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Extended Data Fig. 5 | Activity of cell-cell communication pathways in early 
and late tumors. Inferred cell-cell communication pathways were identified 
and evaluated using the CellChat algorithm. a, Heatmap of 107 pathways with 
significantly active communication in early or late samples. Red box denotes 
pathways silenced in late tumors. Rows denote communication pathways. 
Columns denote cell types communicating as either the sender (expressing 
ligands) or receiver (expressing receptors) of pathways. Communication 
strength is related to co-expression of ligand-receptor gene pairs.  

Non-zero strength values denote significant communications, identified using 
the CellChat one-sided permutation test (p < 0.05). b, Relative changes in 
inferred communication between early and late tumors. Colored rows denote 
significant overall changes in information flow. 44 pathways had significantly 
higher activity in early samples (red), 29 had significantly higher activity in late 
samples (aqua) (p < 0.05). Statistical difference was evaluated by Wilcoxon test, 
comparing the pathway changes between late and early samples. p-values are 
provided in Source Data Extended Data Fig. 5.
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Extended Data Fig. 6 | Inferred cell-cell communication events lost in late 
tumors. a, Selected inferred cell-cell communications from subtypes of tumor  
cells (expressing ligands) to subtypes of CD8+ T cells (expressing receptors) that 
show loss of ligand-receptor interactions in late samples. b, Cell-cell communi
cation from CD8+ T cells (expressing ligands) to tumor cells (expressing receptors). 
Row names represent pathways of specific ligand and receptor combinations.  

Dots represent significant (p-value < 0.05) inferred communications corresponding 
to communication pathways (rows) and respective cells (columns). Communication 
strength is related to co-expression of ligand-receptor pairs. P-values represent  
the significance of the communication strength computed using the CellChat one- 
sided permutation test.

http://www.nature.com/natureimmunology
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Extended Data Fig. 7 | Effect of DAC on immune response to orthotopic 4T1 
tumors. a, Percentage of CD8+ TIL in tumors from mice treated with vehicle  
(PBS) or DAC. b, Immunofluorescent staining of CD8+ TIL in 4T1 orthotopic 
tumors in mice treated with two cycles of vehicle (upper panels) or DAC (lower 
panels). 20x image. Red: EpCAM; Green: CD8; Blue: Hoechst. c, Percentage of 
CD69+ tissue-resident memory (TRM) TIL in CD8+ TIL in tumors from vehicle or 
DAC treated mice. d, Numbers of CD8α+ dendritic cells (DC) (left) or CD103+ DC 
(right) per 106 myeloid cells in tumors from vehicle or DAC treated mice.  
e, Percentage of Gr-1+CD11b+ myeloidderived suppressor cells (MDSC) in tumors 
from vehicle or DAC treated mice. f, Percentage of CD8+ TIL expressing GzmB in 

tumors from vehicle or DAC treated mice. g, Percentage of CD8+ TIL producing 
IFN-γ (left), TNF (middle), or both cytokines (right) after ex vivo activation with 
PMA and ionomycin in tumors from vehicle or DAC treated mice. Flow plots at 
extreme right show representative samples for each group. Data shown are mean 
+ s.e.m. and are representative of two independent experiments. (a,c-g) Vehicle 
(PBS): n = 7, 1 mg/kg: n = 5; 5 mg/kg: n = 6. One mouse in 5 mg/kg group died prior 
to study endpoint. a,d: Kruskal-Wallis test with Dunn’s multiple comparison 
test. c,e-g: One-way ANOVA followed by Holm-Sidak’s multiple comparisons. 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Exact p-values are provided in 
Source Data.

