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Abstract

Emerging studies indicate that DNA damage in cancer cells triggers antitumor immunity, but its 

intrinsic regulatory mechanism in breast cancer cells remains poorly understood. Here, we show 

that ZMYND8 is upregulated and inhibits micronucleus formation and DNA damage in breast 

cancer cells. Loss of ZMYND8 triggered activation of the DNA sensor cyclic guanosine 

monophosphate-adenosine monophosphate synthase in micronuclei, leading to further activation 

of the downstream signaling effectors stimulator of interferon genes and NF-κB, but not TANK-

binding kinase 1 and interferon regulatory factor 3, thereby inducing the expression of interferon-β 
and interferon-stimulated genes (ISGs) in breast cancer cells in vitro and tumors in vivo. 

ZMYND8 knockout (KO) in breast cancer cells promoted infiltration of CD4+ and CD8+ T cells 

leading to tumor inhibition in syngeneic mouse models, which was significantly attenuated by 

treatment of anti-CD4/CD8 depleting antibodies or anti-IFNAR1 antibody and in immunodeficient 

Rag1 KO mice. In human breast tumors, ZMYND8 was negatively correlated with ISGs, CD4, 

CD8A, CD8B, and the tumor-lymphocyte infiltration phenotype. Collectively, these findings 

demonstrate that maintenance of genome stability by ZMYND8 causes breast cancer cells to evade 

cytotoxic T-lymphocyte surveillance which leads to tumor growth.
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Introduction

Breast cancer is the most commonly diagnosed cancer and the second leading cause of 

cancer death among women. Emerging studies support a critical role of the immune system 

in the treatment of several types of human cancers, including melanoma, non-small cell lung 

cancer and colon carcinoma (1–3). Although a PD-L1 antibody has been approved by the 

US Food and Drug Administration for the treatment of triple-negative breast cancer, the 

response rate to the single immune checkpoint inhibitor is still very low (~5%) in overall 

breast cancer patients (4). Low tumor mutational burden is one of the mechanisms of 

immune evasion in breast tumors (5). Understanding how to increase tumor mutational 

burden in breast tumors would lead to the development of innovative approaches for a better 

treatment of this human disease.

Genome instability is a hallmark of human cancers (6). Recent clinical studies have revealed 

that tumor mutational burden correlates with lymphocyte infiltration and a better response to 

immune checkpoint inhibitors in human cancers (7–9). DNA damage triggers the immune 

response to increase lymphocyte infiltration in tumors, leading to tumor regression (10,11). 

Cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) synthase (cGAS) is 

a primary DNA sensor in the mammalian innate immune system (12). Previous studies 

reported that cGAS locates at micronuclei in the cytosol, where it binds to double-stranded 

DNA and then is activated (13). Activated cGAS catalyzes GTP and ATP to produce 2’3’-

cGAMP, which acts as a secondary messenger that binds and induces the structural change 

of the downstream factor stimulator of interferon genes (STING) for its activation (12). 

STING then recruits and activates the TANK-binding kinase 1 (TBK1)/interferon regulatory 

factor 3 (IRF3) and NF-κB signaling pathways to induce the expression of inflammatory 

genes including type I interferon (IFN) and interferon-stimulated genes (ISGs), thereby 

initiating antitumor immunity in human cancers (12,14). This antitumor signaling cascade, 

initially discovered in immune cells, was also observed in cancer cells (15,16). However, 

how this intrinsic cGAS/STING signaling mechanism is regulated in cancer cells remains 

incompletely understood.

Human ZMYND8 gene was cloned from the hippocampus cDNA library screen in 2000. It 

encodes a ~180 kDa histone reader ZMYND8 (zinc finger MYND-type containing 8) 

protein containing PHD-BRD-PWWP domains at its N-terminus and a MYND domain at its 

C-terminus (17,18). Its N-terminal PHD-BRD-PWWP domains recognize several acetyl and 

methyl lysine residues on histones in vitro, including acetyl lysine 14 of histone H3 

(H3K14ac), H4K16ac, and di- and tri-methyl lysine 36 of histone H3 (18,19). Upon DNA 

damage stimuli, ZMYND8 is recruited to sites of DNA damage and facilitates homologous 

recombination (18,20). Our group found that ZMYND8 is highly expressed in human breast 

tumors and promotes breast cancer progression (21). Whether or not ZMYND8-mediated 

DNA damage response inhibits antitumor immunity leading to breast cancer progression 

remains unknown.

Here, we showed that loss of ZMYND8 increased micronucleus formation and activated the 

cGAS-STING-NF-κB signaling cascade to induce IFN-β and ISGs in breast cancer cells and 

tumors. Furthermore, ZMYND8 knockout (KO) in breast cancer cells promoted infiltration 
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of CD4+ and CD8+ T cells leading to tumor inhibition in mice, which was significantly 

attenuated by treatment of anti-CD4/CD8 depleting antibodies or anti-IFNAR1 antibody and 

in immunodeficient Rag1 KO mice. ZMYND8 is highly expressed in human breast tumors 

and negatively correlated with ISGs, CD8A, CD8B, CD4, and tumor-lymphocyte infiltration 

in human breast tumors. Collectively, these findings uncover that ZMYND8 inhibits an 

intrinsic antitumor immunity that causes breast cancer cells to evade immunosurveillance for 

their growth.

Materials and methods

Plasmid constructs

Mouse ZMYND8, cGAS, STING, p65, and scrambled control (SC) single-guide RNAs 

(sgRNAs) listed in Supplementary Table 1 were cloned into lentiCRISPR-V2. All plasmids 

were verified by DNA sanger sequencing. Other plasmid constructs have been described 

previously (21).

Cell culture and stable KO cell lines

MDA-MB-231 (a gift from Brekken Lab in 2015), MCF-7 (ATCC in 2014), and 4T1 (Fu 

Lab in 2018) cells were cultured in DMEM or RPMI1640 with 10% heat-inactivated fetal 

bovine serum (FBS) at 37°C in a 5% CO2/95% air incubator. PY8119 cells were obtained 

from ATCC in 2018 and cultured in Ham’s F12 containing 1.5 g/L NaHCO3 and 5% FBS at 

37°C in a 5% CO2/95% air incubator. ZMYND8, cGAS, STING, and p65 KO cells were 

selected with puromycin (3–4 μg/mL) after transient transfection using PolyJet DNA 

transfection reagent (SignaGen). No Cas9 expression was confirmed in these KO lines. 

Three to six single KO cells were mixed for this study. ZMYND8-rescued MDA-MB-231 

cells were generated by lentiviral transduction of ZMYND8 cDNA in ZMYND8 KO cells. 

