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Data analysis

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

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.
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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

Data exclusions

Replication

Randomization

ImageJ version 1.53f51,

Zen (Blue edition) version 2.5

Fiji using Java8,

GraphPad Prism version 8.0,

Statistical Analysis System (SAS), 2021 SAS Institute (Cary, NC),

Julia version 1.0.5,

Atom version 1.58.0,

RStudio version 1.4,

MATLAB version R2019b update 3 (9.7.0.1261785),

Imaris viewer version 9.8 (Bitplane, Imaris, Oxford Instruments, MA, USA),

Cytoscape version 3.7.1 (https://cytoscape.org),

Custom codes to analyze oncostreams using U-Net architecture and deep learning can be found at https://github.com/MLNeurosurg/
DeepStreams,

Custom codes to analyze glioma dynamics using the Julia Programing Language can be found at public GitHub repository https://github.com/
smotsch/analysis_glioma.

Data availability: All data associated with this study are in the paper and/or the Supplementary Information. RNA-Seq dataset generated in this study have been
deposited at the NCBI’s Gene Expression Omnibus (GEO) with identifier GSE188970 [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE188970].
Additionally, the following public databases were used: TCGA glioma diagnostic tissue slides from the Genomic Data Commons Portal of the National Cancer
Institute [https://portal.gdc.cancer.gov]. Clinical data [http://firebrowse.org]; [http://gliovis.bioinfo.cnio.es]; and [https://portal.gdc.cancer.gov]. TCGA dataset
related to Col1A1, E-Cadherin, and N-Cadherin expression and its correlation with patient survival [http://gliovis.bioinfo.cnio.es]. To select shRNA targeting Col1a1
gene, we used the RNAi codex database [http://cancan.cshl.edu/cgi-bin/Codex/Codex.cgi] and InvivoGen’s siRNA Wizard [http://www.invivogen.com/sirnawizard].
All the movies/imaging data generated in this study have been provided in the supplementary information. The remaining data are available within the article,
supplementary information, or source data file. Cells, plasmids, and other reagents developed in this study could be made available upon request to
pedrol@umich.edu. Source data are provided with this paper.

Code Availability: The analysis of oncostreams in mouse and human glioma tissue was performed using U-Net architecture to provide semantic segmentation of
specimens using deep learning. Public GitHub repository for the project code can be found at https://github.com/MLNeurosurg/DeepStreams.

Analysis of glioma cells dynamics was performed using the Julia Programing Language. Link for this project Script and their dependencies can be found at public
GitHub repository https://github.com/smotsch/analysis_glioma.

Following standards of the field, including power analysis, sample sizes were estimated which were capable of yielding statistically significant

differences. For in vivo studies, at least n"3 mice were utilized. To verify the data obtained, and estimate the median survival at least n"3

biological replicates were chosen on the basis of previously published studies (PMID: 26936505, PMID: 30760578, and PMID: 34586841). The
number of replicates used are mentioned in the corresponding figure legends.

For sleeping beauty survival experiments, at least n"9 were used, to detect a hazard ratio of 0.714 using log-rank test corresponding to at
least 40% increase in median survival/improvement. In cases where sample size was less than three due to experimental limitations, statistical
differences were not presented.

No data were excluded from the analyses.

Replicates were used in all experiments as noted in the manuscript and figure legends. All experiments were repeated at least three times
with reproducible results.

All samples such as cells or animals were randomly allocated into experimental groups.
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Blinding

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.

Materials & experimental systems

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used

Validation

We were not blinded to group allocations during data collection and analysis of ex vivo and in vivo experiments involving various

experimental groups. In order to perform the imaging and dynamic analysis ex-vivo and in-vivo, it was imperative to know the assigned
experimental group. In case of image analysis, experimental images were blinded during selection of the imaging.

Primary antibodies:

Anti-Nuclei Antibody, Clone 235-1 (HuNu), Millipore Sigma (MAB1281),

Anti-Green Fluorescent Protein (GFP), Rockland (600-101-215),

Anti-Alpha Smooth Muscle Actin (!-SMA/ACTA2), Abcam (ab5694),

Anti-Glial Fibrillary Acidic Protein (GFAP), Millipore Sigma (AB5804),

Anti-Neurofilament-L (C28e10), Cell Signaling (2837),

Anti-E-Cadherin (24E10), Cell Signaling (3195),

Anti-N-Cadherin, Abcam (AB18203),

Anti-Nestin, Novus (NB100-1604),

Anti-Sox2, Invitrogen (MA1-014),

Anti-Iba1 Antibody [EPR16588], Abcam (ab178846),

Anti-Brdu (Bu20a), Cell Signaling (5292),

Anti-Collagen I Antibody, Abcam (ab34710),

Anti-Col1A1 Polyclonal Antibody, ThermoFischer Scientific (PA5-29569)

