a
complex interplay between cellular biochemical and mechanical signals and their surroundings. In addition, the
role of the mechanical properties of endothelial cells has not been extensively studied.

In previous studies, the endothelial monolayer has been viewed as a passive barrier in metastasis and cancer
cell migration. However, it is increasingly becoming more evident that endothelial and cancer cells interact in a
bidirectional and dynamic manner®’. Initially, these interactions rely on primary adhesive contacts between ECs
and CCs, involving molecules such as integrin 3189, MUC-1, CD43'° on the cancer cell side and proteins such
as VCAM-1, PECAM-1, and particularly ICAM-1'"2 on the endothelial side. Many studies have focused on the
investigation of cancer cell mechanics. It has been shown that CCs can deform a lot during the transmigration
process and are less rigid'?>-17. Cancer cell protrusions may also enable anchoring to the sub-endothelial
extracellular matrix (ECM), facilitating subsequent transmigration of CCs'®!°. Advanced 3D microfluidic
platforms, coupled with confocal microscopy?’-?2, have been developed to enable precise quantification of
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endothelial permeability and to estimate the time required for CCs to cross the endothelial barrier (e.g. 4 h in
the case of T24 bladder cancer cells?).

The actomyosin protein complex is a key component of the endothelial cell cytoskeleton, essential for
maintaining endothelial functionality and integrity. However, during interactions between CCs and ECs,
VE-cadherins?*** and N-cadherins® also play a role, particularly in relation to EC contractility. It has also
been reported that melanoma cells interact with ECs and use signalling pathways that trigger actinomyosin
contractility and disassembly of endothelial cell-cell junctions®. Following the recent suggestions that endothelial
cells are actively involved in cancer cell transmigration, several studies focused on exploring the dynamics
of EC mechanical properties under different conditions. The elastic modulus of endothelial cells, typically in
the range of 1-5 kPa, is primarily influenced by actin microstructures rather than microtubules?’. The elastic
modulus increases with the development of cell-cell contacts?® and with loading rate?, although ECs can also
exhibit mechanical heterogeneity at the nanoscale®’. Mierke®! showed that endothelial cells in co-culture have
an impact on the invasiveness of breast cancer cells, while the stiffness of ECs is reduced by remodeling of their
actin cytoskeleton. Javanmardi et al.!” also underlined the important role of the endothelial actomyosin complex
contractility. Finally, viscoelastic responses of ECs were reported, particularly in lamellipodium dynamics,
showing a decreased rigidity and increased liquid-like behaviour during gap closure®.

Experimentally, it has been observed that in co-culture, endothelial cells actively extend toward cancer
cells, rather than the reverse’. However, the presence of cancer cells can affect the behaviour and mechanical
response of the endothelial cells, not only by direct physical contact!! but also through paracrine signalling’.
Cancer cells secrete various substances, including growth factors, enzymes, and proteins®, activating chemical
and mechanical signalling pathways in nearby cells and tissues®*. Recently, it was shown that tumour cells-
derived exosomes (extracellular vesicles, 30-150 nm in diameter) facilitate transendothelial migration of breast
cancer cells by downregulating the expression of intracellular contact molecules in ECs, thereby disrupting their
intercellular integrity®®. Finally, inflammatory stimuli*® could induce Endothelial to Mesenchymal Transition
(EndMT) of ECs, causing alterations in endothelial functions, which may contribute to the pathogenesis of
various diseases. On the other hand, tumour progression and metastasis are known to be associated with
inflammation and secretion of diverse cytokines by the tumour microenvironment*-*,

These studies highlight the importance of understanding the mechanical response of ECs when exposed
to an environment altered by CCs or in direct contact with CCs. Here, we used an AFM-based microrheology
technique!”** to study the viscoelastic properties of the endothelium in the presence of paracrine factors
secreted by T24 cancer cells or through direct contact with these cells. This technique provides the advantage of
obtaining multiple measurements at different timescales within a single experiment. The viscoelastic response
of the cell—in particular G*, the complex shear modulus—varies with the frequency of the applied indentation
due to different relaxation times involved*!*2. At short timescales, the cytoskeleton does not have enough time to
reorganize itself, and as a result, the cell appears stiffer, whereas it is softer at longer timescales. During the same
experiment, we also measured the Young’s modulus of endothelial cells under three experimental conditions:
(a) control, (b) in cancer cell conditioned medium, and (c) in contact with cancer cells. A decrease of the EC
elastic modulus (E) was found in both studied conditions, when in contact with CCs or in the presence of factors
secreted by CCs. The viscoelastic data also exhibited significant differences in both cases, as compared to the
control. AFM results were consistent with actin cytoskeleton observations, from confocal microscopy, showing
a significant decrease in actin cluster areas.