Cells within twenty passages were used for experiments. MDA-MB-231 and MCF-7 cells 

have been authenticated by STR DNA profiling analysis in 2016. All cell lines were 

mycoplasma-free.

In vitro cell growth assay

MDA-MB-231 (2.5 × 105 cells/well), PY8119 (3.0 × 105 cells/well), and 4T1 (2.0 × 105 

cells/well) cells were seeded onto a 6-well plate and cultured for 24, 36, 48, and 60 hours. 

The cell number at each time point was determined by trypan blue assay.

Immunoblot assay

Cells were lyzed with NETN lysis buffer (150 mM NaCl, 1 mM EDTA, 10 mM Tris-HCl, 

pH 8.0, 0.5% NP-40, 1 mM Na3VO4, 10 mM NaF, and protease inhibitor cocktail), followed 

by sonication for 15 seconds. After centrifugation, supernatant was resolved by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose 

membrane. The following antibodies were used: anti-ZMYND8 antibody (A302–089A, 

Bethyl Laboratories), anti-cGAS antibody (31659S, Cell Signaling Technology), anti-

STING antibody (13647S, Cell Signaling Technology), anti-phospho-TBK1 antibody 

(5483S, Cell Signaling Technology), anti-TBK1 antibody (3013S, Cell Signaling 

Technology), anti-phospho-IRF3 (Ser396) antibody (29047S, Cell Signaling Technology), 
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anti-IRF3 antibody (4302S, Cell Signaling Technology), anti-phospho-p65 antibody (3033S, 

Cell Signaling Technology), anti-p65 antibody (8242S, Cell Signaling Technology), anti-

phospho-Chk1 (Ser296) antibody (2349S, Cell Signaling Technology), anti-Chk1 antibody 

(sc-8408, Santa Cruz Biotechnology), anti-γH2A.X antibody (05–636, Sigma), anti-actin 

antibody (A2066, Sigma), and anti-H2A.X antibody (10856–1-AP, Proteintech). Proteins 

were visualized by chemiluminescence with ECL prime (GE Healthcare).

Immunostaining assay

Cells were seeded with 10% confluence onto glass coverslips placed in a 12-well plate and 

cultured for 36 hours. After washing with phosphate-buffered saline (PBS) once, cells were 

fixed for 20 min with methanol at room temperature, permeabilized for 15 min with 0.1% 

Triton X-100 in PBS, and blocked for 60 min with 5% BSA in PBS. Cells then were 

incubated overnight with anti-cGAS and/or anti-γH2A.X antibody (1:200 dilution in PBS 

with 1% BSA) in a 12-well plate at 4 °C, washed with PBST (PBS with 0.1% Tween-20) for 

3 times, incubated for 60 min with Alexa Fluo® 488 goat anti-rabbit IgG and/or Cy™3 

donkey anti-mouse IgG (1:1000 dilution in PBST with 1% BSA) in dark, washed again with 

PBST for 3 times, and incubated for 5 min with DAPI (1:1000 dilution in PBS) in dark. 

After washing 3 times, cells were mounted with anti-fade mounting medium. Mounted slides 

were observed with a Zeiss Axio Observer Z1 fluorescence microscope. Cells with at least 

five or more γH2A.X foci in the nucleus were considered as positive. All quantifications 

were performed under blinded conditions.

Chromosome aberration assay

Cells with 70% confluence were treated for 2 hours with 1 μg/mL colcemid, harvested, and 

resuspended for 30 min in 1 mL of 75 mM KCl at 37 °C. After centrifugation, cells were 

fixed with cold methanol/acetic acid (3:1) buffer and incubated for 15 min at room 

temperature. Metaphase spreads were made by dropping cells onto the slide, air-dried, 

stained with DAPI, and visualized under a Zeiss Axio Observer Z1 microscope.

Quantitative reverse transcription-polymerase chain reaction (RT–qPCR) assay

Total RNA was isolated with Trizol and treated with DNase (Invitrogen). First-strand cDNA 

was synthesized using the iScript cDNA synthesis kit (Bio-Rad). Real-time qPCR was 

performed as described previously (22) and data were normalized to 18S rRNA or actin. 

qPCR primers used in this study are shown in Supplementary Table 2.

Chromatin immunoprecipitation (ChIP)-qPCR assay

Cells were fixed in 10 mL of culture media containing 1% formaldehyde for 10 minutes at 

room temperature and quenched by addition of 1 mL of 2 M glycine. After washing with 

TBSE (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA), cells were lysed in lysis 

buffer (10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 10 mM EDTA, 0.25% Triton X-100, and 

protease inhibitor cocktail) and centrifuged. The nuclei pellet was collected and lysed in 

lysis buffer (50 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 

0.1% sodium deoxycholate, 1% SDS, and protease inhibitor cocktail) to extract chromatin. 

The chromatin DNA was fragmented by sonication and then centrifuged at 15000 rpm for 30 
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min at 4 ℃. The supernatant was diluted in ChIP immunoprecipitation buffer (50 mM 

HEPES-KOH, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium 

deoxycholate, 0.1% SDS, and protease inhibitor cocktail) and then subjected to 

immunoprecipitation overnight in the presence of Dynabeads (ThermoFisher) with anti-

phospho-p65 (Ser536) antibody (3033S, Cell Signaling Technology) or normal rabbit IgG 

(2729S, Cell Signaling Technology) at 4 °C. Beads were washed, eluted, and reverse-

crosslinked at 65°C for 4 hours, followed by treatment with proteinase K at 45°C for 1 hour. 

The precipitated DNA was purified with phenol/chloroform/isoamyl alcohol (25:24:1, v/v) 

and quantified by real-time qPCR assay. The primers used for ChIP-qPCR are listed in 

Supplementary Table 2. Fold enrichment was calculated based on Ct as 2−Δ(ΔCt), where ΔCt 

= CtIP - CtInput and Δ(ΔCt) = ΔCtantibody - ΔCtIgG.

2’3’-cGAMP ELISA assay

3 × 105 cells were seeded onto a 6-well plate and lyzed after 36-hour culture. The cellular 

2’3’-cGAMP levels were measured using a 2’3’-cGAMP ELISA kit (Cayman) in 

accordance with the manufacturer’s instructions.

IFN-β ELISA assay

3 × 105 cells were seeded onto a 6-well plate with 1 mL of culture medium. After 48-hour 

culture, media were collected for IFN-β protein measurement with a mouse IFN-β ELISA 

kit (PBL Assay Science) in accordance with the manufacturer’s instructions. The 

concentration of IFN-β protein was normalized to cell numbers.