http://www.nature.com/natureimmunology
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Extended Data Fig. 8 | DAC activates multiple immune pathways through 
gene demethylation and increased chromatin accessibility. a, Induction 
of selected immune genes involved in inflammatory cell death, inflammation 
and type I interferon signaling in 4T1 cells after in vitro exposure for 48 hr to 
increasing concentrations of DAC. Data show relative mRNA expression assessed 
by qRT-PCR (target gene relative to Gapdh) in samples treated with DAC or vehicle 
(PBS), n = 3/group. Genes are involved in pyroptosis (red), necroptosis (blue), 
inflammatory cytokines (orange), or the type I interferon pathway (green). 
Dotted red line indicates 2-fold increase in mRNA expression following DAC 
treatment. b, Heatmap of the z-score-normalized expression of immune genes 
in 4T1 cells treated with vehicle or increasing concentrations of DAC. c,d, Effect 
of Dnmt gene knockdown in 4T1 cell line on DNMT expression (c) and innate 
immune gene expression (d), n = 3/group. Samples were assessed by qRT-PCR 
48 h after in vitro siRNA transfection and normalized to control cells transfected 
with nontargeting control siRNA. Dotted red line indicates 2-fold increase in 
mRNA expression following DNMT silencing. e, Location of hypomethylated 
regions (by RBSS, purple bars), more accessible regions (by ATAC-seq, cyan 

bars), and upregulated genes (by scRNA-seq, red bars) in 4T1 cells. Right column: 
zoomed in snapshots show representative innate immune genes Ddx58, Irf7, 
and Ripk3. The yellow highlighted regions indicate upregulated genes that 
correlate with hypomethylated DNA and more accessible promoters. f, Top: top 
40 Gene Ontology terms associated with the overlapping 84 genes that were 
both derepressed by DAC in 4T1 and edited in the GEMM, as shown in Fig. 6d. 
Bottom: top 40 Gene Ontology terms associated with the 1539 genes upregulated 
in DAC-treated 4T1 cells that were not significantly edited in the GEMM, as 
shown in Fig. 6d. GO terms were grouped using unsupervised hierarchical 
clustering and annotated based on most representative functions. Row names 
with asterisks denote truncated names. Enrichment statistic: one-sided Fisher’s 
exact test. P-values were adjusted for multiple-comparisons using the q-value 
method. a,c,d: Multiple t-test. Type I errors were corrected by two-stage step-up 
method of Benjamini, Krieger and Yekutieli. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, 
****P ≤ 0.0001. For a and d, only significantly upregulated data was indicated. 
Exact p-values are provided in Source Data.

http://www.nature.com/natureimmunology
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Extended Data Fig. 9 | Gsdme, Ripk3, and Irf3/Irf7 knockout in B16 and its 
effect on TIL from DAC-treated B16. a-b, Immunoblots of B16 clones probed 
for GSDME (a) and RIPK3 (b) and actin loading control. Gsdme−/− clones 1 and 
15 and Ripk3−/− clone 9 were selected for in vivo studies. a, GSDME and actin in 
B16F10 cells infected with nontargeting lentivector (Ctrl) or clones knocked out 
for Gsdme. b, RIPK3 in DAC-treated B16F10 Ctrl cells or clones knocked out for 
Ripk3. c, B16F10 control cells or clones knocked out for Gsdmd were treated with 
DAC plus IFN-β and TNF to induce GSDMD expression. Immunoblots probed 
for GSDMD and actin are shown. d, Immunoblots probed for IRF3 and actin in 
B16F10 Ctrl cells or clones knocked out for Irf3. e, Irf7 mRNA in vehicle (PBS) or 

DAC treated B16 F10 ctrl cells or clones knocked out for Irf3 and Irf7, assessed 48 h 
following DAC treatment by qRT-PCR. n = 3/group.f, Left: Mean numbers of CD8+ 
TIL per milligram of WT, Gsdme−/−, Ripk3−/−, Irf3−/−Irf7−/− or Gsdmd−/− B16F10 tumors 
in mice treated with vehicle (PBS) or DAC (n = 5−7/group). Middle and Right: 
Percentages of CD8+ (middle) or NK TIL (right) expressing GzmB in each group of 
tumors from mice treated with vehicle (black bars) or DAC (red bars). Data shown 
are mean + s.e.m. and are representative of at least two experiments. (f ) Two-way 
ANOVA followed by Fisher’s Least Significant Difference (LSD) test. *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. Exact p-values are provided in Source Data.

http://www.nature.com/natureimmunology
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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

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 Flow cytometry analysis and cell sorting with BD FACSCanto II and BD FACSAria II, respectively. Data Acquisition with BD FACS Diva software 
(version 8.0.1) 
Immunofluorescent imaging: Zeiss Zen Blue (version 3.1) 
Western Blot: BIO-RAD Image Lab Touch Software (Version 1.2)