Results

Endothelial cells cultured in T24-ECGM

To investigate whether the cancer cell can influence the mechanical properties of endothelial cells even in
the absence of direct contact and cell-cell interactions, we first focused on studying endothelial monolayers
cultured in cancer cell conditioned medium (T24-ECGM). Using the initial approach of the AFM cantilever
on the cell (as described in the Methods), the Young’s elastic modulus of the cells was calculated from Eq. (1).
AFM measurements were performed on ECs cultured in T24-ECGM and on ECs in conventional ECGM, which
served as the controls. The median value of the Young’s modulus E (Fig. 1a) of the ECs cultured in T24-ECGM
was found to be 1.3 kPa (n = 57), whereas for the controls it was 1.8 kPa (n = 43). No significance difference was
found between the two data sets (p = 0.08).

Using the microrheology technique, during which the AFM cantilever oscillated at frequencies in the range of
2-200 Hz, the elastic G’ and viscous G'" moduli were calculated for each frequency using Eq. (2). The averaged
data points (n = 43 for controls and n=57 for ECs in T24-ECGM) were plotted as a function of frequency (Fig.
1b), and fitted with two power laws: G’ = G, f* + Gs forG" =G, ¢+ Gq f? (fis in Hz, since fo = 1 Hz
in Eq. (3)). The G’ curve of ECs cultured in T24-ECGM demonstrated consistently lower values than those of
the controls, an indication of the softening of the cells. The fitted curves were compared using the extra-sum-
of-squares F test, which showed a low p-value and a high F-value (Table 1), indicating a significant difference
between the two G’ curves (p < 0.0001). For both cases (control and T24-ECGM), the results of fitting (Table
1) showed that the elastic modulus G’ had a small slope (a < 0.1) for low frequencies and a large one (b > 2
) for frequencies at the higher end of the range studied. However, ECs cultured in T24-ECGM exhibited larger
slopes than the controls (1.28 times larger for exponent a and 1.09 times larger for exponent b). In terms of
the viscous modulus G/, we observed that the slope for ECs cultured in T24-ECGM closely approximated
that of the control group (Table 1). However, ECs in T24-ECGM curve exhibited quantitatively higher values
across the measured frequency range, with the statistical test showing that the curves were significantly different
(p < 0.0001, F = 508.6 (4,22), Table 1).

Overall, the viscoelastic behaviour in the two cases was similar, as both moduli G’ and G" increased
monotonically with the frequency. Additionally, the storage modulus (G’) was the dominant component at lower
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Fig. 1. Stiffness and viscoelastic moduli of ECs cultured in T24-ECGM were decreased compared to the
controls. (a) Boxplot of the Young’s modulus E of the controls (blue, n = 43) and ECs cultured in T24-ECGM
(orange, n = 57) (p = 0.08, Mann-Whitney U test). (b) G’ and G” of controls (blue, n = 43) and ECs in T24-
ECGM (orange, n = 57) as a function of frequency. Data points correspond to the mean value, while the error
bars stand for the SEM. The continuous curves correspond to the best fittings of the data, according to Eq. (3).
The fitting parameters are listed in Table 1.

G (Pa) |a Gy (Pa) | b R2 |p-value |F-value

G, (Pa) | 988.1 0.07 | 0.002 2.35 | 0.998 | <0.0001 |29.71 (4,22)
G’ (Pa) 890.2 0.09 | 0.0006 | 2.56 | 0.998
Gg
G. (Pa) |c (Pa) d R2 | p-value |F-value
G\, (Pa) [ 109.1 04 |128 1.4 |0.999 | <0.0001 | 508.6 (4,22)
G (Pa) 109.3 0.38 | 1.4 1.35 | 0.999

Table 1. Fitting parameters of G’, G”’ and their statistical comparison results (T24-ECGM vs. control).

frequencies, whereas the loss modulus (G”’) dominated at higher frequencies. Due to this similar behaviour, as
well as the differences described above, the transition frequency fr, where the elastic modulus equals the viscous
modulus (G’ = G”), was higher for ECs in T24-ECGM (111.1 Hz) as compared to the controls (97.0 Hz).

