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Abstract

Glioblastoma (GBM) is known as the most aggressive brain tumor and is characterized by a high
heterogeneity and a median patient survival time around 15 months. Phenotyping based on cell
mechanics is increasingly recognized as a potential prognostic marker for tumor aggressiveness. We
have previously shown that cell and nuclear mechanical properties vary between different grades of
gliomas and may be used to differentiate between GBM of different aggressiveness. Here, we find that
the levels of lamin proteins can serve as an indicator of GBM aggressiveness. In patient-derived GBM
cell lines, we found that cells from different GBM express different lamin levels. Nuclear size correlates
positively with the ratio between lamin A and lamin B1 while nuclear stiffness increases with the
levels of both lamin A and lamin B1. A simple mechanical model suggests that lamin A and lamin B1
act like springs in series. We also show that cells proliferate faster in GBM cell lines expressing higher
lamin A levels. Downregulating lamin A expression in these cells reverse the aggressive phenotype. In
contrast with breast cancer cells for which reduced lamin A levels favor cell migration in a confined
environment, increased levels of lamin A may facilitate the invasion of more aggressive GBM cell
lines in the soft environment of the brain. Furthermore, since nuclear deformation is a hallmark
of malignancy in cancer cells, our results suggest that nuclear shape and mechanics may serve as
prognosis biomarkers for GBM.
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Introduction1

Glioblastoma multiforme (GBM), recognized as the most malignant primary brain tumor with an2

extremely poor prognosis[1], has long relied on the Tumor-Node-Metastasis (TNM) staging classification3

as the primary parameter to gauge its degree of malignancy[2]. Despite its widespread use, the TNM4

staging system, with GBM typically categorized as stage IV, fails to capture the considerable individual5

variability among patients, resulting in disparate prognoses even among seemingly similar tumors[3].6

Grade IV GBM is rare, with an age-adjusted incidence ranging from 4.67 to 5.73 cases per 100,0007

individuals worldwide, but devastating, as there is no curative treatment available[4, 5]. Even for8

diagnosis, only a few biomarkers are routinely used in clinical practice[6]. From diagnosis, prognosis,9

and treatment, GBM represent a longstanding challenge for clinicians[7]. Although their precise origin10

is still debated, GBM are thought to originate from glial cells, glial precursors or neural stem cells [8,11

9]. In the case of isocitrate dehydrogenase (IDH)-wildtype GBMs, ventricular and outer radial glial12

cells in the subventricular zone of the brain have been suggested to give rise to GBM cells[9].13

Following developments in the field of mechanotransduction, more and more research emphasizes14

that mechanical properties of both cancer cells and their environment are critical during tumour15

development[10] and metastasis[11, 12]. Mechanosensing and mechanosignalling are altered in cancer16

cells, which induces a remodeling of the surrounding extracellular matrix (ECM) and changes in17

cell mechanics, in particular at the level of the nucleus. As a consequence, abnormal cell nuclear18

morphology has often been used as a hallmark of cancer[13, 14]. In the case of glioma brain tumours,19

nuclear shape has been used for tumour grading by histology for more than forty years[15]. Moreover,20

in vitro studies using GBM cell lines have shown that substrate rigidity promotes GBM invasive21

characteristics such as cell spreading, motility and migration, as well as proliferation[16, 17]. More22

recent evidence shows that glioma stiffness is associated with increased mechanosensing and a highly23

invasive mesenchymal phenotype[18] and leads to the enhanced therapeutic resistance of GBM cells[19]24

The mechanical properties of the nucleus are thought to be critical during tumour cell invasion[20,25

12]. Being the largest organelle in the cell, the nucleus contributes significantly to the cell mechanical26

properties. Because cancer cells have to migrate through confined environments during tumour27

progression and metastasis, a softer nucleus could allow cancer cells to deform more and invade28

surrounding tissues more efficiently[21, 22]. The mechanical properties of the nucleus are imparted29

by the nuclear envelope which separates the nucleus from the cytoplasm and the chromatin which is30

packed inside the nucleus. Nuclear envelope mechanics is controlled by the nuclear lamina, a complex31

network of lamin intermediate filaments constituted of lamins A/C and lamins B[23]. The nuclear32

lamina is a dense fibrillar network underlying the inner nuclear membrane, composed primarily of A-33

and B-type lamins, which form a two-layered structure [24]. Lamins provide mechanical support to34

the nucleus and play a crucial role in regulating nuclear shape, stiffness, and chromatin organization35

[25, 26, 27]. It is now becoming clear that structural proteins of the nuclear lamina not only maintain36

a well-defined nuclear architecture but also participate in a wide range of cellular processes. For37

instance, mutations in lamin nuclear proteins cause the so-called laminopathies[28] and dysregulation38

of their expression is typically associated with the onset and spread of cancer[29]. The levels of lamins39

A/C and B have also been associated with cell and tissue stiffness. An elevated ratio between the40

expression levels of lamin A/C and the expression level of lamin B has been associated with cell and41

tissue stiffness[30], while a decrease in lamin A/C levels facilitates migration of breast cancer cells42

through narrow pores in vitro[31].43

Here, we demonstrate that the nuclear lamin proteins play a critical role in the pathophysiology of44

GBM. In contrast with other techniques which infer rather than directly measure nuclear mechanics,45

we use indentation of the nucleus in living patient-derived GBM cells by internalized microspheres46
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trapped in optical tweezers to quantify the mechanical properties of the nucleus. We correlate nuclear47

mechanics, lamin levels and indicators of GBM aggressiveness and suggest that, in contrast to what was48

previously reported in other cancer types, GBM invasion is facilitated by increased nuclear stiffness.49

Materials and Methods50

Cell culture. Glioblastoma (GBM) patient-derived cells lines (U3008, U3009, U3013, U3017, U3021,51

U3031, U3039, U3047, U3065, U3088, and U3123) were acquired from The Human Glioblastoma Cell52

Culture Resource (HGCC, Uppsala University, Sweden, www.hgcc.se )[32], which has the necessary53

ethical agreements to collect GBM samples from informed patients. GBM cells were cultured in54

DMEM/F-12 (Gibco) and Neurobasal Medium (Gibco) in a 1:1 ratio, supplemented with B27 (1X,55

Gibco), Penicillin (1%), and Epidermal growth factor (EGF, 10 ng/ml) and Fibroblast growth factor56

(FGF, 10 ng/ml). EGF and FGF were added just before use of the culture medium. Cells were57

cultured on Matrigel-coated plate (Gibco, Geltrex, LDEV-Free) at a concentration of 33 µg/ml. Cell58

culture medium was changed every 3 days. Cells were passaged when 90% confluency was reached.59