Senescence assay

Cells were seeded onto a 6-well plate. After 24 hours, cells were treated with vehicle 

(DMSO) or etoposide (12.5 μM) for 24 hours and cultured with fresh media for an 

additional 3 days. Senescence staining was performed with a Senescence β-Galactosidase 

Staining Kit (9860S, Cell Signaling Technology) according to the manufacturer’s 

instructions.

Animal studies

Animal studies were approved and conducted under the oversight of the UT Southwestern 

Institutional Animal Care and Use Committee. 1–2 × 105 cells suspended in PBS/Matrigel 

(1:1, Corning) were implanted into the second left mammary fat pad of 6–8-week old female 

C57BL/6J, Balb/c, or Rag1 KO mice (Jackson Laboratory). Tumors were measured as 

described (21). For CD4+ and CD8+ T-cell depletion experiment, 200 μg anti-CD4 and anti-

CD8 antibodies (BioXCell) or control IgG were injected (i.p.) into mice every 3 days for 

total 4 times starting 1 day before tumor cell implantation (23). For IFN-β blockade 

experiment, 200 μg anti-IFNAR1 antibody (BE0241, BioXCell) was injected (i.p.) into mice 

every 3 days starting day 0 until the tumor volume reached about 200 mm3, and then 100 μg 

anti-IFNAR1 antibody was intratumorally injected every 3 days (23).
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Immunohistochemistry (IHC) assay

IHC assay was performed on a Dako Autostainer Link 48 system as described previously 

(21). The anti-CD4 (1:100, 25229S) and anti-CD8 (1: 400, 98941S) antibodies were 

purchased from Cell Signaling Technology.

Flow cytometry assay

Tumors were harvested from Balb/c mice and cut into small pieces in PBS with 5% FBS. 

After centrifugation at 4 °C, tumor pieces were resuspended in 4 mL of digestion buffer (1 

mg/mL collagenase A and 0.05 mg/mL DNase I in PBS with 5% FBS) and incubated for 30 

min at 37 °C by gently shaking. Cell suspension was filtered using a 70 μm-strainer. After 

centrifugation, single cells were resuspended in 4 mL of PBS with 5% FBS and counted. 1 × 

107 cells in 100 μL of PBS with 5% FBS were incubated for 10 min with anti-CD16/32 

antibody (2.4G2, BioXCell) on ice to block Fc receptors. After centrifugation, cells were 

incubated for 30 min with anti-CD45.2 (109827, BioLegend), CD4 (100548, BioLegend), 

CD8a (100730, BioLegend), CD3e (564379, BD Biosciences), eFluor 506 (65086614, 

Invitrogen), and B220 (103226, BioLegend) antibodies diluted in 100 μL of PBS with 5% 

FBS at 4 °C in dark, washed, and resuspended in 300 μL of PBS with 5% FBS. Data were 

collected on a CytoFLEX flow cytometer (Beckman Coulter) and analyzed by FlowJo 

software.

Statistical analysis

Statistical analysis was performed by 2-tailed Student’s t test between 2 groups, and 1- or 2-

way ANOVA with multiple testing correction within multiple groups. Gene correlation was 

analyzed by Pearson’s correlation method. Data represent mean ± SEM from three 

independent experiments. p < 0.05 is considered significant.

Results

ZMYND8 inhibits micronucleus formation and DNA damage in breast cancer cells

To study whether ZMYND8 regulates genome stability in breast cancer cells, we established 

SC and ZMYND8 KO MDA-MB-231 cells (Fig. 1A). ZMYND8-rescued MDA-MB-231 

cells were also generated by lentiviral transduction of ZMYND8 cDNA in KO cells (Fig. 

1A). The number of micronuclei-positive cells was significantly increased by ZMYND8 KO 

in MDA-MB-231 (Fig. 1B and C). Re-expression of ZMYND8 in KO cells reversed 

micronucleus formation (Fig. 1B and C). Similarly, we found that ZMYND8 KO increased 

micronucleus formation by 1.5- to 6-fold in another human breast cancer cell line MCF-7 

and mouse mammary cancer cell lines 4T1 and PY8119 (Fig. 1D–F, Supplementary Fig. 

S1A–F). Micronucleus formation is caused by chromosome mis-segregation and indicates 

DNA damage in the cell (24). To confirm that ZMYND8 inhibits DNA damage in breast 

cancer cells, we first analyzed the levels of a DNA damage marker γH2A.X by immunoblot 

assay. γH2A.X protein levels were increased in ZMYND8 KO cells as compared with SC 

cells, which was reversed by expression of exogenous ZMYND8 (Fig. 1A). Consistently, 

immunostaining assay showed that ZMYND8 KO significantly increased the numbers of 

γH2A.X-positive micronuclei/nuclei and γH2A.X foci in MDA-MB-231 and PY8119 cells 
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(Fig. 1B, E, and G–L). Re-expression of ZMYND8 attenuated γH2A.X staining in MDA-

MB-231 cells (Fig. 1B and G–I). Next, we analyzed chromosome aberrations in ZMYND8 

KO breast cancer cells. As shown in Fig. 1M and N, chromosome aberrations including 

breaks, dicentrics, and gaps were significantly increased in two independent ZMYND8 KO 

MDA-MB-231 cell lines as compared with their parental cells. Collectively, these findings 

indicate that ZMYND8 inhibits micronucleus formation and increases genome stability in 

breast cancer cells.

ZMYND8 suppresses the intrinsic innate immune response in breast cancer cells

DNA damage triggers the innate immune response by inducing expression of IFN-β (11). To 

find out whether ZMYND8 KO upregulates IFN-β and immune response in breast cancer 

cells, we analyzed ZMYND8-dependent transcriptome in parental and ZMYND8 KO MDA-

MB-231 cells by RNA-sequencing (RNA-seq, GSE108833). Loss of ZMYND8 led to 

upregulation of 940 genes but downregulation of 1393 genes (FDR < 0.05, LogCPM > 0, 

fold change > 1.5) (Fig. 2A). The gene ontology analysis of ZMYND8-downregulated genes 

identified multiple immune and inflammatory responses-related biological processes, which 

ranked after biological adhesion and cell adhesion (Fig. 2B; Supplementary Fig. S2A). 

Reactome pathway analysis also revealed interferon α/β signaling as the second top pathway 

as well as several other immune-related pathways (Supplementary Fig. S2B). The effect of 

ZMYND8 on cell adhesion and extracellular matrix will be studied in the future. To validate 

the RNA-seq data, RT-qPCR assay was performed in ZMYND8 KO and rescued MDA-

MB-231 cells. ZMYND8 KO significantly increased the mRNA expression of IFN-β but not 

the non-target gene RPL13A (Fig. 2C). Similar results were observed in PY8119 cells (Fig. 

