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Abstract

Cancer stem cells (CSC) represent a population of cancer cells responsible for tumor initiation, 

chemoresistance and metastasis. Here we identified the H3K79 methyltransferase disruptor of 

telomeric silencing-1-like (DOT1L) as a critical regulator of self-renewal and tumor initiation 

in ovarian CSCs. DOT1L was upregulated in ovarian CSCs vs. non-CSCs. shRNA-mediated 

DOT1L knockdown decreased the aldehyde dehydrogenase (ALDH) + cell population, impaired 

the tumor initiation capacity of ovarian CSCs, and blocked the expression of stemness-associated 

genes. Inhibition of DOT1L’s methyltransferase activity by the small molecule inhibitor (DOT1Li) 

EPZ-5676 also effectively targeted ovarian CSCs. Integrated RNA-sequencing analyses of ovarian 

cancer (OC) cells in which DOT1L was knocked down vs. control cells and of ovarian CSCs vs. 

non-CSCs, identified Wnt signaling as a shared pathway deregulated in both CSCs and in DOT1L-

deficient OC cells. β-catenin, a key transcription factor regulated by Wnt, was downregulated in 

OC cells in which DOT1L was knocked down and upregulated in DOT1L overexpressing OC 

cells. Chromatin immunoprecipitation (ChIP) revealed enrichment of the H3K79Me3 mark at the 

β-catenin promoter, suggesting that its transcription is regulated by DOT1L. Our results suggest 

that DOT1L is critical for the self-renewal and tumor initiation capacity (TIC) of ovarian CSCs 

by regulating β-catenin signaling. Targeting DOT1L in OC could be a new strategy to eliminate 

CSCs.

Introduction

Ovarian cancer (OC) is the fifth most common cancer in women and has the highest death 

rate among gynecological malignancies. High-grade serous ovarian cancer (HGSOC), the 

most common histological subtype, accounts for 70%-80% of ovarian cancer-related deaths 
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(1). Although OC is initially sensitive to platinum-based chemotherapy, approximately 

75% of patients experience relapse and most develop resistance to chemotherapy (2). 

Understanding the mechanisms regulating relapse and chemoresistance has been a priority 

in the field. Ovarian cancer stem cells (CSCs) are a small proportion of cells within tumors 

that can adapt to changes in the tumor microenvironment and survive the toxic effects of 

chemotherapy (3). Owing to these characteristics, CSCs have been implicated in tumor 

recurrence after standard therapy. Ovarian CSCs are detectable in primary ovarian tumors, 

in ascites, and in cell lines, and are characterized by the ability to grow as nonadherent 

spheroids, to self-renew, and to initiate tumors in vivo (4, 5). Several markers have been 

proposed and used to identify ovarian CSCs, including aldehyde dehydrogenase (ALDH), 

CD133, CD117, CD24 and CD44 (6, 7). Among them, ALDH activity is one of the most 

robustly validated and used markers (8, 9). It was reported that ALDH+ cells are more 

resistant to cisplatin and paclitaxel (10) and that chemo-resistant OC cell lines are enriched 

in ALDH+ OC cells (11). Additionally, ALDH1A1 expression was associated with worse 

clinical outcomes (12).

Epigenetic alterations and oncogenic reprogramming are important for maintaining cellular 

plasticity and self-renewal, hallmark traits of CSCs (13). Cancer cells harboring similar 

genetic features, but distinct epigenetic marks display diverse transcriptional profiles and 

phenotypes accounting for intra-tumoral heterogeneity. Epigenetic dysregulation, including 

alterations on histone modifications and DNA methylation, plays an important role in 

maintaining the stemness state (13). The epigenetic machinery regulates and maintains key 

signaling pathways, such as Wnt/β-catenin, Notch and Hedgehog, which are associated with 

self-renewal and stemness properties (14). Additionally, epigenetic mechanisms have been 

linked to the drug resistance phenotype of CSCs (15). Several recent studies examined the 

effects of inhibitors of epigenetic regulators in ovarian CSCs. The DNA methyltransferase 

(DNMT) inhibitor guadecitabine, the bromodomain and extraterminal (BET) inhibitor JQ1, 

and the Enhancer of Zeste 2 Polycomb Repressive Complex 2 Subunit (EZH2) inhibitor 

GSK126 were shown to effectively disrupt the ALDH+ cell population (16, 17). These 

results support that targeting epigenetic regulators could be pursued as a therapeutic strategy 

to eliminate CSCs.

The disruptor of telomeric silencing-1-like (DOT1L) is a histone methyltransferase that 

catalyzes the methylation of histone H3 on lysine-79 (H3K79), an active transcription mark 

(18). DOT1L is also involved in regulating RNA polymerase II-mediated transcriptional 

elongation, DNA damage checkpoint response, and cellular differentiation (19). Previous 

studies reported that DOT1L is recruited by fusion chimeras of the mixed lineage leukemia 

(MLL) gene, such as MLL-AF10 and MLL-AF9, which are drivers of leukemogenesis (20). 

Pinometostat (EPZ-5676), a small molecule DOT1L inhibitor, was shown to have inhibitory 

effects in preclinical models of MLL driven leukemia and is being tested in clinical trials 

(21). In solid tumors, DOT1L overexpression was associated with poor survival, drug 

resistance, and metastasis (22). DOT1L was found to be a cofactor of the estrogen receptor 

(ERα) and to play a role in the development of resistance to endocrine therapy in breast 

cancer (23). Additionally, DOT1L was shown to promote epithelial-mesenchymal transition 

(EMT) by cooperating with c-Myc and p300 in breast cancer cells (24) and increased 
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DOT1L expression was associated with poor clinical outcomes and platinum resistance in 

OC (25, 26).

Here we identify DOT1L as an important regulator of ovarian CSCs. We show that the 

expression of DOT1L was upregulated in CSCs and associated with stemness properties. 