Therefore, ECs exposed to T24-secreted substances showed a delay before the appearance of the glassy regime!”.

Endothelial cells in contact with T24 cancer cells
Given our findings on the mechanical properties of ECs cultured in T24-ECGM, we then investigated whether
similar effects would be observed when the ECs are in direct contact with cancer cells. T24 cells were added on
confluent EC monolayers and AFM measurements were performed using the microrheology technique. The
measurements were performed within the first 30 min after adding the cells and only on ECs found to be in
direct contact with a T24 cell. EC monolayers cultured in conventional ECGM served as the controls. In this case
(Fig. 2a), the median value of the Young’s modulus E for ECs in contact with T24 cells was found to be 0.7 kPa
(n = 40), while for the controls it was 1.4 kPa (n = 29). The stiffness of the ECs in contact with T24 cells exhibited
a significant decrease as compared to the controls (p = 0.008).

When comparing the stiffness of ECs in T24-ECGM medium with ECs in contact with T24s, since controls
are different we preferred to study the median value of the ratio Ei»z . This value was 0.75 for ECs in T24-

ECGM medium and 0.51 in the case of contact with T24s, therefore supporting the idea that the effect of contact
decreases the elastic modulus more than the medium change (p < 0.05).

The elastic G’ and viscous G” moduli, obtained from microrheology measurements, were plotted as
a function of frequency (Fig. 2b). The data points correspond to the mean values of ECs moduli in controls
(n = 40) or contact experiments with T24 cells (n = 29). As discussed previously, they were fitted using a sum of
power-laws: G = G f* + Gy f® and G = G, f¢ + Gq f2.

By fitting the data sets, we found that the exponent a of G’ of ECs in contact with T24 cells was 80% lower
than the exponent of the controls (0.02 vs. 0.1, Table 2). Similarly, the exponent b of ECs in contact with T24 cells
was also smaller (23% lower than that of the controls). In addition, G’ of ECs in contact with T24 cells overall
exhibited values lower than G’ of the controls. Statistical analysis showed that the two curves were significantly
different (p < 0.0001, F = 43.44 (4,22), Table 2). In contrast, for the viscous modulus G, the F-test showed
that there is a single curve that fits both the control and the ECs in-contact. There was no significant difference
between these two distributions (p = 0.07, F = 2.54 (4.22), Table 2).
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Fig. 2. Stiffness and viscoelastic moduli of ECs in contact with T24 cancer cells were decreased compared to
the controls. (a) Boxplot of the Young’s modulus E of the controls (blue, n =29) and ECs in contact with T24
cells (orange, n = 40) (p < 0.01, Mann-Whitney U test). (b) G’ and G” of controls (blue, n = 29) and ECs in
contact with T24 cells (orange, n = 40) as a function of frequency. Data points correspond to the mean value,
and error bars stand for the SEM. The continuous curves correspond to the best fittings of the data, according
to Eq. (3). The fitting parameters are listed in Table 2.

Gg (Pa) |a Gy (Pa) | b R2 | p-value | F-value
G, (Pa) | 618.1 0.1 |0.009 2.07 | 0.999 | <0.0001 | 43.44 (4,22)
G’ (Pa) 674.4 0.02 | 0.17 1.6 |0.99
Gg
G. (Pa) |c (Pa) d R2 | p-value | F-value
G, (Pa) | 8479 0.27 | 5.24 1.07 |1 0.07 2.54 (4,22)
G (Pa) 84.87 0.26 | 5.05 1.08 | 1

Table 2. Fitting parameters of G’, G’ and their statistical comparison results (in-contact case).

As before, both moduli G’ and G” increased as a function of frequency. We observed that ECs in direct
contact with T24 transitioned into a glassy state at a lower frequency (fr = 99.5 Hz) than the control group
(118.0 Hz).

Finally, comparing the relative changes in viscoelastic moduli, it can be concluded that the most significant
difference is the slope a, undergoing a larger change with respect to the control (a going from 0.02 to 0.1) in the
in-contact case as compared to the T24-ECGM case (a going from 0.07 to 0.09).