2D). IFN-β protein levels were also significantly higher in culture media from ZMYND8 

KO PY8119 cells than SC cells (Fig. 2E), indicating that ZMYND8 KO increases IFN-β 
release from breast cancer cells. IFN-α and IFN-γ were not detectable in parental and 

ZMYND8 KO cells (Fig. 2D). In line with IFN-β induction, ZMYND8 KO significantly 

enhanced the mRNA expression of ISGs including ISG15, OASL, OAS1, and OAS2 in 

MDA-MB-231 cells (Fig. 2C). Additional ISGs including Oasl1, Oasl2, Oas1a, Oas3, Mx1, 

and Cxcl10 mRNAs were also upregulated by ZMYND8 KO in PY8119 and 4T1 cell lines 

(Fig. 2D and Supplementary Fig. S2C). Re-expression of ZMYND8 reversed upregulation 

of IFN-β and ISGs conferred by ZMYND8 KO in MDA-MB-231 cells (Fig. 2C), suggesting 

the specific regulation of IFN-β and ISGs by ZMYND8. Together, these data indicate that 

ZMYND8 suppresses the expression of IFN-β and ISGs in breast cancer cells.

DNA damage often induces the cell-cycle checkpoint response (25). We found that 

ZMYND8 KO did not induce Chk1 phosphorylation but slightly reduced the levels of total 

Chk1 in MDA-MB-231 and PY8119 cells (Supplementary Fig. S3A and B). The positive 

control MNNG effectively triggered the cell-cycle checkpoint response in both parental and 

ZMYND8 KO cells (Supplementary Fig. S3A and B). These results indicate that ZMYND8 

loss does not induce DNA damage to activate the cell-cycle checkpoint response in breast 

cancer cells.
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Activated cGAS-STING axis by ZMYND8 loss is required for the innate immune response in 
breast cancer cells

To determine if the DNA sensor cGAS is required for IFN-β and ISGs expression in 

ZMYND8 KO cells, we first examined the cellular distribution of cGAS in ZMYND8 KO 

cells. cGAS was localized at the nucleus and cytosol of PY8119-SC cells (Fig. 3A and B). 

ZMYND8 KO increased cGAS translocation into the micronucleus, where cGAS was 

colocalized with γH2A.X (Fig. 3A and B), suggesting that ZMYND8 loss causes cGAS 

recruitment to sites of DNA damage in breast cancer cells. To determine if cGAS is activated 

by ZMYND8 KO, we measured the intracellular 2’3’-cGAMP levels in PY8119 cells using 

ELISA and found that the 2’3’-cGAMP levels were significantly increased by about 4–5-

fold in ZMYND8 KO cells (Fig. 3C). cGAS protein levels were not affected by ZMYND8 

KO (Fig. 3D), which rules out a role of cGAS protein expression changes in ZMYND8 loss-

induced cGAS activation. Next, we generated two independent ZMYND8/cGAS double KO 

(DKO) PY8119 cell lines by transfecting cGAS sgRNAs in ZMYND8 KO cells (Fig. 3D). 

RT-qPCR results showed that ISGs mRNAs were upregulated in ZMYND8 KO PY8119 

cells, which was completely abolished by cGAS KO (Fig. 3E). In contrast, the non-target 

gene Rpl13a mRNA was not affected by ZMYND8 KO alone or ZMYND8/cGAS DKO 

(Fig. 3E). These data indicate that cGAS is required for ZMYND8 loss-induced ISGs 

upregulation in breast cancer cells.

2’3’-cGAMP produced by cGAS binds to STING to initiate the signaling cascade (12). To 

determine whether STING is also involved in upregulation of ISGs in ZMYND8 KO 

PY8119 cells, we generated ZMYND8/STING DKO PY8119 cells using the CRISPR 

technique and found by RT-qPCR assay that upregulation of ISGs mRNAs by ZMYND8 KO 

was reversed when STING was knocked out in ZMYND8 KO PY8119 cells (Fig. 3F and G), 

which was consistent with that in ZMYND8/cGAS DKO PY8119 cells (Fig. 3E). KO of 

cGAS or STING did not change micronucleus formation in ZMYND8 KO PY8119 cells 

(Supplementary Fig. S4A and B), confirming that downregulation of ISGs in these DKO 

cells is attributed to inactivation of the cGAS-STING axis. Taken together, these findings 

indicate that the cGAS-STING axis is activated by ZMYND8 loss and required for ISGs 

upregulation in ZMYND8 KO breast cancer cells.

Previous studies showed that cGAS activation triggers senescence (26–28). To study 

whether ZMYND8 loss regulates senescence via activation of cGAS, we performed 

senescence-associated β-galactosidase assay in SC and ZMYND8 KO cells. β-galactosidase-

positive cells were barely detected in either SC or ZMYND8 KO MDA-MB-231, PY8119, 

and 4T1 cells (Supplementary Fig. S5A–F). Treatment of the known senescence inducer 

etoposide (12.5 μM) induced a robust senescence phenotype in both SC and ZMYND8 KO 

cells, suggesting that the senescence machinery is intact in these cells (Supplementary Fig. 

S5A–F). We further analyzed the expression of senescence-associated genes from our RNA-

seq experiment and found that IL1A, IL1B, and CDKN1A mRNAs were upregulated by 

ZMYND8 loss, while CCL2 mRNA was downregulated by ZMYND8 loss (Supplementary 

Fig. S5G). IL6 and IL8 mRNAs were not significantly affected by ZMYND8 loss 

(Supplementary Fig. S5G). These results indicate that ZMYND8 loss has a mixed effect on 
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the expression of senescence-associated genes and fails to induce senescence in breast 

cancer cells.

Activated NF-κB by ZMYND8 loss is required for the innate immune response in breast 
cancer cells and tumors

Next, we investigated which transcription factor downstream of cGAS/STING is responsible 

for ZMYND8 loss-induced ISGs expression in breast cancer cells. TBK1/IRF3 and NF-κB 

are phosphorylated and activated following activation of cGAS/STING to induce ISGs 

expression (12,14). Immunoblot assay showed that no phospho-TBK1 and phospho-IRF3 

were detected in SC and ZMYND8 KO PY8119 cells (Fig. 3H). In contrast, levels of 

phospho-p65, also known as RELA that is a key subunit of NF-κB heterodimer, were 

remarkably increased in ZMYND8 KO PY8119 cells as compared with SC cells (Fig. 3H). 

Total p65 protein levels were not affected by ZMYND8 KO in PY8119 cells (Fig. 3H). 

Moreover, KO of cGAS or STING abolished phosphorylation of p65 in ZMYND8 KO 

PY8119 cells (Fig. 3G and I). These results indicate that NF-κB, but not TBK1/IRF3, is 

activated by cGAS/STING in ZMYND8 KO breast cancer cells.

