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Abstract 42 
The basement membrane (BM) is a special type of the extracellular matrix, which presents the major 43 
barrier cancer cells have to overcome multiple times to form metastases. We uncover that BM stiffness is a 44 
major determinant of metastases formation in several tissues and identify netrin-4 as a key regulator of BM 45 
stiffness. Mechanistically, our biophysical and functional analyses in combination with mathematical 46 
simulations show that netrin-4 softens the mechanical properties of native BMs by opening laminin node 47 
complexes decreasing cancer cell potential to transmigrate this barrier despite creating bigger pores. Our 48 
results therefore reveal that BM stiffness is dominant over pore size, and that the mechanical properties of 49 
“normal” BMs determine metastases formation and patient survival independent of cancer-mediated 50 
alterations. Thus, identifying individual netrin-4 protein levels within native BMs in major metastatic organs 51 
may have the potential to define patient survival even before tumor formation.  52 
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Summary 53 
Basement membrane stiffness is dominant over pore size in regulating cancer cell invasion, metastases 54 
formation, and patient survival. The ratio of netrin-4 to laminin molecules determines basement 55 
membrane stiffness, such that the more netrin-4, the softer basement membranes, thereby decreasing 56 
cancer cell invasion activity. 57 
 58 
 59 
 60 
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Cancer metastasis is responsible for 66%-90% patient deaths1,2. Cancer cells encounter and must breach 61 
basement membranes (BMs) several time during the metastatic process: during invasion, intravasation, 62 
and extravasation3,4. 63 
 64 
The BM, a specialized type of the extracellular matrix (ECM) in direct contact with cells, is shaped by two 65 
major ECM macromolecule proteins, collagen IV and laminin, which self-assemble into two supramolecular 66 
polymers5. The collagen IV network is deposited on top of the laminin network, which is the key 67 
determinant that maintains cell-BM interaction and mechanical stability6. Each laminin chain contains a 68 
laminin N-terminal (LN) globular domain, and interactions between LN domains from distinct laminin 69 
heterotrimers generate the laminin network. 70 
 71 
The BM is a nanoporous dense sheet with a pore size between 10 and 112 nm7-9. Currently, there are two 72 
paradigms describing the process of BM breaching. Cancer cells can form actin- and protease-rich 73 
invadosomes, which can proteolytically degrade BM components to generate an entry site to breach10. 74 
Recent studies revealed that cells can transmigrate across the BM in a protease-independent manner. 75 
Here, cancer cells can form invadosomes to plastically generate channels to migrate through the BM11. On 76 
the other hand, cancer-associated fibroblasts (CAFs) can pull and stretch the BM in a protease-independent 77 
manner to generate gaps through which cancer cells can pass the BM12. However, these paradigms of BM 78 
breaching exclusively focus on forces applied by cells on the BM and the functional role of its mechanical 79 
properties has so far not been demonstrated. 80 
 81 
Here, we provide the first evidence for a functional role of BM architecture during the invasion-metastasis 82 
process in vitro, in animal models, and in several patient tumor types. We examine the relationship 83 
between BM composition and cancer patient survival, and identify high levels of the BM protein netrin-4 84 
(Net4) as strongly associated with good prognosis. The more Net4 protein present within the BM, the 85 
softer this barrier, resulting in reduced cancer cell invasion which is associated with increased patient 86 
survival. Mechanistically, Net4 binds to laminin thereby opening the laminin ternary node complex, which 87 
in turn reduces the overall BM stiffness. We show that the global distribution of Net4 results in bigger 88 
pores within the BM and reduced BM stiffness. Our study provides direct evidence for BM mechanics 89 
influencing cancer progression to be remarkably independent from its pore size, and expands our 90 
understanding of BM transmigration. This detailed knowledge of the complex BM material additionally may 91 
form the basis of future therapeutic interventions to alter metastases formation. 92 
 93 
Results 94 
Association of BM gene expression with cancer patient survival 95 
The BM presents a polymer barrier for cancer cells to breach through and is therefore involved in many 96 
steps during the invasion-metastasis process3,4. Although the paradigm on BM transmigration is based on 97 
cell forces applied to this polymeric material10-12, we investigated the distinct concept that the architecture 98 
of the intact BM might apply physical forces on cancer cells directly thereby altering their behavior. The 99 
architecture of a material is crucially influenced by its composition. We generated a list of 49 genes 100 
encoding for BM components, which we determined from the literature and from our recent report5,13-20 101 
(Supplementary Table 1). 102 
 103 
We first examined the extent to which BM components might be associated with survival in a public breast 104 
cancer dataset from the NKI consisting of 295 patients21, and a dataset from 13 normal breast samples (3 105 
from reduction mammoplasties and 10 from pathologically normal breast tissue from breast cancer 106 
patients)22. Here, we investigated association with survival within multiple patient groupings, along several 107 
data components, and then computed a measure of association with survival for each BM gene across all 108 
these groupings. Of the 49 BM genes, 35 were present in the breast cancer dataset. The genomic data was 109 
first decomposed into Disease and Normal components using the Disease-Specific Genomic Analysis (DSGA) 110 
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method22. Essentially, the Normal component of a tumor identifies the normal-like profile of the tumor 111 
sample by comparison to normal tissue data. By contrast, the Disease component of a tumor identifies the 112 
extent to which the actual tumor data deviate from all possible normal-like signatures. 113 
 114 
Figure 1a shows the plot of consensus versus overall associations for all BM genes present in the NKI 115 
dataset. Net4 (NTN4) exhibits both strong significant overall association and strong positive consensus 116 
association with survival. Laminin α5 (LAMA5) and fibronectin (FN1) likewise show strong overall 117 
association and strong negative association with survival (Fig. 1a). We wanted to further explore whether 118 
the association was most visible as a type of “normal” BM present around the tumors (evidenced by the 119 
Normal component) or in the possible “abnormal” modification of the BM in the tumor (evidenced by the 120 
Disease component). The Normal component’s statistics show a much stronger association with survival 121 
than Disease components or nonDSGA data (not decomposed by DSGA) (Extended Data Fig. 1a). We 122 
therefore focused primarily on the association with survival in the Normal component of the data. We 123 
concentrated our attention on Net4 because of the availability of a viable knockout mouse23 to study the 124 
impact of “normal” independent of tumor-derived or -induced Net4 levels within BMs on cancer 125 
progression, as fibronectin and laminin α5 knockout mice are embryonic lethal24,25. We investigated the 126 
association between Net4 and survival in breast cancer patients with ER positive (ER+) or ER negative (ER-) 127 
tumors. High levels of Net4 (NTN4) were significantly associated with good prognosis in both sub-types (Fig. 128 
1b,c). We further explored the association of NTN4 expression in the Normal component with survival in 129 
renal cell carcinoma26,27 using a cohort of 166 renal cell carcinomas together with 35 normal tissue samples. 130 
This analysis showed again that high levels of Net4 (NTN4) were significantly associated with good 131 
prognosis (Extended Data Fig. 1b,c). Our analysis indicated that “normal” BMs containing high amounts of 132 
Net4 are associated with good prognosis in breast and kidney cancer patients. 133 
 134 
BMs deficient for Net4 promote metastases formation 135 
To analyze whether tumor progression is altered in mice lacking Net4 within BMs, we orthotopically 136 
injected mouse breast cancer E0771 cells into the mammary fat pad of Net4 wildtype and knockout mice. 137 
After primary tumors had reached maximum size, we resected them in all mice at the same day, and 138 
allowed metastases to develop. We analyzed lung tissues 28 days post-resection (Fig. 2a). The primary 139 
tumor weight was similar in both genotypes on the day of resection indicating that loss of Net4 does not 140 
influence primary tumor growth (Fig. 2b). Quantification of lung metastases revealed that loss of Net4 141 
significantly increased the number of metastases (Fig. 2c,d,e). We investigated the impact of Net4 on 142 
stromal cell infiltration, cancer cell proliferation, and fibroblast activity to exclude that Net4 directly affects 143 
cell behavior, as Net4 is reported to possess pro-28-33 and anti-34-37 tumorigenic activity. Our data 144 
demonstrated that loss of Net4 in the host does not alter the abundance of cancer-associated fibroblasts 145 
(CAFs) and immune cells (macrophages and T-cells) in E0771 primary tumors (Extended Data Fig. 2a). 146 
Additionally, recombinant Net4 slightly promoted the proliferation of mouse breast cancer cells, but not 147 
human breast cancer cells or mouse melanoma cells (Extended Data Fig. 2b). However, primary tumor 148 
growth was not altered in Net4 wildtype and knockout mice, and formation of lung metastases was 149 
significantly increased in mice deficient in Net4. Therefore, these data indicate an additional direct activity 150 
of Net4 on cells. Furthermore, low and high doses of Net4 did not influence the contractile ability of CAFs 151 
(Extended Data Fig. 2c). These results suggest that the increase in lung metastases in the Net4 knockout 152 
mouse cannot be attributed to the loss of direct effects of Net4 on cells. 153 
 154 
Therefore, we next investigated whether BMs with or without Net4 alter cancer cell invasion. Here, we 155 
performed a 3D spheroid invasion assay in a reconstituted BM matrix38 (rBM, Matrigel). To mimic the BM 156 
from Net4 knockout and wildtype animals, we embedded breast cancer spheroids into the rBM and rBM 157 
supplemented with recombinant Net4 as well as its laminin binding mutant (Mut), which we recently 158 
generated and validated39. Cells invaded into the rBM and rBM supplemented with the Mut significantly 159 
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more than supplemented with wildtype Net4 (Fig. 2f and Extended Data Fig. 3a) indicating a laminin 160 
binding-related mechanism. Interestingly, addition of the same number of Net4 molecules to breast cancer 161 
spheroids in a collagen I matrix promoted cell invasion in a laminin binding independent manner (Extended 162 
Data Fig. 3b). These data indicate that BMs containing Net4 restrict the ability of breast cancer cells to 163 
move through the BM and additionally uncover a context-dependent pro-invasive activity of Net4, in line 164 
with previous studies28-32. 165 
 166 
To understand the impact of “normal” Net4 expression on cancer progression, we determined Net4 167 
localization in the alveolar BM, as this BM is the major barrier for cancer cells to breach in the experimental 168 
metastasis model. Here, lung tissues from Net4 wildtype and knockout23 mice were decellularized using the 169 
in situ decellularization of tissues (ISDoT) approach19,40, which preserves ECM architecture19. Net4 was 170 
localized inside the alveolar BM (Extended Data Fig. 4a). Collagen IV and laminin had a similar distribution, 171 
arrangement, and amount in Net4 knockout mice (Extended Data Fig. 4a). To determine whether there are 172 
developmental alterations in protein abundance between lung tissues from Net4 knockout and wildtype 173 
mice, we performed tandem mass tag mass spectrometry (TMT MS) analysis of lung tissues. Strikingly, no 174 
BM proteins apart from Net4 were altered between Net4 knockout and wildtype mice (Extended Data Fig. 175 
4b and Supplementary Table 2). Thus, these data suggest that the Net4 knockout mouse is ideal to study 176 
the functional role of Net4 within native BMs during metastases formation. Intravenous injection of the 177 
E0771 cells (Fig. 2g) into Net4 wildtype and knockout animals resulted in a significant increase in lung 178 
tumor burden for all metastasis parameters (foci size, number, and area) in animals with an alveolar BM 179 
lacking Net4 (Fig. 2h,i,j). 180 
 181 
Together, these data revealed that lung colonization is altered by Net4-containing BMs and further suggest 182 
that Net4-containing BMs impact the steps of the invasion-metastasis process3,4 where the BM plays a role 183 
(invasion, intravasation, and extravasation). 184 
 185 
We confirmed our findings in a second cancer model using HCmel12 mouse melanoma cells. Net4 186 
containing BMs significantly decreased HCmel12 cancer cell invasion in spheroid invasion assays (Fig. 3a 187 
and Extended Data Fig. 5a). We intravenously injected HCmel12 cells into Net4 knockout and wildtype 188 
mice, isolated lung tissues and further inspected the abdomen for metastases in the peritoneum and 189 
mesentery41 (Fig. 3b). We observed a significant increase in metastases in the lung and the abdominal 190 
space in Net4 knockout mice (Fig. 3 c,d). 191 
 192 
To exclude that endogenous Net4 levels within cancer cells contribute to the alteration in lung metastatic 193 
colonization, we next performed quantitative RT-PCR to determine Net4 (Ntn4) expression levels in 194 
different cell lines. Ntn4 expression was higher in EO771 cells compared to HCmel12 cells (Extended Data 195 
Fig. 5b). We generated E0771 cells deficient for Net4 using CRISPR/Cas9 technology and repeated the 196 
metastasis studies in Net4 knockout and wildtype mice. The generated cells showed a significant increase in 197 
lung metastases (number, area, and total metastases area) in Net4 knockout mice (Extended Data Fig. 198 
5c,d,e), demonstrating these effects are independent of tumor-derived Net4. 199 
 200 
Our results thus far suggest that BMs containing Net4 affect formation of metastases. To investigate which 201 
cell types produce Net4 in human cancer patients, we analyzed a published scRNA-seq dataset from 19 202 
melanoma patients42. We assigned clusters to 7 cell types based on cell type-specific markers (Extended 203 
Data Fig. 6a), and found Net4 (NTN4) is mainly produced by CAFs and endothelial cells (Fig. 3e and 204 
Extended Data Fig. 6b). To determine whether CAFs and endothelial cells are the major source of BM 205 
components, we analyzed the expression of 48 BM components within all cell types (Supplementary Table 206 
1). Indeed, CAF and endothelial cells express the major proportion of all BM components (Fig. 3f, Extended 207 
Data Fig. 6c, and Extended Data Fig. 7). Based on these findings that Net4 is produced by cell types shaping 208 
the BM, we determined the association of Net4 expression levels with prognosis in an available dataset 209 
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with 424 melanoma patients43. High levels of NTN4 were indeed significantly associated with good 210 
prognosis of melanoma patients (Fig. 3g). 211 
 212 
Net4 softens BMs 213 
As most of the abdominal metastases in the HCmel12 model were attached to the mesenteric vessels, we 214 
focused on visualizing Net4 within these vessels and confirmed the absence of Net4 in the vascular BM 215 
(vBM) of Net4 knockout mice (Extended Data Fig. 8a), indicating a link between increased metastasis and 216 
absence of Net4. Mesenteric arteries are a good model to assess the BM stiffness ex vivo as they contain 217 
only a thin layer of vascular smooth muscle cells separated from the endothelial cell layer by the BM and 218 
internal elastic lamina44. 219 
 220 
To determine the effect of Net4 on the biomechanical properties of the vBM, we performed pressure 221 
myography on mesenteric vessels from Net4 wildtype and knockout mice. This revealed that lack of Net4 222 
does not alter the overall structure of the mesenteric vessels (Extended Data Fig. 8b,c). We also employed 223 
pressure myography to obtain wall stress and strain parameters to determine the vessel stiffness. This 224 
analysis revealed a leftward shift of the stress-strain curve in Net4 knockout compared to wildtype mice, 225 
indicating increased stiffness in mesenteric vessels (Fig. 3h). 226 
 227 
Next, we sought to investigate the impact of reapplying Net4 to Net4 knockout mice on the formation of 228 
metastases. Here, we treated Net4 knockout mice for 5 consecutive days intraperitoneally with 2.5 mg/kg 229 
recombinant Net4 prior to intravenous injection of HCmel12 cells, three days after the treatment was 230 
stopped (Fig. 3i). Strikingly, the systemic injection of Net4 significantly reduced the formation of lung 231 
metastases (Fig. 3j). 232 
 233 
As the knockout mice harbored more lung metastases, we next investigated the biomechanical properties 234 
of the alveolar BM. There is growing literature of BM mechanics available8,12,45-49 yet no measurements of 235 
the alveolar BM. To keep the native tissue properties preserved we used rehydrated cryo-embedded lung 236 
tissues for the atomic force microscopy (AFM) analysis (Fig. 4a), because BM biomechanics are significantly 237 
altered in a dehydrated state45. 238 
 239 
The alveolar BM is localized between an epithelial and endothelial cell layer. To identify the alveolar BM 240 
stiffness, we developed a tailored experimental approach where the AFM tip is moved across the alveolar 241 
space from the epithelial side to the endothelial side crossing the alveolar wall and the BM (Fig. 4b). Data 242 
acquisition over this distance resulted in the Young’s modulus pattern, which enabled to identify the BM in 243 
between the softer cell layers (Fig. 4b). Using this method, we analyzed Net4 knockout and wildtype mice 244 
alveolar BM stiffness and found BM is significantly softer in the presence of Net4 (25 kPa for WT vs. 50 kPa 245 
for KO mice). These data together with the pressure myography analysis of mesenteric vessel stiffness 246 
indicated that Net4 containing BMs are generally softer than BMs lacking Net4 (Fig. 4b) and that BM 247 
mechanics determined the stiffness of the entire vessel. 248 
 249 
Next, we set out to confirm the altered BM stiffness in Net4 knockout animals at a cellular level in vivo. 250 
Discher and colleagues recently postulated that caveolae structures are formed on soft matrix and are less 251 
prominent on stiff matrix50,51 (Fig. 4c). Therefore, we employed transmission electron microscopy to assess 252 
caveolae structures in the capillary endothelium of alveoli in Net4 knockout and wildtype mice. We 253 
observed clear omega-shape caveolae structures in wildtype mice after fusion with the plasma membrane. 254 
However, caveolae-forming structures in the Net4 knockout mice were mainly intracellularly localized, and 255 
the number of omega-shaped alveolar BM-fused caveolae was significantly decreased (Fig. 4d). Therefore, 256 
we analyzed the ratio of alveolar BM-fused to non-fused caveolae. This analysis revealed a significant 257 
decrease in the fused to non-fused caveolae ratio in Net4 knockout mice (Fig. 4d). These data support our 258 
