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C A N C E R

ZMYND8 is a master regulator of 27-hydroxycholesterol 
that promotes tumorigenicity of breast cancer stem cells
Maowu Luo1, Lei Bao1, Yan Chen1, Yuanyuan Xue2, Yong Wang1, Bo Zhang1, Chenliang Wang1, 
Chase D. Corley3, Jeffrey G. McDonald3,4, Ashwani Kumar5, Chao Xing5,6,7, Yisheng Fang1,  
Erik R. Nelson8,9,10, Jennifer E. Wang1, Yingfei Wang1,11,12, Weibo Luo1,13*

27-Hydroxycholesterol (27-HC) is the most abundant oxysterol that increases the risk of breast cancer progression. 
However, little is known about epigenetic regulation of 27-HC metabolism and its role in breast tumor initiation. 
Using genetic mouse mammary tumor and human breast cancer models, we showed here that the histone reader 
ZMYND8 was selectively expressed in breast cancer stem cells (BCSCs) and promoted epithelial-mesenchymal 
transition (EMT), BCSC maintenance and self-renewal, and oncogenic transformation through its epigenetic functions, 
leading to breast tumor initiation. Mechanistically, ZMYND8 was a master transcriptional regulator of 27-HC 
metabolism. It increased cholesterol biosynthesis and oxidation but blocked cholesterol efflux and 27-HC catabo-
lism, leading to accumulation of 27-HC in BCSCs. Consequently, 27-HC promoted EMT, oncogenic transformation, 
and tumor initiation through activation of liver X receptor. These findings reveal that ZMYND8 is an epigenetic 
booster that drives breast tumor initiation through metabolic reprogramming.

INTRODUCTION
Breast cancer originates from a small population of tumor-initiating 
cells, also known as breast cancer stem cells (BCSCs), whose ability 
to drive breast tumorigenesis is controlled by the intrinsic factors 
(1). Cholesterol controls mammalian cell membrane integrity and 
lipid metabolism to support cell survival and proliferation (2). 
Intracellular cholesterol is synthesized through the de novo bio-
synthesis pathway and also supplemented from the diet and is further 
metabolized into oxysterols, of which 27-hydroxycholesterol (27-HC) 
is the most abundant in human blood (2). 27-HC is an endogenous 
selective estrogen receptor (ER) modulator and promotes ER-positive 
breast cancer progression (3–5). Recent studies have revealed ele-
vated cholesterol biosynthesis in BCSCs (6, 7) and also link 27-HC 
with a breast cancer risk factor hypercholesterolemia (3). However, 
the significance of 27-HC in BCSCs and breast tumor initiation 
remains unknown.

Metabolic alterations are largely influenced by epigenetic regula-
tors (8). While the interplay between epigenetics and metabolism is 
known to regulate tumor progression (8, 9), little is known about 
the role of epigenetic regulation of cellular metabolism in BCSC 
plasticity and breast tumorigenesis. ZMYND8 belongs to the bromo-
domain superfamily and functions as a histone reader recognizing 
acetyl lysine 16 of histone H4 (H4K16ac), acetyl lysine 14 of histone 

H3, monomethyl lysine 4 of histone H3, di- or trimethyl lysine 36 of 
histone H3, and histone H3.3G34R via a reader cassette containing 
plant homeodomain, bromodomain, and Pro-Trp-Trp-Pro domain 
at its N terminus (10, 11). Accumulating studies have shown that 
ZMYND8 is a dual regulator of gene activation and repression in 
cancer cells (12–15). ZMYND8 coactivates thousands of genes by 
interacting with hypoxia-inducible factor-1/2, BRD4, and P-TEFb 
complex (12, 16), whereas it binds to gene repressors including 
KDM5C, NuRD complex, and EZH2 to repress gene transcription 
(10, 14, 15). In addition, ZMYND8 blocks the cGAS-STING–nuclear 
factor B signaling pathway by maintaining genome stability, which 
leads to inhibition of interferon- and interferon-stimulated genes 
in breast cancer cells (13). ZMYND8 is highly expressed in human 
breast tumors and promotes breast tumor progression in vitro and 
in xenograft mouse models (12, 13, 15). Its tumor growth function 
has been recently characterized in other human cancers, including 
acute myeloid leukemia, colorectal cancer, glioblastoma, clear cell 
renal cell carcinoma, bladder cancer, and liver cancer (11, 14, 17–20).

In the present study, we identified a previously unknown role of 
ZMYND8 in BCSC plasticity and tumor initiation. ZMYND8 was 
selectively expressed in BCSCs in vitro and in vivo. ZMYND8 increased 
27-HC biosynthesis but blocked 27-HC catabolism, leading to 27-HC 
accumulation, which further activated liver X receptor (LXR) to induce 
epithelial-mesenchymal transition (EMT) and maintain survival and 
self-renewal of BCSCs, thereby promoting breast tumor initiation. 
These findings define a previously unappreciated signaling pathway from 
epigenetics to metabolism in BCSCs that control breast tumorigenesis.

RESULTS
ZMYND8 is required for mammary tumor initiation 
and progression in vivo
To determine the precise role of ZMYND8 in breast tumor develop-
ment, we generated Zmynd8-floxed (Zmynd8fl/fl) mice by the 
CRISPR-Cas9 technique and crossed them with MMTV-PyMT and 
MMTV-Cre transgenic mice (Fig. 1, A and B). ZMYND8 protein 
was conditionally depleted in mammary glands isolated from 
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MMTV-PyMT/MMTV-Cre/Zmynd8fl/fl (Zmynd8MMTV-cKO) mice (Fig. 1C, 
left). At postnatal day 145, we found that both mammary tumor num-
ber and weight were significantly reduced in Zmynd8MMTV-cKO mice 
compared with control mice MMTV-PyMT/MMTV-Cre/Zmynd8+/+ 
(Fig. 1, D and E). Much more robust inhibition of mammary tumor 
growth by ZMYND8 conditional knockout (cKO) was observed in 
another MMTV-PyMT/K14-Cre/Zmynd8fl/fl (Zmynd8K14-cKO) mouse 
model (Fig. 1, C, right, F and G). Spontaneous lung metastasis was 
significantly eliminated in Zmynd8MMTV-cKO and Zmynd8K14-cKO 
mice (Fig. 1, H to K). These results strongly support our previous 
findings in xenograft models that ZMYND8 promotes breast cancer 
progression in mice (12, 13). Notably, we found that mammary tumor 
initiation was significantly inhibited in both Zmynd8MMTV-cKO and 
Zmynd8K14-cKO mouse mammary tumor models as these mice expe-
rienced the longer tumor-free period than their respective control 
mice (Fig. 1, L and M). Collectively, the results from two genetically 
engineered mouse models indicate that ZMYND8 is required for 
mammary tumor initiation and progression in mice.