We next studied whether NF-κB is required for ZMYND8 loss-induced ISGs expression in 

breast cancer cells. To this end, we generated ZMYND8/p65 DKO PY8119 cells (Fig. 3J) 

and performed RT-qPCR assay. As expected, ZMYND8 KO significantly increased the 

expression of ISGs in PY8119 cells, which was completely abolished by p65 KO (Fig. 3K). 

We further treated SC and ZMYND8 KO PY8119 cells with a NF-κB inhibitor JSH-23 (10 

μM). In line with genetic KO of p65 (Fig. 3K), pharmacological treatment of JSH-23 

significantly inhibited ZMYND8 KO-induced mRNA expression of ISGs but not Rpl13a in 

PY8119 cells (Fig. 3L). We further studied whether ZMYND8 also inhibits NF-κB activity 

and IFN-β and ISGs expression in breast tumors in vivo. To this end, we orthotopically 

implanted SC and ZMYND8 KO1 or KO2 PY8119 cells into the mammary fat pad of 

female C57BL/6J mice, respectively. Both ZMYND8 KO1 and KO2 inhibited mammary 

tumor growth in mice (Fig. 4A–C), which was consistent with our recent findings in 

immunodeficient mice (21). ZMYND8 KO was validated in primary tumors (Fig. 4D). 

Phospho-p65 levels were increased in ZMYND8 KO1 and KO2 tumors (Fig. 4D), similar to 

that in cultured breast cancer cells (Fig. 3H). Total p65, cGAS, and STING protein levels 

were not affected by ZMYND8 KO in tumors (Fig. 4D). Furthermore, RT-qPCR results 

showed that IFN-β and ISGs were significantly upregulated in ZMYND8 KO1 and KO2 

tumors as compared with SC tumors (Fig. 4E), which is consistent with our in vitro results 

(Fig. 2D). The non-target gene Rpl13a expression was not affected by ZMYND8 KO in 

tumors (Fig. 4E). Finally, we studied whether NF-κB directly binds to the Ifnb1 gene to 

regulate its transcription in ZMYND8 KO cells. ChIP-qPCR assay showed that ZMYND8 

KO significantly increased phospho-p65 enrichment at the promoter of the Ifnb1 gene in 

PY8119 cells (Fig. 4F). In contrast, it had no significant effect on phospho-p65 occupancy at 

ISGs genes including Isg15, Oas2, Oas3, and Mx1 in PY8119 cells (Fig. 4F), suggesting that 

ISGs are induced by ZMYND8 KO indirectly through IFN-β in breast cancer cells. 

Collectively, these findings indicate that ZMYND8 specifically inhibits the cGAS-STING-

NF-κB signaling cascade leading to suppression of IFN-β in breast cancer cells.
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Previous studies showed that STAT1 and STAT3 regulate ISGs expression (29,30). We 

treated SC and ZMYND8 KO PY8119 cells with a STAT1 inhibitor fludarabine (20 μM) and 

found that fludarabine treatment had no effect on ZMYND8 KO-induced IFN-β and ISGs 

expression in PY8119 cells (Supplementary Fig. S6A). Treatment of a STAT3 inhibitor 

C188–9 (20 μM) increased IFN-β expression and selectively inhibited ZMYND8 KO-

induced mRNA expression of Oas1a and Oasl2 but not other ISGs in PY8119 cells 

(Supplementary Fig. S6B). These data suggest that both STAT1 and STAT3 are unlikely 

involved in ZMYND8 loss-induced IFN-β and ISGs expression in breast cancer cells.

ZMYND8 inhibits cytotoxic T cells-mediated antitumor immunity to promote breast 
tumorigenesis

To study whether ZMYND8 inhibits the innate immune response to promote tumor growth, 

we orthotopically implanted the equal number of parental and ZMYND8 KO 4T1 cells 

respectively into the mammary fat pad of both female immunocompetent Balb/c and 

immunocompromised Rag1 KO mice. ZMYND8 KO in 4T1 cells significantly reduced 

primary tumor growth in both Balb/c and Rag1 KO mice (Fig. 5A and B). This was not due 

to reduced cancer cell proliferation as ZMYND8 KO had no effect on proliferation of breast 

cancer cells in vitro (Supplementary Fig. S7A–C). However, ZMYND8 KO tumors grew 

faster in Rag1 KO mice than Balb/c mice (Fig. 5A and B), suggesting a critical role of the 

immune system in ZMYND8 KO tumor growth. Flow cytometry analysis showed that CD8+ 

and CD4+ T cells were remarkably increased in ZMYND8 KO tumors harvested from 

Balb/c mice (Fig. 5C and D), which was confirmed by IHC analysis (Fig. 5E–G), indicating 

that ZMYND8 expression in breast cancer cells inhibits infiltration of cytotoxic CD8+ and 

CD4+ T cells to promote breast tumor growth. To further confirm the antitumor role of 

CD8+ and CD4+ T cells in ZMYND8 KO tumors, we treated parental or ZMYND8 KO 4T1 

tumor-bearing Balb/c mice intraperitoneally with anti-CD4 and CD8 antibodies to deplete 

CD4+ and CD8+ T cells. As expected, ZMYND8 KO significantly inhibited 4T1 tumor 

growth in mice treated with control IgG, which was significantly reversed by anti-CD4 and 

CD8 depleting antibody treatment (Fig. 5H and I). ZMYND8 KO in primary tumors was 

validated by immunoblot assay (Fig. 5J). Together, these findings indicate that ZMYND8 

inhibits CD8+ and CD4+ T cells-mediated antitumor immunity to promote breast tumor 

growth in mice.

To study the involvement of IFN-β in ZMYND8 loss-caused antitumor immunity, we 

blocked IFN-β signaling using anti-IFNAR1 antibody in SC and ZMYND8 KO PY8119 

xenograft tumor models. Intratumoral administration of anti-IFNAR1 antibody significantly 

restored ZMYND8 KO tumor growth in C57BL/6J mice (Fig. 6A–C). ZMYND8 KO in 

tumors was validated by immunoblot assay (Fig. 6D). These results indicate that IFN-β 
induced by ZMYND8 loss is required for antitumor effect in vivo.

