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Abstract
5-aza-2'-deoxycytidine (decitabine), is a chemotherapeutic DNA methyltransferase (DNMT) inhibitor widely used to treat myelodysplastic syndrome and
acute myeloid leukemias. Decitabine’s anti-neoplastic activity is thought to result from inhibition of DNMTs leading to passive demethylation of
5’methylcytosines (5mC) in rapidly dividing tissues, resulting in cell death. However, we previously reported paradoxical effects on DNA methylation by
decitabine in somatic tissues. Given the potential for lasting damage to DNA methylation in reproductive tissues from even short courses of decitabine in
reproductive age humans, we chose to characterize its long-term effects here. Mice were treated with two clinically relevant doses of decitabine (0.15 mg/kg,
0.35 mg/kg) for 7 weeks and DNA methylation was assessed within female reproductive tract tissues. We found methylated cytosines within the ovary to be
the least sensitive to decitabine exposure at both doses, whereas the uterus and the oviduct exhibited higher 5mC dysregulation, surprisingly biased towards
hypermethylation at the 0.35 mg/kg dose. We identi�ed the sites of differential methylation; revealing speci�c genes and pathways involved in cell
differentiation, development, communication, and cell signaling that were universally altered in all tissues. In addition to our differential methylation data, we
identi�ed dysregulated transcription and pathways using RNAseq analyses. Overall, our �ndings show decitabine exposure causes an epigenetic insult to
DNA methylation within female reproductive tissues. Our data provides evidence that further evaluation is needed to fully establish the long-term phenotypic
effects post-decitabine exposure. 

Introduction
5-aza-2'-deoxycytidine (Decitabine, DAC, Dacogen) is a hypomethylating chemotherapeutic drug used to treat acute myeloid leukemia and myelodysplastic
syndromes1. Decitabine modi�es cell methylation by the inhibition DNA methyltransferases (DNMTs), resulting in hypomethylation of rapidly dividing cells
such as cancer1,2. Most chemotherapeutics target the cell cycle and cause DNA damage, harming the integrity of oocytes and sperm of exposed
individuals3,4. The long term effects of chemotherapy usage results in decreased reproduction potential and infertility within individuals after exposure5–7.
Thus, gonadotoxicity induced by chemotherapeutics remains a major complication post cancer treatment; and despite clinical utility as an anti-cancer agent,
the epigenetic disruption to other rapidly dividing tissues deserves further investigation.

Decitabine is highly cytotoxic and effectively decreases DNA methylation within a window of dosing8,9. We recently published data illustrating decitabine
induces both hypo- and hypermethylation within testes, liver, hippocampus, and cortex, leading to questions of its impact on reproductive tissues10. In
addition to decreasing global11–13 and site speci�c methylation14,1516, several studies show male reproductive tissues are sensitive to decitabine exposure.
For example, exposure to decitabine causes impaired spermatogenesis, reduced testes weight, but has no major fertility effects in male mice10,17−19. In
mouse models, maternal exposure to decitabine (dose dependent) during pregnancy causes low infant survival, limb malformation, and infertility in
offspring20,21. Additionally, maternal exposure alters the expression of DNMTs and genes controlling endometrial changes, decreasing methylation within
genes essential for implantation22. The transcriptional pro�les and epigenetic changes induced by decitabine are characterized in female speci�c cancer cell
lines23–26, but little is known about the epigenetic response of the female reproductive tract after a chronic exposure.

In this study, we aimed to identify whether decitabine exposure alters DNA methylation within mouse female reproductive tissues. We used a genome-wide
single-base measure, reduced representation bisul�te sequencing (RRBS), to identify differentially methylated cytosines and regions, and employed
pyrosequencing to con�rm site speci�c and global changes that are known to be responsive to DAC exposure. We also measured transcriptional changes
within the ovary and uterus, �nding altered gene expression in pathways associated with cellular metabolism. Our data show decitabine exposure leaves a
detectable impression on the methylome and transcriptome, altering pathways and genes associated with cancer. This study is the �rst to highlight the
effects of decitabine exposure on the responsiveness of mouse female reproductive tissues.