ZMYND8 induces EMT and oncogenic transformation
To determine the role of ZMYND8 in oncogenic transformation, we 
transduced nonmalignant normal mammary epithelial MCF-10A 

cells with lentivirus carrying ZMYND8 complementary DNA or 
empty vector (EV) and assessed the ability of ZMYND8 to facilitate 
MCF-10A cells to form spheres. As expected, few and tiny spheres 
were found in MCF-10A-EV cells (Fig. 2A). In contrast, over-
expression (OE) of ZMYND8 induced more and bigger MCF-10A 
spheres (Fig. 2A), suggesting that ZMYND8 expression is sufficient 
to induce stemness and oncogenic transformation of normal breast 
epithelial cells in vitro. A subpopulation of MCF-10A monolayers 
exhibited a spindle-like cell morphology when ZMYND8 was over-
expressed (Fig. 2B). Moreover, the epithelial marker E-cadherin 
(encoded by CDH1 gene) was repressed, but the mesenchymal 
markers N-cadherin and vimentin (encoded by CDH2 and VIM genes, 
respectively) as well as EMT transcription factors including ZEB1, 
ZEB2, and TWIST2 all were up-regulated in MCF-10A-ZMYND8 
cells as shown by quantitative reverse transcription polymerase chain 
reaction (qRT-PCR) assay (Fig. 2C), indicating that ZMYND8 drives 
the EMT phenotype. To determine the requirement of ZMYND8 epi-
genetic functions for these gene expression, we generated MCF-10A 
cells expressing ZMYND8 Y247A/N248A mutant [that prevents 
ZMYND8 binding to H4K16ac (21)] or ZMYND8 K1007/1034R 
mutant [that blocks BRD4 binding (12)]. Neither Y247A/N248A 
nor K1007/1034R mutant affected EMT markers in MCF-10A cells 

Fig. 1. Loss of Zmynd8 suppresses mouse mammary tumor initiation and progression. (A) Scheme of Zmynd8 cKO strategy in mice. (B) Genotyping of loxP, MMTV-PyMT, 
MMTV-Cre, and K14-Cre. WT, wild type. L, ladder. (C) ZMYND8 protein knockout (KO) in MMTV-PyMT tumors. (D and E) Mammary tumor number (D) and weight (E) in 
control (MMTV-PyMT/+, MMTV-Cre/+, and Zmynd8+/+) and Zmynd8MMTV-cKO (MMTV-PyMT/+, MMTV-Cre/+, and Zmynd8fl/fl) mice. (F and G) Mammary tumor number (F) and 
weight (G) in control (MMTV-PyMT/+, K14-Cre/+, and Zmynd8+/+) and Zmynd8K14-cKO (MMTV-PyMT/+, K14-Cre/+, and Zmynd8fl/fl) mice. (H and I) Representative lung hematoxylin 
and eosin (H&E) images (H) and quantification of lung metastatic foci (I) in control and Zmynd8MMTV-cKO mice. (J and K) Representative lung H&E images (J) and quantifi-
cation of lung metastatic foci (K) in control and Zmynd8K14-cKO mice. (L and M) Tumor-free period of control mice and Zmynd8MMTV-cKO (L) or Zmynd8K14-cKO (M) mice. Biological 
replicates (n) are shown on each figure panel. P value was determined by two-tailed Student’s t test (D to G, I, and K) and the log-rank (Mantel-Cox) test (L and M).
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(Fig. 2C). ZMYND8-induced mRNA changes of EMT markers were 
confirmed at their protein levels in MCF-10A cells (Fig. 2D). In 
contrast, we found that ZMYND8 cKO robustly increased E-cadherin 
but decreased N-cadherin, vimentin, TWIST1, TWIST2, Snail, and 
Slug in Zmynd8MMTV-cKO tumors (Fig. 2E). Collectively, these findings 
indicate that ZMYND8 is necessary and sufficient to induce EMT 
and also promotes oncogenic transformation of normal mammary 
epithelial cells.

ZMYND8 increases BCSC activity through its epigenetic 
functions, leading to tumor initiation
We next studied whether ZMYND8 regulates BCSC activity to 
promote breast tumor initiation. By comparing breast cancer cell 

monolayer cultures with BCSC-enriched mammosphere cultures, 
we found that ZMYND8 protein was up-regulated in primary 
MDA-MB-231 spheres and further increased in secondary MDA-
MB-231 spheres (Fig. 3A). Similar results were observed in BCSC-
enriched primary and secondary MCF-7 spheres (fig. S1A). To assess 
ZMYND8 expression in BCSCs in vivo, we generated a human 
triple-negative breast cancer patient-derived xenograft (PDX) model 
and isolated mMHC-I−hCD298+hLin−hcKit−hCD49fhighhEpCAM− 
BCSCs from PDX tumors by flow cytometry. These BCSCs highly 
expressed ZMYND8 protein compared with non-BCSCs (Fig. 3B). 
We also sorted out tumor-initiating cells (Lin−CD90−ALDHhigh) and 
non–tumor-initiating cells (Lin−CD90−ALDHlow) from MMTV-PyMT 
mammary tumors by flow cytometry and found that ZMYND8 was 
selectively expressed in tumor-initiating cells in vivo (Fig. 3C). 
Together, these in vitro and in vivo findings revealed that ZMYND8 
is preferentially expressed in BCSCs.

To determine whether ZMYND8 regulates BCSC activity, we 
first performed mammosphere formation assay. Primary sphere 
formation of both MDA-MB-231 and MCF-7 cells was significantly 
inhibited by ZMYND8 KO (Fig. 3, D and E, and fig. S1, B and C). 
Reexpression of wild-type (WT) but not K1007/1034R ZMYND8 
restored MDA-MB-231 sphere formation in vitro (Fig. 3, D and E). 
Y247A/N248A mutant marginally rescued MDA-MB-231 sphere 
formation in vitro (Fig. 3, D and E). The secondary mammosphere 
assay showed that ZMYND8 KO significantly reduced self-renewal 
of BCSCs in vitro, which was rescued by WT ZMYND8 but not 
K1007/1034R or Y247A/N248A mutant (Fig.  3F). Similar results 
were also found in MCF-7 spheres (fig. S1D). We further found that 
ZMYND8 cKO by either MMTV-Cre or K14-Cre reduced MMTV-
PyMT tumorsphere formation ex vivo (Fig. 3G). Last, we studied the 
effect of ZMYND8 cKO on tumor-initiating cells in mammary tumors 
by flow cytometry and found that ZMYND8 cKO significantly decreased 
Lin−CD90−ALDHhigh tumor-initiating cells in Zmynd8MMTV-cKO 
tumors in vivo (Fig. 3H). These results indicate that ZMYND8 is 
required for maintenance and self-renewal of BCSCs in vitro and 
in vivo.

Both aldehyde dehydrogenase (ALDH) and CD44+CD24− are 
classic BCSC markers, which represent the proliferative epithelial-like 
and the invasive mesenchymal-like BCSCs, respectively (22). Flow 
cytometry analysis showed that ZMYND8 KO significantly de-
creased the percentage of ALDHhigh or CD44+CD24− BCSCs in both 
MDA-MB-231 and MCF-7 cells (Fig. 3, I and J, and fig. S1, E and F). WT 
but not K1007/1034R or Y247A/N248A ZMYND8 rescued ALDHhigh 
BCSCs in MDA-MB-231 cells (Fig. 3I). However, CD44+CD24− 
BCSCs were restored by WT and Y247A/N248A but not K1007/1034R 
ZMYND8 in MDA-MB-231 cells (Fig. 3J). Our findings indicate 
that ZMYND8 controls the mesenchymal-like BCSC subpopulation 
through BRD4 and the epithelial-like BCSC subpopulation through 
both BRD4 and H4K16ac.

