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 6 Rezk et al. Spatial heterogeneity of adhesion predicts GBM migration

from strongly fluorescent lines and cells derived from 
weak- and nonfluorescent lines. The colocalization of 
vinculin with F-actin was evident at the edge of cells de-
rived from strongly fluorescent lines (Figure 2A). Adhesion 
proteins paxillin, vinculin, and FAK were expressed across 
all cell lines (Supplementary Figure S1), but their ex-
pression levels did not reflect the arrangements and as-
semblies revealed in immunocytochemical images. The 
binding of vinculin to F-actin suggests spatial differences 
in focal adhesion assembly and enlargement within the 
tumor. We therefore built a setup to quantify the intra- and 
intertumoral heterogeneity in cell-matrix adhesion.

Cell-Matrix Adhesion Heterogeneity Within and 
Between Patient-Specific Tumor Samples

To quantify adhesion strength within the GBM cell pop-
ulation, we built a microfluidic device that supported the 
overnight culture of GBM cells and generated sufficient 
shear force to trigger cells detachment (Supplementary 
Figure S2). Patients’ derived cells were delivered into the 
channels via syringe pumps (3.5 × 106 cells/mL). Cells were 
gently perfused with SFM and placed in an incubator for 
24 h to allow adhesion to fully establish and cells to fully 
spread.21–23 Cells were subjected to a controlled flow rate 
to create a constant shear force on the cell (Supplementary 
Information S1). The fraction of detached cells was meas-
ured over time (Figure 3A). We consistently found an initial 
phase of rapid detachment followed by the second phase 

of slower detachment (Figure 3B), consistent with previous 
parallel-plate and microfluidic detachment assays.33,34 This 
transition manifests itself in most experiments as a “knee” 
in the time–detachment curve after the first 5–10 min of ex-
posure to the shear force (Supplementary Figure S3).

There is some evidence suggesting that the second 
phase is a result of adhesion weakening in response to 
imposed flow, driven by Rho regulation of focal contact 
maturation and turnover.35,36 As a consequence, cell de-
tachment measurements taken later in time may not be 
representative of cell-matrix adhesion under normal con-
ditions. We chose to take measurements of detachment 
at 5  min of flow, as quantification of adhesion strength 
(Supplementary Figure S3).

Detachment at 5 min was expressed as a fraction of the 
cell number at t  =  0. Detachment fraction as a function 
shear stress was fitted to a logistic function, and the shear 
stress required for 50% detachment (��) was identified as 
the inflection point of the logistic fit (Figure 3C). �� ranged 
between 15 and 141 Pa. This range is consistent with 
microfluidic single-cell adhesion strength measurements 
of 3T3 fibroblasts, which fell between 20 and 220 Pa.19

Cells derived from weak- and nonfluorescent cell lines 
had significantly lower cell-matrix adhesion than cells de-
rived from strongly fluorescent cell lines across patients 
A and B (*P < .05; Figure 3D) and smaller cell spreading area 
(Figure 3E). The mean value of detachment strength of patient 
B was significantly higher than that of patient A (**P = .005). 
The data show that both intra- and intertumoral cell-matrix 
adhesion heterogeneity is present within GBM.
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Figure 2. F-actin cytoskeleton and vinculin proteins expression in GBM lines. Confocal images showing the colocalization of vinculin and F-actin 
at the edge of cells derived from strong fluorescent lines compared to cells derived from weak- and nonfluorescent lines. Cells were stained with 
TRITC-phalloidin (red) to visualize the actin cytoskeleton, vinculin (green), and DAPI (blue). Scale bars 40 µm.
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Figure 3. GBM exhibits spatial and intertumor heterogeneity in cell-matrix adhesion. (A) Representative phase-contrast images of cells under microfluidic 
shear detachment at 0, 150, and 300 s. Here, BW cells are exposed to 0.33 mL/min of flow, corresponding to 51 Pa of shear stress. Scale bars 100 µm. (B) 
For each condition (shear flow), the detachment–time curve was generated using 2 independent experiments per cell line (25–138 cells per experiment). 
Detachment increases with shear stress, but the relative ordering of the lines remains constant except for cell line AS. Detachment initially occurs rapidly and 
plateaus for most cell lines. (C) The inflection point of each sigmoidal curve was extracted to define τd, a measurement for the cell-matrix adhesion strength of 
the cell lines. (D) Differences between weak- and strongly fluorescent lines were statistically significant for all intrapatient pairs except BW and BS2 (single 
asterisk indicates *P < .05 and additional asterisks indicate further orders of magnitude, under Welch’s t-test with Bonferroni correction). The mean value of 
τd for patient B was significantly higher than that of patient B (**P = .005). (E) Relationship between cell spread area and cell-matrix adhesion strength. Strong 
fluorescent cells are more adherent and larger than weak- and nonfluorescent cells. Error bars represent SEM from at least 2 independent experiments.
  