Genetic depletion of DOT1L by shRNA or its pharmacological inhibition effectively 

reduced the ovarian CSCs population, spheroid formation and in vivo tumor initiation. RNA-

sequencing followed by validation with ChIP-sequencing showed that DOT1L regulates 

the β-catenin pathway, promoting ALDH1A1 expression. Together, our results suggest that 

DOT1L is critical for the survival of ovarian CSCs and could be tested as a novel therapeutic 

target.

Materials and Methods

Cell lines, patient-derived xenograft models, and compounds

OVCAR3 and OV90 cells were purchased from ATCC. OVCAR5 cells were obtained 

from Dr. Marcus Peter at Northwestern University. COV362, OVCAR4, and OVCAR8 

cells were provided by Dr. Kenneth Nephew at Indiana University. Immortalized human 

fallopian tube luminal epithelial cells (FT190) were from Dr. R. Drapkin at University of 

Pennsylvania. HeyA8 cells were provided by Dr. Robert Bigsby at Indiana University. Cells 

were maintained at 37 °C in an environment of 5% CO2 and 100% humidity. The media 

used for culturing the cell lines are shown in Supplementary Table S1. Cells lines used in 

all experiments were at low-passages and were confirmed to be pathogen and mycoplasma-

free by Charles River Animal Diagnostic Services. Cell lines were authenticated by 

IDEXX BioAnalytics with short tandem repeat (STR) profiling. A patient-derived xenograft 

(PDX) model was generated by the Developmental Therapeutics Core of the Lurie Cancer 

Center at Northwestern University using HGSOC tissue as previously described (11, 27). 

NSG mice subcutaneously implanted with second-generation PDX tumors were treated 

intraperitoneally with carboplatin (once/week, 15mg/kg) (Sigma-Aldrich) or PBS (control) 

for 6 weeks once measurable tumors of 100mm3 were detected. Tumor volumes were 

monitored weekly by calipers. Tumors were harvested after 1 week after last treatment. 

The DOT1L inhibitor (DOT1Li) EPZ-5676 (pinometostat) was obtained from SelleckChem. 

Cells were treated with indicated dosages daily for 5 days and were collected on day 6 for 

experiments.

Human Specimens

HGSOC tumors or associated malignant ascites (n = 5) from consenting donors were 

collected under a Northwestern University IRB approved protocol (STU#00202468). To 

obtain single-cell suspensions, tumors were minced into small pieces and then digested at 

37°C for 3h with 300IU/ml collagenase I (Sigma-Aldrich) and (300IU/ml) hyaluronidase 

(Sigma-Aldrich), as previously described (28). Cell suspensions were treated with red blood 

cell lysis buffer (Biolegend) and DNase I (Sigma-Aldrich) and filtered through a 40μm cell 

strainer (Fisher Scientific) to obtain single-cell suspension.
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In vivo xenograft experiments and ELDA (extreme limiting dilution analysis)

For tumor initiation experiments, serially diluted shCtrl- and shDOT1L-transduced 

OVCAR5 cells (500, 1,000, 2,500) were mixed with an equal volume of Matrigel (Corning) 

and subcutaneously injected into female athymic nude mice (6-8 weeks old, Envigo). 

Length, width, and depth of tumor xenografts were measured with a digital caliper twice 

a week. Tumor volume was calculated with the formula volume = 1/2×length×width×depth. 

Mice were euthanized and tumors were harvested on day 30 after cell injection. The ELDA 

software (http://bioinf.wehi.edu.au/software/elda/) was used to estimate CSC frequencies in 

the tumors (29). The animal experiments in this study were approved by the Northwestern 

University Institutional Animal Care and Use Committee (IACUC, protocol #IS00003060). 

The platinum treated ovarian xenografts were generated by injecting subcutaneously 2 X 106 

SKOV3 or OVCAR3 cells in the flanks of female, 8 weeks old athymic nude mice (Envigo). 

When xenografts were detectable and > 100 mm3, mice were treated i.p. with PBS (control) 

or 25 mg/kg carboplatin, once-a-week for 3 weeks. Tumors were collected 1 week after the 

last treatment.

Immunofluorescence

Briefly, OVCAR5 cells were seeded on glass cover slips (Fisher Scientific) inside of a 24 

well dish plate until they reach 70%-85% confluency. Cells were fixed with 4% PFA in PBS, 

permeabilized with 0.1% triton X-100 and blocked with BSA 2%. Cells were then incubated 

with primary antibodies against β-catenin (1:500, Supplementary Table S2) overnight. After 

incubating with secondary antibodies (Supplementary Table S2), cells were mounted on a 

glass slide using Flouromount with DAPI (Invitrogen). Processed cells were visualized in a 

Nikon A1 confocal microscope system with following settings: DAPI, emission wavelength 

450 nm, excitation wavelength 405nm; Alexa Fluor 488, emission wavelength 525nm, 

excitation wavelength: 488nm; Alexa Fluor 568, emission wavelength 595nm, excitation 

wavelength 561nm. Quantification of signal was performed on Fiji software (ImageJ).

RNA sequencing (RNA-seq) and pathway enrichment analysis

Total RNA was extracted with TRI reagent (Sigma-Aldrich) and processed to remove 

DNA contamination using a RNase-Free DNase Set (QIAGEN). RNA concentration was 

measured with a NanoDrop spectrophotometer (Thermo Fisher Scientific). mRNA was 

isolated from 1 µg of total RNA using NEBNext Poly(A) mRNA Magnetic Isolation 

Module (New England Biolabs). Libraries were prepared with the NEBNext Ultra II 

RNA Library Prep Kit according to the manufacturer’s protocol. The quality of the 

libraries was verified using High Sensitivity DNA Assay (Agilent Technologies) and then 

sequenced with an Illumina HiSeq 4000 sequencer (single-end 50bp). Raw sequences were 

demultiplexed with bcl2fastq Software (v2.17.1.14), and after quality evaluation with the 

FastQC tool, sequences were aligned to the human genome build hg38 using STAR (v.2.5.2) 

software. Mapped reads were processed to raw counts with the HTSeq tool. The edgeR 

(Bioconductor) package was used to normalize the counts (based on library size) and 

to determine differentially expressed genes. Pathway enrichment analysis was performed 

by using MetaCore (https://portal.genego.com, Clarivate) with standard settings. Gene Set 

Enrichment Analysis (GSEA) was performed by uploading the log2 (Fold change) and 
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P-values of normalized counts in each group and analyzed with standard settings. Data were 

deposited in GEO, GSE 199472.