To determine whether ZMYND8 regulates BCSC activity to pro-
mote tumor initiation in vivo, we performed limiting dilution assay 
in NOD-scid IL2Rgammanull (NSG) mice. Scrambled control (SC), 
ZMYND8 KO, and ZMYND8 rescue MDA-MB-231 cells with three 
serial dilutions were orthotopically implanted into the mammary 
fat pad of female NSG mice, respectively. ZMYND8 KO significantly 
decreased the tumor incidence in mice, which was rescued by WT 
but not K1007/1034R or Y247A/N248A ZMYND8 (Fig. 4A). In line 
with our in vitro results (Fig. 3, D to F, I, and J), ZMYND8 KO sig-
nificantly inhibited MDA-MB-231 tumorsphere formation ex vivo 

Fig. 2. ZMYND8 promotes EMT and oncogenic transformation. (A) Representative 
of mammosphere images (left) and quantification (right; means ± SEM, n = 3 bio-
logical replicates) of mammospheres derived from MCF-10A cells expressing empty 
vector (EV) or ZMYND8. OE, overexpression. (B) Morphology of MCF-10A-EV and 
ZMYND8 OE cells (n = 3 biological replicates). (C and D) Analysis of mRNA (C) and 
protein (D) expression of EMT markers in MCF-10A cells expressing EV, WT ZMYND8, 
ZMYND8 K1007/1034R mutant, or ZMYND8 Y247A/N248A mutant (means ± SEM, 
n = 3 biological replicates). (E) Analysis of protein expression of EMT markers in control 
(MMTV-PyMT/+, MMTV-Cre/+, and Zmynd8+/+) and Zmynd8MMTV-cKO (MMTV-PyMT/+, 
MMTV-Cre/+, and Zmynd8fl/fl) tumors (n = 3 biological replicates). P value was 
determined by two-tailed Student’s t test (A) and one-way ANOVA corrected with 
Tukey’s test (C).
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and decreased the number of ALDHhigh and CD44+CD24− BCSC 
subpopulations in MDA-MB-231 tumors in vivo (Fig. 4, B  to G). 
Expression of WT ZMYND8 but not K1007/1034R mutant in KO 
tumors rescued BCSC activity ex vivo (Fig. 4, B to G). Y247A/N248A 
mutant had a marginal rescued effect on CD44+CD24− subpopulation 

but not ALDHhigh BCSCs and tumorsphere formation (Fig. 4, B to G). 
Likewise, ZMYND8 KO significantly inhibited MCF-7 BCSC activity 
in vivo and tumor initiation in mice (fig. S2, A to C). Collectively, 
these findings indicate that ZMYND8 increases BCSC activity 
through its epigenetic functions to promote tumor initiation.

Fig. 3. ZMYND8 is expressed in BCSCs and required for BCSC activity. (A) ZMYND8 protein expression in MDA-MB-231 monolayers and mammospheres. Cells, monolayers. Primary, 
primary mammoshperes. Secondary, secondary mammospheres. n = 3. (B) Flow cytometry sorting of basal/stem cells (mMHC-I−hCD298+hLin−hcKit−hCD49fhighhEpCAM−) 
and nonbasal/stem cells (mMHC-I−hCD298+hLin−hcKit−hCD49flowhEpCAM− and mMHC-I−hCD298+hLin−hcKit−hEpCAM+) from a triple-negative breast cancer PDX tumor 
(left). m, mouse; h, human. Analysis of ZMYND8 protein expression in basal/stem cells compared with whole PDX tumor and nonbasal/stem cells (right). n = 3 biological 
replicates. (C) Flow cytometry sorting of tumor-initiating cells (Lin−CD90−ALDHhigh) and non–tumor-initiating cells (Lin−CD90−ALDHlow) from MMTV-PyMT tumors (left). 
Analysis of ZMYND8 protein expression in tumor-initiating cells and non–tumor-initiating cells (right). n = 3 biological replicates. (D to F) Mammosphere formation assay 
of MDA-MB-231-SC, ZMYND8 KO, ZMYND8 KO rescued with WT ZMYND8, K1007/1034R mutant, or Y247A/N248A mutant. Representative mammosphere images (D). 
Quantification of primary mammosphere numbers (E) and mammosphere expansion and self-renewal (F; means ± SEM, n = 3 biological replicates). (G) Tumorsphere 
formation assay of control, Zmynd8MMTV-cKO, and Zmynd8K14-cKO tumors. Representative tumorsphere images (left). Quantification of tumorsphere numbers (right; means ± 
SEM, n = 3 biological replicates). (H) Flow cytometry analysis (left) and quantification (right; means ± SEM, n = 3 biological replicates) of tumor-initiating cells (TIC) in control 
and Zmynd8MMTV-cKO tumors. DEAB, N,N-diethylaminobenzaldehyde. (I and J) Aldefluor (I) and CD44+CD24− (J) assays of MDA-MB-231-SC, ZMYND8 KO, ZMYND8 KO rescued 
with WT, K1007/1034R mutant, or Y247A/N248A mutant cells. Representative gates of cell populations (left) and quantification of ALDHhigh or CD44+CD24− cells (right; means ± 
SEM, n = 3 biological replicates). P value was determined by one-way ANOVA corrected with Tukey’s test (E, F, I, and J) and Dunnett’s test (G), and two-tailed Student’s t test (H).
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ZMYND8 controls 27-HC metabolism in BCSCs
To define the molecular mechanism underlying ZMYND8-induced 
BCSC activity and tumor initiation, we compared the whole tran-
scriptome by RNA sequencing (RNA-seq) in SC, ZMYND8 KO, 
and ZMYND8 rescue MDA-MB-231 cells under monolayer and 
BCSC-enriched sphere culture conditions. Eighty-seven genes were 
up-regulated, while 248 genes were down-regulated in MDA-MB-231 
spheres in a ZMYND8-dependent manner (false discovery rate < 0.05, 
logCPM > 0, fold change > 1.5; Fig. 5A). Analyses of both gene 
ontology and hallmark pathway revealed that genes in the cholesterol 
biosynthetic pathways were significantly enriched in the up-regulation 
group (Fig. 5, B and C). To validate RNA-seq results, we performed 
qRT-PCR in the same experimental settings, and mRNA expression 
of almost all cholesterol biosynthesis genes, including ACLY, ACAT1, 
ACAT2, HMGCS1, HMGCR, MVK, PMVK, MVD, IDI1, FDFT1, 

LSS, CYP51A1, HSD17B7, DHCR7, and DHCR24, was up-regulated 
in MDA-MB-231-SC mammospheres compared with its monolayers, 
which was blocked by ZMYND8 KO (Fig. 5D). Down-regulation of 
cholesterol biosynthesis genes in KO spheres was fully reversed by 
ZMYND8 reexpression (Fig. 5D), suggesting the specific induction 
of cholesterol biosynthesis genes by ZMYND8. ZMYND8 also 
enhanced the mRNA expression of the regulatory machinery of 
cholesterol biosynthesis including SREBF2, MBTPS1, MBTPS2, and 
INSIG1 in MDA-MB-231 spheres (Fig. 5D). Most of these choles-
terol regulating genes were similarly up-regulated in MCF-7 spheres 
but repressed by ZMYND8 KO1 or KO2 (fig. S3A). In contrast, 
the cholesterol efflux transporters ABCA1 and ABCG1 were down-
regulated in MDA-MB-231 and MCF-7 spheres, respectively, which 
was reversed by ZMYND8 KO (Fig.  5D and fig. S3B). Again, 
reexpression of ZMYND8 restored ABCA1 down-regulation in 

