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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.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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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
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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 Surface profiles of substrate patterns from the 3D digital microscope images were acquired by VHX software (v3.0). Raw RNA sequencing data
from the NovaSeq X Plus platform were aligned to the GRCm39 reference genome using Hisat2 (v2.0.5) and converted to gene counts using
featureCounts (v1.5.0-p3).

Data analysis Multi-fractal analysis was performed using the Boxcount code (v1.0.0.0) developed by Frederic Moisy and available on MATLAB Central File
Exchange at: https://www.mathworks.com/matlabcentral/fileexchange/13063-boxcount. Directionality and localization analyses were
performed using the published MATLAB code available at: https://doi.org/10.1101/2024.04.03.587971. Quantitative PCR analysis was
performed using Ct values obtained from Bio-Rad CFX Manager 3.1 software. Quantification of western blot signals was performed using
Image Studio (v5.5.4). Software and tool used in image processing and analyses include Fiji/ImageJ (v1.53t, v1.54f), MATLAB (R2023b,
R2025a), Zen 2.3, and magic wand tool in Photoshop Elements 2020. Software packages and algorithms used in analyzing RNA sequencing
data include PCAGO (v1.0.0), Pluritest, KeyGenes (v2.0.0), DESeq2 (v1.20.0, v1.34.0), DESeq2 Galaxy (2.11.40.8+galaxy0, 2.11.40.7+galaxy2),
PANTHER (release 20221017, GO database doi: 10.5281/zenodo.6799722, released 2022-07-01), ShinyGO (v0.74), NovoMagic, GeneMANIA
(v3.6.0), and pheatmap R package (v1.0.12). Statistical analyses were performed using GraphPad Prism 10.

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.
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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

The RNA sequencing data of E11 murine podocytes generated and analyzed in this study have been deposited in the GEO repository under accession code
GSE298416 [https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE298416]. The RNA sequencing data of primary fetal human podocytes analyzed in this study
are available in the GEO repository under accession code GSE185491 [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE185491]. The RNA sequencing data
of human iPS cell-derived podocytes and sorted human adult podocytes analyzed in this study are available in the GEO repository under accession code GSE116471
[https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE116471]. Source data for all the graphs within the paper are provided in the Source Data file and the
Supplementary Data files. Raw data (original images) and analysis files for all the figures within the paper are available on the Mendeley Data repository (doi:
10.17632/pwwtfbm53h.1).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender No human research participants were involved in this study.

Reporting on race, ethnicity, or N/A
other socially relevant groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

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.

E Life sciences D Behavioural & social sciences D 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 For each quantitative experiment in this study, at least 3 substrate samples (biological replicates) per group were prepared from which data
were collected in order to facilitate statistical assessment. For statistical analyses related to single cell morphology or individual pattern units,
at least 3 replicates/measurements (and similar number of replicates/measurements) from each substrate sample were included to ensure
each substrate sample contributed (and relatively evenly) to the final set of data for analyses.

Data exclusions No data were excluded except those from the samples that were damaged during handling. One sample out of 6 from the RNA sequencing of
E11 mouse podocytes in the no topography (NT) group was excluded from downstream analyses after it showed up as an isolated point
distant from all the other samples on the principal component analysis plot. Outliers in image analyses/quantifications identified by GraphPad
Prism's ROUT method were excluded from endpoint statistical analyses.

Replication Experiments were performed in replicates to verify reproducibility of the current work. At least 3 biological replicates per group were used for
main experiments to verify reproducibility of the findings and to interpret the results.

Randomization No randomization was performed.

Blinding No experiments in this study were subject to blinding during data collection and analysis. Blinding was not always feasible during data
collection and analysis because for image-based assessment, the topographical patterns are visibly different between groups.

