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Morphometry and mechanical instability at 
the onset of epithelial bladder cancer
 

Franziska L. Lampart 1,2, Roman Vetter�  �1,2, Kevin A. Yamauchi�  �1,2, 
Yifan Wang�  �1, Steve Runser�  �1,2, Nico Strohmeyer�  �1, Florian Meer 1, 
Marie-Didiée Hussherr 1, Gieri Camenisch�  �1, Hans-Helge Seifert 3, 
Cyrill A. Rentsch�  �3, Clémentine Le Magnen�  �3,4,5 , Daniel J. Müller�  �1, 
Lukas Bubendorf�  �4 & Dagmar Iber�  �1,2 

Malignancies of epithelial tissues, called carcinomas, account for most 
cancer cases. Research has largely focused on correlating di�erent 
carcinoma subtypes to genetic alterations. However, as well as a rewiring 
in the signalling networks, carcinoma progression is accompanied by 
mechanical changes in the epithelial cells and the extracellular matrix. 
Here we reveal intricate morphologies in the basement membrane at the 
onset of bladder cancer and propose that they emerge from a mechanical 
instability upon epithelial overgrowth. We imaged mouse and human 
bladder tissue and performed di�erential growth simulations, and found 
that sti�ness changes in the di�erent mucosa layers can result in aberrant 
tissue morphologies. The resulting thickening, wrinkles and folds resemble 
early papillary tumours and carcinomas in situ. Atomic force microscopy 
con�rmed local sti�ness changes in the pathological basement membrane. 
Our �ndings suggest a possible mechanical origin of the di�erent bladder 
carcinoma subtypes and may guide future developments in treatment and 
prophylaxis.

Carcinomas, the most common form of cancer 1, originate from epi -
thelial tissues. Epithelia are thin tissues lining all body surfaces, which 
rely on tight apical junctions for sealing and basal adhesion to the 
stiff basement membrane (BM) for stability 2,3. A hallmark of tumo -
rigenesis is the local disintegration of the epithelial tissue architec -
ture, which allows cells to breach the BM, a thin layer of extracellular 
matrix (ECM), and metastasize 4. Deregulated epithelial growth can 
be inward (endophytic) or outward (exophytic), with the direction 
influencing tumour aggressiveness in organs such as the bladder, 
kidney, skin and cervix 5–9. While tumour growth patterns affect treat -
ment decisions and post-treatment surveillance 10–13, the connection 
between genetic mutations and tumour morphology remains poorly 
understood 5, highlighting the need to explore physical drivers of 
tumour growth.

Bladder cancer (BC), among the most expensive cancers to 
manage14, is ideal for studying epithelial morphogenesis at the onset 
of carcinogenesis due to its accessibility and the ability to monitor tis -
sue samples at various stages. The risk of urothelial BC invasion into 
deeper tissue layers depends on the growth pattern 15. Papillary tumours 
form finger-like protrusions either into the bladder lumen (exophytic 
growth) or, as inverted urothelial tumours, into the subepithelial con -
nective tissue (endophytic growth). Low-grade papillary tumours 
have a low risk of progression. In contrast, flat localized carcinoma 
in situ (CIS) (planophytic growth) has a high risk for progression to 
muscle-invasive BC16,17. The N-butyl-N -(4-hydroxybutyl) nitrosamine 
(BBN) mouse model allows for the observation of early BC progression, 
making it an ideal system to investigate the factors driving planophytic 
versus exophytic growth.
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a localized buckling pattern emerges that is noticeably different from 
the otherwise rather smooth BM (Fig. 1i, arrow).

In humans, papillary tumours grow into the eponymous shapes 
of long, finger-like protrusions with a fibrovascular core (Fig. 1j and 
Extended Data Fig. 1c,d). Mouse tumours do not form the elongated 
shapes seen in humans (Fig. 1k), possibly due to the spatial restrictions 
in the much smaller mouse bladder. Human bladder tumours have more 
space to grow into the bladder lumen, and even a non-invasive pTa 
tumour (Fig. 1j) can be the size of, or even larger than, an entire mouse 
bladder. Nevertheless, in a biopsy from a non-invasive pTa tumour we 
found BM structures that have a striking similarity in size and shape 
to those in mice (Fig. 1l,m), suggesting that the structures described 
above represent the early onset of papillary BC.

Morphometric analysis of the urothelium
BC begins with urothelial thickening in the form of hyperplasia or dys -
plasia. Hyperplastic lesions are considered precursors of papillary 
tumours, while dysplastic lesions lead to CIS in BC 5. We developed 
an image analysis pipeline to carry out morphometric analyses, in 
particular with regard to urothelial thickness and cell shapes (Fig. 2a 
and Methods). Control mouse bladder biopsies show a relatively uni-
form thickness profile and normal folding for an empty bladder 
(Fig. 2b(left)). In contrast, mice 4 weeks after BBN treatment show 
various degrees of urothelial thickening, with the BM remaining either 
relatively smooth (Fig. 2b(middle) and Extended Data Fig. 2) or visibly 
roughening (Fig. 2b(right) and Extended Data Fig. 2).

Consistent with previous findings, BBN-treated mice show a nearly 
twofold increase in mean urothelial thickness (91.2�±�20.6�µm s.d.) 
when compared with controls (51.9�±�10.0�µm s.d.). Additionally, we 
observed greater variation in urothelial thickness both within and 
between bladders in BBN-treated mice when compared with controls 
(Fig. 2c and Extended Data Fig. 2).

While hyperplasia and low-grade papillary tumours maintain 
relatively normal cellular appearance and tissue architecture, dyspla -
sia, high-grade papillary tumours and CIS exhibit increasing cellular 
atypia and loss of polarity 38. To quantify the extent of cellular atypia 
at early and late treatment stages, we 3D-segmented cell bounda -
ries in high-resolution images from two normal mouse bladders and  
two mouse bladders 4 and 11 weeks after BBN treatment, respectively. 
For each treatment endpoint, we analysed one without (Fig. 3a–c ) and 
one with buckling structures (Extended Data Fig. 3a–c) in detail.

The samples from the BBN cohort display noticeable differences 
in the cell shape, such as enlarged (Fig. 3b) or elongated cells (Extended 
Data Fig. 3b), and a partial or complete loss of the umbrella cell layer 
(Fig. 3d), the outermost urothelial layer, as is typical for BC 38. Some 
of these changes are also reflected in four analysed morphological 
features (Fig. 3e–h and Supplementary Tables 1 and 2). However, 
these changes do not seem to be associated with samples that show 
papillary-like structures. Although both samples with visible protru-
sions display a significant change in area and volume with a medium to 
large effect size of >0.3 (Fig. 3i), the changes are in opposite directions, 
with an increase in cell area and volume at 4 weeks and a decrease at 11 
weeks (Fig. 3e,f, sample 2). For the cell elongation and sphericity, the 
morphological analysis gives no coherent picture, with significant dif-
ferences and a large effect size even between the two control samples. 
Umbrella cells were excluded since they are generally missing from 
bladder tumours, and truncated due to their size in the segmentations 
in most cases. The lack of consistency suggests that changes in the 
tissue morphology are probably not a consequence of differences in 
cellular shapes at the onset of neoplastic growth.