AFM analysis and pressure myography analysis that found a strong correlation of Net4 presence and BM 259 
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stiffness (Fig. 3h and Fig. 4b). Moreover, our data suggest that caveolae structures might be useful markers 260 
to indicate BM stiffness alterations in vivo. 261 
 262 
To evaluate whether Net4 expression is associated with tissue stiffness in cancer patients, we analyzed a 263 
previously published dataset from human high-grade serous ovarian cancer metastasis52. NTN4 was the 264 
gene most strongly associated with omental metastasis tissue softness across 31 patient samples (Fig. 4e) 265 
and therefore strongly correlates negatively with tumor tissue stiffness (Fig. 4f and Supplementary Table 3). 266 
These data suggest that BM organization and likely its stiffness, may be clinically important in different 267 
types of cancer. We further noted that NTN4 is negatively correlated with the expression of malignant cell 268 
markers (PAX8 and EPCAM), and positively correlated with BM encoding genes (Extended Data Fig. 9a,b,c 269 
and Supplementary Table 4). This suggests that the impact of Net4 is based on its localization within the 270 
BM. Moreover, the BM seem to have a similar impact on breast and ovarian cancer patients (Extended 271 
Data Fig. 9d). 272 
 273 
Laminin ternary node complexes determine BM stiffness 274 
To explore whether Net4 protein levels directly affect BM stiffness, we investigated the stiffness of rBM 275 
supplemented with Net4. Here, we performed AFM analysis following two different approaches: pre-mixing 276 
of Net4 with rBM before polymerization and titration of Net4 to the already polymerized rBM (Fig. 5a and 277 
Extended Data Fig. 10a). Titration of only 0.6% of Net4 proteins in relation to laminin molecules within the 278 
rBM caused a 20% decrease of the rBM Young's modulus compared to lack of Net4 (Fig. 5b). Addition of 279 
25% Net4 protein to the rBM resulted in a decrease of 50% in rBM Young's modulus. These experiments 280 
revealed a strong initial reduction in BM stiffness until approximately 25% of Net4 then the stiffness starts 281 
to saturate, reaching 35% of the original Young's modulus at 50% of Net4 (Fig. 5b, Extended Data Fig. 282 
10b,c). Thus, Net4 is indeed able to precisely decrease the stiffness of a BM in a concentration-dependent 283 
manner. Moreover, the alteration of the ternary node complex within the laminin network influences the 284 
overall stiffness of the BM. As the BM is built of two linked supramolecular networks comprised of collagen 285 
IV and laminin5,38, the observed saturation of the stiffness of the rBM at around 50% addition of Net4 might 286 
be due to the stiffness of the unaffected collagen IV network. 287 
 288 
We recently showed that cancer cells respond to ECM stiffness through adaptation of their intracellular 289 
viscoelasticity53. We analyzed the intracellular viscoelasticity of cancer cells in rBM and rBM supplemented 290 
with Net4 as well as Mut protein using optical tweezers. Cancer cells significantly adapted their intracellular 291 
viscoelasticity to the softer matrix in rBM plus Net4 and not in rBM plus Mut protein (Extended Data Fig. 292 
10d,e). These data strongly support that Net4 is altering ECM stiffness. 293 
 294 
In order to rationalize our experimental findings, we introduced a coarse-grained model for the BM elastic 295 
properties that approximates the laminin network as an ordered 2D honeycomb lattice. The dilution 296 
fraction  quantifies the fraction of occupied to the total number of available Net4 binding sites, each 297 
bound Net4 removes a node in the laminin lattice. We modelled the elastic bonds as harmonic springs and 298 
determine equilibrium network structures for varying  by energy minimization. Snapshots of networks 299 
without strain Fig. 5c) and under uniaxial strain of 40 % (Fig. 5d) are shown. Diluted networks deform such 300 
as to minimize the number of highly stretched bonds (shown in red) giving rise to large pores with 301 
deformed bonds concentrated around the pore edges (Fig. 5d). Figure 5e shows calculated stress-strain 302 
profiles for two different dilutions. The curve for = 10	% revealed a soft floppy mode54, where up to a 303 
threshold strain of = 7	% no stress arises, in contrast to the undiluted case = 0, which exhibited a 304 
linear stress-strain relation. The floppy behavior of the diluted lattice is caused by the node rearrangement 305 
around the pores, which allows the system to accommodate large strains at minimal energetic cost (Fig. 306 
5c,d). The threshold strain increases roughly linearly with dilution (Extended Data Fig. 10f). 307 
 308 
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To account for the three-dimensional network deformation, as realized in the AFM experiments, we 309 
estimated the maximal extensional strain of an isotropic elastic medium that is deformed by a cone (see 310 
Methods), as sketched in Figure 5f. We included the constant elastic response from the collagen IV 311 
background, which added a single fit parameter to our model (Methods). Figure 5g compares the 312 
theoretical rescaled deformation modulus Δ ( ) = ( )/ (0) for three different half opening angles  of 313 
a conical indenter as a function of dilution to the experimental AFM data. Although a value of = 20∘ best 314 
describes the shape of the pyramidal tip used in the AFM experiments (Methods: Atomic Force 315 
Microscopy), presumably higher values of  are closer to reality, and reflect structural imperfections of the 316 
AFM tip and the sample surface as well as torsional and radial strain effects. The background collagen 317 
elastic response accounts for the finite value of Δ ( ) for large . The quite abrupt BM stiffness decrease 318 
at low dilutions was well reproduced by the model especially for the choice of = 60∘ (Fig. 5f and 319 
Methods) and rationalized by the non-linear floppy elastic response of diluted laminin networks. This 320 
suggests that the mechanism by which Net4 softens BM consists of a systematic dismantling of the laminin 321 
network. Treatment of the Matrigel with collagenase (Fig. 5h) revealed a significant decrease of Matrigel 322 
stiffness of approximately 27% (Fig. 5i) and an almost total loss of stiffness at around 10% of laminin node 323 
dilution (Fig. 5j). These data reveal that the determined background stiffness is mainly based on the 324 
collagen IV network. 325 
 326 
Discussion 327 
ECM stiffness has long been known to be a major influencer of cancer metastasis, however, so far studies 328 
have focused on interstitial matrix. Thus, the BM and its contribution to matrix stiffness has not been 329 
previously explored. Moreover, the functional role of the BM architecture during cancer progression has 330 
not been investigated so far. Here, we show that Net4 softens the BM in a laminin binding-dependent 331 
manner through diluting laminin ternary node complexes. The more Net4 molecules present, the softer the 332 
laminin network and the more resistant to metastases formation (Fig. 6a). We demonstrate that stiffness is 333 
a stronger influencing factor than pore size in the regulation of cancer cell movement through the BM. 334 
Thus, we propose a model where BM mechanics determine cancer cell ability to breach the BM: the softer 335 
a BM, the less breaching by cancer cells (Fig. 6b), extending patient survival. 336 
 337 
Our experimental and theoretical data show that the stiffness of the laminin network can be precisely 338 
modulated by Net4 resulting in an altered stiffness of the entire BM and vessels. Our study uncovers a 339 
critical role of BM mechanics at the primary and secondary tumor site independent of tumor-mediated 340 
alterations. Therefore, we hypothesize that the “normal” BM composition may also play a pivotal role in 341 
the colonization of other common metastatic sites such as the liver, brain, and bone (Fig. 6c) for of all 342 
metastasizing solid tumor. Excitingly, our data suggests that baseline BM stiffness may pre-determine 343 
survival even before having cancer throughout lifetime. Therefore, the development of tools to soften BMs 344 
at the primary and secondary site could represent a promising approach to decrease or even prevent 345 
metastasis. 346 
 347 
A vast number of studies report pro- and anti-tumorigenic activity of Net4. However, all studies exclusively 348 
focus on a direct impact of Net4 on cells28-37. Our study consistently revealed an indirect anti-metastatic 349 
activity of Net4 when localized within native BMs and thereby modifying the mechanical properties of this 350 
specialized ECM material in many different cancer types. Thus, our data demonstrate the two context-351 
dependent faces of Net4, such that Net4 can be pro-invasive via an unknown mechanism and anti-352 
metastatic via its laminin interaction strongly dependent on the ratio between Net4 and laminin molecules. 353 
 354 
The ECM is shaped by a huge number of extracellular proteins defined as the matrisome55. Previous reports 355 
have focused on the direct impact of single matrisome proteins on cells. However, our data open the 356 
possibility that some of these proteins might be reversible regulators of the biochemical and mechanical 357 
properties of the overall ECM structure simply through binding to ECM macromolecules. Consequently, our 358 
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study might open a research area focusing on Reversible extracellular Matrix Regulators (which we define 359 
as RevMatriRegs) of mechanical properties of the major network forming proteins. 360 
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Figures 361 
 362 
Fig. 1 | Association of the expression of genes encoding for BM proteins with breast cancer patient 363 
survival. a, For each of 35 basement membrane genes present in the NKI dataset, Cox proportional hazard 364 
models were used to compute 28 statistics for association with survival: death and metastasis, in Normal 365 
component and Disease components, in 7 breast cancer subgroups: ER positive, ER negative, HER2 366 
overexpressing, HER2 overexpressing ER positive (Luminal B), HER2 overexpressing ER negative, HER2 367 
normal ER negative (basal-like), HER2 normal ER positive (Luminal A). For the 28 groups we computed an 368 
Overall association: the sum of the log10-transformed p-values, and a Consensus association: the average of 369 
the log10-transformed p-values multiplied by +1 (association of high levels with good prognosis) -1 370 
(association of low levels with good prognosis) or 0 (no association). A plot of consensus association vs. 371 
overall association shows low levels of Fibronectin (FN1) and Laminin  α5 (LAMA5) as well as high levels of 372 
Net4 (NTN4) to be most consistently associated with good prognosis across most tumor groups (highest 373 
consensus association). FN1, LAMA5, NTN4 reveal the best p-values overall (very high overall significance). 374 
b,c, Kaplan Meier survival (death) analysis. Tumor group 1: low levels of NTN4 in the Normal component 375 
(33 percentile NTN4 levels) vs. Tumor group 2: high levels of NTN4 in the Normal component (67 percentile 376 
NTN4 levels). b, Estrogen receptor positive tumors, show a strong association (p-value = 0.0006) of high 377 
levels of NTN4 in Normal component with good survival. c, Estrogen receptor negative tumors, show 378 
association (p-value = 0.0274) of high levels of NTN4 in Normal component with good survival. 379 
 380 
Fig. 2 | Net4 deficient alveolar BM favors metastases formation. a, Experimental design of orthotopic 381 
injection of E0771 mouse breast cancer cells into the mammary fat pad of Net4 wildtype (WT) and 382 
knockout (KO) mice followed by primary tumor resection and subsequent analysis. b, Box and whiskers blot 383 
of the primary tumor weight on the day of resection (two-tailed Unpaired t test, Min to Max, median is 384 
shown as line, mean is displayed as cross, data points appear as grey dots; n = 9 (WT), n = 12 (KO); t = 385 
0.4581, df = 19; ns, not significant). c, Representative H&E images of lungs from Net4 WT and Net4 KO mice 386 
28 days post-resection of the primary E0771 tumor. Scale bar, 3 mm. d, Box and whiskers blot of 387 
macroscopic lung metastasis number in mice injected with E0771 cells into the mammary fat pad of Net4 388 
WT and Net4 KO (two-tailed Mann-Whitney test for all analysis, Min to Max, median is shown as line, mean 389 
is displayed as cross, data points appear as grey dots; n = 9 (WT), n = 12 (KO); *P < 0.05). e, Box and 390 
whiskers blot of microscopic lung metastases and total metastasis area of mice injected with E0771 cells 391 
into the mammary fat pad of Net4 WT and Net4 knockout (KO) (two-tailed Mann-Whitney test for all 392 
analysis, Min to Max, median is shown as line, mean is displayed as cross, data points appear as grey dots; 393 
n = 9 (WT), n = 12 (KO); ns, not significant, *P < 0.05, **P < 0.01). f, Representative images of MDA-MB-231 394 
sphere invasion in Matrigel (ctrl) and Matrigel containing 50% Net4 (Net4) or 50% Net4 laminin binding 395 
mutant (Mut) molecules relative to laminin 111 within the Matrigel matrix. Scale bar, 100 µm. Scatter dot 396 
blot of sphere invasion (Ordinary one-way ANOVA test, mean is displayed as black line; n = 27; F = 94.2, DF 397 
= 78; ns, not significant; ****P < 0.0001). g, Time schedule of intravenous injection of E0771 cells into Net4 398 
WT and Net4KO mice and subsequent analysis 28 days post-injection. h, Representative H&E images of 399 
lungs from Net4 WT and Net4 KO mice 28 days post-injection of E0771 cells. Scale bar, 3 mm. i, Box and 400 
whiskers blot of macroscopic lung metastasis (two-tailed Mann-Whitney test, Min to Max, median is shown 401 
as line, mean is displayed as cross, data points appear as grey dots; n = 12 (WT), n = 10 (KO); *P < 0.05). j, 402 
Box and whiskers blot of microscopic lung metastasis, area/metastasis, and total metastasis area of 403 
intravenous injection of E0771 cells into Net4 WT and Net4 KO mice after 28 days (two-tailed Mann-404 
Whitney test, Min to Max, median is shown as line, mean is displayed as cross, data points appear as grey 405 
dots; n = 12 (WT), n = 10 (KO); **P < 0.01, ***P < 0.001). 406 
 407 
Fig. 3 | Net4 deficient alveolar and mesenteric vessel BM favors metastases formation. a, Representative 408 
images of HCmel12 cell sphere invasion assay in Matrigel (ctrl) and Matrigel containing 50% Net4 or 50% 409 
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Net4 laminin binding mutant (Mut) molecules relative to laminin 111 within the Matrigel matrix. Scale bar, 410 
100 µm. Scatter dot blot of sphere invasion (Kruskal-Wallis test, mean is displayed as black line; n = 26; ns, 411 
not significant; ****P < 0.0001). b, Experimental design of intravenous injection of HCmel12 mouse 412 
melanoma cells into Net4 WT and Net4 KO mice and subsequent analysis of lungs and abdomen 20 days 413 
post-injection. c, Representative images of lung lobes from Net4 WT and Net4 KO mice. Black spots on the 414 
lung surface indicate macroscopic metastases. Scale bar, 5 mm. Box and whiskers blot of macroscopic lung 415 
metastases in Net4 WT and Net4 KO mice (two-tailed Mann-Whitney test, Min to Max, median is shown as 416 
line, mean is displayed as cross, data points appear as grey dots; n = 32 (WT), n = 28 (KO); ****P < 0.0001). 417 
d, Representative images of the peritoneal space from Net4 WT and Net4 KO mice. Black balls indicate 418 
abdominal metastases. Scale bar, 10 mm. Box and whiskers blot macroscopic abdominal metastases in 419 
Net4 WT and Net4 KO mice (two-tailed Mann-Whitney test, Min to Max, median is shown as line, mean is 420 
displayed as cross, data points appear as grey dots; n = 11 (WT), n = 14 (KO); **P < 0.01). e, Violin plots of 421 
NTN4 expression for each cell type using scRNA-seq from 19 melanoma tumor patients42. f, Violin plots of 422 
the expression of the 49 BM genes for each cell type. The summed z-scores of the 49 BM genes (BMREP) 423 
were used as representative expression values for each cell. g, Kaplan-Meier plot showing the difference of 424 
overall survival between melanoma patients with high (67 percentile NTN4 levels) and low (33 percentile 425 
NTN4 levels) NTN4 expression calculated by a log rank test. h, Stress versus strain graph of pressure 426 
myography analysis of mesenteric vessels from Net4 WT and Net4 KO mice (Linear regression test, single 427 
line for each dataset; n = 8; *P < 0.05). i, Experimental design of rescue approach, in which Net4 KO mice 428 
were treated without (ctrl) and with 2.5 mg/kg recombinant Net4 (Net4) intraperitoneally injected for 5 429 
consecutive days. Three days after treatment was stopped (day 8), HCmel12 cells were intravenously 430 
injected. Macroscopic lung metastases were analyzed 20 days post-intravenous injection. j, Representative 431 
images of lung tissue from control (ctrl) and Net4-treated (Net4) Net4 KO mice. Black spots on the lung 432 
surface marked with arrowheads indicate macroscopic metastases. Scale bar, 5 mm. Box and whiskers blot 433 
of macroscopic HCmel12 lung metastases in control (ctrl) and Net4-treated (Net4) Net4 KO mice (two-tailed 434 
Mann-Whitney test, Min to Max, median is shown as line, mean is displayed as cross, all data points appear 435 
as grey dots (ctrl) and red dots (Net4); n = 18; *P < 0.05). 436 
 437 
Fig. 4 | Influence of Net4 on the mechanical properties of the BM. a, Experimental design of AFM analysis 438 
of the alveolar BM from Net4 WT and Net4 KO mice. b, Representative AFM measurements to determine 439 
the stiffness (Young’s modulus) of the alveolar BM in Net4 WT and KO mice. The AFM starts in one alveolus 440 
and goes to another detecting different stiffness patterns corresponding to the alveolar space (S) followed 441 
by cell layer (C) followed by the BM (BM) followed by cell layer (C) ending in the opposite alveolar space (S). 442 
Box and whiskers blot of the Young’s modulus of the pulmonary BM from Net4 WT and Net4 KO mice (two-443 
tailed Unpaired t test, Min to Max, median is shown as line, mean is displayed as cross, data points appear 444 
as grey dots; n = 8; t = 2.529, df = 14; *P < 0.05). c, Scheme of caveolae structures inside capillary 445 
endothelial cells underlying a soft (fused) or stiff (non-fused) BM in the lung aveoli. d, Representative 446 
electron microscopy images of the alveolar BM from Net4 WT and Net4 KO mice. Blue arrows indicate 447 
caveolae structures within the capillary endothelium (CE) fused with the plasma membrane directed to the 448 
BM. Blue arrowheads indicate non-fused caveolae structures (AE: alveolar epithelium; CE: capillary 449 
endothelium; E: erythrocyte). Scale bars, 250 nm and 100 nm (insets). Box and whiskers blot of the ratio of 450 
fused to non-fused caveolae structures in Net4 WT and KO mice (two-tailed Unpaired t test, Min to Max, 451 
median is shown as line, mean is displayed as cross, data points appear as grey dots; n = 4 (mice); ***P < 452 
0.001). e, Heatmap illustrates row z-scores of the log2cpm (counts per million) gene expression of indicated 453 
genes. Samples (columns) ordered by increasing tissue stiffness (CANBUILD dataset-GSE7134052). Genes 454 
(rows) arranged by increasing Pearson’s correlation coefficient (r) (Supplementary Table 3). f, Correlation 455 
between the Net4 (NTN4) gene expression and patient’s tumor tissue stiffness (Pearson’s p-value = 1.79e-7, 456 
r = -0.78, n = 31). 457 
 458 
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Fig. 5 | Decrease of BM stiffness via disrupting ternary laminin node complexes. a, Scheme of Young’s 459 