TCGA data analysis, Kaplan-Meier survival analysis

Correlations were calculated between DOT1L and CTNNB1 gene expression levels (RNA-

seq) in HGSOC specimens (n=427) from The Cancer Genome Atlas (TCGA) database 

(30). RSEM counts were downloaded from UCSC Xena Browser (https://xenabrowser.net/) 

and analyzed as described above. Kaplan-Meier survival analyses were performed using an 

online tool https://kmplot.com/analysis/) with a database combined gene expression data 

and overall survival information of ovarian patients downloaded from Gene Expression 

Omnibus (GEO) and TCGA (Affymetrix HG-U133A, HG-U133A 2.0, and HG-U133 Plus 

2.0 microarrays) (n = 655) (31). The microarray probe “226201_at” was used in this 

analysis, and a total of 655 samples from GEO were analyzed, including GSE18520, 

GSE19829, GSE26193, GSE27651, GSE30161, GSE63885, and GSE9891. The statistical 

significance of survival differences between groups with high vs. low DOT1L levels of 

expression was determined using the log-rank test.

Detailed protocols for the lentiviral knockdown, flow cytometry and fluorescence-activated 

cell sorting (FACS), plasmid construction and establishment of overexpressing cells, 

TOPFlash luciferase assay, spheroid formation assay, clonogenic survival assay, quantitative 

real-time PCR, Western blotting, CCLE data analysis, immunohistochemistry (IHC), 

chromatin immunoprecipitation (ChIP) and ChIP-sequencing (ChIP-seq) are included in 

Supplementary Materials and Methods.

Statistical analysis

Data are presented as means ± standard deviation (SD). Statistical significance was 

determined by using two-tailed Student’s t test (Prism 8, Graphpad Software). A P value 

< 0.05 indicates statistical significance. The Kaplan-Meier method with log-rank and Cox’s 

proportional hazard regression model was used to calculate overall survival (OS).

Data availability

All high-throughput sequencing data and processed data have been deposited in the National 

Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) data 

repository: GSE199474. The analysis was performed by using publicly available software 

described in methods.

Results

DOT1L is enriched in ALDH+ ovarian CSCs

To investigate the role of DOT1L in ovarian CSCs, we measured its mRNA expression 

levels in sorted ALDH+ CSCs and ALDH− cells from human HGSOC tumors. DOT1L was 

significantly upregulated in ALDH+ cells compared with ALDH− cells (p = 0.03, n = 6, Fig. 

1A). Similarly, upregulation of DOT1L was observed in ALDH+ CSCs vs. ALDH− cells 

sorted from OC cell lines OVCAR5 and COV362 (Fig. 1B). DOT1L protein and amounts of 

H3K79Me3, the product of DOT1L histone methyltransferase activity, were both increased 
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in ALDH+ relative to ALDH− cells sorted from OVCAR5 cells (Fig. 1C). RNA-seq analysis 

of ALDH+CD133+ vs ALDH−CD133− cells sorted from OVCAR5 also showed elevated 

DOT1L expression in ovarian CSCs (Fig. 1D).

To verify the expression of DOT1L in cancer vs. normal tissue and relative to the stem cell 

population, we measured the amounts of DOT1L mRNA in multiple OC cell lines and in the 

non-malignant fallopian tube epithelial cells (FT190) (Fig. 1E). DOT1L was upregulated in 

all OC cell lines compared with FT190 cells. We further analyzed the expression of DOT1L 
and total ALDH genes (including 18 ALDH isoforms) in 47 OC cell lines included in the 

Cancer Cell Line Encyclopedia (32). As shown in Fig. 1F, the expression levels of DOT1L 

were positively correlated with total levels of ALDH isoforms (Y = 4.836*X+96617, p 

= 0.0480, Pearson r = 0.29). Survival analysis using the gene expression data from 655 

OC patients from GEO database indicated that patients whose tumors harbor high DOT1L 
levels had shorter overall survival (OS) compared with patients with tumors displaying low 

DOT1L expression (top 25 percentile, n = 164 vs. bottom 25 percentile, n = 164; p = 0.0058, 

Fig. 1G).

Previous studies have shown that ovarian tumors from chemotherapy-treated patients are 

enriched in ALDH+ cells, correlating with chemoresistance and poor clinical outcomes (6, 

33). To determine whether platinum chemotherapy alters DOT1L expression, mice bearing 

OVCAR3 or SKOV3 xenografts were treated with carboplatin weekly and the expression of 

DOT1L and of the stemness marker ALDH1A1 was measured in harvested tumors residual 

after carboplatin treatment and compared with xenografts from mice treated with PBS 

(control). Both DOT1L and ALDH1A1 were upregulated in carboplatin treated relative to 

control tumors (Fig. 1H), reflecting an increase in DOT1L expression in conjunction with 

CSC enrichment induced by carboplatin. Similarly, DOT1L protein (IHC) and mRNA (qRT-

PCR) levels were measured in ovarian PDXs residual after treatment with 6 weekly cycles of 

carboplatin. DOT1L protein and mRNA expression levels were increased in tumors residual 

after carboplatin compared to control tumors (Figs. 1I–J, p = 0.0137). In summary, high 

DOT1L expression is associated with stemness features, decreased PFS, and an increase in 

CSCs induced by platinum.