Mechanical simulations recapitulate different BM 
morphologies
Thin elastic sheets and composites are known to exhibit a wealth 
of mechanical deformation modes under differential growth or 

Tissue curvature, as proposed recently for tubular epithelia in 
the pancreas of mice 6, can be ruled out as a reliable predictor for the 
growth of papillary versus CIS in BC, as the bladder in mice and larger 
animals is too big, such that the tissue curvature is too low. Another 
important aspect is tissue mechanics. Tubular mucosa mechanically 
wrinkles under volumetric growth 18,19. The stiffness of the BM has been 
related to the emergence of either buds or folds in flat skin carcinomas 7. 
Tumour-associated cells actively alter the structure and mechanical prop -
erties of the ECM20–22. Modifications to the tumour ECM impact cancer 
progression and treatment response 23,24. To become invasive and eventu-
ally metastasize, carcinomas must breach the BM. While proteases that 
remodel and degrade ECM components have been known to facilitate 
BM invasion 21,25, recent research indicates that mechanical forces can also 
promote invasion independently of protease activity 26–28. Despite the 
known changes in mechanical properties of the ECM 29–32 and ample evi-
dence for the impact of ECM mechanics on cancer progression 21,22,29,31,33–35, 
the effect on the tumour morphology is not well understood.

Here, we combine continuum mechanics, three-dimensional  
(3D) microscopy and atomic force microscopy (AFM) to relate the BM 
morphologies that we uncover in the earliest BC stages to mechanical 
buckling, driven by urothelial overgrowth and changes in tissue stiff-
ness. We characterize the morphological hallmarks of different BC sub -
types in 3D imaging of human biopsies and mouse tissues and find that 
their onset can be recapitulated by continuum simulations of an elasto -
plastic three-layered tissue undergoing differential growth. Changes in 
the composition and stiffness of the ECM in BC have already previously 
been investigated in the context of progression to muscle-invasive BC 
and metastatic BC36. We now identify the relative stiffness of the three 
mucosa layers—the urothelium, the BM and the lamina propria (LP)—as 
the main mechanical discriminant between exophytic and planophytic 
growth upon malignant proliferation of the epithelial cells. Consistent 
with this theory, AFM on mouse BMs confirms localized softening, 
which our model predicts to affect the growth pattern.

Results
Early onset of BC visible in the structure of the BM
To image the onset of BC, we chemically induced it by subjecting 
10-week-old male mice that express a green fluorescent membrane 
marker (mEGFP) in the urothelial layer and a red fluorescent membrane 
marker (m-tdTomato) throughout the rest of the bladder tissue 37 to 
BBN in the drinking water (Fig. 1a,b and Methods). All bladders from the 
BBN-treatment cohort showed alterations on the inside of the bladder 
wall 11 weeks after treatment. Macroscopically, they appear as nodular 
structures (Fig. 1b, arrow). We encountered no such structures in blad -
ders from the control cohort (Fig. 1c ).

A healthy mouse urothelium is about three layers thick, and in the 
void bladder the mucosa, consisting of the urothelium, the BM and 
the LP, folds normally as seen in histopathological sections and the 
3D reconstructions of single-plane illumination microscopy (SPIM) 
z stacks (Fig. 1d,e). 11 weeks after BBN treatment, various types of 
urothelial neoplasm emerge in the histopathological sections, such as 
dysplasia (Fig. 1f), a local overgrowth of cells with cytological atypia, 
papillary tumours and CIS (Extended Data Fig. 1a,b), with a thickening 
of the urothelium and abnormal-looking cells. In the dysplastic tissue, 
narrow folds of the BM and LP, which are much smaller in diameter than 
the mucosa’s typical bulging in a void bladder (Fig. 1d,e), are visible 
(Fig. 1f, arrows). These changes are also visible in 3D reconstructions 
of SPIM z stacks from BBN cohort mice with neoplastic growth (Fig. 1g). 
Similar but smaller structures can be seen in bladders with hyperplasia, 
a local overgrowth of cells with normal cytological appearance, as early 
as 4 weeks after treatment (Fig. 1h, arrows). Here, the surrounding 
urothelium shows hyperplastic growth and thickening, but other -
wise has normal cytological appearance (Fig. 1h), demonstrating that 
these narrow folds are already present in precancerous stages. The 
morphological changes become especially apparent in the BM, where 
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compression 39–45. Intestinal zig-zag patterns and villi, for instance, 
emerge from anisotropic growth and confinement of the multilayered 
mucosa46,47. At large strains, secondary buckling modes can give rise 
to localized folding patterns 48–50 reminiscent of papillae. To explore 
whether the formation of the different BC morphologies could be of 
mechanical origin, we employed computational modelling (Meth -
ods). We simulated the continuum mechanics of planar 3D sections 

of the bladder mucosa, 600�µm�×�600�µm in size, consisting of three 
tissue layers: a 40-µm-thick epithelium (EP), a 1-µm-thick BM and a 
100-µm-thick LP (Fig. 4a). Layer thicknesses vary between species; the 
human urothelium is about 45–110�µm thick 51. A thickness of 40�µm was 
chosen for the EP layer as we start from a flat conformation in our simu -
lations, corresponding to a non-empty mouse bladder. We simulated 
local volumetric tissue overgrowth by expanding the EP and BM layers 
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Fig. 1 | BBN induces changes in the mucosa of mice. a, BBN treatment 
regime. b,c, Macroscopic images of mouse bladders from treatment (b ) and 
control (c ) cohorts; scale bar 1�mm. d, Illustration of a normal urothelium and 
histopathological section of mouse bladder tissue from the control cohort; scale 
bar 50�µm. e, 3D SPIM images showing the normal folding of a healthy mouse 
bladder mucosa; scale bar 500�µm. f , Illustration of a urothelium with dysplasia 
and histopathological section of mouse bladder tissue with dysplasia from 
the treatment cohort at week 11 after BBN; scale bar 50�µm. g, 3D SPIM images 
showing the folding patterns of a mouse bladder mucosa from the treatment 

cohort at week 4 after BBN; scale bar 500�µm. h, Illustration of a urothelium 
with hyperplasia and histopathological section of mouse bladder tissue with 
hyperplasia from the treatment cohort at week 4 after BBN; scale bar 50�µm. 
Images show individual exemplary sections, not repeated experiments. i , BM of 
a mouse tissue from the treated cohort at week 4 after BBN showing the localized 
fine-grained buckling pattern in an area with neoplastic tissue growth; scale bar 
500�µm, j,k , Biopsy of a human papillary tumour (j ) and a BBN-induced tumour in 
mice 11 weeks after BBN (k); scale bar 500�µm. l,m, BM structure in a human pTa 
tumour (l ) and mouse bladder tumour (m ); scale bar 100�µm.
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slowly over time by up to 50% in each of their two in-plane directions. 
Although somewhat compliant in reality, surrounding tissue will have 
a confining effect that we idealize as rigid here, irrespective of its state 
of health. Assuming incompressible, isotropic linear elasticity in all 
three layers for simplicity, the Young’s moduli E EP, EBM and ELP describe 
the stiffness of each layer. The assumption of an elastic BM is not only 
the simplest and thus parsimonious model, but also consistent with 
observations made in a long-term culture system, where the BM flat -
tened to the degree that the vasculature retracted (Supplementary 
Notes 1 and 2). However, to include structural rearrangements on the 
cellular or subcellular scale, we made the EP and LP deform plastically 
beyond a plastic yield point (� Y,�� Y) (Fig. 4b and Methods).