Fig. 4. ZMYND8 promotes breast tumor-initiating potential through its epigenetic functions. (A) Limiting dilution assay of MDA-MB-231-SC, ZMYND8 KO, ZMYND8 
KO rescued with WT, K1007/1034R mutant, or Y247A/N248A mutant cells in NSG mice. (B and C) Tumorsphere formation assay in MDA-MB-231-SC, ZMYND8 KO, ZMYND8 
KO + WT, ZMYND8 KO + K1007/1034R, and ZMYND8 KO + Y247A/N248A tumors. Representative tumorsphere images (B). Quantification of tumorsphere numbers 
(C; means ± SEM, n = 5 biological replicates). (D and E) Aldefluor assay in MDA-MB-231-SC, ZMYND8 KO, ZMYND8 KO + WT, ZMYND8 KO + K1007/1034R, and ZMYND8 
KO + Y247A/N248A tumors. Representative gates of cell populations (D). Quantification of ALDHhigh cells (E; means ± SEM, n = 3 biological replicates). (F and 
G) CD44+CD24− assay in MDA-MB-231-SC, ZMYND8 KO, ZMYND8 KO + WT, ZMYND8 KO + K1007/1034R, and ZMYND8 KO + Y247A/N248A tumors. Representative gates 
of cell populations (F). Quantification of CD44+CD24− cells (G; means ± SEM, n = 3 biological replicates). P value was determined by chi-square test (A) and one-way ANOVA 
corrected with Tukey’s test (C, E, and G).
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Fig. 5. ZMYND8 induces 27-HC accumulation in BCSCs. (A) Heatmap of dysregulated genes identified with RNA-seq in MDA-MB-231-SC, ZMYND8 KO, and ZMYND8 
rescue (RES) cells (monolayers) and their mammospheres (spheres). n = 2 biological replicates. (B and C) Gene ontology (B) and hallmark pathway enrichment (C) analyses 
of 87 ZMYND8–up-regulated genes. (D) RT-qPCR analysis of mRNA expression of cholesterol metabolic genes in MDA-MB-231-SC, ZMYND8 KO, and ZMYND8 rescue cells 
and their mammospheres. n = 3 biological replicates. (E) Correlation analysis between ZMYND8 mRNA expression and cholesterol biosynthesis/metabolism gene signatures 
in human breast tumors from TCGA cohort. (F) Immunoblot analysis of proteins involved in cholesterol/27-HC metabolism in MDA-MB-231-SC, ZMYND8 KO, and ZMYND8 
rescue cells and their mammospheres. n = 3 biological replicates. P, precursor form. M, mature form. (G) Enrichment of ZMYND8 and H3K14ac (highlighted in badshahi 
brown) on 27-HC metabolic genes in MDA-MB-231 monolayers. (H) Enrichment of ZMYND8 on 27-HC metabolic genes in parental and ZMYND8 KO MDA-MB-231 mammospheres. 
(I) Mass spectrometry analysis of sterols and oxysterols in MDA-MB-231-SC, ZMYND8 KO, and ZMYND8 rescue cells and their mammospheres (mean, n = 4). (J to M) Mass 
spectrometry analysis of 27-HC in control (MMTV-PyMT/+ and Zmynd8+/+) and Zmynd8MMTV-cKO (MMTV-PyMT/+, MMTV-Cre/+, and Zmynd8fl/fl) tumorspheres (J; means ± SEM, 
n = 3 biological replicates), PyMT tumors (K; means ± SEM, n = 4), tumor interstitial fluid (L; means ± SEM, n = 3), and serum (M; means ± SEM, n = 4 biological replicates). 
P value was determined by two-tailed Student’s t test.
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MDA-MB-231-ZMYND8 KO spheres (Fig. 5D). ZMYND8 mRNA 
was significantly correlated with the cholesterol biosynthesis/
metabolism gene signatures in human breast tumors from The 
Cancer Genome Atlas (TCGA) cohort (Fig. 5E), which further sup-
ports a role of ZMYND8 in the expression of cholesterol-regulating 
genes in breast tumors in vivo. In line with mRNA regulation, the 
protein levels of SREBP2, HMGCS1, DHCR7, and DHCR24 were 
reduced in MDA-MB-231-ZMYND8 KO spheres, which were 
restored by WT ZMYND8 but not K1007/1034R or Y247A/N248A 
mutant (Fig. 5F). CYP27A1, a metabolic enzyme that oxidizes choles-
terol into 27-HC, was also reduced in MDA-MB-231-ZMYND8 KO 
spheres (Fig. 5F). In contrast, ZMYND8 inhibited the expression of 
ABCA1 and CYP7B1 proteins in MDA-MB-231 spheres (Fig. 5F). We 
further found that both ZMYND8 and CYP27A1 were up-regulated 
in human breast tumors, whereas CYP7B1 was down-regulated in 
human breast tumors (fig. S3, C to E). Collectively, these gene 
expression results indicate that ZMYND8 induces enzymes and 
transcriptional regulators of cholesterol biosynthesis and 27-HC 
production but represses cholesterol efflux transporters ABCA1 
and ABCG1 and a 27-HC downstream catabolic enzyme CYP7B1 in 
BCSC-enriched mammospheres.

Next, we studied whether ZMYND8 directly controls the expression 
of cholesterol-regulating genes. Chromatin immunoprecipitation 
sequencing (ChIP-seq) identified the binding of ZMYND8 on SREBF2, 
ABCA1, INSIG1, SCAP, MVD, IDI1, FDPS, FDFT1, CYP51A1, and 
PMVK genes, which was well correlated with H3K14ac enrichment 
in MDA-MB-231 cells (Fig. 5G and fig. S3F). In contrast, no robust 
ZMYND8 binding was detected on other cholesterol-regulating 
genes (fig. S3F). We further confirmed ZMYND8 binding to these 
cholesterol regulating genes in MDA-MB-231-SC spheres but not 
ZMYND8 KO spheres (Fig. 5H and fig. S3G), suggesting the speci-
ficity of our assay. Notably, ZMYND8 binding to CYP27A1, HMGCR, 
ACLY, ACAT1, and ACAT2 became substantial in MDA-MB-231 
spheres (Fig. 5H and fig. S3G). SREBP2 is known to bind and 
activate cholesterol biosynthesis genes (23). Coimmunoprecipitation 
(IP) assay showed that Flag-ZMYND8 did not physically interact 
with endogenous mature SREBP2 in MDA-MB-231 monolayers or 
mammospheres (fig. S3H), excluding a role of direct SREBP2 
coactivation by ZMYND8 in cholesterol-regulating gene expression. 
Collectively, our results indicate that ZMYND8 controls these 
cholesterol-regulating genes via its direct binding and indirectly 
through induction of SREBP2 expression.