DOT1L regulates the functions of ALDH+ CSCs

To establish the functions of DOT1L in ovarian CSCs, we generated DOT1L-knockdown 

cells (shDOT1L) by transducing OVCAR5 and COV362 cells with two shRNAs sequences 

targeting DOT1L. Knockdown efficiency was validated by measuring DOT1L mRNA level 

by qRT-PCR (Fig. 2A) as well as DOT1L and H3K79Me3 protein levels by western blotting 

(Fig. 2B). The ALDH+ CSCs population was measured in shDOT1L and control (shCtrl) 

cells by flow cytometry with ALDEFLUOR assay. The percentages of ALDH+ cells were 

decreased in OVCAR5 and COV362 cell lines transduced with shRNA targeting DOT1L 

vs. control (Fig. 2C, D, OVCAR5 p = 0.0202 and p = 0.0046; COV362 p = 0.0026 and 

p = 0.0078). Consistent with these results, in vitro tumor sphere-forming assay indicated 

that shDOT1L cells formed fewer and smaller size spheres than shCtrl cells (Fig. 2E, F, 

OVCAR5 p = 0.0012 and p < 0.0001; COV362 p < 0.0001 and p < 0.0001). To assess 

the effect of DOT1L knockdown on TIC, we injected low numbers (2,500; 1,000; 500) of 
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shDOT1L or shCtrl OVCAR5 cells, subcutaneously into female nude mice. TIC was delayed 

in mice injected with shDOT1L compared with shCtrl cells at all concentrations (total of 

10/12 in shCtrl vs 2/12 in shDOT1L at Day16, p = 0.0004, Supplementary Table S6). 

Extreme limiting dilution analysis (ELDA) calculations (29) showed that tumors initiated 

from DOT1L depleted OVCAR5 cells (shDOT1L) harbored lower stem cell frequency 

compared with tumors induced by shCtrl cells (Figs. 2G and Supplementary Table S7, p 
= 0.0001). Furthermore, xenografts derived from shDOT1L cells were smaller in size over 

time as compared to tumors derived from control cells (Supplementary Fig. S1A). The 

percentages of ALDH+ CSCs in cells derived from shDOT1L xenografts were significantly 

decreased compared to cells isolated from control xenografts (Fig. 2H, p = 0.0138). 

Likewise, spheroid formation by single cell suspensions isolated from shDOT1L xenografts 

was inhibited when compared with control xenografts (Fig. 2I and Supplementary Fig. S1B).

To verify the role of DOT1L in stemness, we also overexpressed DOT1L in OVCAR5 

and COV362 cells (DOT1L-OE) by stably transducing cells with a DOT1L-expressing 

vector (Supplementary Fig. S1C, D). The ALDH+ CSCs population was measured by FACS 

(Supplementary Fig. S1E, p = 0.0335 in OVCAR5 and p = 0.0120 in COV362), and the 

sphere-forming ability (Supplementary Figs. S2F, p < 0.0001 in OVCAR5 and COV362) 

were significantly increased in DOT1L-OE cells compared with cells transduced with empty 

vector (EV). These data support an important role of DOT1L in maintaining OC stemness.

DOT1L regulates the expression of stemness-associated genes in ovarian CSCs

Previous research showed that ALDH+ ovarian CSCs have upregulated expression of 

stemness-associated transcriptional factors (SOX2, OCT4, NANOG) and of the stemness 

marker ALDH1A1. We examined how DOT1L expression altered the transcription of 

those genes. DOT1L knockdown in OVCAR5 and COV362 cells significantly reduced 

the expression of stemness-associated genes SOX2, OCT4, NANOG and ALDH1A1 (Fig. 

3A, p < 0.05). Conversely, expression of the stemness-associated genes was upregulated in 

DOT1L-OE compared with EV transduced cells (Fig. 3B, p < 0.05).

To identify DOT1L target(s) among the genes involved in cell stemness, we performed 

RNA-sequencing analysis in OVCAR5 cells transduced with shRNA targeting DOT1L 

vs. control. A total of 7308 genes were differentially expressed in shDOT1L vs. shCtrl 

cells (FDR < 0.05), of which 3547 genes were downregulated and 3761 were upregulated 

(Supplementary Tables S8–9). A volcano plot (Fig. 3C) shows differentially expressed genes 

between OVCAR5 cells transduced with shRNA targeting DOT1L vs. control, including 

ALDH1A1, ALDH1A3, ALDH2, and other genes related to stemness. We then examined 

the expression profiles of the 84 genes included in the “cancer stem cell module” of the 

Ingenuity Pathway Analysis software. A heatmap showing the top 25 downregulated genes 

after DOT1L knockdown is illustrated in Fig. 3D. This cluster includes previously reported 

stemness-associated genes in cancer such as ALDH1A1, CD24, CD44, NOTCH1, NOTCH2 
and STAT3. Gene Set Enrichment Analysis (GSEA) identified significant enrichment in the 

“Boquest stem cell up” module and “Lim mammary stem cell up” modules in shDOT1L 

compared with shCtrl cells. These are gene sets related to stromal stem cells and mammary 

stem cells, respectively (Fig. 3E, Supplementary Fig. S1G) (34, 35). We also identified 
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reduced enrichment of “Hallmark of epithelial-mesenchymal transition” (M5930) GSEA 

gene set in shDOT1L cells vs shCtr cells (Fig. 3F). These analyses indicate that DOT1L 

knockdown significantly altered the expression of stemness-associated genes in OC cells.

A DOT1L inhibitor (DOT1Li) reduced the ovarian CSC population and expression of 
stemness-associated genes

To verify the effects of DOT1L inhibition, we next treated ovarian cancer cells with 

EPZ-5676, a specific inhibitor of DOT1L methyltransferase activity. The inhibition efficacy 

of EPZ-5676 was assessed by measuring levels of H3K79Me2/3 by western blotting. 

Treatment of OVCAR5 cells with as low as 100 nM and up to 10 μM DOT1Li 

effectively inhibited total H3K79Me3 levels, and to a lesser degree H3K79Me2 (Fig. 