In numerical simulations at different plastic hardening moduli and 
yield points, we found that a decreasing stiffness ratio E LP/EBM affects 
the extent of thickening of the urothelial layer (Fig. 4c ), with a mean 
thickness of 67.7�±�8.6�µm (s.d.) for ELP/EBM�=�10�4 , 108.5�±�0.9�µm (s.d.) 
for ELP/EBM�=�10�2  and 108.0�±�0.6�µm (s.d.) for ELP/EBM�=�1, and enables 
distinct folding patterns to emerge in the BM (Fig. 4d–f ). Changing the 
stiffness of the urothelium E EP results in its thickening at E LP/EBM���10 �4 , 
while only marginally affecting the folding patterns (Extended Data 
Fig. 4). If ELP/EBM decreases (because the BM becomes stiffer or the LP 
softer), the BM pattern coarsens. At E LP/EBM���10 �4 , the morphology 
qualitatively resembles the normal smooth folding of the BM in an 
empty, healthy bladder (Fig. 4g ). The undulations and folds transcend 
the BM and affect the entire urothelium, which thickens only little, 
similar to a normal urothelium in mice (Fig. 4g). At larger E LP/EBM, the 
folding occurs over shorter length scales, closer to the size of indi -
vidual cells. At ELP/EBM���10 �2 , sharp folds with small amplitude dominate 
the pattern, but translate only into mesoscopic bumps on the apical 
surface of the urothelium (Fig. 4e). This BM morphology resembles 
that of BBN-treated mice, which can show networks of mesoscopic, 
papillary-like creases and elevated EP thickness (Fig. 4h). At LP and BM 
stiffness parity, undulations on the apical surface of the EP disappear, 
and the majority of its volumetric expansion is translated into thicken -
ing. The BM exhibits microscopic folding and crumpling (Fig. 4f ) akin 
to the fine-grained, non-uniform (CIS-like) structure observed atop 
the macroscopic folds in BBN-treated mice (Fig. 4i). The EP thickness 
profile in simulations agrees with the elevated but more uniform one 
observed in imaging (Fig. 4i).

Stiffness ratios govern mucosa folding modes
To obtain a more comprehensive, quantitative insight into the mucosa 
morphologies, and to further examine the potential of tissue mechan -
ics to disrupt its structural integrity at the onset of BC formation, 
we sought a geometrical quantity that characterizes the emergent  
BM structure. We extracted the BM height maps (Fig. 5a) from SPIM 
images and simulations and Fourier-transformed them (Fig. 5b ) to 
determine the geometrical spectrum of wrinkles and folds (Fig. 5c  
and Methods). The dominant wavelength � 0 encodes the primary 
spatial separation between creases and furrows in the BM (Fig. 5a). 
The mechanical patterning is governed by relative stiffness ratios 
and layer thicknesses (Supplementary Note 3). Fixing all other model 
parameters, we computationally screened the space of mucosa defor -
mations spanned by the stiffness ratios between the three layers, con -
sidering a BM substantially stiffer than the EP and LP 27. This revealed a 
rich morphological phase space with two distinct regimes (Fig. 5d). At 
large values of EEP/EBM but small ELP/EBM, the comparably stiff expand-
ing urothelium buckles and folds along with the BM, a regime we term 
‘plate-like’ EP deformation, characterized by undulations with large 
wavelengths of the order of ten cell diameters or more. Conversely, 
for stiffer LP than EP, it is the BM alone that buckles and folds, with 
the EP and LP effectively acting as elastic media. In this ‘medium-like’ 
EP deformation regime, disordered folds are observed in the BM with 
short wavelengths of the order of only a few cell diameters or even 
below a single cell diameter. An energy balance based on linear elas-
ticity theory 52,53 yields a morphological phase boundary between the 
two regimes (Fig. 5d,e, black dashed line, and Supplementary Note 
3). Traversing this boundary involves a continuous but steep change 
in � 0 (Fig. 5d, coloured contours). The critical wavelength along the 
transition line is proportional only to the epithelial thickness as a 
length scale, but declines with increasing tissue expansion (Supple -
mentary Note 3). At fixed epithelial stiffness, the shape transition 
occurs along the ELP/EBM axis (Fig. 5e) with tighter folding towards 
larger ELP/EBM. Individual patterns and thickness quantifications are 
shown in Extended Data Figs. 5 and 6.

Plausible locations of the mouse and human bladder mucosa  
in the stiffness plane range from a vicinity of the morphological  
boundary towards greater E LP/EEP ratios. With tangent moduli of the 
urothelium of the order of 2–6�kPa (ref. 54 ) and about two to three 
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Fig. 2 | Thickness quantification of the urothelium. a, Schematic representation 
of quantification pipeline used for thickness quantification. b , Comparison of the 
urothelial thickness in control cohort mice (CTRL) and BBN-treated mice 4 weeks 
after BBN. c, Quantification of the thickness increase shows an almost twofold 

increase in the thickness and a higher variance in the tissues from the BBN 
cohort. n�=�6 control mice and n �=�8 BBN mice 4 weeks after BBN stop (biological 
replicates). The green highlighted points correspond to the examples in b . 
Horizontal lines indicate mean.
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orders of magnitude larger in the BM 55, the physiological region lies 
in the middle to upper right part of Fig. 5d.

Comparing numerical simulations with SPIM images of the mouse 
BM, we found a similar spectral footprint in the vertical displacement 
fields, although the numerical model rests on simplifying assump -
tions and does not reflect the biological inhomogeneity present in real 
tissues. In the power-law decay of the spectral amplitude A ���k � �  and 
power spectral density P���k �2 �  where k is the wavenumber (Methods), 
we observed a noise colour that lies well beyond pink (� �=�1) and largely 
before red ( � �=�2) in both the simulations and microscopy images 
(Fig. 5f ). The precancerous BM shape spectrum of BBN-treated mice 
quantitatively follows the same relationship between decay exponent � 
and � 0 as our simulations, whereas that of normal folds in control mice 

deviates substantially with greater �  and � 0 (Fig. 5f). Note that � 0 is usu-
ally greater than the spacing between neighbouring papillary protru-
sions and folds as seen in vertical tissue slices (Extended Data Fig. 7).

Simulations close to the morphological boundary yield troughs  
surrounded by ridges in the BM (Fig. 5g, top row) at E EP/EBM���  
ELP/EBM���10 �3 . For stiffer EP and LP (or softer BM), spot-like stress con-
densates are observed, with ridges connecting them at varying levels 
of BM elevation (Fig. 5g, bottom row)—a feature reminiscent of the 
onset of the finger-like protrusions in papillary tumour formation. 
Strikingly, these protrusions emerge facing the bladder lumen in the 
simulations as they do in papillary tumours (Extended Data Fig. 7). The 
folding pattern is sensitive to small stiffness changes, especially in the 
physiological region (Fig. 5d,h). For example, a ~ 3-fold shortening of 

������� ������� ��������

���

���

���

��


���
���

���
�
	


��
�� 

������� ������� ��������

�

�

�

���
���

���
���


��
���

������� ������� ��������

����
����

����
����

����
����

����
����

����
����

����
����

�

�����

�����

�����

�����

������

���
���

��•
���

��•
µ�

•
•

������� ������� ��������

����
����

����
����

����
����

����
���� ����

����
����

����

�

�����

�����

•����

�����

���
���

���
���

•µ
�

� •

•�

•�
�

 �­��� •

�� �

���
���

��•
���

•µ
�

•
•

������� ������� ��������

€�‚������	����

�����•� ƒ„�	���
…�

† †† ††
†

���
�

��  ��• ���

•���

‡��•��

ƒ������
��

�����
	
��

•���

‡��•��

ƒ������
��

�����
	
��

� �� �

�

�

�

�

�

������� ������� ��������

����
����

����
����

����
����

����
����

����
����

����
����

����
����

����
����

����
����

����
���� ����

����
����

����

���������

���������

���������

����������

����������

���������

���������

���������

����������

����������

���������

���������

���������

����������

����������

���������

����
����

�

����
����

�

����
����

�

����
����

�
����

����
��

����
����

�

����
����

�

����
����

�

����
����

�
����

����
��

���������

���������

����������

����������

Fig. 3 | 3D morphometrics of urothelial cells. Two 3D SPIM images (samples) 
were analysed for each condition. a –c, 2D slices from sample 1 of the control 
cohort (a ), from BBN-treated mice 4 weeks after BBN (b) and from BBN-treated 
mice 11 weeks after BBN (c). Scale bar: 20�µm. Sample 2 images are shown in 
Extended Data Fig. 3. d, 3D renderings of the segmented tissues displayed in 
a–c. Ap, apical; Bs, basal. e–h, Changes in cell membrane surface area A (e), 
cell volume V (f), elongation e  (calculated as the ratio a /b from the major axis 
length a and the minor axis length b ) (g) and sphericity � �=�� 1/3(6V)2/3/A (h) of the 