Last, we measured cholesterol, sterols, and oxysterols by mass 
spectrometry to further determine whether ZMYND8 regulates 
cholesterol biosynthesis and oxidation in BCSCs. Cholesterol and 
most of its upstream and downstream metabolites sterols and 
oxysterols were robustly elevated in MDA-MB-231-SC and MCF-7 
spheres compared with their respective monolayers, albeit their 
levels were relatively low in MCF-7 cells (Fig. 5I and fig. S3I). 
ZMYND8 KO significantly decreased levels of total cholesterol, 
27-HC, and 24(S)-hydroxycholesterol [24(S)-HC], which were 
reversed by reexpression of ZMYND8 in MDA-MB-231 spheres 
(Fig. 5I). Neither K1007/1034R nor Y247A/N248A mutant had a 
rescued effect on 27-HC levels in MDA-MB-231 spheres (fig. S3J). 
We also detected marked reduction of 27-HC in Zmynd8MMTV-cKO 
tumorspheres ex vivo (Fig. 5J). Likewise, ZMYND8 cKO signifi-
cantly reduced the intracellular and tumor interstitial levels of 
27-HC in MMTV-PyMT tumors (Fig. 5, K and L). 27-HC dysregulation 
by ZMYND8 cKO occurred locally within the tumor as circulating 

27-HC levels in blood serum were not altered by ZMYND8 cKO in 
tumor-bearing mice (Fig. 5M). In contrast, ZMYND8 OE increased 
27-HC in MCF-7 spheres and most of the sterols and oxysterols in 
MCF-7 monolayers (fig. S3I), although ZMYND8 KO had minimal 
effects on levels of cholesterol, sterols, and oxysterols in MDA-MB-231 
monolayers (Fig. 5I). In line with altered CYP7B1 (Fig. 5F), 27-HC 
downstream metabolite 7,27-dihydroxycholesterol was robustly 
increased in MDA-MB-231-ZMYND8 KO spheres but decreased in 
MCF-7-ZMYND8 OE spheres as compared with their respective 
control spheres (Fig. 5I and fig. S3I). Other sterols and oxysterols 
were regulated by ZMYND8 in a cell type–specific manner (Fig. 5I 
and fig. S3I), which requires future investigations to understand the 
underlying mechanism. By integrating the expression of cholesterol-
regulating genes and cholesterol metabolic profiling, we conclude 
that ZMYND8 enhances cholesterol biosynthesis and oxidation but 
inhibits cholesterol efflux and 27-HC catabolism, leading to accu-
mulation of 27-HC in BCSC-enriched mammospheres.

27-HC accumulation by ZMYND8 promotes BCSC activity 
and tumor initiation through activation of LXR
To determine the role of cholesterol metabolism in ZMYND8-
induced BCSC activity, we generated MDA-MB-231 cells expressing 
Flag-tagged ZMYND8 or EV by lentiviral transduction (fig. S4A) 
and assessed whether blockade of cholesterol metabolism by 
simvastatin prevents ZMYND8-induced mammosphere formation. 
ZMYND8 OE robustly increased MDA-MB-231 mammosphere 
formation, which was blocked by the treatment of 10 M simvastatin 
(fig. S4B). We next treated MDA-MB-231-SC and MDA-MB-231-
ZMYND8 KO spheres with water-soluble cholesterol (5 g/ml) to 
determine whether cholesterol can rescue mammosphere formation. 
Unfortunately, cholesterol treatment failed to influence formation 
of both MDA-MB-231-SC and MDA-MB-231-ZMYND8 KO spheres 
(fig. S4C), indicating that there may be downstream rate-limiting 
enzymes. Likewise, 24(S)-HC (0.5 M) had no effect on ZMYND8 
KO sphere formation (Fig. 6, A and B, and fig. S4, D and E). How-
ever, the treatment of 27-HC at the physiological concentration of 
0.5 M robustly rescued maintenance and self-renewal of MDA-MB-
231-ZMYND8 KO spheres (Fig. 6, A to C). We also observed a 
similar rescued effect of 27-HC on formation of MCF-7-ZMYND8 
KO spheres (fig. S4, D and E). In line with these in vitro results 
(Fig. 6, A to C), 27-HC administration (40 mg/kg per day) significantly 
prevented inhibition of tumor initiation conferred by ZMYND8 
KO in mice (Fig. 6D). These results indicate that ZMYND8 induces 
BCSC activity and tumor initiation through 27-HC.

27-HC is a known agonist of the nuclear receptor LXR (24). To 
determine whether 27-HC activates LXR to mediate ZMYND8-
induced BCSC activity and tumor initiation, we treated MDA-MB-
231-SC and MDA-MB-231-ZMYND8 KO spheres with a synthetic 
LXR agonist GW3965 (1 M). Activation of LXR by GW3965 
significantly increased formation of MDA-MB-231-SC spheres and 
rescued ZMYND8 KO spheres in vitro (Fig. 6, E and F), which 
phenocopied 27-HC (Fig. 6A). A similar rescued effect of GW3965 
was also observed in MCF-7-ZMYND8 KO spheres (fig. S4, D and E). 
Administration of GW3965 robustly restored ZMYND8 KO tumor 
initiation in mice (Fig. 6D). In contrast, a selective LXR antagonist 
GSK2033 (1 M) inhibited MDA-MB-231-SC sphere formation and 
expansion in vitro and tumor initiation in mice (Fig. 6, C, D, G, and H). 
GSK2033 treatment also abolished the 27-HC effect on MDA-MB-231 
sphere formation (Fig. 6, G and H). Next, we assessed whether 
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27-HC and LXR are responsible for ZMYND8-mediated EMT. The 
levels of endogenous 27-HC in MCF-7 and MDA-MB-231 cells were 
well correlated with their respective epithelial and mesenchymal 
states (Fig. 5I and fig. S3I). ZMYND8 KO inhibited N-cadherin, 
vimentin, and ZEB1  in mesenchymal SUM-159 cells, which were 
fully restored by the treatment of 27-HC or GW3965 (Fig. 7A). In con-
trast, ZMYND8 OE inhibited E-cadherin but increased N-cadherin, 
ZEB1, ZEB2, and TWIST2 in epithelial MCF-7 cells, which was 
reversed by the treatment of GSK2033 (Fig. 7B). Treatment of CYP27A1 
inhibitor GW273297X (5 nM) similarly reversed ZMYND8-induced 
expression of EMT markers in MCF-7 and MCF-10A cells (Fig. 7, C and D). 
27-HC treatment failed to antagonize the GSK2033 effect on EMT in 
MCF-7-ZMYND8 OE cells (Fig. 7E). Likewise, simvastatin treatment 
also abolished ZMYND8-mediated EMT in MCF-7 cells (Fig. 7B). 
Last, we found that the treatment of either GSK2033 or GW273297X 
blocked ZMYND8-induced stemness and oncogenic transforma-
tion of normal mammary epithelial MCF-10A cells (Fig. 7, F to I). 
Together, these results indicate that 27-HC stimulates LXR activation 

to mediate ZMYND8-induced EMT, oncogenic transformation, 
and maintenance and self-renewal of BCSCs, leading to tumor 
initiation.

