


Article

Extended DataFig. 8 | Characterization of Mdm2°“*;HRAS®'? sarcomas.
a.Locationofactive enhancers contained within and immediately outside the
Mdm2ecDNA. Enhancers from theindicated mouse tissues at birth (PO) were
obtained from the Encyclopedia of DNA elements (ENCODE) (ref. 59). The two
bottom tracks show ATAC-Seqreads countacross the sameregion generated
fromNSCs with theindicated genotypes. Theregion corresponding to the
ecDNAis highlightedinlight red. b. ATAC-seq fragment size distribution of
ecDNA and chromosomal DNA regions in Mdm2°“* and p53™/MEFs transduce
with HRAS®?, n =4 replicates for Mdm2¢* and 3 replicates for p53™". c. ATAC-
seqread countsin Mdm2*region normalized by sequencing depth and copy
number in Mdm2°/*;p5§3™" and p53™" cells. (3,693,906 and 108,897 reads,
respectively). Boxes indicate upper quartile, median, and lower quartile.
Whiskers extend to +1.5 x IQR. Two-sided Wilcoxon test. P value = 5.2e-10.

d.RNA-FISH using an Mdm2 probe on tumour tissues from Mdm2¢/*;HRAS'?
and p53/"/":HRAS®™?Y MEFs at both low (20x, scale bar =50 pm) and high

(100x, scale bar =10 pm) magnifications. e. Low magnification view showing a
high-grade spindle cell sarcomaarranged in short fascicles and infiltrating into
skeletal muscle. f. The lesional cells showincreased nuclear pleomorphism,
with scattered multinucleated forms (arrows) and increased mitotic activity
(arrowheads). g. Higher magnification shows solid sheets of epithelioid to
ovoid cells with distinct single or multi- intra-cytoplasmic fat vacuoles consistent
withsignetringlipoblasts. Focal nuclearindentation, acharacteristic feature of
lipoblasts, isalso noted. h. Increased mitoticactivity and pleomorphic spindle
cells withamphophilic cytoplasm and ovoid nuclei with clumped chromatin
and prominent nucleoliin keeping with a high-grade sarcoma. Analysis
repeated in tumours from 3 mice.



100 4 ——a

\‘
(63}
O

p530
-~ Mdm2e*

Cell Viability (%)
o 3

o

0 001 0.1 1
Milademetan (uM)

Relative mRNA levels

p53ﬂ/ﬂ;HRASG12V Mdmzec/+;HRASG12V

Gene

Mdm2
p21

(normalized to t = 0)

: tl:ltim.g. mEi

0 1 3 6 12 24 0 1 3 6 12 4

1 uM Milademetan time course (hours)

Mdm2ee; HRASS12Y

C p53ﬂ/ﬂ; HRASG12V

kDa Oh 1h 3h 6h 12h 24h Oh

250
150
100

75 -
50
37
25 W
20
15

10 we=

T - D D W —— — — — S S— ——

Extended DataFig.9|Mdm2°/*;HRAS®?'sarcomasresponse to

Milademetan. a. Dose-response curve of AdCre-treated pS3™:HRAS*?" and
Mdm2°“*;HRAS®?" cells treated with the MDM2 antagonist milademetan. Each
dotrepresentsatechnical replicate (n=3). Arepresentative plot of two
independent experiments is shown. b-c. Cre-treated Mdm2¢/*;HRAS** and
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pS3™"-HRAS®?Y MEFs were exposed to1 pM milademetan, collected at
indicated time points, and analyzed by RT-qPCR (b) and immunoblot (c). Error
bars:mean £ SD.N =3 technical replicates. Mdm2 and p21 mRNA and protein
products are rapidly induced in Mdm2¢/*;HRAS®*?" cells in response to
milademetan.
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Extended DataFig.10|See next page for caption.



Extended DataFig.10 | Characterization of Mdm2°“*;Myc‘€ liver tumours.
a.gDNA-PCR analysis with primers designed to detect the circularized allele
(Primers C-B) and allele excision (Primers A-D) on the linear chromosome upon
Cre-expression performed on DNA extracted from different tissues of
Mdm2;Actin-Cre mouse (1 month old). Amplification of an unrelated genomic
regionisincludedasaPCR control. Quantification by digital droplet PCR (ddPCR)
ofthecircularized allele (Probes C-B) and excision from the linear chromosome
(Probes A-D) isshown at the bottom. Heart, kidney, large bowel, pancreas, and
spleen of Mdm2"*;Actin-Cremouse are used as controls. b. Lower magnification
of arepresentative H&E of Mdm2°* liver tumour, showing the primary tumour
isapoorly differentiated hepatocellular carcinoma (scale bar =500 pm).