3D-segmented urothelia. Box plots span first to third quartiles; the middle line 
represents the median and the whiskers show 1.5 times the interquartile range. 
Number of cells (biological replicates): n �=�356 (control S1), n�=�388 (control 
S2), n�=�265 (4-week BBN S1), n�=�529 (4-week BBN S2), n�=�337 (11-week BBN S1), 
n�=�417 (11-week BBN S2). (i) Adjusted P values from pairwise Wilcoxon test with 
Bonferroni correction for multiple testing and effect sizes corresponding to 
the box plots in e –h. Significance levels: ***P���0.001; **P ���0.01; *P���0.05; n.s., 
P�>�0.05. Numerical values are listed in Supplementary Table 2.
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� 0 can result from a ~ 1.8-fold change in ELP/EBM and a ~ 0.6-fold change 
in EEP/EBM (Fig. 5h, leftmost column).

Morphological transitions in the mucosa from a more normal 
folding to narrow crumpling can be induced by changing any of the 
three layer stiffnesses (Fig. 5h, right-hand images), as only their ratios 
determine the pattern (Supplementary Note 3). Some possible path-
ways are a stiffening of the LP, a softening of the EP or both of these 
concomitantly (Fig. 5d). However, also a softening of the BM (and a 
stiffening of the LP) can lead to this transition (Fig. 5e), suggesting that a 
combination of such changes can promote cancerous lesions. A soften -
ing of urothelial cells 56–58 and the upregulation of different ECM-related 
genes, linked to stiffening of the LP 36,59,60, have indeed been reported in 
BC and recognized as a risk factor for progression and invasion in BC.

BM softens locally in BBN-treated mice
As changes in the BM stiffness at the onset of BC had not been explored 
previously, we carried out AFM-based indentation measurement on 
decellularized mucosas from BBN-treated mice 4 weeks after treatment 

and from the control cohort (Fig. 6a). While the mean overall BM stiff-
ness was only marginally softer in the BBN cohort (97�±�57�kPa, s.d.) 
when compared with controls (120�±�44�kPa, s.d.), individual measure-
ment positions in the BBN cohort displayed an almost sixfold softening 
of the BM (20�±�4�kPa, s.d.) when compared with the overall stiffness in 
the controls (Fig. 6b and Supplementary Table 4). This suggests that BM 
softening does indeed occur locally early during BBN treatment in mice.

Neither the measured local BM stiffness change nor the reported 
change in LP stiffness between normal tissue and matched BC tissues 
(3�kPa and 8�kPa, respectively61) are particularly pronounced when 
considered in isolation. Yet, in combination, E LP/EBM changes by more 
than an order of magnitude (16-fold), from ~ 0.025 for the healthy 
condition to ~0.4 for the cancerous conditions. In our simulations, 
a tenfold change was enough to transition between the buckling 
modes, independent of whether these changes occur in the LP and/
or the BM (Fig. 5e,h). Small changes in stiffness in different mucosa 
layers early during tumour development can have strong combined 
effects.
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Fig. 4 | Different deformation modes in the BM depend on the stiffness of 
the LP and BM. a, Schematic of the mechanical model set-up, with volumetric 
expansion (yellow arrows) and boundary confinement (yellow bands).  
b, Employed linear elastoplastic constitutive stress–strain relationship.  
c, Numerically observed thickening of the EP as a function of the stiffness ratio 
of the LP and BM. Detailed parameter description in Supplementary Table 3. 
n�=�7 independent simulations per stiffness ratio. Horizontal lines indicate mean. 

d–f, Simulated mucosa morphologies at 50% expansion of the EP and BM in both 
in-plane directions, at indicated stiffness ratios, and corresponding BM shapes. 
EEP�=�5�kPa; ELP�=�5�kPa (d), 50�kPa (e) or 500�kPa (f). Full parameter description 
in Supplementary Table 3. g –i, Lightsheet microscopy images of the mouse 
bladder BM 4 weeks after BBN, showing normal smooth folding (g ) and aberrant 
microscopic structures with (h ) and without (i ) narrow folding patterns of the 
BM, and corresponding EP thickness profiles. Scale bar: 100�µm.
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Discussion
We propose that a mechanical instability underlies the distinction 
between different bladder carcinoma subtypes. A morphological 
transition in the mucosa leads to distinct buckling patterns upon 
overgrowth of the urothelium. Intriguingly, the physiological regime 
lies near the morphological transition zone where structural changes 
require only small stiffness changes, hinting at a delicate constitu -
tive balance between the mucosa layers. Perturbations of this bal -
ance accompanied by differential growth can disrupt the structural 

integrity of the bladder mucosa at the onset of BC formation, poten-
tially shortening the patterning length scale to the (sub)cellular level, 
where mechanical tissue damage may ensue. We found striking mor-
phological agreement between the BM structure observed in simula-
tions and in mice with developing BC, suggesting a mechanical basis 
for the emergence of papillary tumours and CIS. Our morphometric 
analysis revealed almost identical structures of the BM in the mouse 
and in humans, hinting at similar mechanical development during 
early papillary tumour growth.
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Fig. 5 | Morphogenetic analysis of BM buckling patterns. a–c, Spectral analysis 
pipeline to extract morphogenetic characteristics of the BM structure. Vertical 
elevation maps of the (overhanging) triangulated BM meshes (a ) are Fourier 
transformed (b ). Averaging the magnitude (or its square) over all phase angles 
yields the isotropic spectral amplitude (or power spectral density) (c ), which 
decays algebraically with local peaks, the strongest of which defines the � 0 
recognizable in the BM height map (a ). Data from an exemplary BBN sample are 
shown. d,e, Numerically obtained morphological phase diagrams as a function of 
tissue stiffness relative to the BM (d ) and to the EP (e). Dots represent dominant 
wavelengths of individual simulations. Isolines are fitted parabolas at indicated 
wavelengths (µm). Insets: exemplary vertical slices of two deformation regimes, 
separated by a theoretical boundary (black dashed line, Supplementary Note 3).  
Simulation parameters: initial layer thicknesses h EP�=�40�µm, hBM�=�1�µm, 

hLP�=�100�µm, hardening modulus ratios � EP�=�HEP/EEP = 0.01, �LP�=�HLP/ELP = 0.01, 
effective yield strains � Y,EP�=�0.1, � Y,LP�=�0.1. The colour scale in e applies to panels d,e. 
f, Quantitative spectral comparison of BM morphologies between simulations 
(black dots) and SPIM images of control mice (blue squares) and BBN-treated mice 
(red triangles). Insets: exemplary BM height maps for reference. g , Two examples 
of vertical BM displacement out of three quantified SPIM images juxtaposed with 
simulations (top right, E EP/EBM�=�10�2.75 , ELP/EBM�=�10�3 ; bottom right, E EP/EBM�=�10�1.5, 
ELP/EBM�=�10�2 ). Simulation images are coloured depending on their � 0. Qualitatively 
similar major and minor ridges (yellow and white arrows) surrounding dips of 
comparable size, and elevated spots (early papillary structures, orange arrows), 
some of which are linked by ridge folds, are marked. h , Exemplary simulated BM 
height maps showing large structural differences over small stiffness changes. 
Dashed grey arrows show their locations in d ,e. Scale bars: 100�µm.
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Mechanical instabilities have previously been explored only in the 
context of tumour spheroids 62,63. Generally, solid mechanics models 
(for instance, coupling ECM mechanics to cellular behaviour) remain 
underrepresented in cancer research 64,65.