4A, Supplementary Fig. S2A). OVCAR5 and COV362 cells treated with DOT1Li formed 

fewer spheroids under low-attachment culture conditions (Fig. 4B, C, p < 0.05), while 

the proliferation rate of cells grown as monolayers for 96 hours was not affected by 

DOT1L inhibition (Supplementary Fig. S2B), implying that treatment with DOT1Li reduced 

sphere-forming capacity rather than directly inhibiting cell growth. Consistent with the 

results obtained by testing cell lines, cells isolated from HGSOC human tumors formed 

fewer spheroids when treated with DOT1Li (Fig. 4D, p < 0.05), demonstrating the clinical 

relevance of our findings. Furthermore, treatment with DOT1Li inhibited clonogenicity in 

three cell lines measured by an in vitro clonogenic survival assay, indicating the inhibitor 

decreased proliferation initiated from low cell numbers (Fig. 4E, Supplementary Fig. 2C, p 
< 0.05). In addition to decreasing spheroid forming and clonogenicity abilities, DOT1Li 

treatment also significantly reduced ALDH+ cell population in OC cells (Figs. 4F–G, 

OVCAR5 p = 0.042 and COV362 p = 0.001). Expression of stemness-associated genes 

(SOX2, OCT4, NANOG and ALDH1A1) was also reduced by treatment with DOT1Li 

in OVCAR5 and COV362 cells (Fig. 4H–I, p < 0.05). Together, these results show that 

inhibition of DOT1L enzymatic function reduces stemness in OC cells, similar to the effects 

observed with DOT1L depletion by shRNA.

DOT1L regulates the stemness features of ovarian CSCs by upregulating β-catenin

To determine the mechanism by which DOT1L regulates cancer stemness, we performed 

pathway enrichment analysis by using Metacore on the differential expressed genes (DEGs) 

in shDOT1L vs shCtrl OVCAR5 cells. The Wnt canonical pathway was identified as the 

top altered pathway in this analysis, with 48 genes out of the 77 genes included in the 

pathway being differentially expressed between the groups (Fig. 5A). To determine if the 

Wnt pathway is associated with the CSCs subpopulation in OVCAR5 cells, we performed 

pathway enrichment analysis on the shared DEGs between two RNA-sequencing datasets: 

the comparison between OVCAR5 cells transduced with shRNA targeting DOT1L vs cells 

transduced with control shRNA (GSE199472), and ALDH+ CSCs vs ALDH− non-CSCs 

(GSE148003, Supplementary Fig. S3A). Pathway analysis of the common (overlapping) 

DEGs between these two RNA-seq based datasets identified Wnt as the top altered pathway. 

To further verify the relationship between DOT1L and canonical Wnt signaling pathway, 

we analyzed the genes that are dependent on DOT1L expression among 33 OC cell 

lines profiled by the DepMap database (36). According to the dependency rank relative 

to DOT1L, 18 genes from the KEGG Wnt canonical signaling pathway (hsa04310) were 
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highly dependent on DOT1L in the 33 OC cell lines profiled, suggesting a strong correlation 

between DOT1L and Wnt signaling (Fig. 5B).

We then examined the expression of genes in the KEGG Wnt canonical signaling pathway 

(hsa04310) in the dataset comparing OVCAR5 shDOT1L vs shCtrl cells. A heatmap (Fig. 

5C) shows 67 DEGs, with the majority been downregulated in cells depleted of DOT1L. 

Analysis by GSEA also showed decreased enrichment of the “WNT UP. V1” geneset in 

shDOTL1 compared with shCtrl OVCAR5 cells (Supplementary Fig. S3B). Among these 

genes, β-catenin (CTNNB1), the key transcriptional factor in the Wnt pathway, which had 

been previously identified as regulator of ALDH1A1 in OC cells (8), was downregulated in 

shDOT1L cells compared with control cells. Furthermore, the expression levels of DOT1L 
and CTNNB1 genes were significantly correlated in the HGSOC specimens from TCGA 

dataset (Fig. 5D, Pearson r = 0.7046, p < 0.0001). Additionally, RNA-sequencing compared 

ALDH+ CSCs treated with DOTLi (100nM for 5 days) vs. control. Among the DEGs 

between groups, the module “FEVR CTNB1 TARGET DN” containing target genes of 

β-Catenin was significantly enriched, further supporting that not only genetic depletion, but 

also enzymatic inhibition directly affects this stemness-associated pathway (Supplementary 

Fig. S3C). CTNNB1 mRNA levels measured by q-RT-PCR were decreased in shDOT1L vs 

shCtrl cells in OVCAR5 and COV362 cell lines (Fig. 5E). Reversely, CTNNB1 expression 

levels were increased in OVCAR5 and COV362 cells overexpressing DOT1L compared to 

control cells (Supplementary Fig. S3D). The protein levels of β-catenin and its downstream 

targets, ALDH1A1 and Cyclin D1, were also decreased in shDOT1L vs. shCtrl cells, and 

increased in cells overexpressing DOT1L vs. control cells (Fig. 5F). The expression levels of 

CTNNB1, CCND1 and ALDH1A1 were also consistent with the changes in corresponding 

protein (Fig. 5G). Collectively these results support that DOT1L regulates stemness by 

altering β-catenin expression and signaling.

DOT1L regulates β-catenin expression by affecting H3K79 methylation at its promoter 
region

To determine whether DOT1L exerts epigenetic regulation of β-catenin, we mapped the 

H3K79Me3 histone marks deposited by DOT1L by using ChIP-sequencing with an antibody 

against H3K79Me3 in OVCAR5 cells. H3K79Me3 deposition was enriched in the proximal 

promoter region of the CTNNB1 gene (Fig. 6A). To confirm this observation, we performed 

ChIP quantitative PCR in cells depleted of DOT1L. A significant reduction in H3K79Me3 

deposition in the CTNNB1 promoter region was observed between shDOT1l and control 

cells (Fig. 6B, p = 0.0098), supporting that DOT1L epigenetically regulates the transcription 

of β-catenin by altering the deposition of the active H3K79Me3 mark at its promoter.