ZMYND8 is upregulated and negatively correlated with the tumor-lymphocyte infiltration 
phenotype in human breast tumors

Lastly, we studied the clinical significance of ZMYND8-induced immunosuppression in 

human breast tumors. By analyzing a cohort of 994 breast cancer patients in The Cancer 

Genome Atlas (TCGA), we found that ZMYND8 gene is amplified and/or overexpressed in 
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breast tumors from about 10% of patients (Fig. 7A and B), which was consistent with our 

recent findings of ZMYND8 protein upregulation in breast tumors (21). ZMYND8 

amplification/overexpression was observed in different types of invasive breast tumors with 

the highest frequency in invasive mixed mucinous breast carcinoma (Fig. 7C). Gene 

correlation analysis across the TCGA cohort of breast cancer patients revealed a significant 

negative correlation of ZMYND8 with ISGs including CXCL10, MX1, and ISG15 (Fig. 7D–

F), consistent with gene expression data in breast cancer cells and xenograft tumors (Fig. 

2C, 2D, and 4E). Importantly, we found that ZMYND8 was negatively correlated with the 

expression of CD8A, CD8B, and CD4 in human breast tumors (Fig. 7G–I), which strongly 

supports our findings on increased infiltration of CD8+ and CD4+ T cells in mouse 

ZMYND8 KO tumor models (Fig. 5C–G). Furthermore, ZMYND8 was negatively 

associated with the 17-gene transcriptional signature of tumor-infiltrating lymphocytes in 

human breast tumors (Fig. 7J) (31). Similar results were also found in other two tumor-

lymphocyte infiltration gene signatures (Fig. 7K and L) (32,33). Together, these findings 

reveal that ZMYND8 is highly expressed and negatively correlated with the tumor-

lymphocyte infiltration phenotype in human breast tumors.

Discussion

In the present study, we identified an inhibitory role of ZMYND8 in cytotoxic T-cell-

mediated antitumor immunity. We showed that ZMYND8 is highly expressed and reduces 

micronucleus formation and DNA damage in breast cancer cells, leading to inactivation of 

the cGAS-STING-NF-κB signaling pathway and subsequent suppression of IFN-β release 

from breast cancer cells, thereby inhibiting infiltration of CD4+ and CD8+ T cells to promote 

breast tumor growth in mice (Fig. 7M). Our results highlight that ZMYND8 is an important 

“safety guard” for genome stability that causes breast cancer cells to evade 

immunosurveillance for their growth.

ZMYND8 is known to be recruited to sites of DNA damage upon laser microirradiation to 

promote homologous recombination DNA repair (18,19). In this regard, ZMYND8 functions 

as an adaptor to recruit the NuRD complex leading to repression of gene transcription, 

thereby facilitating homologous recombination. In the present study, we showed that 

ZMYND8 KO increases micronucleus formation and DNA damage in breast cancer cells, 

which has been supported by another recent study (34), indicating that ZMYND8 is a critical 

regulator of micronucleus formation. Micronucleus formation is caused by chromosome 

mis-segregation and represents a type of DNA damage that occurs during cell mitosis (24). 

We indeed found that chromosome aberrations are significantly increased in ZMYND8 KO 

breast cancer cells. p53 is highly mutated in breast cancer and involved in chromosome mis-

segregation and genome instability (35). We observed consistent micronucleus formation 

and DNA damage response by ZMYND8 loss in multiple breast cancer cell lines with 

distinct p53 genotypes, suggesting that ZMYND8 loss-caused micronucleus formation and 

DNA damage is p53-independent. Future investigation is needed to address how ZMYND8 

regulates chromosome mis-segregation in breast cancer cells. Nevertheless, our present work 

uncovered another layer of the cellular mechanism of ZMYND8-mediated maintenance of 

genome stability in breast cancer.
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Here, we characterized the signaling pathway by which ZMYND8 maintains genome 

stability to suppress the intrinsic innate immune response in breast cancer cells (Fig. 7M). 

We observed the increased recruitment of the DNA sensor cGAS to sites of DNA damage in 

micronuclei of ZMYND8 KO cells, which triggers activation of cGAS and its downstream 

signaling pathway leading to IFN-β production in breast cancer cells. Interestingly, cGAS/

STING prefer to activate NF-κB but not TBK1 and IRF3 in ZMYND8 KO breast cancer 

cells. Numerous studies have revealed that TBK1/IRF3 are the canonical cGAS/STING 

downstream signaling effectors (12,14). However, a recent study reported that etoposide-

induced DNA damage causes cGAS-independent STING activation, leading to predominant 

activation of NF-κB (36). Thus, our results along with others suggest that selective 

activation of cGAS/STING downstream signaling effector NF-κB or TBK1/IRF3 might 

depend on the type of DNA damage or additional unknown signaling regulator. cGAS is 

activated by cytosolic double-stranded DNA from nucleus, mitochondria, and micronuclei 

under conditions of genome instability or stress (12,13,37). Our findings uncover ZMYND8 

as a new negative and intrinsic regulator of the cGAS-dependent innate immune response in 

breast tumor cells, which strongly suggests that ZMYND8 is a possible target for antitumor 

immunotherapy and that targeting ZMYND8 may render breast tumor cells to be more 

immunogenic. Future research into the identification of the small molecule inhibitor of 

ZMYND8 would have a significant clinical relevance in breast cancer as emerging studies 

suggest that turning tumor cells into antigen presenting cells may improve immunotherapy 

(38).

Previous studies showed that ZMYND8 is involved in gene repression by interacting with 

gene repressors KDM5C and CHD4 (18,39). Our current work identified a distinct 

ZMYND8-mediated gene repression mechanism, which depends on inactivation of the 

cGAS-STING-NF-κB signaling cascade (Fig. 7M). Whether or not ZMYND8 represses 

IFN-β through the corepressors remains to be investigated in the future. It was reported that 

gene repression by the ZMYND8-NuRD complex axis facilitates DNA damage repair 

(18,20). However, we found that ZMYND8-mediated downregulation of IFN-β and ISGs 

does not have the similar role in DNA damage response. ZMYND8 is enriched at the active 

promoters and enhancers and also involved in gene activation besides gene repression 

(20,21,39,40). ZMYND8 binds to hypoxia-inducible factor (HIF)-1α and HIF-2α to 

coactivate HIF target gene expression in breast cancer cells under hypoxia (21). It also 

regulates the recruitment of the P-TEFb complex to control gene activation (40). Therefore, 

ZMYND8 has the dual gene repression and activation functions via multiple distinct 

mechanisms.