The passage ratio was between 1/10 and 1/3 depending of the cell line proliferation rate.60

Human fetal tissue samples were collected with previous patient consent and in strict observance of61

legal and institutional ethical regulations. The protocol was approved by the French biomedical agency62

(Agence de la Biomédecine, approval number: PFS17-003). The dissociation and culture procedure is63

described in [33]. Human radial glial (RG) cells were cultured in DMEM/F-12, supplemented with64

Glucose (Sigma, 2.9mg/mL), Penicillin(1%), and Amphotericin B (250 ng/mL). B27(-vitamin A) (1X,65

Gibco), and growth factors EGF (20 ng/ml) and FGF (20 ng/ml) were added before use. Culture66

dishes were coated with poly-D-lysine (PDL) at 2 µg/cm2 in Phosphate Buffered Saline (PBS) for 167

hour then with fibronectin at 1 µg/cm2 for 1 hour.68

siRNA transfection. Lamin A (LMNA gene) downregulation was performed using siRNA duplexes69

specific for human LMNA (si-LaminA) purchased from Eurofins Genetics. The si-LaminA Sequence70

(5’→3’) was AGA AGG AGC UGG AGA AGA C. Luciferase was used as control. The si-Luciferase71

Sequence (5’→3’) was UAA GGC UAU GAA GAG AGA C. GBM cells were transfected at confluency72

with si-LaminA and si-Luciferase using Lipofectamine 3000 (Thermo Fisher). Experiments were73

performed 72 hours after transfection.74

Western Blotting. Cells were lysed in RIPA buffer (Thermo Fisher) supplemented with Protease75

inhibitor (Sigma) on ice for 10 minutes, then collected and centrifuged at maximum speed 1520076

rpm at 4 °C for 10 minutes. Protein concentration was determined using the Bradford assay (Bio-77

Rad Laboratories). Equal amounts of protein were mixed with reducing NuPAGE loading buffer78

(Invitrogen), boiled and electrophoresed on NuPAGE gels (Invitrogen), and then transferred to the79

membrane using iBlot 3 Transfer Stacks (Invitrogen). Blocking was performed for 1 hour with 5%80

nonfat dry milk in TBST and blotting was performed with primary antibodies overnight at 4 °C.81

Antibodies included LMNA (Abcam, SAB4200236), LMNB (Abcam, ab16048), β-actin (Proteintech,82

66009). Quantification was carried out using ImageJ by comparing the intensity of each marker band83

in a rectangular selection with a fixed size to that of the corresponding reference protein, β-actin in84

the same lane.85

Intracellular optical-tweezers based microrheology. Cells were plated on MatTek glass-bottom86

dishes coated with matrigel. 2 µm-diameter fluorescent beads (Invitrogen) were added to the cell87
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culture medium at a 1:5000 dilution and were incubated with the cells for 60 hours at 37°C with 5%88

CO2. About 1 to 5 beads were internalized depending on the GBM cell line. Cells were stained with89

Hoechst (33384) at a 1:10000 dilution in cell culture medium for 15 mins before the nuclear rheology90

experiment.91

The setup coupling optical tweezers and fast confocal microscopy has been described in detail92

previously [34]. In brief, a single fixed optical trap was created by connecting a 1060-1100 nm infrared93

laser beam (2 W maximum output power; IPG Photonics) to the back port of an inverted Eclipse94

microscope (Nikon) equipped with a resonant laser confocal A1R scanner (Nikon), a 37 °C incubator,95

and a nanometric piezostage (Mad City Labs).96

The protocol for nuclear indentation experiments and the method for analysis was described in97

[35]. Briefly, to indent the nucleus, a bead that initially contacted the nucleus was first trapped with98

the laser. The piezostage was then moved at a constant speed (2.5 µm in 1 min) in order to push99

the nucleus towards the bead. The force was deduced from the displacement of the bead from the100

trap center (trap stiffness 240 pN/µm) and the indentation depth was obtained by image analysis. A101

visco-elastic model was used to deduce the nuclear elasticity from the force-indentation curves [35].102

Immunofluorescence and confocal imaging. GBM and RG cells were seeded on matrigel-coated103

coverslips (33 µg/ml) overnight. Cells were fixed in 4% paraformaldehyde (Thermo Fisher) in PBS,104

then permeabilized with 0.1% Triton-X100 for 10 min and blocked with 3% BSA-PBS (Sigma) for 1h.105

Primary antibodies were diluted in 3% BSA-PBS and incubated for 2 hours at room temperature.106

Secondary antibodies were diluted 1:400 in 3% BSA-PBS and incubated for 1 hour at room temperature.107

Antibodies used are listed in the Supplementary Methods (Table S1).108

Confocal microscopy was performed on a Zeiss LSM780 laser-scanning confocal microscope equipped109

with white a light laser (WLL), a 405 nm diode laser, three Internal Spectral Detector Channels110

(PMT), and two Internal Spectral Detector Channels (HyD) GaAsP. Sequential confocal images were111

acquired using a 20x water-immersion objective (Plan-Apochromat 20x/1.0). For each staining, the112

acquisition settings (i.e., laser power, beamsplitters, filter settings, pinhole diameters, and scan mode)113

were kept the same. ImageJ was used to process images (see Supplementary Methods for the definition114

of the shape parameters extracted by ImageJ).115

2D in vitro proliferation and migration assay and image analysis. Cells were plated on 6-well116

plates coated with matrigel at an initial concentration of 4000 cells/cm2. The lens-free holographic117

device Cytonote 6W (Iprasense, Helioparc, France) was used to quantify cell proliferation and to track118

2D cell migration. Image acquisition was started 2 hours after cell seeding. Images were recorded119

every 20 min for 72 hours. The device allows a large recording field of view (29.4 mm2). Images120

were opened as stacks in Fiji and cells were detected automatically using the Trackmate plugin([36]).121

Three .csv files("Spots", "Edges" and "Tracks") were extracted for each experiment. More details on122

the extraction of migration parameters are given in Supplementary Methods (Table S2) . A custom123

Matlab code was used to finalize graph visualization and statistical analysis.124

In vivo invasion assay. In vivo analysis of GBM cells invading the zebrafish brain was performed125

as previously described [37, 38]. In brief, zebrafish larvae of Tg(fli1a:rfp) to mark endogenous blood126

vessels were obtained from fertilized zebrafish eggs 3 days prior to xenotransplantation. Larvae were127

made transparent by preventing melanin pigmentation using N-phenylthiourea (PTU) (0.003% final).128

Larvae of 3 dpf were mounted in 2.5 mm wide V-shaped agarose trenches and microinjected after129