DISCUSSION
Recent studies from mouse xenograft models showed the inconsistent 
oncogenic and tumor suppressor roles of ZMYND8 (12, 14, 15, 25, 26). 
In the present study, we used the genetically modified mouse models 
to confirm the oncogenic role of ZMYND8  in breast cancer pro-
gression and to further characterize an unforeseen function of 
ZMYND8 in BCSC plasticity and tumor initiation (Fig. 7J), which 
greatly expands our understanding of ZMYND8 pathobiology in 
cancer. We showed that ZMYND8 induces EMT to promote stem-
ness and oncogenic transformation of normal mammary epithelial 
cells. Epigenetic priming is a critical step for the maintenance of 
tumor-initiating cells and boosts tumorigenesis caused by genetic 
alterations (27). Our findings identified ZMYND8 as an important 

Fig. 6. 27-HC–LXR axis mediates ZMYND8-induced breast tumor initiation. (A and B) Mammosphere formation assay of MDA-MB-231-SC and ZMYND8 KO cells 
treated with DMSO, 27-HC, or 24(S)-HC. Representative mammosphere images (A). Quantification of mammosphere numbers (B; means ± SEM, n = 3 biological replicates). 
(C) Quantification of mammosphere expansion and self-renewal of MDA-MB-231-SC cells treated with DMSO or GSK2033 and ZMYND8 KO cells treated with DMSO or 
27-HC (means ± SEM, n = 3 biological replicates). (D) Limiting dilution assay of MDA-MB-231-SC cells treated with DMSO or GSK2033 and ZMYND8 KO cells treated with 
DMSO, 27-HC, or GW3965 in NSG mice. (E and F) Mammosphere formation assay of MDA-MB-231-SC and ZMYND8 KO cells treated with DMSO or GW3965. Representative 
mammosphere images (E). Quantification of mammosphere numbers (F; means ± SEM, n = 3 biological replicates). (G and H) Mammosphere formation assay of 
MDA-MB-231 cells treated with DMSO, GSK2033, 27-HC, or both. Representative mammosphere images (G). Quantification of mammosphere numbers (H; means ± SEM, 
n = 3 biological replicates). P value was determined by two-way ANOVA corrected with Tukey’s test (B, C, and F), chi-square test (D), or one-way ANOVA corrected 
with Tukey’s test (H).
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epigenetic booster for oncogenic transformation. ZMYND8 is se-
lectively expressed in BCSCs and required for maintenance and 
self-renewal of BCSCs, leading to breast tumor initiation. EMT is 
well known to induce stemness in development and cancer (28). 
ZMYND8 induces EMT through metabolic regulation of 27-HC 
production and subsequent LXR activation. Previous studies re-
ported that 27-HC is a selective ER modulator in ER-positive breast 
cancer cells and a selective LXR modulator in myeloid immune cells 
(4, 29). Our studies from both ER-positive and triple-negative breast 
cancer cells revealed the ER-independent but LXR-dependent func-
tion of 27-HC in EMT, breast cancer stemness, and tumor initiation. 
Collectively, the ZMYND8–27-HC–LXR axis represents a previously 
unappreciated signaling pathway from epigenetics to metabolism 
contributing to breast tumor initiation (Fig. 7J).

Our present studies identified that ZMYND8 is a master tran-
scriptional regulator of 27-HC metabolism in BCSCs, which provides 
new evidence of ZMYND8’s dual gene regulation functions in 
metabolism and cancer development. While ZMYND8 does not 
directly coactivate SREBP2, a master transcription factor that 

regulates cholesterol biosynthesis (23), it induces the expression of 
SREBP2 and other genes involved in 27-HC metabolism but inhibits 
cholesterol efflux transporters and 27-HC catabolic enzyme in 
BCSCs through BRD4. Thus, both gene coactivator and corepressor 
functions of ZMYND8 are coordinated to trigger multiple layers of 
direct and indirect mechanisms underlying 27-HC accumulation in 
BCSCs. We and others have previously demonstrated a critical 
role of ZMYND8 in gene activation and repression in non-BCSCs 
(12–15). The distinct gene signatures controlled by ZMYND8 in 
non-BCSCs and BCSCs indicate that ZMYND8-dependent gene 
regulation is cell state dependent.

Previous studies primarily focused on cholesterol biosynthesis 
in CSCs (6, 17). Our studies here reveal that altered cholesterol 
metabolism in BCSCs also attributes to decreased cholesterol efflux, 
in addition to increased cholesterol biosynthesis. Moreover, BCSCs 
exhibit enhanced cholesterol oxidation but decreased 27-HC 
catabolism. As a result, 27-HC levels are accumulated in BCSCs. 
We found that 27-HC but not cholesterol per se is a key factor that 
contributes to maintenance and self-renewal of BCSCs and tumor 

Fig. 7. 27-HC–LXR axis mediates ZMYND8-induced EMT and oncogenic transformation. (A to E) Immunoblot analysis of EMT markers in SUM-159-SC and ZMYND8 
KO cells treated for 48 hours with DMSO, 27-HC, or GW3965 (A); MCF-7-EV and ZMYND8 OE cells treated for 48 hours with DMSO, GSK2033, or simvastatin (B); MCF-7-EV 
and ZMYND8 OE cells treated for 48 hours with ethanol or GW273297X (C); MCF-10A-EV and ZMYND8 OE cells treated for 48 hours with ethanol or GW273297X (D); and 
MCF-7 ZMYND8 OE cells treated for 48 hours with DMSO, GSK2033, or GSK2033 + 27-HC (E). n = 3 biological replicates. (F to I) Mammosphere formation assay of MCF-10A-EV 
and ZMYND8 OE cells treated with vehicle (DMSO or ethanol), GSK2033 (F and G), or GW273297X (H and I). Representative mammosphere images (G and H). Quantifica-
tion of mammosphere numbers (G and I; means ± SEM, n = 3 biological replicates). (J) A proposed model of ZMYND8-induced breast cancer stemness and tumor initiation 
via activation of 27-HC–LXR axis. TFs, transcription factors. P value was determined by two-way ANOVA corrected with Tukey’s test (G and I).
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initiation. 27-HC has also been shown to play critical roles in 
myeloid cell biology and subsequent effects on cancer progression 
(30–32). Whether ZMYND8 is involved in this cell type will be 
important to explore. These findings provide new insights into the 
deep mechanism of aberrant cholesterol metabolism–caused breast 
cancer plasticity. We found that ZMYND8 is a crucial regulator of 
reprogramming of 27-HC metabolism in BCSCs through controlling 
enzymes and transporters in the 27-HC metabolic pathways. Early 
clinical studies showed the benefits of statin in reducing breast cancer 
recurrence and mortality (33). However, a window-of-opportunity 
trial showed increased 3-hydroxy-3-methylglutaryl–coenzyme A re-
ductase expression in breast tumors from patients treated with ator-
vastatin (34), suggesting that these tumors had evolved to make their 
own local cholesterol. Because statins do not have a posthepatic cir-
culation of very high concentrations, it is unlikely that they have 
systemic effects on tissues/tumors, making their own cholesterol/​
27-HC. In addition to de novo biosynthesis, intracellular choles-
terol is also supplemented from the diet, particularly in patients 
with obesity (35). Therefore, blocking de novo cholesterol biosyn-
thesis alone is unlikely sufficient to reduce 27-HC in the cell. To-
gether with recent studies about 27-HC on breast tumor growth and 
metastasis (3, 5, 30), our findings provide the strong rationale for 27-
HC–lowering drugs such as ZMYND8 inhibitor in the prevention 
and treatment of breast cancer.