Although the majority of breast tumors have very low mutational burden as compared with 

melanoma and non-small cell lung cancer, which is associated with reduced tumor-

lymphocyte infiltration leading to tumor cell survival, triple-negative breast cancer has 

relatively high mutational burden (5,41,42). Recent studies showed that increasing genome 

instability by manipulation of DNA mismatch repair proteins can lead to high tumor 

mutational burden and tumor-lymphocyte infiltration in colorectal cancer (3,10). We 

presented evidence that ZMYND8 inhibits micronucleus formation and DNA damage in 

breast cancer cells, leading to suppression of IFN-β production and CD8+ and CD4+ T cell 

infiltration in triple-negative breast tumors. The clinical data from TCGA breast cancer 
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patients also reveal a negative correlation of ZMYND8 with the tumor-lymphocyte 

infiltration phenotype, strongly supporting our preclinical findings and also unraveling 

translational potential of targeting ZMYND8 with its small molecule inhibitors in patients 

with triple-negative breast cancer. We also showed that ZMYND8 loss causes micronucleus 

formation in estrogen receptor-positive breast cancer MCF-7 cells, but its antitumor 

immunity role in estrogen receptor-positive breast cancer remains to be confirmed in the 

future. It has been known that IFN-β promotes dendritic cell maturation to increase priming 

and activation of cytotoxic T-lymphocytes (43,44). Thus, ZMYND8 expression in breast 

cancer cells has a negative impact on cytotoxic T-cell-mediated antitumor immunity in 

breast tumors. We found that treatment of anti-CD4/8 depleting antibodies partially restores 

ZMYND8 KO tumor growth in Balb/c mice. In contrast, anti-IFNAR1 antibody treatment 

almost completely prevents ZMYND8 KO tumor regression in syngeneic mice, suggesting 

that other types of immune cells besides T cells might also contribute to ZMYND8 loss-

triggered antitumor immunity. It was reported that IFN-β can upregulate PD-L1 and PD-L2 

in cancer cells (45,46). PD-L1/2 expression in turn induces an immunosuppressive 

microenvironment and attenuates the killing activity of CD8+ T cells (47). Our RNA-seq 

data (GSE108833) showed that ZMYND8 KO increases PD-L2 expression in MDA-

MB-231 cells. Whether or not PD-L2 impairs ZMYND8 loss-induced antitumor immunity 

remains to be investigated in the future. Similar to ZMYND8, ZMYND8-interacting proteins 

the NuRD complex are also shown to regulate DNA damage and antitumor immunity and 

their expression is inversely correlated with T cell infiltration in tumors (48,49). However, it 

remains unknown whether ZMYND8 and the NuRD complex share the same mechanism of 

antitumor immunity. Nonetheless, we have previously shown that ZMYND8 enhances HIF-

dependent transcriptional programs to promote breast tumor progression in vitro and in mice 

(21). Past and current research uncovered that ZMYND8 not only potentiates hypoxic 

responses in the tumor microenvironment, but also inhibits an intrinsic antitumor immunity 

that causes breast cancer cells to evade immunosurveillance, thereby promoting tumor 

growth. Therefore, ZMYND8 is a critical regulator that shapes the tumor microenvironment 

and may be a potential target for the treatment of breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance:

Findings show that ZMYND8 is a new negative and intrinsic regulator of the innate 

immune response in breast tumor cells, and ZMYND8 may be a possible target for 

antitumor immunotherapy.

Wang et al. Page 17

Cancer Res. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. ZMYND8 inhibits micronucleus formation and DNA damage in breast cancer cells.
(A) Immunoblot analysis of indicated proteins in SC, ZMYND8 KO, and ZMYND8-rescued 

MDA-MB-231 (MDA231) cells. (B) Representative immunostaining of γH2A.X and 

micronuclei (indicated by white arrows) in SC, ZMYND8 KO, and ZMYND8-rescued 

MDA-MB-231 cells. Scale bar, 10 μm. (C) Quantification of micronuclei-positive MDA-

MB-231 cells (n = 500, mean ± SEM). **p < 0.01 by one-way ANOVA with Dunnett’s test. 

(D) Immunoblot analysis of ZMYND8 and actin in SC and ZMYND8 KO PY8119 cells. (E) 

Representative immunostaining of γH2A.X and micronuclei (indicated by white arrows) in 

SC and ZMYND8 KO PY8119 cells. Scale bar, 10 μm. (F) Quantification of micronuclei-

positive PY8119 cells (n = 500, mean ± SEM). ***p < 0.001 vs. SC by one-way ANOVA 

with Dunnett’s test. (G-L) Quantification of γH2A.X-positive micronuclei (n = 50, G and 

J), γH2A.X-positive nuclei (n = 500, H and K), and γH2A.X foci per cell (n = 50, I and L). 

Data are shown in mean ± SEM. **p < 0.01; ***p < 0.001 by one-way ANOVA with 
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Dunnett’s test. (M) Representative images of chromosome aberrations (indicated by white 

arrows) in ZMYND8 KO MDA-MB-231 cells. (N) Quantification of chromosome 

aberrations in parental and ZMYND8 KO MDA-MB-231 cells (n = 100, mean ± SEM). 

***p < 0.001 by one-way ANOVA with Dunnett’s test.
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Figure 2. ZMYND8 suppresses the expression of IFN-β and ISGs in breast cancer cells.
(A) Heatmap of ZMYND8-up- and -down-regulated genes in MDA-MB-231 (MDA231) 

cells. (B) Gene ontology (GO) analysis of ZMYND8-downregulated genes in MDA-

MB-231 cells by the DAVID. (C and D) RT-qPCR analysis of IFN-β and ISGs mRNAs in 

MDA-MB-231 (C) and PY8119 (D) cells (n = 3, mean ± SEM). **p < 0.01; ***p < 0.001 

by one-way ANOVA with Dunnett’s test. nd, not detected. (E) ELISA analysis of IFN-β 
protein release from SC and ZMYND8 KO PY8119 cells (n = 4, mean ± SEM). **p < 0.01; 

***p < 0.001 by one-way ANOVA with Dunnett’s test.
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Figure 3. cGAS-STING-NF-κB activation is required for ZMYND8 KO-induced ISGs expression 
in breast cancer cells.
(A) Representative immunostaining of cGAS and γH2A.X in SC, ZMYND8 KO1, and 

ZMYND8 KO2 PY8119 cells. Scale bar, 10 μm. (B) Quantification of cGAS- and γH2A.X-

positive (+) micronuclei in SC, ZMYND8 KO1, and ZMYND8 KO2 PY8119 cells (n = 150, 

mean ± SEM). **p < 0.01 by one-way ANOVA with Dunnett’s test. (C) ELISA analysis of 

cellular 2’3’-cGAMP levels in SC and ZMYND8 KO PY8119 cells (n = 3, mean ± SEM). 