c.Representative CK19 staining with a CK19+ bile duct, indicating tumours are
negative for the cholangiocyte marker CK19 (scale bar =100 pm, n =tumours
from3 mice). d. qPCR analysis of Mdm2 mRNA expressionlevelsin
Mdm2°*tumours compared to normal liver. Error bars: mean £ SD.N=3
technical replicates. e. SWGS data from arepresentative Mdm2°* tumour
were analyzed using Amplicon Architect toidentify structural variants. The
structural variant plot reveals astructural variant closing the left-and-right
endpoints of the amplified region forming an ecDNA-like cycle spanning the
region flanked by the loxPsites. Alltumours analyzed from three mice showed
the same circular amplicon. f. sWGS analysis of individual liver tumours from
three Actin-Cre;Mdm2°* mice.
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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.

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

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

J 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.

X

A description of all covariates tested

X []

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.

X

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

XX O O OOX [ X
X

X L]

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 - Flow cytometry: LSR Fortessa (BD bioscences);
- FACS: FACSAria (BD bioscences) and FACSymphony (BD bioscences);
- qPCR and CNV assays: QuantStudio™ 6 Flex real-time PCR system;
-Metaphase spreads and FISH: AX10 Imager.Z1 Zeiss microscope, Zeiss Axioplan 2i epifluorescence microscope (Carl Zeiss Microscopy,
Thornwood, NY);
-Dose-response curve: Synergy 2 plate reader (Biotek);
- WB: Odyssey Imaging System (LICOR);

Data analysis - Shallow Whole-Genome Sequencing (sWGS): Bowtie2 aligner, the QDNAseq R package, Gviz package;
- Image an analysis: Fiji (version 2.0.0-rc-65/1.15w) and Isis imaging software (MetaSystem);
- RNAseq: STAR aligner and DESeq2 R package
- ddPCR: QuantaSoft software (Bio-Rad; Version 1.7)
- Amplicon Architect: AmpliconSuite-pipeline (version 0.1555.1), AmpliconArchitect (version 0.9.9).
- For statistical analysis: GraphPad Prism 9 and R

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

All datasets have been deposited and made publicly available: shallow Whole Genome sequencing data (GSE264005), bulk RNAseq data (GSE264003), and ATACseq
data (GSE264240). AmpliconArchitect outputs for murine Mdm2-containing ecDNA (https://ampliconrepository.org/project/649b3c097dc54138a9d391b3) and
murine Myc-containing ecDNA (https://ampliconrepository.org/project/64839f137dc54138a9d39122) are available through the AmpliconRepository online
repository (https://ampliconrepository.org/).

Materials are available from the corresponding authors upon reasonable request. Plasmids containing the “circularization cassettes” described in this paper are
available through Addgene. Mycec (Strain: #039221) and Mdm?2ec (Strain: #039222) strains will be available through the JAX repository.

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 n/a

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 in vivo experiments, we evaluated the sample size by G.Power software considering a multifactorial variance analysis. The rationale for
this was to reduce to a minimum the number of animals used, according to the 3R principle for animal care. For all other experiments, no
statistical methods were used to predetermine sample size. Sample sizes were estimated on the basis of previous experiments conducted in
our laboratory providing a sufficient numerosity for each group to yield a two-sided statistical test that can reach a power of 0.9 (subject to
alpha=0.05).

Data exclusions  No data were excluded for pre-established criteria.

Replication To verify their reproducibility, experiments were successfully repeated using different batches of reagents, and different stocks of cell lines
and, for some experiments, were repeated and confirmed by different operators.

Randomization  Forin vitro experiments, samples were randomly treated according to the experimental design. For in vivo experiments, mice were injected
independently of their genotype.

Blinding When possible, data analysis were performed blind (including quantification of ecDNA per metaphases).
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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 E D ChlP-seq
Eukaryotic cell lines D X] Flow cytometry
Palaeontology and archaeology E D MRI-based neuroimaging
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Antibodies