Anti-Fibronectin, Abcam (ab2413),

Anti-CD68, Abcam (ab125212),

Anti-CD31, Cell Signaling (77699),

Anti-Survivin, Cell Signaling (2808),

Anti-PCNA, Cell Signaling (2586),

Anti-Cleaved Caspase 3, Cell Signaling (9661)

Anti-TdTomato, SICGEN (AB8181-200)

Anti-Glial Fibrillary Acidic Protein (GFAP), AMD Millipore (AB5541)

Anti-Green Fluorescent Protein (GFP), Abcam (AB290)

Secondary antibodies:

Polyclonal Goat Anti-Rabbit Immunoglobulins/Biotin, Agilent (E043201-6)

Polyclonal Goat Anti-Mouse Immunoglobulins/Biotinylated, Agilent (E0433)

Goat Anti-Chicken IgY Antibody (H+L), Biotinylated, Vector Laboratories (BA-9010-1.5)

Goat anti-Chicken IgY (H+L) Secondary Antibody, Alexa Fluor 555, Invitrogen (A-21437)

Donkey anti-Rabbit IgG (H+L), Alexa Fluor Plus 488, Invitrogen (A32790)

Donkey anti-Goat IgG (H+L), Alexa Fluor Plus 488, Invitrogen (A32814)

Donkey anti-Rabbit IgG (H+L), Alexa Fluor Plus 555, Invitrogen (A32794)

Donkey anti-Goat IgG (H+L), Alexa Fluor Plus 647, Invitrogen (A21447)

Donkey anti-Chicken IgY (IgG) (H+L), Alexa Fluor 594, Jackson ImmunoResearch Labs (703-585-155)

Donkey anti-Mouse IgG (H+L), Alexa Fluor Plus 488, Invitrogen (A21202)

Validation of antibodies:

All primary antibodies used in this study were validated by manufacturers and are frequently used in publications. Validation
statement for each antibody is provided on the manufacturer's website. All secondary antibodies are used in many publications. The
detailed information is listed as follows:

Primary antibodies:

• Anti-Nuclei Antibody [Clone 235-1 (HuNu), Millipore Sigma, Cat# MAB1281, Host# Mouse, Dilution# 1:100]:
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Validation by immunohistochemistry-immunofluorescence staining of human neural stem cell transplanted into rat brain and SH-
SY5Y cells.

Citation from manufacturer is listed at: https://www.emdmillipore.com/US/en/product/Anti-Nuclei-Antibody-clone-235-1,MM_NF-
MAB1281

• Anti-Green Fluorescent Protein (GFP) [Rockland, Cat# 600-101-215 Host# Goat, Dilution# 1:1000]:

Validation by immunohistochemistry-immunofluorescence staining of E5.5 Hex-GFP transgenic mouse embryo and neurons
generated through Sf-1: Cre mice crossed to the Z/EG reporter line.

Citation from manufacturer is listed at: https://www.rockland.com/categories/primary-antibodies/gfp-antibody-600-101-215/
GetProductDataSheet/?code=600-101-215

• Anti-Alpha Smooth Muscle Actin (!-SMA/ACTA2) [Abcam, Cat# ab5694, Host# Rabbit, Dilution# 1:500]:

Validation by immunohistochemistry-immunofluorescence staining of paraffin embedded mouse intestine and mesentery and
Pancreatic vessel imaging in the intact adult mouse pancreas.

Citation from manufacturer is listed at: https://www.abcam.com/alpha-smooth-muscle-actin-antibody-ab5694.html

• Anti-Glial Fibrillary Acidic Protein (GFAP) [Millipore Sigma AB5804, Host# Rabbit, Dilution# 1:1000]:

Validation by immunohistochemistry-immunofluorescence staining of astrocytes in human brain and rat cerebral cortex neurons.

Citation from manufacturer is listed at: https://www.emdmillipore.com/US/en/product/Anti-Glial-Fibrillary-Acidic-Protein-GFAP-
Antibody,MM_NF-AB5804#documentation

• Anti-Neurofilament-L (C28e10) [Cell Signaling, Cat# 2837, Host# Rabbit, Dilution# 1:100]:

Validation by immunohistochemistry-immunofluorescence staining of paraffin-embedded mouse brain and normal rat cerebellum.

Citation from manufacturer is listed at: https://www.cellsignal.com/datasheet.jsp?productId=2837&images=1

• Anti-E-Cadherin (24E10) [Cell Signaling, Cat# 3195, Host# Rabbit, Dilution# 1:400]:

Validation by immunohistochemistry-immunofluorescence staining of paraffin-embedded human lung carcinoma, mouse prostate,
human metastatic adenocarcinoma in lymph node, and MCF7 cells.