Reporting for specific materials, systems and methods
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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.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [ ] chiP-seq
Eukaryotic cell lines D Flow cytometry
Palaeontology and archaeology D MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants
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Antibodies

Antibodies used anti-podocin (Abcam, ab50339, lot: GR3411852-1, 1:200 dilution), anti-nephrin (Invitrogen, PA5-20330, lot: YC3862786, 1:500
dilution), anti-nestin (Invitrogen, MA1-110, clone: 10C2, lot: WL339532, 1:500 dilution), anti-YAP1 (Invitrogen, PA1-46189, lot:
Z2G4379902, 1:500 dilution), goat anti-rabbit 1gG FITC (LifeTech, F2765, lot: 24-68-051313, 1:500 dilution), goat anti-rabbit IgG Alexa
Fluor 647 (Invitrogen, A21245, lot: 2442141, 1:500 dilution), goat anti-mouse IgG Alexa Fluor 568 (Invitrogen, A11004, lot: 2198584,
1:500 dilution), anti-PODXL (Invitrogen, PA5-28116, lot: VF3009821B, 1:1000 dilution), anti-COL4A4 (BiCell Scientific, 05004wb, lot:
241743, 1:500 dilution), anti-CD63 (Abcam, ab217345, clone: EPR21151, lot: GR3275113-7, 1:1000 dilution), or anti-ALIX (Invitrogen,
MAS5-32773, clone: JM85-31, lot: WB3202157, 1:1000 dilution), anti-GAPDH (Invitrogen, PA1-987, lot: XJ358966, 1:1000 dilution),
donkey anti-rabbit IgG IRDye800CW (LICORbio, 925-32213, lot: D40625-21, 1:10,000 dilution)

Validation anti-podocin: a rabbit polyclonal antibody detecting NPHS2 in Western Blot, IHC-P. Suitable for Mouse, Rat. (https://
www.abcam.com/en-us/products/primary-antibodies/nphs2-antibody-ab50339)

anti-nephrin: validated on mouse tissues, validated for IHC-P (https://www.thermofisher.com/antibody/product/Nephrin-Antibody-
Polyclonal/PA5-20330)

anti-nestin: validated on mouse cells, validated for IF (https://www.thermofisher.com/antibody/product/Nestin-Antibody-
clone-10C2-Monoclonal/MA1-110)

anti-YAP1: species reactivity includes mouse, validated for IF (https://www.thermofisher.com/antibody/product/YAP1-Antibody-
Polyclonal/PA1-46189)

anti-PODXL: validated on mouse cells, validated for western blot (https://www.thermofisher.com/antibody/product/PODXL-
Antibody-Polyclonal/PA5-28116)

anti-COL4A4: validated on mouse tissue and recommended for immunofluorescence labeling, IHC, or western blot of materials from
rodent and human tissues (https://bicellscientific.com/product/collagen-alpha-4-iv-antibody/)

anti-CD63: a rabbit monoclonal antibody detecting CD63 in Western Blot, ICC/IF. Suitable for Mouse. (https://www.abcam.com/en-
us/products/primary-antibodies/cd63-antibody-epr21151-ab217345)

anti-ALIX: validated on mouse tissues, validated for western blot (https://www.thermofisher.com/antibody/product/Alix-Antibody-
clone-JM85-31-Recombinant-Monoclonal/MA5-32773)

anti-GAPDH: validated on mouse tissues, validated for western blot (https://www.thermofisher.com/antibody/product/GAPDH-
Antibody-Polyclonal/PA1-987)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) E11 murine cell line was a kind gift from GlaxoSmithKline; human PODO/TERT256 cell line (female) was purchased from
Evercyte (CHT-033-0256); dental pulp stem cells (female) were purchased from Lonza (PT-5025).

Authentication E11 murine cell line and human PODO/TERT256 cell line were authenticated by STR profiling. Dental pulp stem cells have not
been authenticated.

Mycoplasma contamination E11 murine cell line and human PODO/TERT256 cell line tested negative for mycoplasma. Dental pulp stem cells were not
tested for mycoplasma contamination.

Commonly misidentified lines  No cell line in the register of misidentified cell lines (version 13) published by ICLAC was used.
(See ICLAC register)
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Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Authentication Describe any authentication procedures foreach seed stock used or novel genotype generated. Describe any experiments used to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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