Canonical Wnt signaling pathway involves translocation of β-catenin into the nucleus 

causing its interaction with the transcriptional elements TCF/LEF to induce expression of 

target genes. To assess whether DOT1L affects the functions of b-catenin, we measured 

its activity by using the TOPFlash reporter assay (34)) and its nuclear translocation in 

shDOT1L compared to control cells. As hypothesized, β-catenin activity measured by the 

TOPFlash assay was reduced in DOT1L knockdown cells (Fig. 6C, p = 0.0120) and in cells 

treated with DOT1Li compared to control cells (Fig. 6C, p = 0.0051). Immunofluorescence 
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(IF) staining demonstrated decreased nuclear translocation of β-catenin in shDOT1L 

vs. shCtrl cells, likely due to less amounts of total β-catenin in the knockdown cells 

(Supplementary Fig. S3E). OVCAR5 cells were then treated with the ligand Wnt-3a which 

promotes nuclear translocation of β-catenin. Nuclear translocation of β-catenin in response 

to Wnt-3a was detected in shCtrl cells (Fig. 6D). Although β-catenin also partly translocated 

to the nucleus in shDOT1L cells treated with Wnt-3a, colocalization levels were reduced 

compared to the control group, suggesting that the nuclear β-catenin was decreased by 

DOT1L depletion (Fig. 6D and 6F). Quantification of fluorescence intensity in shDOT1L vs. 

shCtrl cells indicated the significant reduction of total cellular β-catenin levels (Fig. 6E) as 

well as of nuclear levels (Fig. 6F). Collectively, the results support that DOT1L regulates the 

expression levels of β-catenin, impacting a key stemness-related pathway in OC.

To validate the significance of β-catenin downstream of DOT1L, we overexpressed β-

catenin in sh-DOT1L stably transduced OVCAR5 cells. Expression levels of β-catenin were 

quantified by q-RT-PCR (Fig. 7A). Overexpression of β-catenin rescued the expression of 

ALDH1A1 (Fig. 7B) and percentage of ALDH+ cells (Fig. 7C) to similar levels as in 

shDOT1L stably transduced OVCAR5 cells to baseline levels in shCtrl transduced cells. 

Likewise, overexpression of β-catenin restored spheroid formation capacity in cells depleted 

of DOT1L (Figs. 7D and E). The data support the role of β-catenin as a key factor regulating 

stemness downstream of DOT1L.

Discussion

Epigenetic regulators, especially histone modifiers, are associated with tumor initiation, 

disease progression, and response to chemotherapy. In this study, we identified the H3K79 

methyltransferase DOT1L as a critical regulator of ovarian CSCs. First, we found the 

enrichment of DOT1L in ovarian CSCs from HGSOC tumors and ovarian cancer cell lines. 

Second, we showed that DOT1L targeting either by shRNA depletion or by enzymatic 

inhibition alters the CSCs population. Third, we identified the Wnt/β-catenin signaling as 

the major downstream target of DOT1L promoting stemness.

Our results unveil a previously unreported function of DOT1L in regulating ovarian CSCs. 

Previous studies reported that DOT1L is associated with OC cell proliferation through 

alterations in nucleotide and amino acid metabolic pathways (26) and with platinum-

resistance through activation of the transcription factor CCAAT/Enhancer Binding Protein 

(C/EBP) complex (37). Here we report higher expression levels of DOT1L in ovarian CSCs 

vs non-CSCs and found that the methyltransferase was upregulated in post-chemotherapy 

ovarian tumors, which are enriched in ALDH+ CSCs. Additionally, DOT1L expression 

was strongly associated with the ALDH+ CSC populations in OC cell lines. Knockdown 

by shRNA or inhibition by the small molecule inhibitor EPZ-5676 effectively reduced the 

ALDH+ population, inhibited the expression of stemness-associated genes and blocked TIC 

in vivo. The methyltransferase was linked to cancer stemness in other contexts. For example, 

DOT1L was shown to induce the expression of stem cell transcription factors NANOG, 

SOX2 and OCT4 in colon cancer cells treated with IL22 (38) and to be highly expressed 

in CSCs derived from glioblastoma (39). Another recent study showed that inhibition of 

DOT1L by EPZ-5676 decreased stemness characteristics in triple negative breast cancer 
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(40). However, these studies and our findings contrast with a previous report which 

showed that CRISPR-mediated DOT1L knockout promoted cell invasion and increased 

the numbers of CSC and ALDH expression (41). The conflicting data could be related to 

adaptive mechanisms triggered by the complete knock out of the methyltransferase or to 

the more limited cell models used in that report. In all, the newly described functions of 

the methyltransferase in ovarian CSCs highlight the potential importance of developing an 

inhibitory strategy for DOT1L in OC.

From the transcriptomic analyses performed, we identified the Wnt/β-catenin signaling 

as the major target of DOT1L in CSCs. By using ChIP, TOPflash reporter assay and 

immunofluorescence staining, we demonstrated activation of β-catenin by DOT1L. Analysis 

of publicly available genomic data from the TCGA and DepMap database confirmed the 

association between DOT1L and β-catenin expression levels. β-catenin had been reported 

to be a critical regulator of cancer stemness in platinum-resistant HGSOC (42). Our group 

had also reported that β-catenin directly binds to the promoter of ALDH1A1 regulating 

its expression of ALDH1A1 (8). Higher β-catenin activity had been reported in HGSOC, 

although mutations in CTNNB1 or of components of the β-catenin destruction complex are 

uncommon (43). Previous studies have proposed alternative mechanisms leading to Wnt/β-

catenin activation in OC, such as upregulation of the ligands Wnt5A or Wnt7A (44) or 

abnormal dissociation of β-catenin and E-cadherin, mediated by the tissue transglutaminase 

(45). Epigenetic mechanisms have also been reported to activate β-catenin. Dickkopf related 

protein 2 (DKK2), an antagonist of Wnt signaling, was found to be downregulated in 

OC through promoter methylation (46). Here, we unveil a novel epigenetic mechanism 

that mediates upregulation of β-catenin in OC: DOT1L is enriched in ovarian CSCs and 

promotes the enrichment of the active histone mark H3K79Me3 at the CTNNB1 promoter, 

activating its transcription.