160 mg/L tricaine treatment using a mechanical micromanipulator (CellTram oil vario microinjector,130
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5176000.025, Eppendorf) with GBM cells expressing GFP. 2.5 % of a an 80 % confluent 10 cm Petri131

dish of GBM cells in 5 µl PBS was microinjected into the zebrafish Optic Tectum just above the132

Middle Cerebral Vein at a maximum of 100 µm from the surface. Xenografts containing a single133

tumor mass formed by 20-50 cells located in the top 200 µm from the Optic Tectum were selected.134

After 4 hours of recovery at 32 °C, the larvae were mounted for imaging in a 1% low-melting agarose135

solution in a 35 mm diameter glass-bottom video-imaging dish. A Nikon Ti2E spinning-disk confocal136

microscope was used to image the tumor cell mass and invaded cells at 4h and 72h post-injection. The137

Imaris software was used to segment the cells and calculate the 3D area occupied by the tumor cell138

mass and invaded cells. The invasion index was calculated as the ratio between the averaged distance139

travelled by the top 10 cells at 72 hours compared to 4 hours.140

Statistical analysis. All data are presented as mean values ± standard error mean (s.e.m.) of at141

least three (N≥3) independent experiments. In nuclear rheology experiments, at least n>30 nucleus142

were measured in each condition. Violin plots show the median value (dashed line), and the first and143

third quartiles (dotted lines). Error bars correspond to s.e.m. Statistical relevance was evaluated using144

Student’s t-test or one-way ANOVA test with GraphPad Prism, depending on the number of cells,145

number of samples, and the normality of the distribution. For protein expression levels measured from146

Western Blot experiments, a one-way ANOVA test was used to compare the protein levels in each147

GBM cell line to RG cells. For protein downregulation by siRNA, a t-test was used to compare to the148

siLuciferase control. p-values are reported as non-significant (n.s. p > 0.05, p-values are indicated), or149

significant *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).150

Correlation analysis was performed using Spearman’s rank correlation analysis. Curve-fitting was151

done using either linear fits or nonlinear fits including one-phase decay with or without plateau.152

Correlation and curve fitting were performed with GraphPad Prism.153

Results154

Patient-derived glioblastoma cell lines upregulate lamin A155

We have previously shown that a grade IV GBM cell line exhibits elevated expression of lamin A156

and a stiffer nucleus compared to a grade III counterpart [35]. This observation prompted us to study157

the potential influence of nuclear mechanics on GBM aggressiveness, with a focus on the role of lamin158

proteins. We selected eleven patient-derived GBM cell lines. These include four proneural subtype159

cell lines: U3008, U3013, U3021, and U3047; four classical subtype cell lines: U3009, U3017, U3039,160

and U3123; and three mesenchymal subtype cell lines: U3031, U3065, and U3088. As a non-tumoural161

control, we used radial glial (RG) cells.162

We found that lamin protein expression exhibits distinct patterns between the patient-derived163

GBM cell lines and RG cells. Specifically, lamin A expression levels are higher in all GBM cell lines,164

whereas RG cells show very low expression (Fig. 1a-b). Nine out of the eleven cell lines demonstrate a165

significantly higher lamin A expression levelcompared to RG cells (Fig. 1c). The expression pattern166

of lamin C closely mirrors that of lamin A (Fig. 1d, Supplementary Fig. S1a, Supplementary Table167

S3). However, since RG cells display higher expression of lamin C than lamin A, lamin A appears to168

be a more suitable biomarker to distinguish GBM cells from RG cells.169

The expression of lamin B1 exhibited more variability and did not correlate with lamin A expression170

(Supplementary Fig. S1b). Some GBM cell lines exhibited increased expression of lamin B1 compared171

to RG cells, while others showed decreased expression levels (Fig. 1e). Together these results show172
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that, among the three lamin proteins studied, lamin A emerges as the key discriminator between173

GBM and RG cells.174

A- and B-type lamins have opposing effects on nuclear morphology.175

By visualizing the nucleus and lamin proteins, we found that nuclear morphology is very het-176

erogeneous between GBM cell lines and between GBM and RG cells (Fig. 1a). We categorized177

nuclear shapes into two groups: regular and irregular which encompassed features such as elongated,178

donut-shape, curved and blebbing nuclei (Supplementary Fig. S1c-d). In GBM cells, we observed179

that at least 40% of the nuclei display irregular shapes, with some cell lines exhibiting a majority180

(60–70%) of irregular nuclei (Fig. 1f). Conversely, in RG cells, less than 3% of nuclei are found to be181

irregular. In addition to exhibiting abnormal shapes, maximum projections of confocal images unveiled182

significant alterations in nuclear size. Overall, GBM cells display larger nuclear areas compared to183

RG cells. For instance, the average nucleus projected area of U3008 cells is approximately 300 µm2,184

four times larger than the nuclear size of RG cells.185

We then asked whether lamin levels could play a role in the nuclear morphology of GBM cells.186

We found a weak positive correlation between nuclear size and the expression levels of lamin A and187

lamin C and a weak negative correlation between nuclear size and the expression levels of lamin B188

(Supplementary Fig. S2). Interestingly, the size of the nucleus strongly correlates with the ratio189

between lamin A and lamin B1 (Fig. 1g-h). Nonlinear regression analyses (one-phase decay) revealed190

a significant correlation between the nuclear projected area or perimeter and the ratio between lamin191

A and lamin B1 expression levels (termed A/B1 ratio in the following) across the eleven GBM cell192

lines and RG cells (Fig. 1g,h, Supplementary Tables S4, S5), indicating that the influence of lamin193

expression on cell nuclear size is not restricted to a specific cell line. We did not observe similar194

correlations among GBM cells between the expression levels of lamin proteins and the proportion of195

irregular nuclei (Supplementary Fig. S3) or nuclear morphological parameters, such as circularity,196

roundness, and shape index (Supplementary Fig. S4). Both increases in nuclear-projected area and197

perimeter as a function of the A/B1 ratio are well described by an exponential saturation with a198

plateau value at high (> 20) A/B1 ratios:199

f(RA/B1) = (Ymin − Ymax) ∗ e−k∗(RA/B1) + Ymax (1)

where RA/B1 is the A/B1 ratio, and Ymin and Ymax are the minimal and maximum nuclear-projected200

area or perimeter, respectively. Curve fitting gives Ymin = 97.59µm2, Ymax = 311.4µm2, k = 0.1588201

for the nuclear projected area and Ymin = 45.14µm, Ymax = 82.09µm, k = 0.1293 for the nuclear202