Methods

Animals
Female mice used in this study were obtained from an agouti viable yellow (Avy) colony, maintained for over 220 generations, with 93% similarity to
C57BL/6J27. Female wild type (a/a) mice from this strain (n = 29, 6–8 weeks of age) and C57BL6/J (n = 45, 6–8 weeks of age) from Jackson Labs were
used. Mice were group housed based on strain and treatment, maintained on a 12:12 light/dark cycle and had ad libitum access to the standard lab diet
Envigo 2018 (18% protein) chow and water.

Decitabine Exposure Paradigm
Pharmaceutical grade decitabine (DAC) was purchased at the University of Minnesota Boynton Health Pharmacy (Minneapolis, MN). DAC was resuspended
then diluted to 0.1 mg/mL concentration in saline and stored at -80°C. DAC was thawed on ice before administering. Following a previous reported exposure
paradigm, mice were administered doses of 0.0 mg/kg, 0.15 mg/kg, or 0.35 mg/kg, three times a week by intraperitoneal (i.p.) injection for 7 weeks10,18. After
7 weeks of exposure, mice underwent a 48 hour wash out period prior to euthanasia. All somatic tissues were snap frozen and stored at -80°C until further
processing.

Dosing at 0.15 mg/kg was equivalent to ~ 50% of typical human dose, while the higher 0.35 mg/kg dose was equivalent to ~ 100% of human doses
recommended for acute myeloid leukemia28. Direct unit conversion is not possible due to surface area dosing in humans vs. body weight in mice, therefore
we used ideal body weight and average height for US adult females. These doses were previously shown to cause no loss of body weight in mice10.

DNA Isolation and Pyrosequencing
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Total genomic DNA (gDNA) from snap frozen tissues were isolated from each animal using the DNeasy Blood and Tissue Kit following the manufacturer’s
protocol (Qiagen, Hilden, Germany). DNA yield was determined by using a NanoPhotomer N50 system. After isolation, gDNA was bisul�te converted using
the EZ DNA methylation-lightning kit (Zymo Research, Irvine, CA). To detect methylated cytosines gDNA was treated with sodium bisul�te and then
sequenced. Brie�y, bisul�te treatment converts unmethylated cytosines to uracil by deamination, and are read as thymidine by polymerases during
sequencing.

All primers were designed using Qiagen Pyromark Assay Design software version 2.0. Each primer set was designed to contain a biotinylated reverse primer
and forward primer �anking the sequence of interest. PCR ampli�cation of bisul�te converted gDNA was performed in a 30 µl solution using HotStarTaq
master mix (Qiagen), forward primer and reverse primer. Amplicons were analyzed and con�rmed using automated capillary electrophoresis on the Qiaxcel
Advanced System (Qiagen). Amplicons were pyrosequenced on a PyroMark ID 96 instrument (Qiagen). All plates included a 0% and 100% methylated
bisul�te converted control along with a no DNA template control.

RNA Seq
Total RNA was extracted from snap frozen tissues using RNeasy plus Mini Kit following the manufacturer’s protocol (Qiagen). RNA was quanti�ed using a
NanoPhotomer N50 system and quality tested using the QIAxcel Advanced Instrument to con�rm a RIN score > 7 before sent for sequencing. RNA-sequencing
(RNA-seq) was performed at the University of Minnesota Genomics Core. RNA libraries were created using an 18 dual-indexed Illumina TruSeq Prep kit
(Illumina). All libraries were combined into a single pool and sequenced across 2 lanes of a HiSeq 2500 HO 2x50-bp run. This generated > 220 M reads for
each lane. All expected barcodes were detected and well represented, with mean quality scores of > Q30.