Our results examining the effects of DOT1Li EPZ-5676 shed light on the potential of 

targeting this methyltransferase for clinical applications. EPZ-5676 was previously tested 

in MLL-rearranged acute leukemia, showing an acceptable safety and tolerability profile, 

although treatment efficacy was modest (21). One major limitation of the existing inhibitor 

is its pharmacokinetic profile, with a short half-life, requiring continuous intravenous 

delivery to achieve sustained exposure of cancer cells to the drug (21). This limitation 

delayed the development of DOT1L inhibitors for solid tumors. Another shortcoming of 

small molecule epigenetic inhibitors is their indiscriminate actions across the genome, 

contributing to potential toxicities and non-specific effects (47). Although epigenetic 

interventions have garnered an interest in recent years for solid tumors, including OC, 

with ongoing clinical testing of inhibitors for DNA methyltransferases (decitabine and 

guadecitabine) (48, 49) or for histone deacetylases (HDAC, belinostat) (50), results have 

remained inconclusive and these agents have not yet succeeded entering the clinical space. 

Here we show the inhibitory effects of the DOT1L inhibitor against treatment resistant 

CSCs. Similar efficacy was shown in a previous study targeting platinum-resistant ovarian 

tumors (26). In all, our results suggest that DOT1L is a critical epigenetic modifier required 

for maintaining the stemness properties of ovarian CSCs through regulation of β-catenin. 

The data support further preclinical testing and chemical optimization of DOT1L inhibitory 

strategies to enable successful applications in the clinic.

Zhang et al. Page 11

Mol Cancer Res. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

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

This study found that the histone methyltransferase DOT1L regulates the self-renewal 

and tumor initiation capacity of ovarian CSCs and suggests DOT1L as a new cancer 

target.
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Figure 1. DOT1L is enriched in ALDH+ ovarian CSCs and in carboplatin treated tumors.
A, B, qRT-PCR quantification of DOT1L expression in ALDH+ ovarian CSCs and ALDH− 

non-stem cells sorted from primary HGSOC tumors (n = 6) (A), or OVCAR5 (n=3) and 

COV362 (n=2) OC cell lines (B). C, Western blot measured DOT1L and H3K79Me3 protein 

levels in ALDH+ ovarian CSCs and ALDH− cells sorted from OVCAR5 cells. Densitometry 

using ImageJ quantifies DOT1L expression and H3K79Me3 levels relative to GAPDH. D, 

Normalized RNA-seq counts of ALDH+CD133+ and ALDH−CD133− cells sorted from 

OVCAR5 (n = 2). E, qRT-PCR analysis of DOT1L expression in human fallopian tube 
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epithelial (FT190) and OC cell lines: OVCAR5, OVCAR4, OV90, HeyA8m COV362, 

OVCAR3, OVCAR8. F, Correlation between DOT1L expression and expression levels of 

genes from the ALDH family among 47 OC cell lines from CCLE. G, Overall survival (OS) 

according to DOT1L expression using the Kaplan-Meier method with log-rank test (top 25 

percentile vs. bottom 25 percentile, n = 655) in OC samples from GEO databases described 

in Materials and Methods. H, Expression levels of DOT1L and ALDH1A1 mRNA measured 

by qRT-PCR in OVCAR3 and SKOV3 xenografts treated with carboplatin (Carbo) or PBS 

control (Ctrl) (n = 3 for DOT1L, n = 2 for ALDH1A1). I, Representative images of IHC for 

DOT1L in PDX tumors treated with carboplatin (Carbo) or PBS (Ctrl). J, mRNA expression 

levels of DOT1L in PDX tumors from mice treated with carboplatin (Carbo) or PBS control 

(Ctrl) measured by qRT-PCR (n = 3 for Ctrl, n = 2 for Carbo). Data are shown as means ± 

SD of all biological replicates. * and ** represent P < 0.05 and P < 0.01 respectively.
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Figure 2. DOT1L knockdown reduces stemness in OC
A, Measurement by qRT-PCR of DOT1L gene expression in OVCAR5 and COV362 cells 

transduced with shRNAs targeting DOT1L (shDOT1L-1 or shDOT1L-2) or with control 

shRNAs (shCtrl) (n = 3). B, Western blotting of DOT1L and H3K79Me3 protein levels in 

shDOT1L and shCtrl stably transduced OC cell lines. C, Percentages of ALDH+ ovarian 

CSCs measured by flow cytometry in shDOT1L and shCtrl stably transduced OVCAR5 

and COV362 cells (n = 3). D, Representative flow cytometry analysis of ALDH+ CSCs 

in shDOT1L and shCtrl COV362 cells. E, Assessment of spheroid formation in vitro by 
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measuring cell viability (CellTiter Glo 3D assay) in shDOT1L and shCtrl OVCAR5 (n = 

4) and COV362 cells (n = 5). F, Representative images of spheroids formed by shDOT1L 

and shCtrl stably transduced OC cells. G, Log-fraction plot shows tumor initiation in mice 

injected with shCtrl and shDOT1L transduced OVCAR5 cells (n = 12). H, ALDH+ CSCs 

population from xenograft tumors collected from (G) (n=8). I, Estimation of spheroid 

formation based on cell viability quantified through the CellTiter Glo 3D viability assay. 

Cells were isolated from xenograft tumors from G, counted and cultured in non-adherent 

plates and Mammocult media (n=5). Equal numbers of cells (5000 cells/well) were plated 

for each category of xenograft tumors. Data are shown as means ± SD of biological 

replicates. *, **, *** and **** represent P <0.05, P< 0.01, P< 0.005 and P< 0.001, 

respectively.
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Figure 3. DOT1L regulates expression of stemness-associated genes in ovarian CSCs
A, mRNA expression levels of stemness-associated genes (SOX2, OCT4, NANOG), and 

ALDH1A1 stem cell marker in OVCAR5 and COV362 cells transduced with shRNAs 

directed at DOT1L (shDOT1L) or control shRNAs (shCtrl) (n = 3). B, Expression of 

ALDH1A1 mRNA in OVCAR5 and COV362 cells transduced with a DOT1L expression 

vector (DOT1L-OE) or empty vector (EV) (n = 3) measured by qRT-PCR. C, Volcano 

plot shows differentially expressed genes in shDOT1L vs shCtrl transduced OVCAR5 

cells. D, Heatmap of the top 25 downregulated genes among stemness-associated genes 
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in shDOT1L vs. shCtrl transduced OVCAR5 cells. Gene expression was measured by 