Actin distribution in endothelial cells cultured in T24-ECGM and in contact with T24 cancer
cells

In order to complete the data on changes in the mechanical properties, we performed image analysis of the
actin distribution within the ECs. Representative fluorescence images from two controls and two experimental
cases are shown in Fig. 3a and d. The analysis was based on the thresholding of the pixels with gray values
corresponding to the actin. For each image, the total actin area was measured and normalized to the effective
area of the entire image. The number of images which was analyzed for each group was: T24-ECGM n = 42,
corresponding Control n = 30; In-contact n = 40, corresponding Control n = 32. Two actin subtypes were
distinguished during the analysis—visible fibers and larger clusters. Our study showed a significant decrease
(p = 0.006) in the relative area of actin organized into clusters (mean ‘:—Z: T24-ECGM 0.119 % 0.003 vs.
control 0.133 £ 0.004) in endothelial cells cultured in the medium preconditioned by cancer cells, while the
distribution of fibers was the same (mean ﬁ—f :0.514 £ 0.010 in both groups, p = 0.97), see Fig. 3b,c. In the
presence of physical contact of cancer cells with the endothelium, the observed changes had the same direction
and were even more pronounced (Fig. 3e,f): mean ‘:—Z in-contact 0.121 + 0.004 versus control 0.131 4 0.004

(p =0.03) for the clusters case; mean ﬁ—i in-contact 0.502 =4 0.013 vs. control 0.549 = 0.007 for the fibers case
(p = 0.009).

Discussion
While the interaction between endothelial cells and cancer cells has been a subject of previous research” "%, the
complete extent of this relationship remains largely unexplored. Using an AFM-based microrheology technique,
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Fig. 3. Representative confocal images of endothelial cells. (a) Control ECs versus ECs cultured in T24-
ECGM, (d) Control ECs vs. ECs in contact with cancer cells. Cells were stained to localize actin fibers
(Phalloidin, red) and nuclei (Hoechst, blue). Actin—-GFP transfected T24 cancer cells were used to localize the
sites of contact with ECs (green). Normalized total area of actin fibers ( ﬁ—i) and clusters (ﬁ—:) for ECs (b, ¢)

cultured in T24-ECGM and (e, f) ECs in-contact with CCs. Scale bar = 20 um.

we investigated the stiffness (E) and viscoelastic properties of endothelial cells in the presence of cancer cells or
in medium enriched with paracrine CC factors (Fig. 5). Our results uncover previously unknown changes in
the mechanical properties of endothelial cells under the influence of cancer cell-secreted substances, revealing
new insights into the mechanisms of EC behaviour under cancer-related conditions. It is known that circulating
tumour cells can remain in the bloodstream for a long time before extravasating and causing secondary tumour
growth in a specific organ. To study whether tumour cells could affect the endothelium during this circulating
stage without direct contact and attachment, we chose the following experimental strategy: when T24-ECGM
medium was used (24 h), no tumour cells were present and any changes in the properties of ECs could be
attributed to the molecules secreted by the T24 cancer cells. When T24 cells were added to ECs, the effect of
intercellular contact prevailed, since fresh ECGM was used to prepare cancer cell suspension and the time of
interaction was short (< 30 min).

Young’s modulus (E) measurements showed the softening of ECs in the presence of cancer cell secreted
substances. The stiffness of ECs cultured in T24-ECGM (median = 1.3 kPa) was lower than that of the
corresponding controls (ECs in conventional ECGM, 1.8 kPa), although the difference was not significant (Fig.
1a). On the other hand, a significant decrease in their stiffness was observed when ECs were in direct contact
with T24 cells, i.e. 0.7 kPa, versus 1.4 kPa for the controls (Fig. 2a). These results are in agreement with a previous
study conducted by Mierke?!. In this study, the author used magnetic tweezers to show that the stiffness of the
ECs co-cultured with highly invasive cancer cells was decreased compared to the control sample. Abidine et
al."” reported that the transmigration of a T24 cell through an endothelial monolayer occurs in approximately
20 min. Therefore, in contrast to the approach of Mierke3!, we were interested in the immediate influence of
cancer cells on the stiffness of ECs. To evaluate the mechanics of ECs in this specific time window, we started our
AFM-measurements immediately after the addition of T24 cells to the EC monolayer, and limited the period of
measurement to the first 30 min. The consistent behaviour of ECs under both conditions (in T24-ECGM and
in contact with T24 cells) demonstrated the very important role of secreted substances in driving the reduction
in EC stiffness. However, it was found that the relative modulus % was significantly smaller (p < 0.05) for

the contact case (0.51), as compared to the T24-ECGM (0.75), indicating a more important effect in the case of
contact with T24 cells.