Antibodies used anti-VINCULIN (1:5,000; Millipore, #MAB3574), anti-c-MYC (1:1,000; Cell Signaling, #D84C12), anti-MDM2 (1:1000, Cell Signaling,
#51541), anti-alpha-tubulin (1:5000, Cell Signaling, #3873), anti-p53 (1:1000, Leica Biosystems, P53-PROTEIN-CMS5), anti-p21 (1:1000,
Cell Signaling, #64016),anti-HNF4a (Cell Signaling #3113T; 1:500), anti-CK19 (Abcam #AB52625, 1:500).
The following secondary antibodies were used: IRDye 800 anti-Rabbit (#926-32213, LICOR) and IRDye 680 anti-Mouse (#926-68072,
LICOR), VectaStain ABC-HRP Rabbit IgG (Vector Laboratories #PK-6101).The following secondary antibodies were used to isolate
cerebellar stem cells: Cd133 (Prominin-1), Monoclonal Antibody (13A4)-FITC (311-1331-80; Thermo Scientific. 1:100); Cd81
Monoclonal Antibody (Eat2)-PE (#MA517941; Thermo Scientific. 1:50); Anti-O4-PE (#130-117-507; Miltenyi Biotec. 1:50); Anti-PSA-
NCAM-PE (#130-117-394; Miltenyi Biotec. 1:50).

Validation All antibodies are commercially available and were tested for species and application as described in each manufacturer's protocol:

anti-VINCULIN: 100% Performance Guaranteed validated antibodies

anti-c-MYC: validated by Cell Signaling in c-Myc knockout HEK293 cells

anti-MDM?2 (Cell Signaling): Tested by Cell Signaling in SISA-1, Saos-2 (human), C2C12 (mouse), and MTLn3 (rat) cells, untreated (-) or
treated with Nutlin 3a. Independently validated in our lab using Mdm2 KO MEFs.

anti-alpha-tubulin: Tested by Cell Signaling in Hela and COS-7

anti-p53: validated upon Doxorubicin treatment of MEF

anti-p21: Tested by Cell Signaling in control or Nutlin-3a-treated C2C12 cells.

anti-HNF4a: validated by Cell Signaling in HepG2 cells expressing an antigen specific peptite or a control peptide.
anti-CK19: validate in 35 publications for the same species (mouse) and application (IHC)

anti-Cd133-FITC: Tested by ThermoFisher in flow cytometric analysis of mouse bone marrow cells

anti-Cd81-PE:Tested by ThermoFisher in flow cytometric analysis of mouse splenic B cells.

anti-O4-PE:Tested on mouse brain tissue postnatal day 6 dissociated using the Neural Tissue Dissociation Kit (P) and the
gentleMACS™ Dissociator.

anti-PSA-NCAM-PE: Tested on mouse brain tissue postnatal day 1 dissociated using the Neural Tissue Dissociation Kit (T).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HCT116 cells (ATCC, CCL-247).
MEF, aNSC, cerebellar stem cells, and primary hepatocytes were derived from our generated GEMM.

Authentication HCT116 were directly purchase from ATCC and targeted at passage 2. ATCC provided the following authentication based on
STR profiling (Amelogenin: X,Y; CSF1PO: 7,10; D135317: 10,12; D165539: 11,13; D55818: 10,11; D75820: 11,12; THO1: 8,9;
TPOX: 8,9; VWA: 17,22) (ATCC Cell Line Authentication Service - Sanger Sequencing).

Mycoplasma contamination All cells were tested for mycoplasma contamination.

Commonly misidentified lines  n/a
(See ICLAC register)

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 Mouse

Wild animals n/a




Reporting on sex Findings apply to both sexes. HCT116 cells have been derived from the colon of an adult male with colon cancer. In mouse primary
cells, ecDNA formation was demonstrated in both male and females-derived cell lines.

Field-collected samples  n/a

Ethics oversight All animal experiments were approved by MSKCC's Institutional Animal Care and Use Committee.

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

Flow Cytometry

Plots

Confirm that:
E The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
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E The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).
E All plots are contour plots with outliers or pseudocolor plots.

E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Single cell suspension were obtained by trypsin-mediated dissociation of adherent cells. Before sorting or flow cytometry
analysis cells were filtered through a 70 um strainer to remove cell aggregates.

Instrument LSR Fortessa (BD bioscences), FACSAria (BD bioscences), and FACSymphony (BD bioscences).

Software BDFACSDiva software was used to collect data and FlowJo (v10.8) was used for analysis.

Cell population abundance The entire population was analyzed. Post-sorting fractions were re-analyzed to confirm the purity of each fraction.

Gating strategy Cells were first gated based on the size (FSC) and the density/granularity (SSC), excluding debris and doublets; DAPI staining

was used to gate the live fraction. Then, polygonal or quadrant gates were applied to isolate the population of interest based
on GFP, mScarlet, FITC, or PE expression. The gating strategy of the relevant figures is provided in the file supplementary
information file containing the uncropped gel images.

E Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.