Data analysis Flowjo (Version 10.8.1) was used to analyze flow cytometry data.  
lThe Cellranger software suite (v. 7.0.0, 10X Genomics) was used to map scRNA-seq reads to a customized mm10 genome.  
Seurat (v. 4.1.0) library was used to import and preprocess scRNA-seq data. Harmony (v. 0.1.0) library was used for removal of batch-effect 
adjustment for downstream clustering and network construction. Differential expression analysis of scRNA-seq clusters was performed using 
MAST, implemented in the Seurat package.  CytoTRACE (v. 0.3.3) was used to determine cell maturation. DirichletReg (v. 0.7.1) was used for 
cell proportion analysis. CellChat (v. 1.5.0) was used for analyzing cell-cell communication. The Interferome webportal (interferome.org) was 
used to determine interferon regulated genes (accessed 09-2022). ClusterProfiler (v. 4.3.1) was used for enrichment analysis. All other 
statistical analysis, visualization and data processing was done using standard R (v. 4.2.0) packages. Cytoscape (v. 3.9.1) was used to run 
EnrichmentMap and perform network clustering of Gene Ontology terms.  
 
Additional analysis was performed on two publicly available external scRNA-seq datasets: 1-  An atlas of 50K normal murine mammary 
epithelial cells (Saeki et al. 2021).  2- A single cell dataset from breast tumor tissues of MMTV-PyMT mice (Chou et al. 2022). 
 
For bulk RNA-seq data, the fastq files were trimmed for the sequencing adaptors using CutAdapt (version 2.5) or Trimmomatic (0.36). The 
sequencing reads were aligned to the mouse genome (mm10) by Bowtie2 in RSEM (v. 1.3.3) pipeline with the following parameters bowtie2 -
q --phred33 --sensitive --dpad 0 --gbar 99999999 --mp 1,1 --np 1 --score-min L,0,-0.1 -I 1 -X 1000 --no-mixed --no-discordant -p 4 -k 200.  



2

nature portfolio  |  reporting sum
m

ary
April 2023

Differentially expressed genes were determined using DESeq2 R package (v. 1.35.0). ClusterProfiler (v. 4.3.1) was used for enrichment 
analysis. 
Sequencing reads from ATAC-seq were mapped to the mouse genome using Bowtie2 (v. 2.3.4.3)  and peak calls were performed using 
HMMRATAC (https://github.com/LiuLabUB/HMMRATAC) software package.  
 
For RRBS-seq data, sequencing reads were mapped to genome and methylation calls were performed using Bismark (v. 0.23.0). Differentially 
methylated regions (DMR) between DAC-treated and control cell lines were determined using the Metilene software package (v. 0.2-8). 
 
Analyses presented in this study and codes to generate the figures are publicly available at: https://github.com/pouryany/scRNAseq_GEMM.

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 

 

RNA-seq, ATAC-seq, and RRBS datasets are deposited at Gene Expression Omnibus (GSE212029). The single-cell RNA-seq data (raw and processed) are available on 
the Gene Expression Omnibus portal of the National Center for Biotechnology Information (NCBI GEO) via the accession code GSE234917. Additional data used in 
this paper include an atlas of 50K normal murine mammary epithelial cells16 (accessed through online portal: https://mouse-mammary-epithelium-
integrated.cells.ucsc.edu), a single cell dataset from breast tumor tissues of MMTV-PyMT mice21 (using GEO Accession ID GSE195937), a list of known endogenous 
retroviral (ERV) genes from the gEVE database68 (http://geve.med.u-tokai.ac.jp/, accessed 12-2021), and a list of interferon stimulated genes from the Interferome 
database69 (https://interferome.org/, accessed 09-2022). Source data are provided with this paper. A ShinyApp for interactive exploration of the scRNA-seq is 
available at https://pouryany.shinyapps.io/scgemm_app/. Analyses presented in this study and codes to generate the figures are publicly available at: https://
github.com/pouryany/scRNAseq_GEMM.

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 
other socially relevant 
groupings

N/A

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

Sample size We chose sample sizes based on pilot experiments and literature reports to achieve at least 80% power and a two-sided type I error of 5%. 
The chosen sample sizes were sufficient to determine statistical significance in our established tumor models. 