The microrheology study further confirmed that the viscoelastic properties of ECs were altered under the
influence of cancer cells. The elastic modulus G’ of ECs cultured in T24-ECGM was lower compared to the
control sample (Fig. 1b), over the full frequency range studied, showing a similar trend to that observed for E.
This supports the fact that the stiffness of ECs was reduced in the presence of substances secreted by cancer cells.
The model exponents for G’ (Eq. (3)) of ECs in T24-ECGM were significantly larger compared to controls (1.28
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times larger for exponent a and 1.09 times larger for exponent b, for G’, Table 1). Subsequently, the G’ and G”
cross-over frequency fr of ECs in T24-ECGM was larger than in controls, indicating a delay in the dominance
of the viscous properties of ECs. Similarly, the G’ of ECs in contact with T24 cells showed significantly lower
values compared to the controls (Fig. 2b). Interestingly the slope a of G’ was found much smaller in the case
of contact with T24 cells, whereas it was rather similar when using the T24-ECGM medium. However, in this
case, the fitting of the G” data showed only one curve describing both the control and the ECs in-contact data
points, indicating a non significant difference between the two data sets (Table 2). While the elasticity of ECs
was altered, there were no changes in their viscous modulus due to their contact with cancer cells. The ECs
showed an increasing stiffness as a function of frequency, in agreement with power-law regimes found in the
literature data on cells!*>*3 or epithelium layers*!. These changes are attributed to modifications of the cell
cytoskeleton, that can be described as a self-similar system with elements such as springs and dashpots organized
at multiple levels*2. At lower frequencies, the elastic modulus G’ was larger than the viscous modulus G”'. This
is the frequency range of interest for transmigration of cancer cells through the endothelium, a phenomenon
occurring at long timescales'”. The cells had an elastic-like behaviour for frequencies below the cross-over
frequency fr, while they underwent a glassy transition at higher frequencies®. In this high-frequency regime,
the deformations are so rapid that the cell cytoskeleton does not have enough time to relax, resulting in the
emergence of a metastable (disordered) state®*>~%. In our study, the cross-over of the two moduli occurred
at a lower frequency for ECs in direct contact with cancer cells, whereas the opposite was observed for ECs
in T24-ECGM, i.e. a higher cross-over frequency compared to the controls. This result indicates the different
time responses of ECs in these two conditions. A lower cross-over frequency for the in-contact case indicates a
slower adaptation of these ECs to the mechanical stress, while ECs after 24 h of incubation in culture medium
enriched with cancer cells-secreted substances showed faster mechanical response to stress. This could be due
to structural changes in ECs under the influence of cancer signalling, resulting in a shorter timescale response
to mechanical stress compared to slow rearrangements of the cytoskeleton of ECs in direct contact with T24. In
our work, all curves were fitted with two power-laws as in Eq. (3). No universal power law has been found for
cells®®, but the exponents a and c are typically in the range [0.1-0.3]*>°!, while at higher frequencies exponents
can become larger, as found in this work.

To investigate the cytoskeleton reorganization in ECs under these two experimental conditions, we performed
fluorescence imaging of the actin cytoskeleton followed by image analysis. As typically shown in Fig. 3a and d,
the cytoskeleton of ECs in T24-ECGM or in the presence of T24 cells underwent significant changes. Depending
on the case considered, different features of actin cytoskeleton were observed. A segmentation technique (Fig. 6)
was used to identify actin fibers or bigger clusters. The normalized total area of fibers and clusters was calculated
(see Fig. 3b-f) in both cases. It appeared that in T24-ECGM or in the presence of T24 cells, the normalized total

ratios of fibers X and clusters 4< always decreased as compared to the corresponding controls. This effect
e e

L . Ag . - o
was always significant, except in the case of A—i in T24-ECGM. Such reorganization of actin in clusters and

fibers reflected changes in junctional and cytoplasmic network®>33. This finding is particularly relevant when
compared with the results obtained earlier for the decrease of the static modulus E and the viscoelastic properties
of ECs, as measured with AFM.