Our results echo with multilayered two-dimensional (2D) vertex 
model simulations that found that stiffening of the BM promotes 
folding in skin cancer 7. Our findings embed this result in a greater per -
spective of a mechanical patterning mechanism that explains not just 
single folds, but entire lesions. They also align with studies that have 
demonstrated that cells from more aggressive BC are softer 56–58. The 
upregulation of type I and III collagen genes, predominantly found in 
the LP66, is considered a marker for increased ECM stiffness and linked 
to BC invasion36. On the other hand, overexpression of the collagen IV 
proteases MMP2 and MMP9 have been recognized as a marker for BC 
progression 67. Collagen IV is, as well as laminin, one of the main ECM 
proteins of the BM 66. The degradation of collagen IV could explain why 
we observe localized BM softening in BBN mice. Our model predicts 
both a stiffening of the LP and a softening of the urothelium and BM to 
support lesion formation.

Our model is necessarily a simplification of the real mucosa and 
has limitations. For example, we do not take the vascularization of the 
LP into account, despite the known role of angiogenetic processes in 
many cancers, including BC 68. We observed the vasculature to always 
follow the BM undulations in SPIM images. For the formation of elon-
gated and branched structures, as seen in human papillary tumours, 
vascularization may thus also act as an additional driver or structural 
scaffold. Moreover, we assumed isotropic linear elasticity in all mucosa 
layers (with plastic strain hardening in the urothelium and LP to incor -
porate stress and strain localization due to the tissue’s ability to relax 
stress with cellular rearrangements). While this is probably reasonably 
accurate for the near-threshold buckling behaviour at the lesion onset, 
more elaborate constitutive behaviour may be appropriate for large 
deformations of the bladder 69. To enable a more quantitative morpho -
metric comparison with tissue images, future mechanical modelling 
efforts could also benefit from a representation of heterogeneity in the 
growth pattern and mechanical properties in the mucosa, which we 
have not included here, but observed in AFM measurements (Fig. 6b ). 
Experimental measurements of these are challenging, but would be a 
valuable acquisition in future research.

A recent study in rats 54 found that BBN treatment leads to a sof-
tening of the LP. This does not contradict our finding since, overall, 

the LP stiffens over the time course of the treatment as the rats age. 
The patient’s age is one of the risk factors for BC development and 
progression 70, which could be a reflection of the stiffening of the ECM 
due to ageing. Furthermore, urinary schistosomiasis 71 and previous 
radiotherapy of prostate cancer are known risk factors for developing 
BC72,73; both of these induce fibrosis in the bladder 71,74. Tissue stiffen-
ing due to transurethral resection was proposed as a risk factor for 
BC progression 61. This suggests that tumour-independent processes 
can also drive the stiffening of the LP in BC. While stiffness changes in 
the different mucosa layers have been previously investigated mostly 
in the context of cancer progression, we demonstrate here that they 
could already play an important role at the onset. Further research 
is required to test this prediction experimentally, and to obtain a 
clearer picture of the magnitude, direction, timing and causation of 
changes in the mechanical properties of the mucosa layers and to what 
degree they are induced by the cancer itself or by cancer-independent 
processes.

For low-risk non-muscle-invasive BC, treatment usually con -
sists of transurethral resection in combination with intravesical 
chemotherapy 17. It has a good 5�yr survival prognosis75,76. However, 
BC often reoccurs and has a probability of 0.8%-45% to progress 
to muscle-invasive BC 15. In particular, CIS has a high risk for pro-
gression when compared with papillary tumours 16,17. Although 
treatment options for muscle-invasive BC and metastatic disease 
have been expanded to immunotherapy and targeted therapies in 
recent years77, the prognosis for survival remains substantially less 
favourable 76.

Incorporating stiffness measurements into the diagnostic pro -
cess—for example, through shear wave elasticity examinations 60 or 
AFM on biopsies78—could help stratify patient risks and inform per -
sonalized treatment and monitoring regimes. In light of our study, 
the structural integrity and mechanical stability of the mucosa layers 
offers a promising line of attack for medical treatment and prophylaxis 
of BC progression.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
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Fig. 6 | AFM reveals localized softening of the BM. a, Visualization of the sample 
processing for AFM. b , BM stiffness at two or three positions in bladders from 
the BBN-treated cohort 4 weeks after BBN and corresponding control cohort 
mice, with adjusted P  values from a pairwise two-sided t -test with Bonferroni 
correction for multiple testing (numerical values in Supplementary Table 4). 

Significance levels: ***P���0.001; **P ���0.01; *P���0.05; n.s., P�>�0.05. Box plots span 
first to third quartiles, the middle line represents the median and the whiskers 
show 1.5 times the interquartile range. Bladders from n �=�3 control mice and n�=�4 
BBN mice (biological replicates) were probed at two or three positions each 
(Supplementary Table 4). n.d., no data.
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Methods
Ethical statement
Human BC biopsies were provided by the University Hospital of  
Basel (USB), Switzerland, under approval by the Ethical Committee of 
Northwestern and Central Switzerland (EKBB 37/13). Informed consent 
from all participants was obtained by the University Hospital of Basel.

All experiments involving animals were performed in accordance 
with the Swiss animal welfare legislation and approved by the veteri-
nary office of the Canton Basel-Stadt, Switzerland (approval number 
2957/29841). All animals were housed at the D-BSSE/University Basel 
facility under standard water, chow, enrichment and 12�h light–dark 
cycles in a temperature- (21�±�2�°C) and humidity- (55�±�10%) controlled 
room. An overview of all animals used in this study can be found in 
Supplementary Table 5.

Mouse strain and BC induction
To distinguish the urothelium from the other tissue layers in the 
bladder we used the ShhCre/+;Rosa26mT/mG�×�RjOrl:SWISS crosses 
(ShhCre/+;Rosa26mT/mG) previously described by Conrad et al. 37. In these 
mice, the fluorescent marker m-tdTomato is expressed through the 
bladder tissue except in the urothelial layer, which expressed mEGFP.

BC can be induced in mice by spiking the drinking water with 
BBN79. BBN is known to induce an inflammatory response from the 
first weeks of treatment and BC few weeks after stopping BBN 80. The 
ideal sampling time point for early stages of BC was found to be 4 
weeks after BBN. 11 weeks after BBN was defined as the latest sampling 
point to avoid suffering due to excessive tumour growth. In all our 
experimental set-ups, 10-week-old male mice were provided with 0.05% 
BBN (Sigma-Aldrich) in the drinking water for 12 weeks followed by 
4–11 weeks normal drinking water. For the control condition, we used 
littermates maintained under identical housing conditions. To avoid 
suffering due to unwanted, excessive tumour growth mice were fre -
quently monitored for signs of distress and body weight was controlled 
weekly. The maximum prospective degree of severity permitted was 2. 
None of the animals in this study exceeded the severity threshold and 
no animal had to be killed due to exceeded tumour burden.