Citation from manufacturer is listed at: https://www.cellsignal.com/datasheet.jsp?productId=3195&images=1

• Anti-N-Cadherin [Abcam, Cat# AB18203, Host# Rabbit, Dilution# 1:1000]:

Validation by immunohistochemistry-immunofluorescence staining of human ovarian cancer tissue, human melanoma xenograft
mouse model, and human embryonic stem cells differentiated into mesoderm.

Citation from manufacturer is listed at: https://www.abcam.com/n-cadherin-antibody-intercellular-junction-marker-ab18203.html

• Anti-Nestin [Novus, Cat# NB100-1604, Host# Chicken, Dilution# 1:800]:

Validation by immunohistochemistry-immunofluorescence staining of 3T3 cells, adult dentate gyrus of the hippocampal formation,
and A7R5 neuroblastoma cells.

Citation from manufacturer is listed at: https://www.novusbio.com/PDFs/NB100-1604.pdf

• Anti Sox2 [Invitrogen, Cat# MA1-014, Host# Mouse, Dilution# 1:200]:

Validation by immunohistochemistry-immunofluorescence staining of H9 embryonic stem cells grown for a few days on Matrigel-
coated chamber slides, H9 embryonic stem cells grown for a few days on Matrigel-coated chamber slides, and human neural stem
cells derived from PD-3 iPSCs.

Citation from manufacturer is listed at: https://www.thermofisher.com/order/genome-database/dataSheetPdf?
producttype=antibody&productsubtype=antibody_primary&productId=MA1-014&version=223

• Anti-Iba1 Antibody [EPR16588] [Abcam, Cat# ab178846, Host# Rabbit, Dilution# 1:500]:

Validation by immunohistochemistry-immunofluorescence staining of rat normal brain, human normal hippocampus, and mouse
microglia cells.

Citation from manufacturer is listed at: https://www.abcam.com/iba1-antibody-epr16588-ab178846.html

• Anti-Brdu (Bu20a) [Cell Signaling, Cat# 5292, Host# Mouse, Dilution# 1:200]:

Validation by immunohistochemistry-immunofluorescence staining of HeLa cells and Jurkat cells.

Citation from manufacturer is listed at: https://www.cellsignal.com/datasheet.jsp?productId=5292&images=1

• Anti-Collagen I antibody [Abcam, Cat# ab34710, Host# Rabbit, Dilution# 1:500]:

Validation by Western blot analysis of Col1a1 expression in human collagen.

Citation from manufacturer is listed at: https://www.abcam.com/collagen-i-antibody-ab34710.html

• Anti-Collagen I antibody [ThermoFischer Scientific, Cat# PA5-29569, Host# Rabbit, Dilution# 1:500]:

Validation by Western blot analysis of Col1a1 expression in SK-N-SH whole cell extracts in comparison to HT-29 cells.

Citation from manufacturer is listed at: https://www.thermofisher.com/order/genome-database/dataSheetPdf?
producttype=antibody&productsubtype=antibody_primary&productId=PA5-29569&version=223

• Anti-Fibronectin [Abcam, Cat# ab2413, Host# Rabbit, Dilution# 1:1000]:

Validation by immunohistochemistry-immunofluorescence staining of human kidney tissue and HeLa cells.

Citation from manufacturer is listed at: https://www.abcam.com/fibronectin-antibody-ab2413.html

• Anti-CD68 [Abcam, Cat# ab125212, Host# Rabbit, Dilution# 1:1000]:
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Validation by immunohistochemistry-immunofluorescence staining of rat liver tissue, mouse spleen, and mouse liver tissue.

Citation from manufacturer is listed at: https://www.abcam.com/cd68-antibody-ab125212.html

• Anti-CD31 [Cell Signaling, Cat# 77699, Host# Rabbit, Dilution# 1:100]:

Validation by immunohistochemistry staining of mouse liver, A2058 xenograft, mouse kidney and mouse small intestine.

Citation from manufacturer is listed at: https://www.cellsignal.com/datasheet.jsp?productId=77699&images=1

• Anti-Survivin [Cell Signaling, Cat# 2808, Host# Rabbit, Dilution# 1:500]:

Validation by immunohistochemistry-immunofluorescence staining of human lung carcinoma showing nuclear localization, human
colon carcinoma, human pituitary adenoma, human transitional epithelial carcinoma of the bladder and HeLa cells.

Citation from manufacturer is listed at: https://www.cellsignal.com/datasheet.jsp?productId=2808&images=1

• Anti-PCNA [Cell Signaling, Cat# 2586, Host# Mouse, Dilution# 1:1000]:

Validation by immunohistochemistry-immunofluorescence staining of human breast carcinoma, showing nuclear localization, human
colon carcinoma, human non-Hodgkin’s lymphoma, and NCI-H460 cells.