projected perimeter.203
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Figure 1: A- and B-type lamins are differently expressed in GBM cells and have opposing
effects on nuclear morphology in GBM cells. a Immunostaining images of GBM cell lines
and RG cells. Lamin A/C (green), Lamin B1 (red). DNA was counterstained with Hoechst (blue).
Scale bar 50 µm. b Western blot of lamin A/C and lamin B1.β-actin was used as a loading control.
c-e Densitometric analyses for lamin A, lamin C, and lamin B1 respectively. The graphs are shown
as mean values ± SEM of three different experiments. Asterisks indicate statistically significant
differences with respect to control RG cells; one-way ANOVA test, n.s. p > 0.05, *p < 0.05, **p <
0.01, ***p < 0.001. Colors indicate the GBM subtype (purple, proneural PN; blue, classical CL; green,
mesenchymal MS). f Proportions of nuclei displaying regular vs. irregular shapes in GBM cells and
RG cells. At least 100 nuclei were analyzed for each cell line. g Correlation between the nuclear area
and the lamin ratio A/B1. The fitting curve follows a one-phase decay. Spearman test R2=0.8322,
p=0.0008 (***). h Correlation between the nuclear perimeter and the lamin ratio A/B1. The fitting
curve follows a one-phase decay. Spearman test R=0.5874, p=0.0446 (*).

Lamin A and Lamin B1 increase nuclear elasticity collaboratively.204

Because GBM cells and RG cells exhibit variable lamin levels which correlate with changes in205

nuclear morphology, we next asked whether nuclear mechanics also differ in these cell populations. To206

address this issue, we used optical tweezers (OT) microrheology [34, 35] to quantify the elasticity of207

the nucleus. Nuclear indentation experiments (Supplementary Movies S1-S2) allowed us to distinguish208

between ’soft’ and ’stiff’ nuclei (Fig.2a,b). Notably, softer nuclei exhibited heightened susceptibility to209

deformation, resulting in an extended retention time of laser-held beads during nuclear movement210

(2.5µm/60s). Conversely, stiffer nuclei exhibited reduced compliance, causing early escape of the bead211

from the laser trap. Consequently, for soft nuclei, we observed pronounced nucleus deformations212

coupled with small bead displacements from the optical trap center, corresponding to low forces, while213

stiff nuclei displayed reduced nucleus deformations and large bead displacements from the optical trap214

center corresponding to large forces (Fig.2a,b). The nucleus elasticity was measured by fitting the215

force-indentation curves with a visco-elastic model [35].216

Our results show that the elasticity of the nucleus varies significantly between distinct cell lines.217

Specifically, within the cohort of patient-derived GBM cell lines, a comparison between the regular218

and irregular nuclei subgroups unveiled inherent differences in nucleus elasticity. In the regular nuclei219

group, GBM cell lines consistently exhibit larger nucleus elasticity than RG cells. The difference220

is particularly pronounced in U3013, U3009, and U3039 cell lines, for which significant differences221

with RG cells are observed (Fig. 2c). In the irregular nuclei group, nuclear stiffness is more variable222

within a given cell line (Fig. 2d), probably because of the local nature of the measurement. This223

observation underscores the complex interplay between nuclear architecture and cellular heterogeneity224

in the context of GBM. Remarkably, we found that the elasticity of irregular nuclei is generally lower225

than that of regular nuclei within the same cell line (Fig. 2e). However, two exceptions were noted in226

cell lines with low lamin levels, U3017 and U3047.227

We found that nuclear elasticity weakly correlates with the levels of lamin A, lamin B1 and lamin228

C, and the ratio A/B1 (Supplementary Fig. S5a-c), while it correlates with the sum of the expression229

levels of lamin A and lamin B1 denoted as A+B1 (Supplementary Fig. S5d, Supplementary Tables230

S6, S7). Interestingly, we found that nuclear elasticity correlates much more strongly with a lamin231

level L defined by 1/L = 1/A + 1/B1 or L = (A ∗ B1)/(A + B1), where A is the expression level232

of lamin A and B1 is the expression level of lamin B1. Assuming that the two ’layers’ of Lamin233

A and Lamin B1 act mechanically as springs in series, L represents the effective lamin level which234
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may participate in nuclear mechanics. Consistently, when plotted as a function of the effective lamin235

level L, we found that the nuclear elasticity K measured by OT for both regular and irregular nuclei236

increases with L (Fig. 2f-g, Supplementary Tables S8, S9) and is well adjusted by a one-phase decay237

non-linear regression corresponding to:238

K(L) =

{
Kmin, (L < L0)

Kmax + (Kmin −Kmax) ∗ e−a∗(L−L0), (L > L0)
(2)

– Kmin denotes the minimum elasticity of the nucleus at low L values.239

– L0 is the critical effective lamin level above which nuclear elasticity is sensitive to L.240

– a denotes the cell sensitivity to the effective lamin level L, representing the rate at which nuclear241

elasticity increases with L.242

– Kmax is the maximum elasticity achievable by the nucleus at high lamin levels. Once the nucleus243

reaches this value, further increase in lamin levels does not result in significant increase in244

elasticity.245

For regular nuclei, the fit parameters are L0 = 0.48, a = 0.95, Kmin = 141.4, and Kmax = 316.5 and246

nuclear elasticity ranges from 140 to 307 pN/µm, from U3047 to U3009 GBM cell lines, respectively.247

The effective lamin level L exhibits a range of 0.2 to 3.5, from RG cells to the U3009 GBM cell line.248

For irregular nuclei, the fit parameters are L0 = 0.84, a = 1.69, Kmin = 144.1, and Kmax = 274.1 and249

nuclear elasticity ranges from 119 to 287 pN/µm, from U3021 to U3039 GBM cell lines, respectively.250

The effective lamin level L exhibits a range of 0.5 to 3.5, from U3008 to U3009 GBM cell lines,251

respectively.252

Regarding the minimum stiffness of the nucleus Kmin, our analysis indicates a similar basal elasticity253

for both regular and irregular nuclei. Regarding L0, in the regular group, nuclear elasticity initiates its254

increase when the effective lamin level reaches 0.48. In contrast, within the irregular group, the effective255

lamin level needs to reach 0.84 before influencing nuclear stiffness. Regarding a, interestingly, nuclear256

elasticity increases faster with L in the irregular group compared to the regular group. Regarding Kmax,257

we found that the plateau value of irregular nuclei is 10% smaller than that of regular nuclei, suggesting258

a lower maximum elasticity threshold in irregular nuclei compared to their regular counterparts.259
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Figure 2: Differences in nuclear elasticity between GBM cell lines correlate with lamin
levels. a,b Time-lapse images of regular (a) and irregular (b) nucleus indentation. The white arrow
indicates the direction in which the nucleus in moved. The dotted line marks the initial position of the
fluorescent bead in the center of the trap. Bead diameter: 2 µm. Scale bar 5 µm. c Violin plot of OT
measurements of the elasticity of regular nuclei in 9 GBM cell lines and in RG cells (N≥3, n≥30 cells).
U3031 and U3088 cells did not have a sufficient number of regular nuclei for measurement. d Violin
plot of OT measurements of the elasticity of irregular nuclei in 11 GBM cell lines (N≥3, n≥30 cells).
RG cells did not have a sufficient number of irregular nuclei for measurement. e Comparison of the
OT measurement of nuclear elasticity for regular and irregular nuclei in each cell line. f Correlation
between the elasticity of regular nuclei and the lamin ratio (A*B1)/(A+B1). The fitting curve follows
a one-phase decay with an initial plateau. Spearman test R2=0.9273, p=0.001 (***). g Correlation
between the elasticity of irregular nuclei and the lamin ratio (A*B1)/(A+B1). The fitting curve
follows a one-phase decay with an initial plateau. Spearman test R2=0.7273, p=0.0112 (*).