Data exclusions For single-cell RNA-seq, genes with total reads of 30 or less reads across all cells were removed from further analysis. Cells were removed 
from any further analysis if they had: fewer than 500 detected genes, fewer than 1000 reads, mitochondrial content more than 25%, or 
ribosomal content less than 1%.

Replication All in vitro and in vivo assays were performed at least twice. The data presented were successful in all attempts (>=2 times), or in the case of 
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Replication one failure, it was performed another time to confirm the results to support conclusions stated in the manuscript. Data presented in the 
manuscript is from a single representative experiment. 

Randomization Animals were assigned randomly to experimental and control groups. Random allocation and quantitative measurement using instruments 
and kits in our experiments minimized biased assessments. 

Blinding Blinding was not possible for experiments, since for each assay performed, the same scientist was responsible to prepare, acquire and analyze 
data. 

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

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Antibody name and flurochrome  Supplier name  Catalog number Clone # 

Anti-mouse CD45-PerCP-Cy5.5 BioLegend 103132 Clone# 30-F11 
Anti-mouse CD45-Pacific Blue BioLegend 157212 Clone# S18009F 
Anti-mouse CD8a FITC BioLegend 100705 Clone# 53-6.7 
Anti-mouse CD8a PerCP-Cy5.5 BioLegend 100734 Clone# 53-6.7 
Anti-mouse CD8b Alexa Fluor 700 BioLegend 126617 Clone# YTS156.7.7 
Anti-mouseCD4 PerCP-Cy5.5 BioLegend 100434 Clone# GK1.5 
Anti-mouseCD4 PE-Cy7 BioLegend 100422 Clone# GK1.5 
Anti-mouse/human CD44 PerCP-Cy5.5 BioLegend 103032 Clone# IM7 
Anti-mouse/human CD44 Pacific Blue BioLegend 103020 Clone# IM7 
Anti-mouse CD69 PE-Cy7 BioLegend 104511 Clone# H1.2F3 
Anti-mouse CD49b FITC BioLegend 108906 Clone# DX5 
Anti-mouse CD49b Pacific Blue BioLegend 108918 Clone# DX5 
Anti-mouse Nkp46 APC BioLegend 137608 Clone# 29A1.4 
Anti-mouse Ly-6G/Ly-6C (Gr-1) Antibody PE BioLegend 108408 Clone# RB6-8C5 
Anti-mouse/human CD11b Alexa Fluro700 BioLegend 101222 Clone# M1/70 
Anti-mouse CD11c Brilliant Violet 421 BioLegend 117343 Clone# N418 
Anti-mouse CD11c Pacific Blue BioLegend 117322 Clone# N418 
Anti-mouse CD103 Alexa Fluor700 BioLegend 121442 Clone# 2E7 
Anti-mouse F4/80 PE-Cy7 BioLegend 123114 Clone# BM8 
Anti-mouse I-A/I-E Alexa Fluor 700 BioLegend 107621 Clone# M5/114.15.2 
Anti-human/mouse Granzyme B Pacific Blue BioLegend 515408 Clone# GB11 
Anti-mouse Perforin PE BioLegend 154306 Clone# S16009A 
Anti-mouse IFN-g Pacific Blue BioLegend 505818 Clone# XMG1.2 
Anti-mouse TNF PE-Cy7 BioLegend 506323 Clone# MP6-XT22 
Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 Thermo Fisher Scientific  A-11006 
Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568 Thermo Fisher Scientific   A10042 
CD8a Monoclonal Antibody, eBioScience Thermo Fisher Scientific 14-0808-80 Clone# 4SM15 
EpCAM/CD326 Polyclonal antibody Proteintech 21050-1-AP Clone# N/A 
Anti-mouse CD326 (Ep-CAM)-PerCP-Cy5.5 BioLegend 118220 Clone# G8.8 
Anti-mouse CD326 (Ep-CAM) PE-Cy7 BioLegend 118216 Clone# G8.8 
Recombinant anti-DFNA5/GSDME  Abcam ab215191 Clone# EPR19859 
Recombinant anti-GSDMD Abcam ab209845 Clone# EPR19828 
RIP3 Antibody ProSci 2283 Clone# N/A 
MLKL (D6W1K) Rabbit mAb Cell Signaling Technology 37705s Clone# D6W1K 
Phospho-MLKL (Ser345) (D6E3G) Rabbit mAb Cell Signaling Technology 37333s Clone# D6E3G 
IRF-3 (D83B9) Rabbit mAb Cell Signaling Technology 4302s Clone# D83B9 
Caspase-3 Antibody Cell Signaling Technology 9662s Clone# N/A 
Anti-beta-actin (JLA20) Developmental Studies Hybridoma Bank N/A Clone# JLA20