To understand these mechanisms further (Fig. 4), it is important to recall the process of extravasation, during
which circulating cancer cells start with weak adhesion to the endothelium under blood flow and become
stabilized by strong adhesion. It is known that selectins expressed on endothelial cells mediate such weak
adhesion. Strong adhesion is mainly ensured by intercellular adhesion molecules located on the endothelium
surface. ICAM-1 and VCAM-1 are constantly expressed at low levels on resting endothelium and are highly
upregulated by inflammatory mediators***. In previous work, we showed that the expression of E-selectin,
ICAM-1 and VCAM-1 on the surface of endothelial cells is upregulated after coculture with T24 cancer cells'!.
Cancer cell adhesion and clustering of ICAM-1 and VCAM-1 activates downstream signalling pathways,
including recruitment of actin binding proteins (ABPs) that help coordinate actin remodelling®. Furthermore,
direct contact between cancer cells and the endothelium (Fig. 4c) can activate the TGF-0 signalling pathway,
leading to disruption of intercellular adherens, for example VE-cadherins and PCAM-1%!, claudins, occludins®®,
thus facilitating cancer cells transendothelial migration.

At the same time, paracrine factors secreted by CCs can affect endothelial cells, including inflammatory
cytokines (TNF-q, IL-6, etc.)’”%7, growth factors (TGF-/3)°%, miRNA and extracellular vesicles*>*. The long-
term action of such a complex of factors can provoke some extent of endothelial to mesenchymal transition
(EndMT),*® accompanied by changes in endothelial properties, including altered cell polarity, weakening of
cell-cell junctions and cytoskeleton remodelling to facilitate CCs transmigration through the endothelium®,
Our results suggest that CCs secret substances that can influence the mechanical properties of ECs even in
the absence of adhesion, prior to CCs attachment (Fig. 4a,b), thus making ECs softer in order to facilitate the
transmigration process. In general, ECs tend to align along the direction of larger stresses®!, but disruptions in
the force field can show possible misalignment of ECs®%. On the other hand, HUVECs can change alignment
when cultured in cancer cell medium’. Combining these studies, we suggest that cancer cell-secreted substances
may induce the EC cytoskeleton rearrangement and alter the stress field prior to the complete attachment of
CCs.

Taken together, our observations and results from the literature suggest that the process of endothelial cell
softening, induced by cancer cells themselves or by their locally secreted factors, starts with the disruption of the
cytoskeleton and adherens junctions (Fig. 4a—c) and could eventually lead to the formation of intercellular or, in
some cases, intracellular gaps®*. Therefore, this study advanced the knowledge of the role of cancer cell-secreted
substances in altering the mechanical properties of the endothelium and creates opportunities for targeted future
work on the transmigration of cancer cells across the endothelium.
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Fig. 4. Cytoskeleton reorganization of endothelial cells through paracrine signalling or by contact with cancer
cell. (a) control endothelial cells: the integrity of the endothelium is ensured by the actin cytoskeleton network
and intercellular junctions (clusters) that connect neighboring cells**®3. Some actin fibers cross the cytoplasm
and some fibers connect with intercellular junctions®. (b) Under paracrine signalling, the intercellular
junctions are disrupted and fibers disconnected from junctions®®. (c) Physical contact between cancer cells and
endothelial cells bring major modifications of the actin cytoskeleton®.

Methods

Cell culture and preparation

Human Umbilical Vein Endothelial Cells (HUVECs, PromoCell) were cultured in supplemented Endothelial
Cell Growth Medium (ECGM, PromoCell) at 37°C, 5% CO2 and 95% humidity. Cells at passages 4-6 were used.

Human bladder carcinoma T24 cells'” transfected with actin-GFP (Green Fluorescent Protein) were cultured
in RPMI 1640 medium (Gibco) supplemented with 10% FBS (Fetal Bovine Serum, Gibco) and penicillin-
streptomycin (Gibco) at 37 °C, 5% CO2 and 95% humidity.

For the AFM measurements, glass coverslips (30 mm diameter) were glued (Norland Optical UV curing
adhesive, NOA 61) at the bottom of TPP Petri dishes (Dutscher) to enable microscopic imaging. HUVECs were
seeded on the dishes coated with collagen (50 pg/mL), and incubated for 3 days to reach confluency. Cancer cell
conditioned medium (T24-ECGM) was prepared by culturing T24 cells in ECGM for 3 days. The conditioned
medium was collected, filtered through a 40 um-pore cell strainer, and diluted with unconditioned ECGM at a
ratio of 1:10. The medium in dishes with cultured HUVECs was then replaced with the diluted T24-ECGM, less
than 24 hbefore starting the measurements. For control dishes, the same volume of medium was replaced with
fresh ECGM (see Fig. 5).