modulus acquisition of Matrigel and Matrigel mixed with Net4 using AFM. The amount in % of Net4 460 
molecules mixed into Matrigel indicates the ratio between Net4 and laminin 111 molecules. b, Histograms 461 
reveal the Young’s modulus of measurements of pure Matrigel (black) and different Net4 amounts mixed 462 
into Matrigel (red). c,d, Simulation snapshots for no dilution, 10% dilution, and 20% dilution. c, Unstrained 463 
diluted system. d, Diluted system under 40% strain. e, Stress-strain relations for the model laminin network 464 
at dilutions = 0% (red) and = 10% (blue). f, Sketch of the surface of an isotropic elastic medium 465 
(blue) that is deformed by a cone (red). Shown are definitions of indentation depth , half opening angle , 466 
and contact radius . g, Relative stiffness change of Matrigel plotted against dilution [%] obtained by AFM 467 
measurements of Net4 mixed into Matrigel (Experimental) and data of the computational simulation 468 
(Theoretical) for different values of the half opening angle  of the conical indenter. One Net4 molecule 469 
was estimated to open one laminin ternary node complex and the ratio between laminin and Net4 470 
molecules or number of openings in relation to total nodes reveals the dilution. h, Scheme of the AFM 471 
experiment to determine the Young’s modulus of Matrigel and Matrigel mixed with collagenase followed 472 
by titration of recombinant Net4. i, Box and whiskers blot of Young’s modulus of untreated (ctrl) and 473 
collagenase-treated (collagenase) Matrigel (two-tailed Mann-Whitney test, Min to Max, median is shown as 474 
line, mean is displayed as cross, all data points appear as grey dots; n = 569 (ctrl), n = 494 (KO); ****P < 475 
0.0001). j, Young’s modulus of untreated (ctrl) and collagenase-treated (collagenase) Matrigel with 476 
different concentrations of Net4 presenting the dilution of the laminin network in %. All values are 477 
normalized to Matrigel control at 0% Net4 and include the STDEV. 478 
 479 
Fig. 6 | Impact of BM mechanics on metastasis. Our study reveals the impact of BM mechanics modulation 480 
on metastases formation and patient survival. a, The scheme depicts the modulation of the basement 481 
membrane through the ECM protein Net4 (red sticks) and how increasing amounts of Net4 reduce the 482 
stiffness of a laminin network [ternary node complex through the interaction of laminin α1, 2, 3B, and 5 483 
(yellow), β1, 2, and 3 (green), and γ1 and 3 (blue)] and thereby of the entire basement membrane. We 484 
show that stiff basement membranes favor metastases formation and the softer a BM gets the more anti-485 
metastatic its property. b, Our model shows that increasing BM stiffness is associated with increasing 486 
cancer cell invasion. c, Vessels present the major route for cancer cells to spread throughout the body to 487 
colonize secondary sites and establish metastases. Our data highlight that the BM stiffness defines cancer 488 
cell intravasation from breast, kidney, and ovarian tissues and extravasation into lungs and mesentery (red 489 
asterisks). Although Net4 is not the defining factor for BM stiffness in all tissues, we hypothesize that BM 490 
stiffness is a key determinant also in these tissues including common metastatic sites such as lymph nodes, 491 
brain, liver, and bone (black asterisks). 492 
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Methods 681 
 682 
Gene expression analysis 683 
We used the NKI21 dataset of 295 breast cancers (https://ccb.nki.nl/data/) and a dataset with 13 normal 684 
breast tissue samples22, 3 from reduction mammoplasties and 10 from pathologically normal breast tissue 685 
from breast cancer patients, to explore association with survival of all basement membrane (BM) genes. 686 
We found 35 out of 49 BM genes present in the NKI dataset. Disease Specific Genomic Analysis (DSGA)22 687 
was used to decompose the data into Disease component and Normal component. Roughly, the normal 688 
tissue breast samples are used to construct a mathematical model for the healthy state. This healthy state 689 
model (HSM) incorporates a multitude of normal breast tissue signatures, including single cell type 690 
signatures as well as combinations of cell types in a range of states. Mathematically it is obtained from a 691 
linear model of the normal tissue data, followed by several steps of dimensionality reduction. The 692 
dimensionality reduction steps avoid overfitting the normal tissue data. Each tumor tissue gene expression 693 
sample is then mathematically decomposed into a Normal and a Disease component. The Normal 694 
component of the tumor is the signature of the cell types present in the tumor sample in their 695 
normal/healthy state. It is the profile of the mix of cells present in the tumor tissue sample, but with their 696 
healthy/normal gene expression signature. Mathematically it is the best fit of the tumor data to the HSM. 697 
The Disease component captures the modifications in the tumor sample from the normal signature, thus in 698 
essence the Disease component measures how the sample of cells, tumor and micro-environment, have 699 
deviated from their normal/healthy phenotype. Mathematically, the Disease component is the vector of 700 
residuals from the HSM fit. It is important to point out that the DSGA decomposition of each tumor is done 701 
independently of the rest of the tumors in the cohort. In the next step, we first identified the status of each 702 
tumor based on the Disease component expression levels of ESR1 and ERBB2 (HER2). The distributions of 703 
both ESR1 and ERBB2 in the Disease component was clearly bimodal, and the cutoff was assigned between 704 
positive (over) and negative (under) expression status. We then explored the association with survival for 705 
each of the 35 BM genes separately, in each of the following breast cancer subset of tumors: ER negative 706 
tumors; ER positive tumors; HER2 (ERBB2) overexpressing tumors; Basal-like tumors (ER negative, HER2-707 
normal); Luminal A tumors (ER positive, HER2-normal); Luminal B tumors (ER positive, HER2 708 
overexpressing); and HER2 overexpressing ER-negative tumors. These subsets of tumors clearly overlap. 709 
The goal was to explore the association with survival in groups of tumors that were, to some degree, 710 
homogeneous with respect to the effects of the particular BM genes studied. For each of the 35 BM genes, 711 
inside each of the 7 subsets of breast cancer patients, we explored association of the gene with survival: 712 
death and metastasis. We used Cox proportional hazard models to compute the p-value of the separation 713 
in survival between the tumors with low levels of the gene (33 percentile) and those with high levels of the 714 
gene (67 percentile). We also assigned a +1 -1 or 0 value if the gene was associated with good or bad 715 
prognosis or neither. This was done for 7 patient groups, 35 genes, Disease components and Normal 716 
components of data. Thus, for each BM gene we obtained a vector of 28 p-values, and a vector of 28 717 
prognosis signs: +1, -1, 0. For each gene, we computed the log in base 10 of the p-values vector. Our criteria 718 
are: (1) consistent association with survival across many tumor groups, and (2) highly significant association 719 
with survival. Thus, a consensus association as the mean of the signed prognosis vector: ± ( −720 ):	 ∑± ( − ) and an overall association as the sum of all the log-transformed p-values 721 ∑ ( − ). Thus, a large overall association value indicates strong association with survival, either in 722 
a few groups or across many groups. Large positive or small negative consensus association indicates 723 
association with survival across many different tumor groups. In case of the kidney analysis gene expression 724 
from 166 renal cell carcinoma tumors (GSE3538)27 and 34 normal tissue samples (GSE3931)26 was analyzed. 725 
DSGA analysis generated the decomposition into Disease component and Normal component of tumor 726 
data. 727 
 728 
Mouse studies 729 
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All animal experiments followed the regulatory standards and were approved by the Animal 730 
Experimentation Council of the Ministry of Environment and Food of Denmark. All experiments are 731 
controlled by the Danish Inspectorate for Animal Experimentation (permission number 2017-15-0201-732 
01265) according to the Danish Law of Animal Welfare. All mice were housed in individually ventilated 733 
cages (IVCs) with a humidity of 55% ±10%, a temperature of 22°C ±2°C, and a dark/light cycle of 12h/12h 734 
with light from 6 am – 6 pm. 735 
 736 
Cell culture 737 
HEK293 (Manuel Koch, University Hospital Cologne, EBNA), mouse melanoma HCmel12 (Thomas Tüting, 738 
University Hospital Magdeburg, C57BL/6 compatible cell line)56, mouse breast cancer E0771 (Robin 739 
Anderson, University of Melbourne, C57BL/6 compatible cell line)57, mouse breast cancer 4T1 (Karmanos 740 
Cancer Institute)58, mouse pancreatic cancer KPC (Jennifer Morton, Beatson Institute)59, and human breast 741 
cancer MDA-MB-231 (Joan Massagué, Memorial Sloan Kettering Cancer Center)60 cells were cultured in 742 
Dulbecco´s Modified Eagle Medium/F-12, GlutaMAXTM supplement (DMEM/F-12, GlutaMAXTM supplement, 743 
Gibco) supplemented with 10% fetal bovine serum (FBS) and 20% FBS in case of HCmel12 and E0771. 744 
Immortalized murine cancer-associated fibroblast cell lines (mCAF1 and mCAF2, Erik Sahai, The Francis 745 
Crick Institute)61 were cultured in DMEM, 10% FBS supplemented with Insulin-Transferrin-Selenium. 746 
 747 
Orthotopic mouse breast cancer model 748 
Female mice at the age of 8 weeks from Net4 knockout and the corresponding wildtype litters were used. 749 
Cohorts of wildtype and Net4 deficient mice were orthotopically injected with 5 x 105 E0771 into the 750 
mammary fat pad. Tumor growth was monitored on a regular basis and primary tumors were resected 751 
when they reached a size of 1.5 cm in diameter. Mice were sacrificed 28 days post primary tumor resection. 752 
The number of macroscopically visible metastases on lung surfaces were counted in a blind fashion. Lungs 753 
were further immunohistochemically (H&E) processed to determine and analyze microscopic lung 754 
metastases using NanoZoomer Digital Pathology (NDP) scan (NDP.scan version 2.5.90) and view 2 755 
(NDP.view version 2.7.52) software. 756 
 757 
Expression and purification of recombinant netrin-4 proteins 758 
Netrin-4 full-length (Net4) from Mus musculus (Net4: NP_067295.2, aa: 20-628) and its respective laminin 759 
binding mutant E195A, R199A (Mut) were cloned into a modified Sleeping-beauty vector62 with a double N-760 
terminal Strep II tag. A pool of HEK293 cells were stably transfected followed by screening for high level 761 
expression. Net4 and its laminin binding mutant version were purified by Strep-Tactin Sepharose (IBA, 762 
Göttingen). The purified proteins were dialyzed against 1 x PBS. These proteins were further sterile filtered 763 
through a 0.22 µm filter for all in vitro experiments. 764 
 765 
Proliferation assay 766 
Cancer cells were plated with 2,000 cells/96-well and treated without or with different concentrations (0.1, 767 
3.6, and 5,2 µg/well) of recombinant netrin-4 for 96 h. Afterwards cells were washed twice with 100 µl of 1 768 
x PBS and 100 µl DMEM/F-12, GlutaMAXTM supplement was added to the cells and the plate was incubated 769 
at 37°C for 1 h. After 1 h 20 µl of MTS solution (Promega) was added to each well including blank wells. 770 
Absorbance was measured at 492 nm using a SpectraMax Paradigm plate reader (Molecular Devices; 771 
SoftMax Pro version 6.5.1 software) after 1 h. Blank values were subtracted from each value and values 772 
were normalized to the respective control wells. 773 
 774 
Contraction assay 775 
Cancer-associated fibroblasts (mCAF1 and mCAF2) have been mixed with 2 mg/ml collagen I matrix, and 776 
100 µl of cell/collagen I mix was plated per well in a 96-well plate to have 80,000 cells/well. Afterwards, 200 777 
µl of media containing 2% FBS supplemented without (control) and with different amounts of recombinant 778 
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netrin-4 and its respective laminin binding mutant netrin-4 E195A,R199A. Cells were allowed to contract 779 
the collagen I matrix for 72 h. Afterwards, the contracted area was analyzed and normalized to the control 780 
of the respective repeat. 781 
 782 
Immunohistochemistry and immunofluorescence staining of E0771 primary tumors 783 
Mouse tumors were resected, fixed in 10% neutral buffered formalin at 4°C overnight, and paraffin 784 
embedded according to standard protocol. For immunohistochemistry staining, tissue sections were 785 
deparaffinized in xylene and rehydrated in graded ethanol (100%, 95%, 70%). Antigen retrieval was 786 
performed for 15 min at 95–98°C in 10 mM sodium citrate buffer, pH 6.0. Then, endogenous peroxidase 787 
activity was quenched by incubation in 3% H2O2 for 10 min. Sections were blocked in PBS + 0.1% Tween-20 788 
and 5% goat or donkey serum. Incubations with primary antibodies (CD8a; Cell Signaling, 98941, clone 789 
D4W2Z; 1:200) were performed overnight at 4°C in a humidified chamber, followed with appropriate HRP-790 
conjugated secondary antibodies (Dako, K4001 or K4003) at room temperature. ImmPACT DAB Kit (Vector 791 
Laboratories, SK-4105) was used to develop signals per manufacturer’s instructions. Sections were 792 
counterstained with hematoxylin and mounted using DPX mounting medium (CellPath, SEA-1304-00A). 793 
For immunofluorescence staining of tumor slides, antigen retrieval was performed similarly to 794 
immunohistochemistry staining, except slides were not incubated with 3% H2O2. Primary antibodies 795 
(αSMA; Abcam, ab5694; 1:200 and F4/80; eBioscience, 14-4801-85, Clone BM8; 1:100) were incubated at 796 
4°C overnight in a humidified chamber followed by incubation with Alexa Fluor-conjugated secondary 797 
antibodies including DAPI (1 µg/ml) at room temperature for 1 h and mounted using Dako Fluorescent 798 
Mounting Medium. Stained sections have been imaged using an SP8 confocal microscope (Leica) with Leica 799 
Application Suite X (LAS X) software (version 3.5.5.19976). 800 
 801 
Preparation of netrin-4 containing Matrigel matrix 802 
All experiments in which Matrigel has been supplemented with Net4 full-length have been performed at a 803 
laminin 111 to Net4 molecular ratio of 2:1. Matrigel containing 50% Net4 molecules compared to laminin 804 
111 molecules was prepared by taking the protein concentration of Matrigel which was between 8-11 805 
mg/ml depending on the batch. Afterwards, the estimated laminin 111 content of Matrigel is 60%. 806 
Moreover, the molecular weight of laminin 111 is around 10-fold higher than the molecular weight of Net4. 807 
As an example, 1 ml of a 10 mg/ml Matrigel matrix mix was supplemented with 300 µg Net4 full-length to 808 
generate a Matrigel matrix containing approximately 50% Net4 molecules compared to laminin 111 809 
molecules. The amount of recombinant netrin-4 within one 20 µl matrix sphere was approximately 5.2 µg 810 
in case of 50% and 2.6 µg in case of 25% proportion to laminin. 811 
 812 
Sphere invasion assay 813 
MDA-MB-231 and HCmel12 cells have been adjusted to 100,000 cells/ml in DMEM/F-12, GlutaMAXTM 814 
supplement with 10% FBS, 0.24% Methylcellulose, and 32 µg collagen I. Liquid drops of 20 µl of this mix 815 
were placed on the lid of 10 cm cell culture dish. The lid was placed on top of the dish containing 6 ml of 1 x 816 
PBS and cells were allowed to form spheres in the hanging drops for 120 h. Afterwards, formed spheres 817 
were embedded in 20 µl Matrigel and in 20 µl Net4- or laminin binding mutant-containing Matrigel each 818 
supplemented with 0.5 mg/ml collagen I. In case of the collagen I sphere invasion experiments, formed 819 
spheres were embedded in 20 µl 1.5 mg/ml collagen I matrix and in 20 µl Net4- or laminin binding mutant-820 
containing collagen I matrix. Plates containing the plugs with spheres were placed upside down at 37°C for 821 
1 h to allow Matrigel polymerization. Afterwards, plates were filled with DMEM/F-12, GlutaMAXTM. Sphere 822 
invasion was imaged using a brightfield microscope (Olympus CKX53 with Olympus DP22 camera and 823 
Olympus cellSens Entry software v.1.16) after 18 h and 24 h for HCmel12 and MDA-MB-231 cells, 824 
respectively. Invasive cell area was quantified using ImageJ (Fiji 2.1.0/1.53c). 825 
 826 
Decellularization and staining of mouse lung and mesentery tissues 827 
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Euthanized Net4 wildtype and Net4 knockout mice were operated as described previously19 to perfuse 828 
through the aorta and the superior mesenteric artery for lungs and mesentery, respectively. Catheterized 829 
organs are perfused by a system in which a peristaltic pump (Ole Dich, Denmark) connects a reagent 830 
reservoir to the catheter connector with sterile silicone tubes (Ole Dich, Denmark). The tubing has a lumen 831 
diameter of 2 mm and an external diameter of 4 mm. The waste-collection tubing has a lumen of 2.5 mm 832 
and an external diameter of 4.5 mm. The peristaltic pump is set to a flow output of 0.2 ml/min. Perfusion 833 
begins with 15 min of deionized water. This is followed by a detergent regimen of 0.5% Sodium 834 
deoxycholate (DOC) in deionized water for 24 h. Decellularized lung and mesentery tissues were stored in 835 
deionized water at 4°C till staining was initiated. After decellularization, lung and mesentery tissues were 836 
blocked with 6% donkey serum and 3% BSA in 1 x PBS overnight. On the next day, the block solution was 837 
discarded and primary antibodies for Net4 (polyclonal rabbit anti-Net4; 1:100), laminin γ1 (monoclonal rat 838 
anti-laminin γ1, Millipore MAB1914P; 1:100), and collagen IV (polyclonal goat anti-collagen IV, Millipore 839 
AB769; 1:100) in 3% donkey serum in 1 x PBS were added to the lungs and incubated overnight. 840 
Afterwards, the primary antibody solution was discarded and lung as well as mesentery tissues were 841 
washed with 0.05% Tween-20 in 1 x PBS at least six times for 1 hour. Then the secondary antibodies anti-842 
rabbit Alexa488, anti-rat Alexa555, anti-goat Alexa647 (1:1000) in 3% donkey serum in 1 x PBS were added 843 
overnight. On the next day, the tissue was washed with 0.05% Tween-20 in 1 x PBS three times for 1 hour 844 
and subsequently imaged with an inverted Leica SP5-X MP 2-photon confocal microscope connected to a 845 
Ti-Sapphire laser (Spectra Physics MaiTai HP DeepSee Laser, Spectral Physics (Tunable wavelength: 690 nm 846 
to 1040 nm) and a Supercontinuum white light laser (WLL)) with the Leica Application Suite X (LAS X) 847 
software (version 2.7.4.10100). 848 
 849 
Sample Preparation for MS 850 
Lysate preparation and digestion was done according to Kulak et al.,63 with some modifications. Briefly, five 851 
lung tissue samples from both netrin-4 wildtype and netrin-4 knockout mice were lysed using 30 µl of lysis 852 
buffer (consisting of 6 M Guanidinium Hydrochloride, 10 mM TCEP, 40 mM CAA, 50 mM HEPES pH8.5) in a 853 
Barocycler 2320EXT (Pressure BioSciences Inc.) set to 30 cycles of 45,000 PSI 50 sec on, 10 sec off. Samples 854 
were boiled at 95°C for 5 min, after which they were sonicated on high for 5 x 30 sec in a Bioruptor 855 
sonication water bath (Diagenode) at 4oC. After determining protein concentration with Pierce Gold BCA kit 856 
(ThermoFisher Scientific), 20 µg was taken forward for digestion. Samples were diluted 1:3 with 10% 857 