Mice were killed at the desired time point after BBN, and the 
bladders immediately collected and washed in cold Dulbecco's 
phosphate-buffered saline (Gibco). Excess fatty tissue was removed 
with surgical scissors and forceps before cutting the bladders sagit-
tally into halves. For imaging, the bladder halves were fixed in 4% 
paraformaldehyde (PFA) (Thermo Fisher) for 3–4�h at 4�°C and sub -
sequently processed as described below. For tissues used in AFM, no 
PFA fixation was performed. Instead, bladder halves were submerged 
in Betadine solution (povidone-iodine 11�mg�ml �1 , Mundi Pharma) for 
1�min for disinfection and rinsed with Dulbecco's phosphate-buffered 
saline. Further processing is described in AFM-based indentation 
measurement.

Optical clearing and immunofluorescence staining of fixed 
bladder tissue
Whole-mount tissue clearing of human and mouse biopsies was per-
formed using the CUBIC (clear, unobstructed brain/body imaging 
cocktails and computational analysis) protocol 81. For better clearing 
and imaging, human and mouse biopsies were further cut into smaller 
sections if needed. Clearing times in reagents for decolouring, delipida -
tion, permeation (CUBIC-1) and refractive index matching (CUBIC-2) 
were adjusted to maximize clearing efficiency and minimize quenching. 
Biopsies were incubated overnight in 50% CUBIC-1 (CUBIC-1:H2O, v/v) 
at 37�°C, followed by incubation in 100% CUBIC-1 for 5–10�d, depending 
on the biopsy’s size, at 37�°C on a nutating shaker. After optical clear-
ing, the biopsies were washed three times in PBS on a rotating mixer 
for >1�h at room temperature (RT). All reagents used for preparation 
of CUBIC-1 and CUBIC-2 were obtained from Sigma-Aldrich, with the 
exception of N ,N,N�,N�-tetrakis(2-hydroxypropyl)ethylenediamine 

obtained from TCI and polyethylene glycol mono-p -isooctylphenyl 
ether (Triton X-100) obtained from Nacalai Tesque (discontinued).

For immunofluorescent labelling, cleared biopsies were 
blocked for 3–4�h at RT or overnight at 4�°C in blocking buffer (PBS 
(Sigma-Aldrich), 10% fetal bovine serum (Sigma-Aldrich), 1% BSA 
(Sigma-Aldrich), 0.2% Triton X (Sigma-Aldrich) and 0.02% sodium 
azide (Sigma-Aldrich)). Blocked samples were then incubated with 
primary antibodies in blocking buffer for two nights at 4�°C. After 
incubation with primary antibodies, samples were washed again with 
PBS three times for >1�h at RT on a rotating mixer and subsequently 
incubated again for two nights at 4�°C with secondary antibodies in 
blocking buffer. For mouse tissues chicken anti-GFP polyclonal (Aves 
Labs; GFP-1020; 1:500) and rabbit anti-laminin polyclonal (Abcam; 
ab11575; 1:500) primary antibodies, and for human biopsies (Extended 
Data Fig. 1c,d) goat anti-ZO-1 polyclonal (Thermo Fisher; PA5-19090; 
1:200) and anti-laminin polyclonal (Abcam; ab11575; 1:500) primary 
antibodies were used. As secondary antibodies the following fluores-
cently labelled antibodies were used: Alexa Fluor 488 goat anti-chicken 
IgG (Invitrogen; A11039; 1:500) and Alexa Fluor 647 donkey anti-rabbit 
IgG (Invitrogen; 32795; 1:500) for mice, and Alexa Fluor 488 donkey 
anti-goat IgG (Invitrogen; 11055; 1:500) and Alexa Fluor 647 donkey 
anti-rabbit IgG (Invitrogen; 32795; 1:500) for human biopsies.

At the end of the incubation, the samples were briefly washed in 
PBS before post-fixation for >15�min in 4% PFA at RT. To wash off the 
remaining PFA, the samples were washed three times for >15�min at RT in 
PBS before being placed in 50% CUBIC-2 (CUBIC-2:H2O, v/v) overnight at 
RT, followed by 5–10�d in 100% CUBIC-2, depending on the biopsy’s size.

Embedding and imaging cleared samples
Cleared samples were embedded in 2% low-melting-point solid agarose 
cylinders and immersed first in 50% CUBIC-2 for one night and then in 
100% CUBIC-2 for up to 2�d. 3D image stacks were acquired using a Zeiss 
Lightsheet Z.1 SPIM and Zen 3.1 black software (Carl Zeiss Microscopy) 
with a ×5/0.16 clearing objective, and a ×20/1.0 clearing objective for 
the high-resolution images for cellular segmentation. For large sam -
ples, tiled acquisition was used to image the whole sample. For each 
sample, laser powers and exposure times were adapted to the signal 
intensity to ensure optimal image quality for all acquisitions.

Image processing and analysis
Initial quality assessment of the images was done using Zen 3.1 blue 
(Carl Zeiss Microscopy). Tiled images were reconstructed using the 
Fiji 82 plugin BigStitcher 83. For 3D visualization we used the software 
Imaris (Oxford Instruments).

For thickness quantification, single tiles were selected and scaled 
in Fiji, such that the xy pixel size matches the pixel size in the z direction. 
To extract surface boundaries, we first performed pixel classification 
using the machine learning tool ilastik 84 to create tissue predictions 
for the urothelium and the BM. These predictions were put into a cus-
tom Python script to generate triangulated meshes. The meshes were 
subsequently post-processed and cleaned using MeshLab 85 and the 
integrated screened Poisson surface reconstruction algorithm 86.

To approximate the thickness of the urothelium, we used a normal 
ray-based approach by projecting normal rays from the urothelium–
lumen interface towards the urothelium–BM interface. The length of 
the rays to the point where they intersect with the urothelium–BM 
interface was then used to approximate the tissue thickness of the given 
position (Fig. 2a ). The surface meshes of the urothelium (with a colour 
map representing the local thickness) and the BM were visualized 
using napari 87. The Python scripts are available as Jupyter notebooks 
(Code availability).

For the 3D segmentation, high-resolution images were first pre -
filtered using a custom Fiji macro and then segmented using PlantSeg 
1.5.2 (ref. 88). Curation and correction of the segmentations were done 
in napari 87 using the morphometrics plugin 89. Morphometric analysis 
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and meshing were performed with customized Python scripts, and 
the mesh visualization was created in Blender 4.0 (ref. 90 ). The Fiji 
macro and Python scripts are available from our public repository 
(Code availability).

Numerical simulations
We simulated the nonlinear mechanical deformation of the mucosa 
in response to differential volumetric growth using the finite-element 
method in Abaqus FEA 2021 (Dassault Systèmes). Model files are 
provided (Code availability). The mucosa was represented as a 
three-layered continuum consisting of the EP, the BM and the LP, 
from top to bottom, tied together with continuous displacement 
fields. We simulated square tissue sections with an edge length of 
600�µm, and h EP�=�40�µm, hBM�=�1�µm and hLP�=�100�µm (Fig. 4a). At 
the four lateral sides of the simulated square mucosa patch, we fixed 
the displacement of all three layers in the normal direction to mimic 
confinement by the surrounding tissue. In addition, the vertical dis-
placement of the bottom surface of the LP was also constrained to 
zero, as the mucosa is connected to subjacent muscular tissue there. 
To mimic epithelial proliferation, we expanded the volumes of the EP 
and BM layers orthotropically by 50% in each of their planar directions, 
but not vertically, resulting in a total volumetric fold change of 2.25 in 
these two layers. In response to the stresses caused by this differential 
growth and the confined tissue boundaries, the mucosa buckled out of 
plane. Note that our simulations are limited to the case with epithelial 
overgrowth and do not capture the control bladders. Simulating the 
folding of healthy empty bladders would probably require a different 
model set-up.