D
ow

nloaded from
 https://academ

ic.oup.com
/noa/article/2/1/vdaa081/5867139 by M

PI Science of Light user on 10 July 2024



 8 Rezk et al. Spatial heterogeneity of adhesion predicts GBM migration

Migratory Behavior of Tumor-Derived Cell 
Populations is Predicted by Adhesive Forces

To measure the migratory behavior of GBM cells, we re-
corded their trajectory on a compliant PDMS substrate. 
Their movement is stochastic at the scale of 10 min and 
is best characterized by an effective diffusion coefficient D 
which captures the rate of change of the squared end-to-
end distance traveled (MSD ΔR2) as a function of time in-
terval ΔT: ΔR2 = D ΔT.  The larger D, the more migratory the 
cell line is.

We tested for differences in diffusion coefficient D using 
an additive model (to account for patients and fluorescence 
intensities), see Methods, and found that cells from patient 
B migrated faster than patient A  (*P  <  .05). Cells derived 
from strongly fluorescent tissue samples were significantly 
slower than cells derived from weak- and nonfluorescent cell 
lines (**P < .01; Figures 4A), had a larger area (Figure 4B), 
and higher adhesion strength (Figure 4C). This result is con-
sistent with previous models of pseudopodial migration, in 
which a certain level of adhesion is required for the genera-
tion of traction forces, but excessive adhesion impedes mo-
tion.37 Additionally this observation suggested a potential 
mechanism for differential diffusion.

Discussion

In order to invade the surrounding tissue, GBM cells have 
to exert forces on their environment and mechanically in-
teract with it. They also have to undergo biological and mor-
phological changes that allow them to migrate through the 
perivascular spaces and white matter tracts of the brain.10 
Instead of observing the tumor tissue in vivo, our approach 
isolated cell lines (from different tumor regions with different 
intraoperative 5-ALA-induced fluorescence intensities) and 
measured their adhesive and migratory properties under 
controlled conditions allowing direct comparison. The re-
sults are therefore not confounded by any spatial differences 
in ECM composition, nutrient, and oxygen availability.

Our findings establish that patient-derived tumor cells 
have distinct adhesion profiles that were reproducible 
and consistent over several passages (Figure  3B). These 
profiles were strongly associated with different migration 
behaviors, cell size (rather than shape, Supplementary 
Figure S4), tissue sampling locations, and strong versus 
weak 5-ALA fluorescence. The relationship was further 
confirmed by analyzing a third patient whose tissue sam-
ples were obtained from 3 similar locations in the tumor; 
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Figure 4. Cell-matrix adhesion is an important factor for GBM cell migration. (A) MSD as a function of time interval (Δt) calculated from cell tra-
jectories with vertical bars representing standard errors. At least 100 cells were analyzed from 2 independent experiments. Having accounted for 
tissue fluorescence intensity, we found that cells from patient B migrated faster than patient A (*P < .05). Cells derived from strongly fluorescent 
tissue samples were significantly slower than cells derived from weak- and nonfluorescent cell lines (**P < .01). (B) Cells with larger cell area 
migrate less than those with smaller cell size derived from the weak- and nonfluorescent samples. Error bars represent SEM from at least 2 inde-
pendent experiments. (C) Cells derived from strong fluorescent tissue samples are more adhesive and less migratory. Error bars represent SEM 
from at least 2 independent experiments.
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the derived cell lines exhibited similar morphology 
(Supplementary Figure S5), adhesive (Supplementary 
Figure S6) and migratory behavior (Supplementary Figure 
S7). The migratory and adhesion properties of the cell lines 
were stable over several passages (Figures  3B and 4A; 
Supplementary Figures 6A and 7A) for the same microen-
vironment. This suggests that the observed biomechanical 
heterogeneity reflects specific cell populations rather than 
cellular plasticity as seen for the expression of various cell 
surface markers commonly used to define stem cell popu-
lations.27,38 However, in order to validate this hypothesis, 
both cell lines and original tumor samples should be ge-
netically tested and analyzed for differences in their muta-
tional and copy number landscape.