Acetonitrile, 50 mM HEPES pH 8.5, LysC (MS grade, Wako) was added in a 1:50 (enzyme to protein) ratio, 858 
and samples were incubated at 37°C for 4 h. Samples were further diluted to 1:10 with 10% Acetonitrile, 50 859 
mM HEPES pH 8.5, trypsin (MS grade, Promega) was added in a 1:100 (enzyme to protein) ratio and 860 
samples were incubated overnight at 37°C. Enzyme activity was quenched by adding 2% trifluoroacetic acid 861 
(TFA) to a final concentration of 1%. Prior to TMT labeling, the peptides were desalted on a SOLAμ C18 862 
plate (ThermoFisher Scientific). For each sample, the C18 material was activated with 200 µl of 100% 863 
Methanol (HPLC grade, Sigma), and 200 µl of Buffer B (80% Acetonitrile, 0.1% formic acid). The C18 bedding 864 
was subsequently equilibrated 2 x with 200 µl of buffer A (0.1% FA), after which 20 µg of sample was 865 
loaded using centrifugation at 1,000x rpm. After washing the C18 bedding twice with 200 µl of buffer A, the 866 
peptides were eluted into clean 1.5ml Eppendorf tubes using 40% Acetonitrile, 0.1% formic acid. The eluted 867 
peptides were concentrated in an Eppendorf Speedvac and reconstituted in 100 mM TEAB (pH8.5) for TMT 868 
labeling. Labeling was done according to manufacturer’s instructions, and subsequently, labeled peptides 869 
were mixed 1:1:1:1:1:1:1:1:1:1:1:1:1:1:1:1 (16-plex), acidified to 1% TFA and Acetonitrile concentration 870 
brought down to <5% using 2% TFA. Prior to mass spectrometry analysis, the peptides were fractionated 871 
using an offline ThermoFisher Ultimate3000 liquid chromatography system using high pH fractionation 872 
(5mM Ammonium Bicarbonate, pH 10) at 5 µl/min flowrate. 20 µg of peptides were separated over a 120 873 
min gradient (5% to 35% Acetonitrile), while collecting fractions every 120 sec. The resulting 60 fractions 874 
were pooled into 30 final fractions (fractions 1+31, 2+32, 3+33, etc.), acidified to pH < 2 with 1% TFA and 875 
loaded onto EvoSep StageTips according to manufacturer’s protocol. 876 
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 877 
Global TMT-labeled LC-MS data acquisition 878 
For each fraction, peptides were analyzed using the pre-set ’30 samples per day’ method on the EvoSep 879 
One instrument. Peptides were eluted over a 44 min gradient and analyzed on an Exploris 480 instrument 880 
(Thermo Fisher Scientific) running in a DD-MS2 top speed method (3 sec cycle time). Full MS spectra were 881 
collected at a resolution of 60,000, with a normalized AGC target of 300% and automatic maximum 882 
injection time, with a scan range of 375–1500 m/z. The MS2 spectra were obtained at a resolution of 883 
30,000 with the “turboTMT” functionality enabled, with a normalized AGC target of 100% and automatic 884 
maximum injection time, a normalized collision energy of 33 and an intensity threshold of 8e3. First mass 885 
was set to 120m/z to ensure capture of the TMT reporter ions, and precursors were isolated with 0.7m/z 886 
isolation window and Precursor Fit enabled to 70% at a window of 0.7 m/z. Dynamic exclusion was set to 887 
60 s, and ions with a charge state <2, >7 and unknown were excluded. MS performance was verified for 888 
consistency by running complex cell lysate quality control standards, and chromatography was monitored 889 
to check for reproducibility. 890 
 891 
TMT Quantitative Proteomics Analysis 892 
The raw files were deposited on the PRIDE database of ProteomeXchange (PXD022145) and analyzed using 893 
Proteome Discoverer 2.4. TMTPro reporter ion quantitation was enabled in the processing and consensus 894 
steps, and spectra were matched against the mus musculus protein database obtained from Uniprot. 895 
Dynamic modifications were set as Oxidation (M), Deamidation (N,Q) and Acetyl on protein N-termini. 896 
Cysteine carbamidomethyl (on C residues) and TMTPro (on peptide N-termini and K residues) were set as 897 
static modifications. All results were filtered to a 1% FDR, and TMT reporter ion quantitation done using the 898 
built-in ‘reporter ions quantifier’ node, with statistical significance testing done with the built-in ANOVA 899 
test. Proteins were filtered for those with at least two peptides and visualized in R using the GGplot2 900 
package or GraphPad Prism. 901 
 902 
Metastases formation 903 
All animal experiments were conducted with mice at the age of 8 weeks and male as well as female animals 904 
from Net4 knockout and the corresponding wildtype litters were used. Cohorts of wildtype and Net4 905 
deficient mice were intravenously injected with 5 x 105 HCmel12 melanoma or 2 x 105 E0771 breast cancer 906 
cells. Mice were sacrificed 20 days and 28 days after injection for HCmel12 and E0771, respectively. The 907 
number of macroscopic metastases on lung surfaces were counted in a blind fashion. In terms of the mouse 908 
breast cancer cell injection, lungs were further immunohistochemically (H&E) processed to determine and 909 
analyze microscopic lung metastases using NanoZoomer Digital Pathology (NDP) scan (NDP.scan version 910 
2.5.90) and view 2 (NDP.view version 2.7.52) software. The experimental setup for the rescue experiment 911 
was slightly modified. Here, netrin-4 knockout mice were treated with 1 x PBS (control) or 2.5 mg/kg 912 
recombinant netrin-4 (Net4) for five consecutive days (Day 1-5) prior to intravenous cell injection. After five 913 
days of treatment, animals were kept without any further treatment for additional two days (Day 6-7). On 914 
the following day (Day 8), 5 x 105 HCmel12 melanoma were injected intravenously into netrin-4 knockout 915 
mice treated with PBS or netrin-4. Mice were sacrificed on Day 28 (20 days after HCmel12 intravenous 916 
injection). The number of macroscopic metastases on lung surfaces were counted in a blind fashion. 917 
 918 
Pressure Myography 919 
All animal work was performed in accordance with UK Home Office Regulation, covered by UK Animal 920 
Project license 70/8604 and approved by the University of Glasgow animal ethics committee. Myography 921 
was performed on 5-month-old Net4 knockout mice and wildtype littermates as controls. Animals were 922 
sacrificed using cervical dislocation and 3rd order mesenteric arteries were collected by dissection from the 923 
mesentery within an hour of sacrifice using a dissecting microscope (Leica) in cooled calcium free 924 
physiological salt solution (cf-PSS, 0.25 M NaCl, 0.001 M KCl, 2 mM MgSO4, 50 mM NaHCO3, 2 mM KH2PO4, 925 
1 mM glucose, 0.5 ml of 23 mM EDTA). Perivascular adipose tissue was removed, and mesenteric arteries 926 
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were transferred into separate 1.5 ml microcentrifuge tubes containing cf-PSS. Samples were kept on ice 927 
for pressure myography and used on the day of collection. Mesenteric artery rings were mounted on two 928 
glass cannulas on a pressure myograph (Danish Myo Technology) in cf-PSS and maintained at 37°C/ 95% O2 929 
and 5% CO2. The vessels were unbuckled and pressurized at 70 mmHg for 30 min for equilibration. Vessels 930 
were then subjected to a pressure curve (10, 20, 40, 60, 80, 100, 110 and 120 mmHg under passive 931 
conditions) using cf-PSS and measurements of internal (Di) and external diameter (De) were collected at the 932 
end of 5 min at each pressure. Wall thickness WT was calculated as [(De − Di)/2]. Circumferen al wall stress 933 
σ was calculated as [(P*Di)/(2*WT)] whereby P is the Pressure. Circumferential wall strain ε was calculated 934 
as [(Di-Di@10mmHg)/(Di@10mmHg)]. Arterial stiffness independent of geometry is determined by Young’s Elastic 935 
Modulus [E=stress/strain]64. Statistical analysis was performed using GraphPad Prism software (8.1.1) 936 
calculating the linear regression of both stress-strain curves for Net4 wildtype and knockout. 937 
 938 
Quantitative real-time PCR (qRT-PCR) 939 
HEK293, MDA-MB-231, E0771, 4T1, and HCmel12 cells were cultured in their respective media until a cell 940 
density of approximately 90% was reached. Cells were then trypsinized and centrifuged (1000 rpm; 5 min). 941 
Cell pellets were frozen on liquid nitrogen and stored on -80ºC till further processing starts. RNA was 942 
extracted using the RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions. After RNA 943 
extraction, RNA concentration was measured using a NanoDrop. Reverse transcription of 1 µg of RNA per 944 
cell line and replicate was performed using Transcriptor Universal cDNA Master kit (Roche) following the 945 
manufacturer’s instructions. Real time primers corresponding to mouse netrin-4 (fw: 946 
TGAGAATGCTGACCTCACTTGC, rev: GGCAGCGTTGCATTTATCACAC), mouse ribosomal protein lateral stalk 947 
subunit P0 (RPLP0) (fw: CATCATCAATGGGTACAAGCGC, rev: CAGTAAGTGGGAAGGTGTACTC), human netrin-948 
4 (fw: CCTGAACGAAGAGCCTCAACAT, rev: GGTCTGAAGCCATGAACAGGTA), and human RPLP0 (fw: 949 
CTGCTGCCTCATATCCGGG, rev: TGATCTCAGTGAGGTCCTCCTT) were validated for further analysis. 950 
Quantitative real time PCR was performed on a LightCycler 480 II (Roche; Light Cycler 480 SW version 1.5.1) 951 
by generating a standard curve for mouse netrin-4 using HEK293 cells overexpressing mouse netrin-4, 952 
human netrin-4 using HEK293 cells overexpressing human netrin-4, the house-keeping gene mouse RPLP0 953 
using E0771 cDNA, and the house-keeping gene human RPLP0 using HEK293 cDNA. Afterwards the analysis 954 
of the standard curves using the Light Cycler 480 SW version 1.5.1 software was performed for each primer 955 
pair resulting in the concentration of the transcript for each gene. Finally, the expression levels of mouse 956 
and human netrin-4 transcripts were calculated relative to the concentration of the respective RPLP0 957 
expression. 958 
 959 
CRISPR/Cas9-mediated Ntn4 knockout in E0771 mouse breast cancer cells 960 
The guide RNA (sgRNA) against the mouse Netrin-4 gene (Ntn4) was generated using the sgRNA design 961 
platform of the Broad Institute (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design). 962 
The sgRNA oligos were annealed and cloned into the PX458 CRISPR/Cas9 vector. After sequencing, the 963 
vector was transfected into E0771 the mouse breast cancer cells. Transfected cells were single-cell sorted 964 
into 96-well plates via detection of GFP using a FACS sorter after 24 h. Afterwards, cells were validated for 965 
Ntn4-knockout via isolation of the gDNA followed by the amplification of the genomic region corresponding 966 
to the sgRNA binding region and cloned into a TOPO vector. Here, at least 10 clones were sequenced to 967 
identify specific Ntn4-knockout on all alleles. E0771 Ntn4-knockout cells were used for intravenous 968 
injection into netrin-4 knockout and the corresponding wild type litter animals. 969 
 970 
scRNA-seq analysis 971 
Using scRNA-seq data in melanoma (GSE72056)42, which contains data of 4,645 cells from 19 melanoma 972 
patients including tumors from 10 lymphoid metastases, 8 distant sites, and primary melanoma, we 973 
scrutinized which cell types express NTN4 and additional BM encoding genes (see Supplementary Table 1). 974 
Based on cell type specific marker genes, we obtained cell clusters composed of seven cell types (Extended 975 
Data Fig. 6a): B-cells, cancer-associated fibroblast (CAF), endothelial cells, macrophages, melanoma cells, 976 
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NK-cells, and T-cells. We also investigated the expression of the additional 48 BM genes for each cell type 977 
(Extended Data Fig. 7). To find out the overall expression levels of the whole 49 BM genes in the seven cell 978 
types, we calculated an aggregate expression of the 49 BM genes using z scores. 979 
 980 
Atomic Force Microscopy 981 
AFM indentation experiments on Matrigel and lung tissue sections were performed with a NanoWizard 1 982 
(JPK instruments with JPK Control software 5.0.130) equipped with a 100 µm x 100 µm x 15 µm piezo 983 
scanner. The AFM was mounted on an inverted optical microscope (Axiovert 200, Carl Zeiss) placed on an 984 
active isolation table (Micro 60, Halcyonics, Göttingen, Germany). The whole setup was placed inside a 985 
custom-built 1 m3 soundproof box to reduce the influence of ambient noise. All AFM experiments were 986 
carried out in PBS at RT, using silicon nitride MLCT cantilevers (Bruker) with a nominal spring constant of 987 
~0.1 N/m for lung tissue sections and ~0.03 N/m for Matrigel experiments. The cantilever force constant 988 
was determined for each cantilever individually, using the thermal noise method65. For all experiments, the 989 
Young’s modulus was derived from the first 500 nm of the indentation part of the curves using a modified 990 
Hertz model66,67. For data analysis the JPK software (Version 6.0.69) was used. The indentation experiments 991 
on the basement membrane were performed on 15 µm cryosections (Leica CM1950) of fresh, snap frozen, 992 
non-fixed lung tissue embedded in Tissue Tek O.C.T. The tissue slides were thawed and immersed in PBS for 993 
AFM measurements. First overview force maps of 25 µm x 25 µm were recorded on the alveolar wall 994 
showing the two cell layers and the basement membrane. Then, three 1.5 µm x 1.5 µm force maps, 995 
comprising the basement membrane and the adjacent tissue were recorded. Each map consisted of 2,500 996 
(50 x 50) indentation-retract cycles, rendering a lateral resolution of 30 nm for the subsequent Young’s 997 
modulus analysis. Here, the z-piezo velocity was 10 µm/s. Two alveolar walls were assessed for each 998 
animal. Because of time constraints, in these experiments, the cantilever force constant was assessed after 999 
recording the indentation maps. The cantilever deflection signal was limited to 1 V. 1000 
In the mixing approach 100 µl of Matrigel matrix (Corning, Lot. 9091003, Ref. 354234) was gently mixed 1001 
with 0.6%, 1.2%, 3%, 6%, 10%, 25%, 30%, and 50% Net4 in PBS (Biochrom Dulbeccos PBS w/o Mg2+/Ca2+, pH 1002 
7.4) on ice and pipetted into a silicon ring with an inner diameter of 1 cm on top of a pre-cooled 1003 
microscope slide with a pre-cooled pipette and incubated for 30 min at 37°C. The Matrigel sample was then 1004 
transferred to the AFM stage, where a droplet of PBS was pipetted on top of the gel prior to AFM 1005 
experiments. Maps of 10 x 10 force-distance curves were recorded with a 100 x 100 µm scan area, at a z-1006 
piezo velocity of 5 µm/s. The indentation force was limited to 2 nN. At least 5 force maps on at least 2 1007 
different gels with a total number of 373-939 force curves per map were analyzed. 1008 
In the titration experiment 2 ml of Matrigel matrix was plated on a precooled petri dish (-20°C) followed by 1009 
an incubation time of 30 min at 37°C. For AFM experiments 9 ml of PBS were added and force curves were 1010 
recorded on the pure Matrigel. Then 0.1%, 0.5%, 1%, 2.5%, 5%, 10%, 25%, and 50% Net4 were added in a 1011 
titration procedure. Arrays of 10 x 10 force-distance curves were recorded in a 10 µm x 10 µm scan area, at 1012 
a z-piezo velocity of 5 µm/s. In the titration experiments, the indentation force was limited to 3 nN. In case 1013 
of the collagenase treatment, Matrigel without collagenase and Matrigel with 200 Units of collagenase 1014 
(Worthington Biochemical Corporation) were allowed to polymerize at 37°C for 3 h prior to Net4 titration 1015 
(1%, 2%, 6%, and 10%) and constant AFM measurement. 1016 
 1017 
Electron microscopy 1018 
Ketanest anaesthetized mice were perfusion fixed with 4% paraformaldehyde, 0.1 M PBS at pH 7.4 by 1019 
cannulation of the left ventricle for 15 min. Following removal, the isolated lung tissue from perfusion-fixed 1020 
mice was postfixed in 2% paraformaldehyde, 2% glutaraldehyde, 0.1 M cacodylate buffer at pH 7.35 for 6 h. 1021 
The lung tissue was rinsed in cacodylate buffer three times and then treated with 1% uranyl acetate in 70% 1022 
ethanol for 8 h to enhance the contrast. The lung tissue was subsequently dehydrated in a graded series of 1023 
ethanol and then embedded in Araldite (Serva). Semithin sections (0.5 µm) were cut with a glass knife on 1024 
an ultramicrotome (Reichert, Bensheim, Germany) and stained with methylene blue. Ultrathin sections (70 1025 
nm) for electron microscopic observation were processed on the same microtome with a diamond knife 1026 
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and placed on copper grids. Transmission electron microscopy was performed using an EM109 electron 1027 
microscope (Zeiss, Oberkochen, Germany) with ImageSP ver.1.2.6.11 software. 1028 
 1029 
Theoretical modeling 1030 
In the simulations, the laminin 111 network in the basement membrane is modeled as an elastic 1031 
honeycomb network representing the laminin molecules and an additional constant elastic background 1032 
contribution representing the underlying collagen IV network. In a two-dimensional simulation box with 1033 
periodic boundary conditions, 512 nodes are arranged on a honeycomb lattice and connected by harmonic 1034 
bonds, representing the α-, β- and γ-chains of the laminin heterotrimer. Dilution by Net4 is realized by 1035 
identifying binding sites in between neighboring laminin heterotrimers and randomly removing a fraction 1036 
of these sites according to the Net4 concentration. This procedure is mathematically equivalent to site 1037 
percolation on half of the sites of a honeycomb lattice. To obtain the elastic modulus, a longitudinal strain 1038 
is applied by uniformly stretching the network stepwise in all fundamental lattice directions. After each 1039 
stretching step, the energy of the elastic network is minimized with respect to the node positions using the 1040 
conjugated gradient (CG) algorithm to obtain equilibrium positions and stretching energies. To these 1041 
energy-strain curves, a purely quadratic energy function is added to account for the underlying collagen IV 1042 
network. We averaged over 200 different dilution patterns per dilution fraction = .		 	 	.		 	 	  to 1043 
take care of effects arising from the random nature of dilution. We define the strain inflicted on the 1044 
simulation box of area  as = , where  denotes the area of the stretched box. We obtain from the 1045 
simulation the dilution dependent energy density ( ) as a function of the strain . The non-linear 1046 
relationship between the energy density ( ) and the uniaxial strain  of a diluted 2D honeycomb 1047 
network has the functional form 1048 ( ) = 12 	 + 12 ( )	 − ∗( ) 	 − ∗( ) ,																		(1) 
 1049 
where ( ) is the step function and ∗( ) is the dilution-dependent threshold strain (Extended Data Fig. 1050 
10f). The modulus ( ) is extracted from 2D network simulations (Extended Data Fig. 10g) as the slope 1051 
of the linear part of the stress-strain curve (Fig. 5e).  1052 
In our AFM experiments, the effective BM elastic modulus ( ) was determined by measuring force-1053 
indentation curves ( ), where  denotes the indentation depth. The stress and strain fields caused by a 1054 
conical indenter in a 3D material are concentrated in a region near the surface of the material and in direct 1055 
vicinity of the indenter68,69. We therefore approximate the extensional strain as the increase in surface-area 1056 
relative to the undeformed surface and calculate numerically the total energy of the deformed surface. 1057 
We estimate the extensional strain of an isotropic elastic medium at the surface indented by a cone by 1058 
calculating the increased area of the deformed surface with respect to the undeformed state. 1059 
 1060 
In the case of an isotropic elastic medium indented by a cone at the surface, the shape of the deformed 1061 
surface reads, the shape of the deformed surface reads68 1062 
 1063 