In the absence of detailed knowledge on the exact constitutive 
relationships in healthy and cancerous mucosa, we sought to build a 
minimal model that is sufficient to capture the essence of the mechani -
cal phenomena at the onset of BC formation. We therefore assumed 
isotropic, homogeneous, linearly elastoplastic behaviour in all three 
layers. For a more detailed discussion of constitutive bladder models,  
see ref. 69. The stiffness in the elastic deformation of each layer  
(modelled with Hooke’s law in 3D) was set by its Young’s modulus, 
EEP, EBM or ELP. To make the mucosa nearly incompressible, we fixed all 
Poisson ratios at � �=�0.48. To enable large deformations far beyond the 
buckling threshold, local stress relaxation at the cellular or subcellular 
level was incorporated in our model by making the EP and LP plastic 
upon reaching a von Mises stress yield stress91 � Y�=�E� Y (Fig. 4b). We 
fixed � Y�=�0.1 in both the EP and LP, a value that can be quickly reached 
as the EP and BM expand by 50% in both of their planar directions. In 
the plastic regime, linear strain hardening 91 was assumed for simplic-
ity, with isotropic hardening moduli H EP and HLP. We kept the ratios 
HEP/EEP�=�HLP/ELP�=0.01 fixed in all simulations, except where specified 
otherwise.

The EP and LP were modelled as solids, discretized into 125,111 
and 142,984 hexahedra (element type C3D8R), respectively. The BM 
was modelled as a thin shell consisting of 78,239 triangles (element 
type S3R). We explicitly solved Newton’s damped second law, mak -
ing sure that inertial and viscous forces remained small throughout 
(quasistatic regime).

Spectral analysis of the wrinkling pattern
Upon complete volumetric expansion, we extracted normalized verti -
cal displacement maps w (x,�y)�� �[0,�1] of the BM in parallel projections 
as seen from the top (Fig. 5a), at a resolution of 1.2�pixel�µm�1 . As our 
simulations were geometrically fully nonlinear, the simulated BMs can 
overhang (Fig. 5d and Extended Data Fig. 7), just as in the lightsheet 
images. To quantify the tissue morphologies, we performed a spectral 
analysis on the height maps using the 2D Fourier transform (Fig. 5b ),
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where �à�² �y�� �b �¬ ���b is the wavenumber. By virtue of the Wiener–Khin-
chin theorem, these spectra can be interpreted as measures of isotropic 
spatial autocorrelation in the vertical displacement field of the BM. 
Globally, they decay algebraically for increasing wavenumbers (A ���k � � , 
S���k�2 � ), exhibiting local peaks at discrete wavelengths � i�=�2�/k i, i�=�0, 
1, … (Fig. 5c). The wavelength with largest amplitude, � 0, quantifies the 
primary buckling mode, and served as a scalar measure of the main 
average spatial separation between wrinkles or folds in the mucosa 
(Fig. 5d,e). In practice, identifying k0 can be ambiguous, as several 
nearby peaks away from the power law can have similar amplitudes. To 
extract it robustly, we followed a heuristic approach by fitting Gaussian 
curves a�exp[�(ln� k/k0)2/2� 2]�+�c to A(k)k with the direct current (DC) 
component removed (A (0) = 0), where k0, a, �  and c are free parameters. 
The same procedure was applied to the SPIM images of three BBN 
samples with visible lesions and seven control samples with normal 
mucosa folding (Fig. 5f ). The spectral analysis was performed in MAT-
LAB R2023b (MathWorks).

AFM-based indentation measurement
Bladder halves were further cut into approximately 3�mm�×�3�mm 
specimens. Using fine forceps, the mucosa was carefully peeled off 
the detrusor. From each of the three control bladders, we selected three 
mucosa specimens from different locations of the bladder. Since the 
mucosa seems to be more fragile in BBN-treated mice, we were only able 
to obtain two mucosa specimens from two of the four mice from the 
BBN-treatment cohort. From the remaining two bladders, three mucosa 
specimens were obtained. For decellularization, the mucosas were 
submerged in a sterile 0.1% SDS (Sigma-Aldrich) solution and incubated 
at RT for 72�h on a rotating mixer. We used an SDS-based approach as it 
preserves the physiological properties well enough that the matrix can 
still be used for in vitro tissue engineering and in vivo bladder grafts 92,93. 
The SDS solution was refreshed every 24�h. After that, the mucosas were 
washed in sterile water for 72�h at RT on a rotating mixer and the water 
was replaced every 24�h. The decellularized mucosas were placed on 
a 35�mm glass-bottom Petri dish (World Precision Instruments) with 
the BM facing upwards. To improve adhesion, excess water was left to 
evaporate for 5�min, so that the mucosas stuck to the Petri dish, before 
the dish was filled with sterile water.

An atomic force microscope (NanoWizard II, JPK) was mounted 
onto an inverted light microscope (Observer Z1, Zeiss). A tipless trian -
gular cantilever (NPO-D, Bruker) with a 5-µm-diameter bead attached 
to its apex was used for the measurements. The spring constant of the 
cantilever was determined by the thermal noise method. For indenta-
tion experiments, the beaded cantilever was positioned above an area 
of interest. A grid of 4�×�4 positions within 100�µm�×�100�µm was defined 
for indentation experiments. The beaded cantilever was approached to 
the sample at 5�µm�s�1  until a force of 10�nN was recorded. Subsequently, 
the cantilever was retracted and moved to the next position in the 
grid. Three different regions per sample were tested if possible. Data 
analysis was performed with the inbuilt JPK Data Analysis software. 
The recorded force–distance curves of the approach were offset and 
tilt corrected and corrected for the cantilever deflection. Afterwards, 
the approach force–distance curve was fitted by the Hertz model with 
� �=�0.5. The contact point in force–distance curves was determined 
automatically. The samples were characterized in sterile water at RT.
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Statistics and reproducibility
No statistical method was used to predetermine sample size. No data 
were excluded from the analyses. Mice were randomly assigned to 
the BBN and control cohorts at cage level to avoid single housing 
as required by the Swiss animal welfare legislation. The investiga -
tors were not blinded to allocation during experiments and outcome 
assessment.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Raw images are available as a publicly accessible openBIS repository 
at https://u.ethz.ch/cxOpQ .