Validation Validation for all antibodies is available on vendor websites. All Abs were acquired from commercial sources.  
In addition, we validated each antibody and dye as per the manufacturer's instructions. Antibodies were all validated by staining for 
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antigen-expressing cells but no staining for non-expressing cells. The dilution of antibodies and dyes were titrated to obtain the best 
concentration to use that stained only antigen-positive cells but not negative cells. Gates were set using unstained samples or  
samples stained with isotype control antibodies. 

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T cells were purchased from the American Type Culture Collection (ATCC). B16F10 cells were kind gifts of Gordon 
Freeman (Dana-Farber Cancer Institute), which was originally purchased from ATCC. 4T1 cells were provided by Fred Miller 
(Wayne State University). B16F10-eGFP cells were generated by transducing B16F10 cells with lentiviral vector expressing 
GFP (Amsbio) and sorted for GFP+ cells. B16F10 Gsdme-/- cells, B16F10 Gsdmd-/- cells, B16F10 Irf3-/-Irf7-/- cells, and B16F10 
Ripk3-/- cells were generated by CRISPR/Cas9 gene knockout in the lab.  

Authentication The original cell lines were not authenticated beyond purchasing them from vendors or acquiring them through 
collaborators.  
B16F10-eGFP cells were positively selected for GFP+ cells by sorting and confirmed by imaging analysis. The B16F10 Gsdme-/- 
cells, B16F10 Gsdmd-/- cells, B16F10 Irf3-/-Irf7-/- cells, and B16F10 Ripk3-/- cells were verified by western blot, qRT-PCR and 
ELISA test (for B16F10 Irf3-/-Irf7-/- cells), and sequencing. 

Mycoplasma contamination All cell lines were tested by PCR and were negative for mycoplasma contamination. 

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used in this study. 

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 Details about the mice used in this study have been included in the Methods section of this manuscript. Female BALB/c and C57BL/6 
mice that are 6-8 weeks old were purchased from The Jackson Laboratory. The B6.129S2-Ifnar1tm1Agt/Mmjax (Ifnar1-/-) mice and 
Prf1-/- mice were purchased from The Jackson Laboratory and bred in house. ErbB2ΔEx16+/- transgenic mice and MTB+/- transgenic 
mice (harboring the MMTV/reverse tetracycline transactivator transgene) were generously provided by William J. Muller (McGill 
University).  All mice used for experiments were 6-8 weeks old. 8 week old ErbB2ΔEx16+/- transgenic mice were used for tumor 
induction. 

Wild animals No wild animals were used in the study. 

Reporting on sex As this study mainly focused on breast cancer, only female mice were selected for experiments. 

Field-collected samples No field collected samples were used in the study. 

Ethics oversight All procedures were conducted using protocols approved by the Harvard Medical School IACUC. 

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

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

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).

All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation To isolate tumor-infiltrating immune cells for flow cytometry and functional analyses, we cut tumors into small pieces and 
digested the samples with RPMI medium supplemented with 2 mg/ml collagenase D, 100 μg/ml DNase I and 2% FBS with 
agitation for 30 min at 37 C. Samples were then homogenized, filtered through 40 μm strainers and washed with Leibovitz’s 
L-15 medium twice. 

Instrument Flow cytometry was performed using a BD FACSCanto II analyzer. 

Software Data were acquired by BD FACSDiva software, then analyzed using Flowjo software V.10 (Becton Dickinson). 
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Cell population abundance The purity of each cell population analyzed was evaluated by flow cytometry after staining with the appropriate antibodies 
(CD45+ for tumor-infiltrating immune cells). 

Gating strategy FSC/SSC gates were used to select mononuclear cells. FSC/FSH gates were then used to gate on single cells. Cells were then 
gated on live cells. Live cells were further gated on CD45+ leukocytes and then different populations of immune cells based 
on their expression of distinct markers. When needed, isotype control antibody staining was used to define positive/negative 
cell populations. 

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