( , ) = 2 ( − 2), ≤2 ( − − 1 − sin ), > 																	(2) 
for an indentation depth of  and an indentation dependent contact radius ( ) = 	 	tan( ), where  1064 
denotes the half opening angle of the cone. For our estimates, we choose half opening angles of 1065 = 20°, 40∘ and 60∘. Although a value of = 20∘ corresponds best to the shape of the pyramidal tip 1066 
used in the AFM experiments (see Methods: Atomic Force Microscopy), presumably higher values of  are 1067 
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closer to reality with respect to phenomena neglected in our simple model, e.g. imperfections of the AFM 1068 
tip and the samples, torsional and radial strains as well as strains inflicted on the 3D material below the 1069 
surface. The definitions of ,  and  are sketched in Figure 5f. Since the total area of the deformed 1070 

surface is given by = 2 1 + , we can define the local strain at the surface as 1071 

( , ) = 1 + − 1																					(3) 
and calculate the total energy of the deformed surface by an integral over the energy densities ( ), 1072 ( ) = 2 	 	 	 ( )			.																(4) 
The dilution dependent elastic modulus ( ) is then extracted from a quadratic fit of the energy function 1073 ( ) = 12 ( )	 			.																																						(5) 
to the total deformation energy ( ) given by Eq. (4) and we thus obtain the rescaled effective modulus 1074 Δ ( ) = ( )/ (0) (Fig. 5g). The single parameter of this model is the collagen modulus , in equation 1075 
(1), which we obtain by a global fit of Δ ( ) over all dilutions  to the experimental data. The custom code 1076 
generated for the theoretical modeling is available at http://dx.doi.org/10.17169/refubium-28413. 1077 
 1078 
Intracellular optical tweezers-based micro-rheology 1079 
4T1, and KPC-mT4 were suspended in Matrigel and Net4 or Mut containing Matrigel (Corning) mixtures at a 1080 
concentration of 4 x 105 cells/ml. Micro-rheology of highly refractive endogenous lipid granules was 1081 
performed using an optical trap implemented into an inverted Leica DMIRBE microscope as described 1082 
previously53. The laser (Nd:YVO4, 5W Spectra Physics BL106C, λ = 1064 nm, TEM∞) was highly focused by a 1083 
water immersion objective (Leica, HCX PL APO 63x/1.2), collected by a condenser (Leica, P1 1.40 oil S1) and 1084 
focused onto a quadrant photodiode (S5981, Hamamatsu) detection system. Data were recorded by an 1085 
acquisition card (NI PCI-6040E) at a sampling frequency of 22 kHz and processed by LabVIEW programs 1086 
(LabVIEW 2010, National Instruments). For the small thermal fluctuations of lipid granules the voltage 1087 
output of the photodiode is linearly related to particle displacement with respect to the laser focus70. The 1088 
positional time series were Fourier transformed and the power spectrum was analyzed in Matlab R2016a 1089 
(The MathWorks Inc.) as described previously71. The movement of an optically trapped particle inside a 1090 
viscoelastic environment is well described by a modified Langevin equation (1) where, at frequencies above 1091 
the corner frequency the positional power spectrum, Px(f), scales with an exponent, α: 1092 〈| ( )| 〉 ∝ ( )….(1) 1093 
where f denotes frequency. To extract the scaling exponent α, the above equation was fitted to the data in 1094 
the frequency interval 500-9900 Hz which is well above the corner frequency. The scaling exponent α 1095 
carries information about the local viscoelastic landscape71,72 within living cells, where subdiffusion 1096 
(characterized by α<1) is the dominating mode of diffusion. In the subdiffusive regime, a close to 1 1097 
indicates a more viscous environment, whereas α closer to 0 describes a more elastic environment. 1098 
 1099 
Statistical analysis 1100 
Normality test was performed to determine normal distribution of the acquired data. Based on passed or 1101 
non-passed normality test a parametric (two-tailed unpaired t test or ordinary one-way ANOVA) or non-1102 
parametric test (two-tailed Mann-Whitney or Kruskal-Wallis) has been chosen. In the case of pressure 1103 
myography experiments, the analysis was performed using linear regression test. The respective statistical 1104 
test is indicated in the figure legend. Statistical analysis was performed using Prism (GraphPad Software 1105 
8.4.3) if not stated differently. Pearson’s correlations in the ovarian dataset have been calculated in R 1106 
(version 3.5.1) using the function cor.test. The effect size r of Pearson’s correlation is indicated in the figure 1107 
and the respective legend. 1108 
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Extended Data Fig. 1 | Distribution of Normal versus Disease components in breast cancer patients and 
association of Net4 with kidney cancer patient survival. a, Plots of consensus vs. overall associations in the 
Disease components, the Normal components and the nonDSGA data. Most significant association with 
survival is captured in the Normal component of data. b, Kaplan Meier survival (death) analysis using Cox 
proportional hazard models for association with survival of NTN4 expression levels in the Normal component 
of renal cell carcinoma. Survival analysis comparison of (tumor group 1) low levels of NTN4 (33 percentile) vs. 
(tumor group 2) high levels of NTN4 (67 percentile) in Normal component of data. High levels of NTN4 show 
significant association with good survival with p-value 0.0157. c, Kaplan Meier survival (recurrence) analysis for 
association with survival of NTN4 levels in the Normal component of renal cell carcinoma. Survival analysis 
comparison of (tumor group 1) low levels of NTN4 (33 percentile) vs. (tumor group 2) high levels of NTN4 (67 
percentile) in Normal component of data. High levels of NTN4 showed significant association with good 
survival with p-value 0.0252. 
 