In conclusion, ZMYND8 is a master epigenetic regulator of 
27-HC metabolism in BCSCs, which increases BCSC plasticity to 
promote tumor initiation and progression (Fig. 7J). Thus, ZMYND8 
is not only an important therapeutic target for the treatment of 
breast cancer but also a valuable biomarker that can predict breast 
cancer risk in patients.

MATERIALS AND METHODS
Animal studies
Animal experiments were approved by the Animal Care and Use 
Committee at UT Southwestern Medical Center. Zmynd8fl/fl mice 
were generated by Transgenic Core at UT Southwestern Medical 
Center. Fertilized C57BL/6N oocytes were microinjected with 
cocktail containing Cas9 protein, Zmynd8 crRNAs were annealed 
with tracrRNAs, and single-stranded Zmynd8 donor oligonucleotides 
were inserted with loxP sequences (Fig. 1A and table S1) and im-
planted into pseudopregnant female Institute of Cancer Research 
(ICR) mice. F0 founders were crossed with C57BL/6J (the Jackson 
Laboratory, stock no. 000664) to generate Zmynd8fl/fl mice. Zmynd8fl/fl 
mice were genotyped and confirmed by Sanger sequencing. To study 
the roles of ZMYND8 in mammary tumor initiation and progression, 
Zmynd8fl/fl mice were crossed with MMTV-PyMT mice [B6.FVB-
Tg(MMTV-PyVT)634Mul/LellJ; the Jackson Laboratory, stock no. 
022974] and MMTV-Cre mice [Tg(MMTV-cre)4Man/J; the Jackson 
Laboratory, stock no. 003553] or K14-Cre mice [a gift from L. Le lab-
oratory; Tg(KRT14-cre)1Amc/J mice from the Jackson Laboratory, 
stock no. 004782; backcrossed with C57BL/6J for years]. Tumor initia-
tion time was determined with palpation and measurement (diameter ≥ 
2 mm). All tumors were harvested, counted, and weighted at post-
natal day 145. Lungs were perfused with phosphate-buffered saline 
(PBS), inflated with 0.5% agarose, fixed in formalin, embedded in 
paraffin, and analyzed with hematoxylin and eosin staining.

For limiting dilution assay, different numbers of cells suspended 
in 100 l of PBS/Matrigel (1:1, Corning) were implanted into the 

second left mammary fat pad of female NSG mice (6 to 8 weeks old; 
the Jackson Laboratory). Mice were euthanized to confirm tumor 
initiation at day 45 or 50 after cell injection. A slow-release 17-
estradiol pellet (0.72 mg/60-day release/pellet, Innovative Research 
of America) was implanted subcutaneously into mice the day before 
MCF-7 cell injection. Mice were administrated for 45 days subcuta-
neously with 27-HC (40 mg/kg per day; MedChemExpress) in 30% 
2-hydroxypropyl--cyclodextrin (Sigma-Aldrich), intraperitoneally 
with GSK2033 (30 mg/kg per day; MedChemExpress) in 10% 
dimethyl sulfoxide (DMSO)/90% corn oil (Sigma-Aldrich) or with 
GW3965 (30 mg/liter; MedChemExpress) in drinking water.

For the PDX model, a triple-negative breast tumor collected 
from a patient during surgical resection (UT Southwestern Medical 
Center, demographics were not collected) was cut into 8-mm3 frag-
ments and implanted into the right fourth mammary fat pad of 
female NSG mice (6 to 8 weeks old; the Jackson Laboratory). Tumors 
were harvested when the tumor volume reached 500 mm3. The study 
was approved by the Institutional Review Board at UT Southwestern 
Medical Center with informed consent.

Co-IP and immunoblot assays
Homogenized tissues or cells were lysed in NETN lysis buffer 
[150 mM NaCl, 1 mM EDTA, 10 mM Tris-HCl (pH 8.0), 0.5% Igepal, 
and protease inhibitor cocktail] for 30 min on ice and followed by 
sonication for 15 s. The supernatant was collected for IP or immu-
noblot after centrifugation. Protein concentration was determined 
with the Bradford assay (Bio-Rad). For co-IP, the supernatant was 
incubated with Flag (Sigma-Aldrich) or immunoglobulin G antibody 
overnight in the presence of protein A/G magnetic beads (Bio-Rad) 
at 4°C. Next day, after washing four times with NETN lysis buffer, 
the bound proteins were boiled in 1× Laemmli buffer for 5 min and 
fractionated by SDS–polyacrylamide gel electrophoresis, followed 
by immunoblot assay using the antibodies listed in table S2.

Cell culture and lentivirus
MDA-MB-231 (a gift from R. Brekken, UT Southwestern, Dallas, 
TX, USA), SUM-159 (a gift from G. L. Semenza, Johns Hopkins 
School of Medicine, Baltimore, MD, USA), MCF-7 (American Type 
Culture Collection), and human embryonic kidney (HEK) 293FT 
(Invitrogen) cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) or DMEM/Ham’s F-12 medium (Sigma-Aldrich) 
supplemented with 10% heat-inactivated fetal bovine serum (Sigma-
Aldrich) at 37°C in a 5% CO2/95% air incubator. MCF-10A cells 
(a gift from G. L. Semenza, Johns Hopkins School of Medicine, 
Baltimore, MD, USA) were cultured in DMEM/Ham’s F-12 medium 
with 5% horse serum (Sigma-Aldrich), epidermal growth factor 
(EGF) (20 ng/ml; Sigma-Aldrich), hydrocortisone (0.5 g/ml; 
Sigma-Aldrich), cholera toxin (100 ng/ml; Sigma-Aldrich), and 
insulin (10 g/ml; Sigma-Aldrich) at 37°C in a 5% CO2/95% air 
incubator. CRISPR-Cas9 KO cell lines have been described previously 
(12). Lentivirus was generated in HEK293FT cells as described pre-
viously (12). All cell lines were mycoplasma free and authenticated 
by short tandem repeat DNA profiling analysis.

Plasmid constructs
Y247A/N248A mutant was generated by the site-directed mutagene-
sis PCR and cloned into pcFUGW-3XFLAG vector. Other plasmids 
have been described previously (12). All plasmids were confirmed 
by nucleotide sequence analysis.
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RT-qPCR assay
Total RNA was extracted from cultured cells with TRIzol reagent 
(Thermo Fisher Scientific), treated with deoxyribonuclease (DNase) 
I (Ambion), and reverse transcribed using the iScript Reverse 
Transcription Supermix (Bio-Rad). qPCR was performed using 
iTaq Universal SYBR Green Supermix (Bio-Rad) with primers listed 
in table S3. The mRNA fold change was calculated on the basis of 
the threshold cycle (Ct) as 2−(Ct), where Ct = Cttarget − Ct18S rRNA 
and (Ct) = CtZMYND8 KO, WT, or mutant − CtEV or SC.