RNA-seq. E-F, GSEA enrichment plot for “Boquest stem cell up” (E) and “hallmark 
epithelial-mesenchymal transition” (F) gene sets in shDOT1L versus shCtrl transduced 

OVCAR5 cells. Data are shown as means ± SD of biological replicates. * and ** indicate P 
< 0.05 and P < 0.01, respectively.
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Figure 4. Inhibition of DOT1L reduces the CSCs population and expression of stemness-
associated genes
A, Western blot analysis of H3K79Me3 and H3K79Me2 protein levels in OVCAR5 cells 

treated with different doses of DOT1L inhibitor EPZ-5676 (DOT1Li) or DMSO for 5 days. 

B, C, Representative images (B) and estimation of spheroid formation based on cell viability 

(CellTiter Glo 3D assay) in OVCAR5 and COV362 cells treated with DOT1Li (1μM) or 

DMSO. D, Numbers of spheroids formed by cells isolated from primary HGSOC tumors 

and treated with DOT1Li as in C (n = 3). E, Representative pictures of a clonogenic 
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survival assay with OVCAR5, COV362 and OVCAR3 cells treated with 1μM DOT1Li. F, 
G, Percentages (F) and representative analysis (G) of ALDH+ ovarian CSCs determined 

by FACS in OVCAR5 and COV362 cells treated with 1μM DOT1Li (n = 3). H, I, mRNA 
expression levels of SOX2, OCT4, NANOG and ALDH1A1 in OVCAR5 (H) and COV362 

(I) cells treated with DMSO or DOT1Li (1μM) for 5 days. Data are shown as means ± SD 

of biological replicates. *, **, *** and **** depict P <0.05, P< 0.01, P< 0.005 and P< 0.001 

respectively.
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Figure 5. DOT1L regulates stemness of CSCs by upregulating β-catenin
A, Top 5 enriched pathways identified by MetaCore analysis of differentially expressed 

genes measured by RNA-seq in shDOT1L vs. shCtrl transduced OVCAR5 cells (n = 2). 

B, Dependency and ranks of KEGG Wnt canonical signaling pathway (hsa04310) genes as 

they related to DOT1L in OC cell lines profiled in CCLE. C, Heat map shows expression 

of genes in the KEGG Wnt canonical signaling pathway based on RNA-seq analysis of 

shDOT1L and shCtrl OVCAR5 cells. D, A scatter plot shows the correlation between 

expression levels of CTNNB1 and DOT1L in OC samples from TCGA (n = 427). E, 
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mRNA expression levels of CTNNB1 in shDOT1L and shCtrl cells (n = 3) OC cell lines 

(OVCAR5, COV362) measured by qRT-PCR. F, Western blot analysis of Wnt pathway 

proteins (β-Catenin, Cyclin D1) and stem cell marker ALDH1A1 in shDOT1L vs shCtrl 

transduced OC cells (left) and in cells overexpressing DOT1L (DOT1L-OE) vs control (EV) 

(right). G, mRNA expression levels of CTNNB1, CCND1, and ALDH1A1 in OVCAR5 

cells treated with 1μM DOT1Li (n = 3). Data are shown as means ± SD of biological 

replicates. *, ** and *** depict P <0.05, P< 0.01 and P< 0.005 respectively.
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Figure 6. DOT1L regulates β-catenin through enrichment of H3K79Me3 at the CTNNB1 
promoter
A, Track view of H3K79Me3 enrichment at the promoter of the CTNNB1 gene as 

determined by ChIP-seq in OVCAR5 cells. B, ChIP-qPCR analysis shows enrichment 

of H3K79Me3 at the promoter of the CTNNB1 in OVCAR5 cells transduced with 

shRNAs directed at DOT1L (shDOT1L) or control shRNAs (shCtrl) (n = 3). C, Relative 

luminescence intensity of shDOT1L vs. shCtrl OVCAR5 cells transfected with TOPFlash 

luciferase reporter or FOPFlash mutant reporter, and OVCAR5 cells transfected with 
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TOPFlash luciferase reporter or FOPFlash mutant reporter and then treated with DOT1Li 

or DMSO (n = 4). D, Immunofluorescence staining of β-catenin (Alexa Flour 488, green) 

and DAPI (blue) in shDOT1L and shCtrl OVCAR5 cells treated with 100μg/ml WNT3a (+) 

or BSA control (–). Nuclear β-catenin localization is identified by the cyan color on merged 

images (100X). E, Quantification of the cellular IF signal for β-catenin by using Image J in 

shCtrl and shDOT1L cells under basal conditions (n = 3). F, Quantification of the nuclear IF 

signal for β-catenin in shDOT1L and shCtrl OVCAR5 cells treated with 100μg/ml WNT3a 

(+) or BSA by using Image J. Data are shown as means ± SD, *** corresponds to P< 0.005.
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Figure 7. Effects of β-Catenin downstream of DOT1L
A, B, mRNA expression levels of CTNNB1 (A) and ALDH1A1 (B) determined by qRT-

PCR (n = 3) in shDOT1L-transduced OVCAR5 cells transfected with CTNNB1-expressing 

vector (shDOT1L-CTNNB1) or empty vector (shDOT1L-EV) and in shCtrl cells transfected 

with empty vector (shCtrl-EV). C, ALDH+ population measured by flow cytometry in 

shCtrl-EV, shDOT1L-EV, or shDOT1L-CTNNB1 cells. D, spheroid formation measured by 

CellTiter Glo 3D and E, pictures of spheroids (20X magnification), in shCtrl-EV, shDOT1L-

EV, or shDOT1L-CTNNB1 cells. For all panels: data are shown as means ± SD, * p<0.05, 

** p<0.01, *** p<0.005.
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