Extended Data Fig. 2 | Validation of E0771 primary tumor from Net4 knockout and wildtype mice. a, 
Immunofluorescence and immunohistochemistry staining of primary E0771 tumors grown in Net4 wildtype 
(WT) and Net4 knockout (KO) animals. Different stromal cell types were detected using αSMA (fibroblasts), 
F4/80 (macrophages), and CD8a (T-cells). Scale bar, 100 µm. Box and whiskers blot of cell type amount within 
primary tumor tissues (two-tailed Unpaired t test, Min to Max, median is shown as line, mean is displayed as 
cross, data points appear as grey dots; n = 6; t = 0.2948 (αSMA), t = 0.3001 (F4/80), t = 0.1246 (CD8a), df = 10; 
ns, not significant). b, Proliferation of cancer cell lines (E0771, 4T1, MDA-MB-231, and HCmel12) treated 
without (ctrl) and with different concentrations of Net4 (0.1, 3.6, 5.2 µg/well) for 96 h. Absorbance was 
normalized to the ctrl. Scatter dot blot together with bars of proliferation assay (E0771: Kruskal-Wallis test, 
mean is the top of the bar; STDEV; n = 12 (ctrl and 0.1 µg/well), n = 9 (3.6 and 5.2 µg/well); ns, not significant; 
**P < 0.01, ***P < 0.001), (4T1, MDA-MB-231, and HCmel12: Ordinary one-way ANOVA test, mean is the top 
of the bar; n = 11 (4T1 and MDA-MB-231: ctrl), n = 12 (HCmel12: ctrl), n = 9 (3.6 and 5.2 µg/well); F = 5.938, DF 
= 37 (4T1); F = 1.254, DF = 37 (MDA-MB-231); F = 1.430, DF = 38 (HCmel12); ns, not significant; *P < 0.05, **P < 
0.01). c, Contraction assay of cancer-associated fibroblast cell lines (mCAF1 and mCAF2) within collagen I 