For the HUVEC-T24 contact experiments, 20,000 T24 cells in ECGM were added to the HUVEC monolayer.
The same volume of fresh medium was added to control dishes. Measurements in a single dish did not exceed
30 min starting from the addition of T24 cells (Fig. 5).

Measurements were performed on control HUVECs on the same day, under the same exact conditions as
HUVEC:s treated with T24-ECGM or in contact with T24 cells. To minimize the errors deriving from passage
numbers, culture conditions and calibration of our experimental setup, measurements were compared with their
corresponding controls.

AFM measurements

An Atomic Force Microscope (JPK, Berlin, Germany) was used, coupled with an inverted microscope (Zeiss,
D1 model), equipped with phase contrast and fluorescence. Experiments were performed at 37 °C. For each
experiment, a cantilever with a pyramidal tip (MLCT-C, Bruker) was used. Cantilevers were calibrated (k ~
0.017 N/m) using the thermal noise method®.

To investigate the cell properties, we used a microrheology AFM-based technique?’. The cantilever was used
to indent cells with an initial indentation dp corresponding to an initial force setpoint Fp = 0.5 nN. After the
initial indentation, the height of the cantilever was kept constant and a small oscillatory displacement § ~ 0.1 dg
was superimposed to do. Frequencies (f) in the range of 2-200 Hz were used for the oscillations. Measurements
were performed on top of the cell nuclei. This choice is motivated by the fact that this region is flat and easy
to indent, as compared to the cytoplasm or thin junctions. In addition, the fact that T24 cells interact at the
junctions would make it difficult to measure at these locations. The Young’s modulus E was obtained from
the initial indentation, after adapting the Hertz formula, using correction effects due to small cell thickness®®.
Endothelial cells seeded on a glass coverslip are a few microns thick, so when indentations become too large, ECs
may appear stiffer due to the hard substrate. Therefore the working Hertz formula was corrected as:

. 3E tan 6 §2
Fy = mﬂB(émh) Y]
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Fig. 5. Sketch of the experimental process. EC monolayers were studied using AFM under two different
conditions: (1) culture of ECs in cancer cell conditioned medium for 1 day and (2) direct addition of cancer
cells on the monolayer, with the measurements taking place within the first 30 min.

where Fj is the force of the cantilever on the cell surface, v is the cell’s Poisson ratio (typically 0.5 for cells), 6 is
the half angle of the pyramidal tip (9 = 19°), g5 (Jo, h) = 1 + 0.6298x0 + 0.7236x3 + 1.249x5 — 0.3556 x5
and xo = w, with h the cell height®. For measuring h, a force-displacement curve was taken first on
the coverslip, then another one on the cell, just above the nucleus, using only the piezo movement, in order
to achieve higher accuracy (~ 20 nm). A small force setpoint was chosen (0.1 nN) not to damage the cell.
Comparing the two curves enabled to obtain the two contact points, and their difference provided the value of h.

When carrying small oscillations at frequency f, Eq. (1) was linearized as previously described®”. Fourier
transforms were taken for the force F* = Fe'*! and displacement * = 5 W) withw (=2 7 f) and ¢ the
respective angular frequency and phase. Finally, using E* = 2G* (1 + v), the final complex shear modulus
became:

1—-v F*

* / PO a0 -1 2
¢ G +iG 3dptanf o* 9(xo) @

where g(x0) = 1+ 0.945x0 + 1.447x3 + 3.108x5 — 1.0068x8, and the hydrodynamic drag was
substracted!”%®. G’ and G’ were respectively the elastic and loss shear cell moduli.

Rheological modeling

AFM measurements were performed on ECs cultured in T24-ECGM, or in contact with T24 cells, and in
corresponding controls. For each cell, the Young’s modulus was calculated from the initial approach of the
cantilever on the cell, using Eq. (1).