GBM cell proliferation correlates positively with Lamin A expression levels.260

Our results so far show that lamin expression levels in patient-derived GBM cell lines are associated261

with nuclear morphology and elasticity. In contrast with other cancer types for which tumour262

progression is characterized by cell and nucleus softening [12, 29], we have previously reported that a263

grade IV GBM cell line exhibits a stiffer nucleus than a grade III glioma cell line [35]. Hence, we aimed264

here to investigate in more detail the impact of lamin A on GBM aggressiveness in patient-derived265

cell lines.266

We first measured cell proliferation rates, as an indicator of aggressiveness, using lens-free microscopy267

in the eleven patient-derived GBM cell lines and in RG cells (Supplementary Movie S3) and found268

very different proliferation profiles (Fig. 3a-b). For instance, U3088 cells, U3008 cells, and RG cells269

show high, medium, and low proliferation rates, respectively. Cell lines with low proliferation rates270

exhibit a 1.5-2 fold increase in cell number in 72 hours, while cell lines with high proliferation rates271

reach up to a 3-5 fold increase in cell number (Fig. 3b). Notably, RGs cells proliferate the slowest272

among the twelve cell lines we studied.273

We then asked whether lamin expression levels correlate with the proliferation rate (Figure 3c,274

Supplementary Fig. S6a). Plotting the proliferation rate against the lamin A expression level revealed275

a statistically significant positive correlation (Supplementary Table S10): cell lines with higher lamin276

A expression consistently exhibit higher proliferation rates, while those with low lamin A expression277

display lower proliferation rates. Figure 3c illustrates that RG cells and the four GBM cell lines with278

low lamin A expression (below 4 a.u.) exhibit less than a 2-fold increase in cell number in 72 hours,279

while the remaining seven cell lines, with lamin expression ranging from 4 a.u. to 10 a.u., exhibit a 2280

to 5-fold increase in cell number. A similar correlation was observed with lamin C expression levels281

(Supplementary Table S11) but not with lamin B1 expression levels (Supplementary Fig. S6a) or with282

the combinations of lamin levels (Supplementary Fig. S6c)283

Given our results showing a link between lamin levels and nuclear morphology and mechanics (Figs.284

1 and 2, Supplementary Figures S1-S5), we expected that nuclear morphological and mechanical285

characteristics could impact on cell proliferation. We indeed found that the proportion of irregular286

nuclei positively correlates with the rate of cell proliferation, as depicted in Figure 3d, although not in a287

stastically significant manner (Supplementary Table S12). Similarly and not surprisingly since nuclear288

elasticity and lamin A expression levels strongly correlates (Supplementary Fig. S5a-b), proliferation289

rates positively correlate with the elasticity of regular nuclei (Figure 3e, Supplementary Table S13)290
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and, although to a lesser extent, of irregular nuclei (Supplementary Fig. S6b, Supplementary Table291

S14).292

Figure 3: GBM cell lines expressing high levels of lamin A show elevated proliferation
rates. a Brightfield lens-free microscopy images of 2D cell cultures followed for three days. U3088,
U3008, and RG cells represent high, medium, and low proliferation rates, respectively. Scale bar 500
µm. b Time evolution of cell proliferation on a 2D substrate during three days. (N=3 independent
experiments, n≥2000 cells). For a better readability of the figure, error bars are not shown but can be
appreciated from panels c-e.c Correlation between proliferation and lamin A levels. d Correlation
between proliferation and the proportion of irregular nuclei. e Correlation between proliferation and
nucleus elasticity.
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2D migration velocity of GBM cells correlates positively with Lamin A293

expression levels.294

GBM clinically display diverse motile and invasive capacities. Here, we first used migration on 2D295

substrates as a second indicator for the aggressiveness of our patient-derived GBM cell lines. The 2D296

migration of single cells was tracked for three days for the eleven GBM cell lines and for RG cells297

using lens-free microscopy. RG cells are the slowest moving cells with an average speed of 0.3 µm/min298

and GBM cell lines migrate much faster and exhibit a range of migration velocities (Fig 4a). 2D299

migration velocity increases with increasing lamin expression levels (Fig 4b, Supplementary Fig. S7a).300

With the exception of two GBM cell lines of the classical subtype with low lamin A expression levels,301

2D migration velocity strongly correlates with lamin A expression levels (Fig 4b). We found that302

2D cell migration velocity weakly correlates with the expression levels of lamin B1 and lamin C or303

the combinations of lamin levels (Supplementary Fig. S7a-b). Interestingly, we found that the 2D304

migration velocity correlates linearly with nuclear elasticity (Fig. 4c, Supplementary Tables S15, S16).305

In vivo, the proliferation rate and migration velocity are two important indicators of the degree of306

malignancy of a tumour, as they determine the growth rate and metastatic potential of a tumour.307

These two indicators are not necessarily related. Indeed, when the data of the three GBM subtypes308

were pooled, we did not observe any clear correlation between proliferation rate and 2D migration309

velocity (Supplementary Fig. S7c). However, once grouped by subtype, 2D cell migration velocity310

and proliferation rate positively correlate for cell lines of the proneural and classical subtypes, while311

they were negatively correlated for cell lines of the mesenchymal subtype (Supplementary Fig. S7c).312

Interestingly, cells of the classical subtype move twice as fast as those of the proneural subtype313

(Supplementary Fig. S7c).314

Impact of lamin A on glioblastoma invasion315

Our results show that lamin A levels are associated with both GBM cell proliferation and 2D316

migration (Figs. 3 and 4a-c). However, proliferation and migration on a 2D stiff substrate is not always317

indicative of the invasion rate in three-dimensional tissues. We thus asked whether lamin A expression318

levels could affect the invasiveness of GBM cells. To address this question, we injected cancer cells319

into the brain of zebrafish and compares the invasion of five different GBM cell lines. These cell lines320