matrix treated without (ctrl) and with different concentrations (1.0 and 7.2 µg/well) of recombinant Net4 and 
its respective laminin binding mutant netrin-4 E195A,R199A for 72 h. Representative image of the contraction 
assay showing the contracted area at the well rim. Scatter dot blot together with bars of contraction assay, in 
which all values are normalized to the control (Ordinary one-way ANOVA test, mean is the top of the bar; 
STDEV; n = 9; ns, not significant). 
 



Extended Data Fig. 3 | Breast cancer cell sphere invasion into Matrigel supplemented with Net4. a, 
Representative images of sphere invasion assay using MDA-MB-231 cells in Matrigel (ctrl) and Matrigel 
containing 25% Net4 molecules relative to laminin 111 within the Matrigel matrix. Scale bar, 100 µm. 
Statistical analysis of sphere invasion (two-tailed Unpaired t test, Scatter dot blot, mean is displayed as black 
line; n = 27 of each sphere normalized to the mean of all ctrl spheres; t = 5.386, df = 52; ****P < 0.0001). b, 
Representative images of sphere invasion assay using MDA-MB-231 cells in 1.5 mg/ml collagen I (ctrl) and in 
1.5 mg/ml collagen I containing 5.2 μg/sphere Net4 (Net4) or 5.2 μg/sphere Net4 laminin binding mutant 
(Mut) (Net4 molecule number equal to number of in 50% Net4 Matrigel sphere). Scale bar, 100 μm. Statistical 
analysis of sphere invasion (Kruskal-Wallis test, Scatter dot blot, median is shown as line; n = 23 (ctrl and Mut) 
and n = 20 (Net4); ***P < 0.001, ****P < 0.0001). 
 