The term g was the correction factor given above. Since the cells were rather thin (hguvec =2.51 £0.16 p
m), the correction factor was necessary to correct for any effects caused by the hard substrate. The moduli G
and G” from Eq. (2) were calculated at each frequency, for each cell. The data (G’, G”’) were then averaged over
all experiments and plotted as a function of frequency. As for error bars, the Standard Error of the Mean (SEM)
was used. When plotting G’ and G’ as a function of frequency, the curves were fitted with a model similar to
previous ones using power laws*%¢;

G'(w) = Gq (w/wo)* + Gy (w/wo)b, G"(w) = Ge (w/wo)® + Ga (w/wg)d (3)

where wo = 27 fo (in sfl) is a typical angular frequency (here we use fo=1 Hz). Gq, Gs, G. and G4 are
adjustable moduli (in Pa), and 4, b, ¢, d are exponents to be determined.

Image acquisition and processing

For visualization of the actin network of ECs, we performed immunostaining on all three conditions. The cells
were fixed with 4% formaldehyde fixative solution (Invitrogen) and were stained for with Phalloidin TRITC
(Sigma-Aldrich) for F-actin and with Hoechst 33342 (Invitrogen) for nuclear visualization. The dyes were used
according to the manufacturer’s specifications. Three samples were prepared for each of the two control groups
and four for each of the two experimental groups (T24-ECGM and in-contact). Confocal fluorescence microscopy
was performed on an inverted Leica TCS SP8 microscope, with a 40X/NA1.3 oil immersion objective. Three-
dimensional image stacks were acquired, with a Z-slice spacing of 0.35 pm and a numerical zoom of 2, from 10
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Fig. 6. Image processing for characterization of actin distribution in cells. (a) Z-projection of an image stack.
(b) Binary mask for visible actin fibers and (c) for larger fiber clusters.

randomly selected fields of view per sample. Image stacks were processed and analyzed using the open-source
Image] platform and built-in plugins'.

To characterize the distribution of F-actin fibers within the cells, we visually distinguished two subtypes,
visible fibers and fiber clusters. Z-projections of image stacks corresponding to F-actin staining were generated
by averaging the intensity of the sections spanning the ECs monolayer (Fig. 6a). From each averaged image, two
binary masks were created using the built-in *Threshold option’ - one for visible actin fibers (Fig. 6b) and the
other for larger fiber clusters (Fig. 6¢). A cutoff value between two thresholds was chosen individually for each
image analyzed, based on the gray values histogram (with x-axis representing possible gray values and y-axis
being the number of pixels for each gray value). Since 8-bit images were analyzed, the gray values range was
0-255. For each averaged image, the number of pixels corresponding to each possible gray value was normalized
to the maximum number found. This transformation allowed to represent all the histograms on the same y-axis
with a maximum yma. = 1.0 and to implement the same threshold ranges selection algorithm for all the images.
Only the pixels with a gray value higher (X;na2 < x) than the revealed maxima were included in the thresholding.
Threshold ranges were selected as follows (i) for fibers, gray values with normalized number of pixels 0.2 <
y < 1, and (ii) for fiber clusters, gray values with normalized number of pixels y < 0.2. From the generated
binary masks, the total area covered by actin fibers (Ay) or fiber clusters (A.) was measured using the ’Analyze
Particles’ option with a specified circularity range of 0-0.5. Considering that the endothelial cells were not at
100% confluency, to properly adjust the experimental conditions for AFM measurements, the cell-free area was
rather important in some images. Therefore, for each image, the cell-free area was subtracted from the total
image area, to provide the effective area (A.), and the actin data was presented as the ratio of actin area over

. . A . o . .
this effective area: 2= or 4<. For the in-contact group, only ECs in direct physical contact with T24 cancer cells
e e

were included in the analysis.

Statistical analysis

Data processing was performed using a custom-written program in python. The data were plotted and tested
for significance using GraphPrism and python. The data sets plotted in boxplots were tested for normality using
the Shapiro-Wilcoxon test and for similar variance using F-test. T-test and Mann-Whitney U tests were used
accordingly. The horizontal line corresponds to the median, while the filled rhombus shows the mean of the
datasets. Two data distributions were considered to be significantly different when the p value was lower than
a given value: p< 0.05 *, p< 0.01 **, p< 0.001 ***. For the XY-plots, the averaged data points were plotted,
with the corresponding Standard Error of the Mean (SEM). The fits were tested for significance using the extra-
sum-of-squares F-test. The F-value is given, along with its two degrees of freedom in parenthesis (F-value
(df1,df2)). The two fits were significantly different when the F-value was larger than the corresponding value in
the F-distribution table, according to the specific degrees of freedom.

Data availability
The datasets used and analysed during the current study are available from the corresponding author on rea-
sonable request.
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