(U3013, U3039, U3065, U3088, and U3123) were selected for their diversity in their expression levels321

of lamin A, the mechanical and morphological properties of their nucleus, and their behaviours in322

the 2D cell proliferation and migration assays. We found that these five GBM cell lines had a very323

different invasion rate (Fig.4 d) as quantified using their invasion index (see Methods). Unexpectedly,324

the U3123 cell line, which expressed the lowest amount of lamin A, did not invade the zebrafish brain325

and died 24 hours after injection (Fig. 4e, d). Furthermore, we observed a positive correlation between326

the lamin A expression levels and the invasion index for the remaining four cell lines (Fig. 4f). The327

U3039 cell line, which expresses the highest level of lamin A, had the highest invasion index which was328

statistically significantly higher than for the U3065 and U3088 cell lines (Fig.4 d, e). Taken together329

our results demonstrate that, in GBM, the lamin A expression level impacts on nuclear morphology330

and mechanical properties and positively correlates with cell proliferation and migration in 2D and331

with cell invasion in the zebrafish brain, which can be considered as indicators of GBM aggressiveness.332
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Figure 4: GBM cell lines expressing high levels of lamin A show elevated 2D migration
velocity and higher invasion in the zebrafish brain. a Histo-box plot of cell migration velocity.
The results show the mean velocity along the track of single cells during 3 days (N=3 independent
experiments, n≥2000 cells). b Correlation between migration velocity and lamin A level. c Correlation
between cell velocity and nuclear elasticity for regular nuclei (i) and for irregular nuclei (ii) . d Violin
plot of the invasion index of four GBM cell lines (U3013, U3039, U3065, U3088) in the zebrafish brain.
e Fluorescence images of GBM cell lines (U3123, U3088, U3039) invasion in the zebrafish brain (GBM
cells in green, endothelial cells delineating blood vessels in red) at 4 hours and 72 hours post-injection
(hpi) (N=8 zebrafish larvae, n≥10 cells). Yellow circles in the 72hpi U3088 and U3039 images indicate
the zone of invasion. U3123 cells do not survive in the zebrafish brain. Scale bar, 50 µm. f Correlation
between the expression level of lamin A and the invasion index in the zebrafish brain of the four GBM
cell lines shown in d). Note that we added the U3123 data with a zero invasion index, as this cell line
does not survive in the zebrafish brain.

Downregulating lamin A expression reduces nuclear size, nuclear elasticity,333

proliferation and 2D migration velocity in GBM cells334

To further test the potential causal links between lamin levels and GBM aggressiveness, we studied335

the effects of lamin A downregulation on nuclear morphology and mechanics and on cell proliferation336

and migration. We used siRNA-mediated downregulation of lamin A (si-Lamin A) in two GBM cell337

lines, U3009 and U3039 which are both of the classical subtype and have the highest lamin A expression338

levels among our eleven GBM cell lines. As a control, siRNA against Luciferase (si-Luciferase) was339

used. We checked the effect of lamin A downregulation by immunostaining and Western blot (Fig. 5a,340

b). Quantification of the Western blot results show that the lamin A expression levels was decreased341

by 30-40% compared to the control group in both cell lines three days after siRNA transfection (Fig.342

5c).343

We first investigated the effects of lamin A downregulation on nuclear morphology and found344

that both U3009 and U3039 cells treated with si-Lamin A have smaller nuclei than control cells345

(Supplementary Fig. S8). In the case of U3039 cells, the nucleus projected area is reduced by346

30% after lamin A downregulation. In the case of U3009 cells, lamin A downregulation does not347

induce any change in the nucleus projected area but decreases the nucleus thickness by around 30%348

(Supplementary Fig. S8).349

We next asked whether the mechanical properties of the nucleus are affected by lamin A downregu-350

lation. We observed a 30% decrease in nuclear elasticity following lamin downregulation (Fig. 5d),351

showing that lamin A contributes to nuclear elasticity and explaining the correlation between lamin A352

levels and nuclear elasticity (Supplementary Fig. S5).353

We also measured the impact of lamin A downregulation on two indicators of GBM aggressiveness,354

2D cell proliferation and migration velocity. We found a strong decrease in the proliferation rate of355

both U3009 and U3009 cells treated with si-Lamin A compared with the control (Fig. 5e). Note356

that, even with a modest (30%) decrease in lamin A expression (Fig. 5a-c), the proliferation rate is357

decreased to the same level as RG cells, our control cells. Similarly, we measured a significant decrease358

in 2D migration velocity after lamin A downregulation (Fig. 5f). These results demonstrate that359

decreasing lamin A expression levels can efficiently reduce GBM cell proliferation and migration in 2D.360

Finally, to test the potential clinical relevance of our results, we correlated the lamin A expression361

levels of the primary cell lines with the survival time of the corresponding patients. Although the362

survival time strongly depends on the age at which the patient is first diagnosed with GBM, the363
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survival of patients with low lamin A levels (U3123, U3017, U3047, U3021, U3065) was higher than364

that of patients with high lamin A levels (U3088, U3031, U3013, U3008, U3039, U3009) within the first365

year after diagnosis (Fig. 5g panel i), although not in a statistically significant manner. Consistently,366

the patient survival time appears to decrease with the lamin A expression level in ten out of the eleven367

patient-derived GBM cell lines (Fig. 5g panel ii), with the notable exception of the outlier U3039 cell368

line. These observations suggest that lamin A expression may be used as a prognosis marker for GBM.369
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Figure 5: Downregulation of lamin A induces a decrease in nuclear elasticity, proliferation
and 2D migration. a Immunostaining images of U3009 and U3039 cells treated with si-Lamin A
and si-Luciferase as a control. Scale bar, 50 µm. b Western blot showing the reduction of lamin A
expression in si-Lamin A treated cells compared to control si-Luciferase treated cells. β-actin was used
as a loading control. c Quantification of lamin A levels from the Western blot results. Both U3009 (i)
and U3039 (ii) cells treated with si-Lamin A show a 30-40% decrease in lamin A expression compared
to control cells. d Violin plots of nuclear elasticity measured by intracellular OT for U3009 (i) and
U3039 (ii) cells treated with si-Lamin A or control si-Luciferase (N≥3 , n≥30 cells). e Time evolution
of cell proliferation on 2D substrates during three days for U3009 (i) and U3039 (ii) cells treated with
si-Lamin A or control si-Luciferase (N = 3, n≥2000 cells). f Histo-box plot of cell migration velocity
for U3009 and U3039 cells treated with si-Lamin A or control si-Luciferase. The results show the
mean velocity along the track of single cells during three days (N = 3, n≥2000 cells). g Clinical data
of patient survival. i) Kaplan-Meier plot of patient survival percentage for GBM patients expressing
high levels of lamin A (U3088, U3031, U3013, U3008, U3039, U3009) or low levels of lamin A (U3123,
U3017, U3047, U3021, U3065). ii) Correlation between patient survival time (in days) and lamin A
expression levels. In panels (a-f), the graphs show mean values ± SEM of three different experiments.
Asterisks indicate statistically significant differences between si-Lamin A and si-Luciferase treated
U3009 or U3039 cells; t-test, n.s. p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