Code availability
The source code is publicly released under the three-clause BSD license  
as a git repository at https://git.bsse.ethz.ch/iber/Publications/  
2023_lampart_bladder_cancer.
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Extended Data Fig. 1 | Bladder tumors in mice and humans. ( A) Low-grade 
papillary tumor in the mouse bladder 11 weeks post BBN, scale bar: 100 µm.  
(B) CIS in the mouse bladder 8 weeks post BBN. Scale bar: 50 µm. (C) Human 

papillary tumor. Yellow dotted line: approximate position of (D ). Scale bar: 
500 µm. (D) Digital cut thru human papilla. Scale bar: 100 µ m. All images show 
individual exemplars, not repeated experiments.

http://www.nature.com/naturephysics
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Extended Data Fig. 2 | Examples of different thickness measurements in mice. Comparison of different degrees of BM alterations and thickening in mouse biopsies 
from six different bladders, two tissue samples from each bladder.
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Extended Data Fig. 3 | 2D slices from SPIM images of sample 2 analyzed in Fig. 3 . (A) Control. (B ) BBN treated mice 4 weeks post BBN. (C) BBN treated mice 11 weeks 
post BBN. Scale bars: 20 µm.
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Extended Data Fig. 4 | Simulated BM height maps. Overview of all observed BM height profiles from the simulations in Fig. 4c with individually normalized contrast. 
The box colors correspond to the colors of the data points in the plot.
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Extended Data Fig. 5 | Simulated BM height maps and EP thickness. ( A) Overview of all observed BM height profiles from the simulations in Fig. 5d with individually 
normalized contrast. (B ) Overview of a subset of thickness measurements from the simulations in Fig. 5d.
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Extended Data Fig. 6 | Simulated BM height maps. Overview of all observed BM height profiles from the simulations in Fig. 5e with individually normalized contrast.
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Extended Data Fig. 7 | Quantification of papillary distances in vertical slices 
through the mucosa. ( A-D) Numerical simulations. Insets show corresponding 
BM height profiles from Fig. 5 . (E-H) BBN-treated mice, 4 weeks (E) and 6 weeks 

(F-H) after BBN stop, with the urothelium marked in green, the vasculature in the 
lamina propria in purple and the basement membrane in white. Beeline distances 
between adjacent tips are indicated.

http://www.nature.com/naturephysics


1

nature portfolio  |  reporting sum
m

ary
M

arch 2021

Corresponding author(s):Dagmar Iber

Last updated by author(s):25.10.2024

Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Zen 3.1 (black edition, Carl Zeiss Microscopy GmbH), Abaqus FEA 2021 (Dassault Systèmes), NIS-Elements 5.30.05 (Nikon)

Data analysis Zen 3.1 (blue edition, Carl Zeiss Microscopy GmbH), Abaqus FEA 2021 (Dassault Systèmes), Imaris 9.5.1 or higher (Oxford Instruments), Napari 
0.4.17 or higher, ilastik 1.4.0, Fiji/ImageJ 1.53t, Meshlab v2022.02 (Paolo Cignoni, Alessandro Muntoni, Visual Computing Lab, ISTI-CNR), 
Python 3.8 or higher (Python Software Foundation), R 4.3.0 (R Foundation), RStudio 1.2.5042 (RStudio, inc.), morphometrics 0.0.9, Matlab 
R2023b (The Mathworks, inc.)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 
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Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender Sex and gender were not reported, as bladder cancer affects both sexes and no quantitative analysis on human samples 
where performed, that could potentially be confounded by sex.

Population characteristics Population characteristic were not reported as no quantitative analysis on human samples where performed, that could 
potentially be confounded by these variables.

Recruitment Patients diagnosed with bladder cancer, who were scheduled to undergo surgical tumor resection, were approached to 
obtain their consent for the utilization of their tumor biopsies in research purposes.

Ethics oversight Human BC biopsies were provided by the University Hospital of Basel (USB), Switzerland, under approval by the Ethical 
Committee of Northwestern and Central Switzerland (EKBB 37/13). 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. For quantitative analysis sample size was chosen such that the number of 
animals included was >=3. For this exploratory study, sample sizes were not determined by a formal sample size calculation. Instead, sample 
sizes were primarily guided by the availability of experimental materials and the need to observe variability within the treatment groups. 
Typically, we used a minimum threshold for sample numbers (>3 samples) to ensure a basic level of statistical power. However, whenever 
sufficient material was available, we opted to include additional samples to capture a broader range of responses and illustrate variability in 
the specimens. As the primary goal was to generate hypotheses and observe trends rather than to conduct definitive hypothesis testing, the 
chosen sample sizes are deemed sufficient for the exploratory nature of this research.

Data exclusions No data was excluded from the analysis unless specifically mentioned with reason in the manuscript (e.g. Umbrella cells in the cell shape 
analysis).

Replication We quantified all SPIM images available. They showed biological variability as reported in Figures 2 & 3. We did not seek to breed further mice 
to replicate the imaging. In the AFM, we probed 2-3 different parts of each bladder tissue as reported in Fig. 6. These did yield different 
results as shown in Fig. 6, which to examine was precisely the purpose of the experiment. For the numerical simulations, we performed mesh 
sensitivity tests to ensure the results are sufficiently independent of meshing. A subset of numerical simulations were repeated with identical 
parameters to ensure reproducibility. These simulations showed the same pattern as the original ones.

Randomization For the animal experiments, cages with litter mates were randomly assigned to the treatment groups. Assignment was performed on cage 
level instead of animal level to avoid single housing, as required by the Swiss animal welfare legislation. No other experiments were done for 
this study.

Blinding Blinding was not relevant in this study as treatment efficacy of BBN is well described and was not further investigated in the scope of this 
study. This was an exploratory study, where we were observing biological processes rather than testing a hypothesis related to BBN efficacy. 
The primary goal of the study was to understand the biological changes during early tumor formation rather than to assess the impact of a 
treatment, especially since the BBN treatment efficacy was well described in previous studies. Since this model is highly predictable and 
reproducible, it is unlikely that investigator knowledge of group allocation would influence the results.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used 1: chicken anti-GFP polyclonal (Aves Labs; GFP-1020, 1:500), 2: rabbit anti-laminin polyclonal (Abcam; ab11575; 1:500) (used for 

human and mice), 3: goat anti-ZO-1 polyclonal (Thermo Fisher; PA5-19090; 1:200), 4: Alexa Fluor 488 goat anti-chicken IgG 
(Invitrogen; A11039; 1:500), 5: Alexa Fluor 647 donkey anti-rabbit IgG (Invitrogen; 32795; 1:500), 6: Alexa Fluor 488 donkey anti-goat 
IgG (Invitrogen; 11055; 1:500).

Validation The validation of each primary antibody for the species and applications is available from the manufacturer's websites. Standardized 
dilution based on previous experience or manufacturer's recommendation were used. Below is the validation information according 
to the manufacturer’s website: 
- Chicken anti-GFP: Application: Flow, IHC, ICC, WB, ELISA. Antibodies were analyzed by western blot analysis (1:5000 dilution) and 
immunohistochemistry (1:500 dilution) using transgenic mice expressing the GFP gene product. Western blots were performed using 
BlokHen® (Aves Labs) as the blocking reagent, and HRP-labeled goat anti-chicken antibodies (Aves Labs, Cat. #H-1004) as the 
detection reagent. Immunohistochemistry used tetramethyl rhodamine-labeled antichicken IgY.* 
- Rabbit anti-laminin: Applications: Dot, IHC-P, Species Reactivity: Human, Mouse, Rat, Amphibian, Dog, Horse, Mammals, Pig 
Xenopus laevis.* 
- Goat anti-ZO-1: Applications: IHC, ICC/IF, Species Reactivity: Human, Product Specific Information: This antibody is tested in Peptide 
ELISA: antibody detection limit dilution 8,000.* 
*Validation statement from manufacturer’s website

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Mus musculus, Shh tm1(EGFP/cre)Cjt, Gt(ROSA)26Sortm4 ACTB-tdTomato,-EGFPLuo X RjOrl:SWISS, male 10 weeks.

Wild animals No wild animals were used in this study.

Reporting on sex Findings in this study applies for both sexes as bladder cancer occurs in both sexes. To reduce number of animals needed for this 
study only male mice where used as they generate a greater number of bladder tumors upon BBN treatment.

Field-collected samplesNo field-collected samples were used in this study.

Ethics oversight All experiments involving animals were performed in accordance with the Swiss animal welfare legislation and approved by the 
veterinary office of the Canton Basel-Stadt, Switzerland (approval number 2957/29841)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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