**p < 0.01 by one-way ANOVA with Dunnett’s test. (D) Immunoblot analysis of indicated 

proteins in SC, ZMYND8 KO, and ZMYND8/cGAS DKO PY8119 cells. (E and F) RT-

qPCR analysis of ISGs and Rpl13a mRNAs in SC, ZMYND8 KO, and ZMYND8/cGAS 

DKO (E) or ZMYND8/STING DKO (F) PY8119 cells (n = 3, mean ± SEM). ***p < 0.001 

by two-way ANOVA with Tukey’s test. (G) Immunoblot analysis of indicated proteins in 

SC, ZMYND8 KO, and ZMYND8/STING DKO PY8119 cells. P, phosphorylation. (H) 

Immunoblot analysis of indicated proteins in SC and ZMYND8 KO PY8119 cells. (I) 
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Immunoblot analysis of indicated proteins in SC, ZMYND8 KO, and ZMYND8/cGAS DKO 

PY8119 cells. (J) Immunoblot analysis in SC, ZMYND8 KO, and ZMYND8/p65 DKO 

PY8119 cells. (K) RT-qPCR analysis of ISGs and Rpl13a mRNAs in SC, ZMYND8 KO, 

and ZMYND8/p65 DKO PY8119 cells (n = 3, mean ± SEM). ***p < 0.001 by two-way 

ANOVA with Tukey’s test. (L) RT-qPCR analysis of ISGs mRNAs in SC and ZMYND8 KO 

PY8119 cells treated with a NF-κB inhibitor JSH-23 or vehicle (n = 3, mean ± SEM). *p < 

0.05; **p < 0.01; ***p < 0.001 by two-way ANOVA with Tukey’s test.
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Figure 4. ZMYND8 inhibits NF-κB activation and expression of IFN-β and ISGs in breast 
tumors.
(A-C) SC and ZMYND8 KO PY8119 cells were orthotopically implanted into the mammary 

fat pad of female C57BL/6J mice, respectively. Tumor growth curve is shown in A (n = 4–5, 

mean ± SEM). Tumor image on day 23 is shown in B. Tumor weight on day 23 is shown in 

C (n = 4–5, mean ± SEM). ***p < 0.001 by one-way ANOVA with Dunnett’s test. (D) 

Immunoblot analysis of indicated proteins in SC and ZMYND8 KO PY8119 tumors. (E) 

RT-qPCR analysis of IFN-β, ISGs and Rpl13a mRNAs in SC and ZMYND8 KO PY8119 

tumors (n = 4–5, mean ± SEM). *p < 0.05; **p < 0.01; ***p < 0.001 vs. SC by one-way 

ANOVA with Dunnett’s test. (F) ChIP-qPCR analysis of phospho-p65 (P-p65) enrichment at 

Ifnb1, Isg15, Oas2, Oas3, Mx1 genes in SC and ZMYND8 KO2 PY8119 cells (n = 3, mean 

± SEM). *p < 0.05 by two-way ANOVA with Tukey’s test. ns, not significant.
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Figure 5. ZMYND8 expression in breast cancer cells inhibits infiltration of CD4+ and CD8+ T 
cells to promote tumor growth in mice.
(A and B) Parental (P) and ZMYND8 KO 4T1 cells were orthotopically implanted into the 

mammary fat pad of female Balb/c and Rag1 KO mice, respectively. Tumor growth curve is 

shown in A (n = 5, mean ± SEM). Tumor weight on day 14 is shown in B (n = 5, mean ± 

SEM). *p < 0.05; ***p < 0.001 by two-way ANOVA with Tukey’s test. (C and D) Flow 

cytometry quantification of CD8+ (C) and CD4+ (D) T cells in parental and ZMYND8 KO 

4T1 tumors harvested from Balb/c mice on day 14 (n = 5, mean ± SEM). (E-G) IHC 

analysis of CD8+ and CD4+ T cells in parental and ZMYND8 KO 4T1 tumors harvested 

from Balb/c mice on day 14 (n = 5, mean ± SEM). *p < 0.05 by Student’s t test. (H and I) 

Parental and ZMYND8 KO 4T1 cells were orthotopically implanted into the mammary fat 

pad of female Balb/c mice, respectively. Mice were treated with monoclonal anti-CD4/CD8 

depleting antibodies (mAbs) or control IgG. Tumor growth curve is shown in H (n = 4, mean 

± SEM). Tumor weight on day 26 is shown in I (n = 4, mean ± SEM). *p < 0.05; **p < 0.01, 
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***p < 0.001 by two-way ANOVA with Tukey’s test. ns, not significant. (J) Immunoblot 

analysis of ZMYND8 and actin in parental and ZMYND8 KO 4T1 tumors treated with anti-

CD4/CD8 depleting mAbs or control IgG.
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Figure 6. IFN-β is required for ZMYND8 loss-mediated antitumor effect.
SC and ZMYND8 KO2 PY8119 cells were orthotopically implanted into the mammary fat 

pad of female C57BL/6J mice, respectively. 5 mice each group were administrated with 

monoclonal anti-IFNAR1 depleting antibody (mAb). (A) Tumor growth curve (n = 5, mean 

± SEM). (B) Tumor image on day 30. (C) Tumor weight on day 30 (n = 5, mean ± SEM). 

(D) Immunoblot analysis of ZMYND8 and actin in tumors. *p < 0.05; **p < 0.01, ***p < 

0.001 by two-way ANOVA with Tukey’s test.
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Figure 7. ZMYND8 is amplified and negatively correlated with the tumor-lymphocyte 
infiltration phenotype in human breast tumors.
(A) Oncoprint summary of genetic alteration of ZMYND8 in human breast tumors. Data 

were retrieved from the TCGA PanCancer Atlas in cBioPortal. (B) Association of ZMYND8 

copy number alteration with its mRNA expression in the TCGA cohort of breast cancer 

patients (n = 994). ****p < 0.0001 by one-way ANOVA with Dunnett’s test. (C) Frequency 

of ZMYND8 genetic alterations in different types of human breast tumors. Data were 

retrieved from the TCGA PanCancer Atlas in cBioPortal. (D-I) Expression correlation of 

ZMYND8 mRNA with CXCL10 (D), MX1 (E), ISG15 (F), CD8A (G), CD8B (H) and CD4 

(I) mRNAs in human TCGA breast tumors (n = 1048). (J-L) ZMYND8 is negatively 

correlated to the 17-gene (J), 4-gene (K), and 8-gene (L) transcriptional signatures of tumor-

infiltrating lymphocytes in human TCGA breast tumors. Data were generated by GEPIA2. 

(M) A proposed model for ZMYND8 suppressing antitumor immunity to promote breast 

tumor growth. ZMYND8 is highly expressed and inhibits micronucleus formation and DNA 
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damage in breast cancer cells, leading to inactivation of the cGAS-STING-NF-κB signaling 

pathway and subsequent suppression of IFN-β release from breast cancer cells, thereby 

inhibiting infiltration of CD4+ and CD8+ T cells to facilitate breast tumor growth.
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