Discussion370

The mechanical properties of the cell and in particular those of its nucleus are thought to be critical371

for cancer cell migration and invasion. While tumour progression has been associated with cell and372

nuclear softening in several types of cancers, we have previously shown that, for glioma tumours, a373

grade IV GBM cell line exhibits a stiffer cytoplasm and nucleus than a grade III cell line [35]. These374

results lead us to hypothesize that nuclear stiffening may be associated to glioma aggressiveness. Here375

we test this hypothesis in the context of GBM using eleven patient-derived cell lines and non tumoral376

RG cells. We find that the regulation of nuclear morphology and stiffness by lamins is associated with377

GBM cell proliferation, migration, and invasion.378

Lamins and nuclear morphology in GBM cells.379

Lamin proteins are known to regulate nuclear shape in several cell types. For instance, lamin B380

deletion has been shown to induce nuclear blebbing [39] in HeLa cells. It was also observed that lamin381

B1 stabilizes the nucleus shape by restricting outward protrusions of the lamin A/C network [40].382

High-resolution imaging has shown that nuclear blebs localize at zones lacking lamin B [40], suggesting383

distinct roles of lamin A/C and lamin B in nuclear morphology. Lamin A is supposed to expand the384

nucleus, whereas lamin B contracts it [40, 41]. Previous studies have demonstrated the opposing roles385

of lamin A and lamin B in determining cell nuclear morphology [42]. Here we confirm these results in386

GBM cells. We show that the ratio between the expression levels of lamin A and lamin B1 (A/B1387

ratio) positively correlates with nuclear size (Fig. 1g,h, Supplementary Fig. S2) and that reducing388

lamin A expression levels by about 30-40% decreases nuclear size in two GBM cell lines with high389

lamin A expression levels (Supplementary Fig. S8). We also distinguished between cells exhibiting a390

’regular’ and an ’irregular’ nucleus (Supplementary Fig. S1c,d) and found that all GBM cells have a391

much higher proportion of irregular nuclei than RG cells (Fig. 1f) but no correlation was observed392

with the expression levels of lamin proteins (Supplementary Fig. S3).393
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Figure 6: Mechanical models of the nuclear lamina. The two layers of lamin A and lamin B1
can act mechanically as springs in series (left panel) or in parallel (right panel).

Lamins and the mechanical properties of the nucleus in GBM cells.394

The role of lamins in the control of nuclear mechanics is well established, in particular in the case395

of lamin A [43, 44]. In agreement with previous results, downregulating lamin A expression by siRNA396

in two GBM cell lines expressing high levels of lamin A (U3009 and U3039) reduces nucleus elasticity397

(Fig. 5d). The contribution of lamin B1 to the stiffness of the nucleus is more controversial but lamin398

B1 does seem to significantly affect the mechanical properties of the nucleus[45]. Tissue and cell399

stiffness have been shown to correlate primarily with lamin A expression levels [30]. Furthermore, it400

was recently shown that the loss of A- or B- type lamins significantly softens the nucleus [42].401

Here we show that, the mechanical properties of the nucleus (Fig. 2) depend on both lamin A and402

lamin B1 , suggesting a physical link between the two networks of intermediate filament proteins.403

Although the lamin A and lamin B1 networks are known to localize in close proximity at the nuclear404

lamina [40], no direct interaction between lamin A and lamin B1 has been reported so far [27, 46].405

From a mechanical point of view, depending on their spatial arrangement, the two lamin networks406

can act as mechanical viscoelastic modules in series or in parallel. Considering only the elasticity of407

the two networks, the equivalent elasticity K is given by K = KA +KB1 if lamin A and lamin B1 act408

in parallel and by K = KA ∗KB1/(KA +KB1), where KA is the elasticity of the lamin A network and409

KB1 is the elasticity of the lamin B1 network (Fig.6).410

When studying the mechanics of our different GBM cell lines and RG cells, we found that nuclear411

elasticity increases with the quantity L defined by L = A ∗B1/(A+B1) where A is the expression412

level of lamin A and B1 is the expression level of lamin B1 (Fig.2f,g). Nuclear elasticity correlates413

more strongly with the quantity L than with individual lamin levels (A, C or B1), with the A/B1414

ratio or with the A+B1 sum which would correspond to a model in which the lamin networks act415

in parallel (Supplementary Fig. S5). Our data thus strongly favors a physical model in which the416

lamin A and lamin B1 networks act as springs in series. This finding is supported by the localization417

of the two networks as two superimposed layers when imaged with super-resolution microscopy [40],418

with the lamin B1 localizing more externally than the lamin A network in the nuclear lamina. Such a419

two-layer spatial arrangement of the two networks is consistent with the idea that B-type lamins tend420

to contract the nucleus while A-type lamins tend to increase nuclear size [40, 41] as discussed above.421

The two-layer model of the lamin A and lamin B1 networks may also explain the mechanical coupling422

between the two networks: by compressing the nucleus, an increase in lamin B1 levels in the outer423

lamina could induce an increase in lamin A concentration in the internal lamina and a subsequent424

increase in nuclear stiffness. Note that the precise relative localization of the lamin B1 and lamin A425

networks is still debated and the two networks may actually be intertwined.426

Together our measurements of nuclear elasticity with optical tweezers in living cells point to a427
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synergy between the lamin A and lamin B1 networks in the control of nuclear mechanics. To better428

understand this synergy, we used a one-phase decay non-linear regression to fit the evolution of the429

nuclear elasticity K(L) as a function of the effective lamin level L (Equation 2). For both regular430

and irregular nuclei, we found that above a threshold value L0, the nuclear elasticity increases from a431

minimum value Kmin to a maximum plateau value Kmax with a sensitivity a to the effective lamin level432