Extended Data Fig. 4 | Validation of Net4 knockout mouse. a, Immunofluorescence staining of decellularized 
lungs from Net4 WT and Net4 KO animals for Net4 (green), laminin γ1 (red), and collagen IV (cyan). 
Representative images of lung tissues from 3 mice of each genotype. Scale bar, 50 μm. b, Volcano plot of all 
identified proteins within five lung tissues from each netrin-4 WT and KO mice from the whole proteome LC-
MS analysis. The plot visualizes the comparison of the protein abundance in lung tissues from WT vs. KO mice 
(x-axis: log2 ratio KO vs. WT; y-axis: -log10 p-value). The red box highlights proteins with a log2 ratio KO vs. WT 
below -0.5 and the green box above 0.5 together with a p-value above 0.05 (-log10 p-value 1.3). Both boxes 
indicate proteins with significant differential expression and relevant effect sizes between Net4 WT and KO 
lung tissue. Proteins, which belong to the total proteome, are shown as grey squares. Matrisome proteins are 



marked as blue squares and identified BM proteins (see Supplementary Table 1) as red squares. The volcano 
plot emphasizes that there are no BM proteins significantly changed between netrin-4 WT and KO mouse lung 
tissues. 
 



Extended Data Fig. 5 | Net4 deficient pulmonary BM favors metastases formation independent of 
endogenous Ntn4 expression. a, Representative images of sphere invasion assay using HCmel12 cells in 
Matrigel (ctrl) and Matrigel containing 25% Net4 molecules relative to laminin 111 within the Matrigel matrix. 
Scale bar, 100 µm. Statistical analysis of sphere invasion (two-tailed Unpaired t test, Scatter dot blot, mean is 
displayed as black line; n = 16 (ctrl), n = 23 (Net4); t = 4.728, df = 37;  ****P < 0.0001). b, Quantitative real time 
PCR determining the relative concentration of mouse and human Net4 (Ntn4 and NTN4) expression to the 
housekeeping gene RPLP0 in different cell lines used in this study (HEK293, MDA-MB-231, E0771, 4T1, 
HCMel12, and KPC-mT4). Statistical analysis of expression levels (Kruskal-Wallis test, Scatter dot blot, median 
is shown as line; n = 12; **P < 0.01). c, Representative H&E images (from mice with the mean metastasis 
number and area) from Net4 WT and Net4 KO mice 28 days after intravenous injection of E0771 Ntn4 
CRISPR/Cas9 knockout cells. Scale bar, 3 mm. d, Statistical analysis of macroscopic lung metastases (two-tailed 
Unpaired t test, Box and whiskers blot, Min to Max, median is shown as line, mean is displayed as cross, all 
data points appear as grey dots; n = 13 (WT), n = 12 (KO); t = 2.126, df = 23; *P < 0.05) e, Statistical analysis of 
microscopic lung metastasis, area/metastasis, and total metastasis area of intravenous injection of Ntn4 
deficient E0771 cells into Net4 WT and Net4 KO mice after 28 days (two-tailed Mann-Whitney test, Box and 
whiskers blot, Min to Max, median is shown as line, mean is displayed as cross, all data points appear as grey 
dots; n = 13 (WT), n = 12 (KO); **P < 0.01). 
 



Extended Data Fig. 6 | scRNA-seq analysis in melanoma patients. a, UMAP plot highlights cell clusters (B-cells, 
cancer-associated fibroblasts (CAFs), endothelial cells, macrophages, melanoma cells, NK-cells, and T-cells) of 
4,645 cells from 19 melanoma tumor patients. b, UMAP plot indicating cell type-specific NTN4 expression. c, 
UMAP plot of cell type-specific expression over the 49 BM genes. 
 



Extended Data Fig. 7 | scRNA-seq analysis of BM protein encoding genes in melanoma patients. Violin plots 
of 49 BM genes using scRNA-seq from 19 melanoma tumor patients. 
 



Extended Data Fig. 8 | Impact of Net4 deficiency on mesenteric vessels. a, Immunofluorescence staining of 
decellularized mesentery showing mesenteric vessels from Net4 WT and Net4 KO animals stained for Net4 
(green), laminin γ1 (red), and collagen IV (cyan). Representative images of mesenteric vessels from 2 mice of 
each genotype. Scale bar, 100 μm. b, Inner diameter [µm] of isolated mesenteric arteries from 5 months old 
Net4 WT and KO mice as measured by pressure myography (Linear regression test, mean ± STDEV; n = 5 
individual mice per group; ns, not significant). c, Outer diameter [µm] of isolated mesenteric arteries from 5 
months old Net4 WT and KO mice as measured by pressure myography (Linear regression test, mean ± STDEV; 
n = 5 individual mice per group; ns, not significant). 
 



Extended Data Fig. 9 | Correlation of NTN4 expression with malignant and BM markers. a, Graph depicts the 
correlation between the Net4 (NTN4) gene expression level and the expression level of the malignant marker 
PAX8 in 31 ovarian cancer patients (Pearson’s p-value = 4.758 e-5, r = -0.6633402). b, Graph depicts the 
correlation between the Net4 (NTN4) gene expression level and the expression level of the malignant marker 
EPCAM in 31 ovarian cancer patients (Pearson’s p-value = 2.893 e-4, r = -0.6075367). c, Graph depicts the 
correlation between the Net4 (NTN4) gene expression level and the expression level of BM encoding genes 
(BM ssgsea score, calculated using R package GSVA) in 31 ovarian cancer patients (Pearson’s p-value = 2.734 e-

4, r = 0.6094658). These graphs highlight a negative correlation of NTN4 expression with malignant cell markers 
and a positive correlation with BM encoding genes in ovarian cancer patients. d, Graph highlights the 
correlation of BM encoding genes with NTN4 expression levels within ovarian cancer patients (x-axis) to the 
Normal component of breast cancer patients (y-axis) (Pearson’s p-value = 0.031, r = 0.37). BM genes 
significantly correlating with NTN4 expression in both cancer types are indicated with black dots (Laminin α2 
(LAMA2), fibulin-5 (FBLN5), and fibulin-3 (EFEMP1)). 
 



Extended Data Fig. 10 | Laminin network dilutions impact stiffness. a, Scheme of the AFM experiment to 
determine the Young’s modulus of Matrigel and titrated Net4 amounts. The amount of Net4 molecule addition 
is based on the ratio between Net4 and laminin 111 molecules in %. b, Histograms reveal the Young’s modulus 
of measurements of pure Matrigel (black) and of increasing amounts [%] of Net4 molecules to laminin 111 
molecules inside the Matrigel matrix (red). c, Graph displays data points for the stiffness change [%] of 
Matrigel plotted against dilution [%] obtained through the AFM measurement of the mix of Matrigel with 
different amounts of Net4 (Mixing) and the titration of Matrigel with increasing Net4 amounts (Titration). d, 
Scatter dot blot of the scaling exponent α of endogenous tracer movement measured by optical tweezers 
quantifying cytoplasmic visco-elastic properties of 4T1 cells inside Matrigel (ctrl), Matrigel supplemented with 
50% Net4 or with 50% Mut (Kruskal-Wallis test, mean is displayed as grey line; n = 96 (ctrl), n = 82 (Net4), n = 
104 (Mut); ns, not significant; *P < 0.05, ****P < 0.0001). e, Scatter dot blot of the scaling exponent α of 
endogenous tracer movement measured by optical tweezers quantifying cytoplasmic visco-elastic properties 
of measurements of KPC cells inside Matrigel (ctrl), Matrigel supplemented with 50% Net4 or with 50% Mut 
(Kruskal-Wallis test, mean is displayed as grey line; n = 94 (ctrl), n = 86 (Net4), n = 97 (Mut); ns, not significant; 
**P < 0.01, ***P < 0.001). f, Phase diagram showing the transition of the diluted honeycomb elastic networks 
from the floppy to the elastic state under increasing extensional strain for different dilution fractions. g, 
Rescaled elastic modulus / 0  extracted from simulations of the 2D diluted honeycomb network. 
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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