The fact that adhesion strength is associated with reduced 
movement39 in vitro suggests a simple model where mi-
gratory forces must overcome adhesion forces to generate 
motion. This idea was tested numerically (Supplementary 
Information S2) in order to relate MSD curves with the 
measured values of cell adhesion. This approach can be ex-
tended to simulate mixed populations of core and marginal 
cells. The variation in adhesion strength leads to variations 
in the amount of migration, causing cells with lower adhe-
sion to be predominant at the leading edge, consistent with 
the clinical observation (Supplementary Figure S8). This 
suggests that differential migration may play a role in the 
spatial distribution of cells within the tumor. Differential mi-
gration is known to contribute to cell segregation.40 GBM 
intratumoral cell proliferation is strongly associated with the 
fluorescence intensity of samples and hence the spatial den-
sity and distribution of cells.

Recently, it has also been shown that fluorescent and 
nonfluorescent tissue samples can be distinguished ge-
netically.17 Due to our controlled experimental conditions, 
much of the observed intra- and intertumoral heteroge-
neity is likely to be of genetic or epigenetic origin, rather 
than caused by spatial differences in the original tissue’s 
microenvironment. A relationship between glioma mech-
anics, genetic profiles and epithelial–mesenchymal transi-
tion marker expression and intraoperative techniques (eg, 
5-ALA intensities, stealth imaging) would provide a greater 
understanding of why specific tumor subtypes are more or 
less sensitive to current therapeutics.

Our results are consistent with a broader picture of GBM 
as genetically heterogeneous cancer.13,16 The human ge-
nome encodes 24 different integrin subunits,41 which are 
highly heterogeneously expressed within GBM.42–44 These 
integrins have varying degrees of cross-specificity in both 
the natural ECM ligands and synthetic inhibitor molecules 
they can bind. Our results and previous experimental45 
and theoretical work37 support the hypothesis that the 
migratory phenotype is linked with cell-adhesive forces. 
Inhibition of one or a few integrins may not significantly 
change cell-adhesive forces, due to the aforementioned 
redundancy or compensation through feedback loops that 
may themselves be driven by cellular mechanosensing.46 
Integrin inhibitors for glioma therapy have been assessed 
primarily by their affinity and specificity for the target mol-
ecule and their ability to arrest tumor growth.47 Our ap-
proach of directly measuring adhesive forces provides 
an overall quantitative assessment of the strength of cell 

adhesion that accounts for the presence of integrins and 
enables a direct correlation with migration data.

Patients’ differential response to adhesion inhibitors and 
anti-invasive molecular treatments may be due to intrinsic 
differences in GBM cell motility, adhesion, and traction 
forces. Preclinical tests of adhesion-block typically use only 
1 or 2 tumor core cell lines, which may not be representa-
tive of the distribution of integrin expression and adhesion 
in GBM tumors. Given that integrins play a crucial role in 
brain tumor infiltration48 and GBM intratumor variability 
in integrin expressions.49 New trials that aim to halt GBM 
recurrence by inhibiting radiation-induced invasion gains 
and signaling changes,10,50 or kinase inhibitors,9 could ben-
efit from accounting for intra- and intertumoral differences 
in cell migration.

Supplementary Data

Supplementary data are available at Neuro-Oncology 
Advances online.
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