L. As discussed below, the values of these four parameters (L0, Kmin, Kmax, and a) differ between433

regular and irregular nuclei.434

At low lamin levels, below the L0 threshold, the elasticity of the nucleus is small (K ≃ Kmin) and435

does not vary significantly with L. This observation suggests that our optical tweezers techniques436

probes mostly the mechanics of a lamin-independent component of the nucleus, probably intra-nuclear437

material such as chromatin. The value of the minimal elasticity Kmin is not only similar for RG438

cells and GBM expressing low lamin levels but also for both regular and irregular nuclei in these cell439

lines (Fig. 2f,g and Supplementary Tables S8, S9), strengthening our hypothesis that lamins do not440

contribute to nuclear elasticity below an effective lamin level threshold L0. Above the L0 threshold,441

the nuclear elasticity increases with the effective lamin level L, confirming the known impact of lamins442

on nuclear mechanics [43, 44, 42]. At high lamin expression levels ( L >> L0, the nuclear elasticity443

saturates. Interestingly, irregular nuclei exhibit a sharper increase in elasticity with a higher threshold444

value L0 and a higher sensitivity a and reach a lower Kmax value (about 10% lower) than than regular445

nuclei. It has been reported that the lamin B1 network is disorganized or even lacking from regions of446

local nuclear deformations [40, 47] such as in blebbing, elongated, protruding or donut shapes typical447

of irregular nuclei (Supplementary Fig. S1c-d). Because our optical tweezers technique probes nuclear448

mechanics locally, the lower average elasticity we measured for irregular nuclei for most GBM cell449

lines (Fig. 2c-e) could thus result from heterogeneities in the distribution of the lamin B1 network.450

Lamins and GBM cell proliferation, migration and invasion.451

Our results not only confirm and specify the role of lamin proteins in the control of nuclear shape452

and mechanical properties but also highlight their links with other cellular functions in GBM cells. In453

particular, we demonstrate that the expression level of lamin A correlates with GBM cell proliferation454

(Fig. 3) and that downregulating lamin A reduces cell proliferation (Fig.5e). Both A-type lamins and455

B-type lamins have been linked with cell proliferation in previous studies [48, 49, 24]. Silencing lamin456

A/C in human fibroblasts [48] or knocking-out lamin A in mouse [49] reduces cell proliferation, in457

agreement with our results. Lamins are known to anchor chromatin at the nuclear envelope and to458

influence higher-order chromatin organization due to their capacity to bind DNA, chromosomes, and459

chromatin[50]. Lamins may play a role in the cell cycle-dependent dynamics of nuclear structure since460

they reversibly separate from chromosomes during mitosis in a phosphorylation-dependent manner [51].461

Although the precise mechanisms by which lamin A may promote GBM cell proliferation have to be462

investigated in more details, our data show a clear link between lamin levels and GBM aggressiveness463

through cell proliferation.464

Another hallmark of GBM cells is their extremely high migratory and invasive capacities [52]. In465

particular, we have shown previously that cytoplasmic intermediate filaments, in particular vimentin466

intermediate filaments, play a crucial role in GBM cell migration [52, 38]. Here, we find that 2D467

migration velocity positively correlates with lamin A levels (Fig. 4b and Fig. 5f). Similarly GBM cell468

lines which express more lamin A invade more efficiently the zebrafish brain (Fig.4d-f). Because we469

showed that GBM cell lines with higher lamin levels display a stiffer nucleus, our data suggest that470

in GBM, in contrast with previous results in other types of cancers such as breast cancer[53, 54], a471

stiffer nucleus allows more efficient cell migration and invasion. These results are consistent with our472
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previous report that a less aggressive astrocytoma grade III cell line display a softer nucleus than a473

more aggressive GBM grade IV cell line [35]. Still they may seem surprising when compared to other474

tumours for which a softer nucleus may allow cells to be more deformable and hence migrate more475

efficiently through entangled and confined extracellular matrices (ECM) [35, 55, 31]. Our data favor a476

model in which a stiff nucleus allows cells to push more efficiently through the soft environment of the477

brain [56].478

In vivo, GBM cell migration occurs as chain migration along blood vessels, known as vessel co-479

option[57]. It was recently shown that GBM cells that use vessel co-option to invade the mouse brain480

exhibit high levels of lamin A [58]. In agreement, in our zebrafish model, we observed that higher481

lamin A expression correlates with more efficient invasion. This suggests that during chain migration482

along blood vessels, leader cells with a stiff nucleus, high contractility, and a high matrix degradation483

activity [38] may ’dig’ more efficiently through the brain ECM and allow follower cells to migrate in484

their tracks. Taken together, our data suggest that GBM cells expressing higher levels of lamins show485

a more aggressive phenotype which may be, at least in part, attributed to an increase in the stiffness486

of the nucleus.487

Clinical perspectives488

In a vast majority of cancer types, including prostate cancer[59], colon cancer[60], gastrointestinal489

neoplasms[61], gastric carcinoma[62], breast cancer[63] and neuroblastoma[64], decreased lamin A490

levels have been associated to a higher degree of malignancy[65]. In some cases, the contribution of491

lamin A to cancer cell invasion is more debated[66]. In contrast, we demonstrate here that lamin levels492

positively correlate with GBM cell proliferation, migration and invasion, suggesting that up-regulation493

of lamins, and in particular lamin A, may favor GBM aggressiveness. This specificity of GBM may be494

explained by the low expression levels of lamins in the healthy brain as compared to other tissues. In495

organs that are inherently subject to mechanical stress, including the breast, the prostate, the intestine496

and the pancreas, lamin A is highly expressed in the healthy tissues [30, 29], and decreased lamin A497

levels is a hallmark of cancer in the tumoral tissues[29]. In the brain, however, lamin A is expressed498

at very low levels in most cell types including neurons, glial progenitor cells, and astrocytes[67,499

68]. Depending on the role and the level of expression of lamins in the tissue of origin, tumour500

development may thus be characterized by an down-regulation or an up-regulation of lamins. This501

hypothesis is further supported in the case of the brain by the observation that most LMNA-negative502

laminopathy patients do not exhibit significant abnormalities or brain developmental defects during503

fetal development[69], but will later develop cardiac and/or skeletal myopathy. Conversely, for B-type504

lamins which are strongly expressed in brain tissues compared to lamin A[67, 68], LMNB-negative505

laminopathy can cause fetal death as well as major defects in the patient’s brain and nervous system506

during development[70].507

Finally, we noticed that survival was higher for patients with low lamin A expression levels one year508

after diagnosis, and that, with one exception out of the eleven patient-derived GBM cells we studied,509

the patient survival time decreased with increasing lamin A expression levels (Fig. 5g). Together510

with our in vitro data and our results in the zebrafish brain, this observation further suggests that511

lamins may serve as clinically relevant therapeutic targets. To conclude, our study highlights the512

role of lamins in GBM aggressiveness through their impact on nuclear shape and mechanics. Further513

work should address the potential mechanisms linking the roles of lamins in cell proliferation and cell514

invasion with their roles in nuclear mechanics, in the context not only of GBM but also of other types515

of cancers or other diseases.516
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