Flow cytometry
Human PDX tumors, mouse MMTV-PyMT tumors, or MDA-MB-231 
and MCF-7 xenograft tumors were crosscut into small pieces in 
Hanks’ balanced salt solution (HBSS; Sigma-Aldrich), washed, and 
digested for 45 min with collagenase/hyaluronidase/DNase (Sigma-
Aldrich) in a 37°C shaker. Cultured cells were trypsinized and 
dissociated into single-cell suspensions. Cells were stained for 30 min 
with fluorescent-conjugated antibodies listed in table S2 on ice, 
followed by washing with HBSS and centrifugation at 500g for 5 min. 
Cells were examined on a FACSCanto RUO Cell Analyzer (Becton 
Dickinson) or a CytoFLEX Flow Cytometer (Beckman Coulter) or 
sorted on a FACSAria II SORP Cell Sorter (Becton Dickinson). 
Aldefluor assay was performed with an ALDEFLUOR kit according 
to the manufacturer’s protocol (STEMCELL Technologies).

Mammosphere formation and self-renewal assays
MMTV-PyMT tumors were harvested, crosscut into small pieces in 
HBSS, washed, and digested for 45 min with gentle collagenase/
hyaluronidase (STEMCELL Technologies) in a 37°C shaker. After 
filtering with a 40-m cell strainer (Thermo Fisher Scientific) and 
centrifugation, single cell was resuspended in DMEM/Ham’s F-12 
medium with B-27 Supplement (Thermo Fisher Scientific), EGF 
(20 ng/ml; Sigma-Aldrich), basic fibroblast growth factor (20 ng/ml; 
ProteinTech), heparin (4 g/ml; STEMCELL Technologies), and 
1% penicillin/streptomycin/neomycin (Sigma-Aldrich) and plated 
overnight on a collagen I–coated plate (Thermo Fisher Scientific) at 37°C 
in a 5% CO2/​95% air incubator. Next day, cells were trypsinized and 
reseeded on an ultralow attachment six-well plate or dish (Corning) 
at 37°C in a 5% CO2/95% air incubator for continuous incubation 
for 7 days. Mammospheres were imaged and harvested for mRNA 
and protein analysis or 27-HC measurement.

MDA-MB-231, MCF-7, or MCF-10A cells were trypsinized to 
single-cell suspensions; washed with serum containing medium and 
then with HBSS; resuspended in MammoCult Medium (STEMCELL 
Technologies) with or without DMSO (Sigma-Aldrich), 10 M 
simvastatin (Sigma-Aldrich), water-soluble cholesterol (5 g/ml; 
Sigma-Aldrich), 0.5 M 27-HC (Sigma-Aldrich), 0.5 M 24(S)-HC 
(Sigma-Aldrich), 1 M GW3965 (MedChemExpress), 1 M GSK2033 
(MedChemExpress), or 5 nM GW273297X (Sai Life); and seeded for 
7 days on an ultralow attachment six-well plate at 37°C in a 5% CO2/​
95% air incubator. Mammospheres were imaged under a Zeiss Axio 
Observer Z1 microscope.

MDA-MB-231 and MCF-7 xenograft tumors were dissociated 
into single-cell suspensions as described in the flow cytometry 
method. Cells were seeded for 7 days on an ultralow attachment 
six-well plate at 37°C in a 5% CO2/95% air incubator. Mammospheres 
were imaged under a Zeiss Axio Observer Z1 microscope.

For self-renewal assay, all primary mammospheres were har-
vested and trypsinized to single-cell suspensions. The resulting cell 

suspensions were seeded on an ultralow attachment six-well plates 
for secondary mammosphere culture. The fold change of expansion 
and self-renewal was calculated as following: (secondary − primary 
mammosphere number)/primary mammosphere number.

RNA-seq assay
Total RNA was isolated using an RNeasy mini kit (QIAGEN) and 
treated with DNase (QIAGEN). DNA-free RNA was used for library 
preparation with the KAPA mRNA HyperPrep Kit (Roche) and 
sequenced on the Illumina NextSeq 500 with the read configuration 
as 76–base pair (bp) single end. Bioinformatics were performed as 
described previously (12).

ChIP-seq assay
Cells were cross-linked with 1% formaldehyde and quenched in 
125 mM glycine. Chromatin was isolated using a SimpleChIP Enzymatic 
Chromatin IP kit (Cell Signaling Technology), sonicated to 200 to 
300 bp in length, and subjected to IP with ZMYND8 (Bethyl 
Laboratories) or H3K14ac (Abcam) antibody (table S2). ChIP DNA 
libraries were prepared with the NEBNext Ultra II DNA Library 
Prep Kit for Illumina and sequenced on the Illumina NextSeq 
2 K. Bioinformatics were performed as described previously (12).

Sterols and oxysterols measurement
Monolayers were collected with a cell scraper and washed with 
PBS. Mammospheres were centrifugated at 500g for 5 min followed 
by PBS washing. Whole blood was collected from ZMYND8 WT or 
cKO PyMT tumor-bearing mice (5 months old) into a Vacutainer 
blood collection tube (Becton Dickinson) and left undisturbed at 
room temperature until its clotting. After removing the clot by 
centrifuging at 1000g to 2000g for 10 min at 4°C, serum was transferred 
into a clean polypropylene tube and stored at −80°C immediately. 
To isolate tumor interstitial fluid, fresh ZMYND8 WT and cKO PyMT 
tumors were wrapped with nylon mesh with pores of ∼15 × 20–m, 
placed at the bottom of the centrifuge tube, and centrifuged at 500g 
for 10 min at 4°C. The isolated tumor interstitial fluid was collected 
and transferred into a clean tube on ice. Tumors were repeatedly 
centrifuged until enough fluids were collected. After centrifugation, 
tumor interstitial fluid was stored at −80°C immediately. Sterols 
and oxysterols were extracted from cell pellets, serum, tumor inter-
stitial fluid, and tumors and determined by high-performance liquid 
chromatography (HPLC)–mass spectrometry (MS)–atmospheric 
pressure chemical ionization (AB Sciex 4000 QTrap) and HPLC-
MS–electrospray ionization (AB Sciex API-5000), respectively (36). 
Sterols and oxysterols were quantitated by isotope dilution and nor-
malized to protein concentration.

TCGA breast cancer data analysis
RNA-seq data from TCGA human breast cancer cohort were down-
loaded from the UCSC Cancer Browser (https://genome-cancer.
ucsc.edu). ZMYND8, CYP27A1, and CYP7B1 mRNA expression 
was queried in adjacent normal breast tissues and breast tumors.

Statistical analysis
Statistical analysis was performed by two-tailed Student’s t test 
between two groups, and one-way or two-way analysis of variance 
(ANOVA) with multiple testing correction within multiple groups. 
ELDA software was used to calculate BCSC frequency and statis-
tical significance (http://bioinf.wehi.edu.au/software/elda/) (37). 

https://genome-cancer.ucsc.edu
https://genome-cancer.ucsc.edu
http://bioinf.wehi.edu.au/software/elda/
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Tumor initiation assay was analyzed with log-rank (Mantel-Cox) 
test. Experiments except for RNA-seq and ChIP-seq that were 
the duplicates were repeated at least three times and expressed as 
means ± SEM. P < 0.05 is considered significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn5295

View/request a protocol for this paper from Bio-protocol.
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