Citation from manufacturer is listed at: https://www.cellsignal.com/datasheet.jsp?productId=2586&images=1

• Anti-Cleaved Caspase 3 [Cell Signaling, Cat# 9661, Host# Rabbit, Dilution# 1:400]:

Validation by immunohistochemistry-immunofluorescence staining of human tonsil, showing cytoplasmic and perinuclear localization
in apoptotic cells and HT-29 cells, untreated (left) or Staurosporine #9953 treated.

Citation from manufacturer is listed at: https://www.cellsignal.com/datasheet.jsp?productId=9661&images=1

• Anti-TdTomato [SICGEN, Cat# AB8181-200, Host# Goat, Dilution# 1:200]:

Validation by immunofluorescence staining of 293HEK cells transfected with cDNA.

Citation from manufacturer is listed at: https://www.sicgen.pt/product/tdtomato-polyclonal-antibody_1_135

• Anti-Glial Fibrillary Acidic Protein (GFAP) [EMD Millipore, Cat# AB5541, Host# Chicken, Dilution# 1:500]:

Validation by immunohistochemistry-immunofluorescence staining of human brain, rat neonatal forebrain cells, and Hippocamppal
derived rat glial cells.

Citation from manufacturer is listed at: https://www.emdmillipore.com/US/en/product/Anti-Glial-Fibrillary-Acidic-Protein-
Antibody,MM_NF-AB5541

• Anti-Green Fluorescent Protein (GFP) [Abcam, Cat# AB290, Host# Rabbit, Dilution# 1:500]:

Validation by immunohistochemistry-immunofluorescence staining of bone marrow-derived infiltrating cells in the stromal tissue of
gastric intraepithelial tumor, mouse brain tissue, dog hearts, GFP-transfected NIH3T3 cells, and U2OS cells expressing TRF2-GFP
fusion protein.

Citation from manufacturer is listed at: https://www.abcam.com/gfp-antibody-ab290.html

Secondary antibodies:

• Polyclonal Goat Anti-Rabbit Immunoglobulins/Biotin [Agilent, Cat# E043201-6, Host# Goat, Dilution# 1:1000]:

Citation from manufacturer is listed at: https://www.agilent.com/store/en_US/Prod-E043201-6/E043201-6

• Polyclonal Goat Anti-Mouse Immunoglobulins, Biotinylated, Secondary Antibody [Agilent, Cat# E0433, Host# Goat, Dilution#
1:1000]:

Citation from manufacturer is listed at: https://www.agilent.com/cs/library/msds/SDS480_NAEnglish.pdf

• Goat Anti-Chicken IgY antibody (H+L), Biotinylated, Secondary Antibody [Vector Laboratories, Cat# BA-9010-1.5, Host# Goat,
Dilution# 1:1000]:

Citation from manufacturer is listed at: https://vectorlabs.com/products/antibodies/biotinylated-goat-anti-chicken-igy

• Goat anti-Chicken IgY (H+L) Secondary Antibody, Alexa Fluor 555 [Invitrogen, Cat# A-21437, Host# Goat, Dilution# 1:1000]:

Citation from manufacturer is listed at: https://www.thermofisher.com/antibody/product/Goat-anti-Chicken-IgY-H-L-Secondary-
Antibody-Polyclonal/A-21437

• Donkey anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor Plus 488 [Invitrogen, Cat# A32790, Host# Donkey, Dilution# 1:1000]:

Citation from manufacturer is listed at: https://www.thermofisher.com/antibody/product/A32790.html

• Donkey anti-Goat IgG (H+L) Secondary Antibody Alexa Fluor Plus 488 [Invitrogen, Cat# A32814, Host# Donkey, Dilution# 1:1000]:

Citation from manufacturer is listed at: https://www.thermofisher.com/antibody/product/Donkey-anti-Goat-IgG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A32814

• Donkey anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor Plus 555 [Invitrogen, Cat# A32794, Host# Donkey, Dilution# 1:1000]:

Citation from manufacturer is listed at: https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-IgG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A32794

• Donkey anti-Goat IgG (H+L) Secondary Antibody, Alexa Fluor Plus 647 [Invitrogen, Cat# A-21447, Host# Donkey, Dilution# 1:1000]:

Citation from manufacturer is listed at: https://www.thermofisher.com/antibody/product/Goat-anti-Chicken-IgY-H-L-Secondary-
Antibody-Polyclonal/A-21447

• Donkey anti-Chicken IgY (IgG) (H+L) Secondary Antibody, Alexa Fluor 594 [Jackson ImmunoResearch Labs, Cat# 703-585-155, Host#