Linux command line tools and RStudio open source software (version 4.1.2) were used for RNA-seq analysis based on an RNA-seq consensus pipeline
recently published by the National Aeuronautics and Space Administration (NASA) GeneLab29. Read quality was assessed using FastQC v0.11.730 and
MultiQC v1.1131 before and after read trimming. Low quality bases and adapter sequences were removed using TrimGalore! (version 0.6.5dev)32. Reads were
aligned using STAR (version 2.7.1a)33 and gene level read quanti�cation was performed with RSEM (version 1.3.0)34.

Pairwise differential expression analyses were performed with DESeq2 (version 1.32.0) with alpha set to 0.05 in the results and summary functions35Genes
with a Benjamini-Hochberg adjusted p-value less than 0.05 were considered differentially expressed genes (DEGs). Mouse GRCm38.p6 annotation (GTF) and
FASTA �les downloaded from Ensembl36 were used to generate references for both STAR and RSEM. The RNA-seq pipeline is outlined in Fig. 1. RNAseq fastq
�les were uploaded to the Sequence Read Archive (SRA) under BioProject: PRJNA807375.

RRBS Sequencing Methods
RRBS libraries were sequenced generating 50 bp single reads on an Illumina HiSeq 3000/4000 instrument. The sequenced reads were controlled for quality
of sequencing with the FastQC tool30.Adapter removal was performed using Trim Galore! version 0.432. The cleaned reads were then aligned to the reference
genome using Bismark v0.20.037. Bismark is a specialized tool for mapping bisul�te-treated reads such as the ones generated in RRBS-seq experiments.
Bismark requires that the reference genome �rst undergoes an in-silico bisul�te conversion while transforming the genome into forward (C -> T) and reverse
strand (G -> A) versions. The reads producing a unique best hit to one of the bisul�te genomes were then com- pared to the unconverted genome to identify
cytosine contexts (CpG, CHG or CHH - where H is A, C or T). The cytosine2coverage and bismark_methylation_extractor modules of Bismark were used to
infer the methylation state of all cytosines (for every single uniquely mappable read) and their context, and to compute the percentage methylation. The
reported cytosines were �ltered to get only the CpGs covered in each sample. The spike-in control sequences were used at this step to check the bisul�te
conversion rates and to validate the e�ciency of the bisul�te treatment.

RRBS Data Analysis
Linux command line tools and Rstudio open source software (version 3.6.1) tools were used for RRBS analysis. FastQC (version 11.3) was used to assess
the overall quality of the sequenced samples, and TrimGalore32 (version 4.5) was used to trim low-quality bases (quality score lower than 20), adapter
sequence (required an overlap of 6bps), and end-repair bases from the 3’ end of reads. Bismark37 (version 19.0) was used for alignment and methylation
calling. Reads were aligned to the mouse reference genome (mm10) using Bowtie238 (version 2.3.4) with default parameter settings. Methylation calls were
reported for all nucleotides with a read depth of at least 5. All paired raw fasq.gz reads from RRBS were uploaded to the Sequence Read Archive (SRA) under
BioProject: PRJNA807375. The DSS R package (version 2.32.0) determined differential methylation for Ovary, Uterus, and Oviduct at doses 0.15 mg/kg and
0.35 mg/kg against the 0.0 mg/kg control treatment group39. To identify differentially methylated CpGs, we used the DML test function. To identify the
differentially methylated regions (DMRs), we used the callDMR test function in DSS. For all tissues, our p-value threshold was set to 0.01. The annotate the
DMCs and DMRs, we used the annotatr R package using the mm10 genome40. The function annotate_regions was used to annotate the abundance of
differentially methylated regions within CpG and Genic regions. The plot_annotation and plot_categorical functions were used to generate �gures in annotatr.
Annotated DMCs were categorized by top DML containing genes. Each �le of DMC-containing genes were enriched using ToppFun. Gene Ontology (GO)
categories consisting of molecular function, biological process, cellular component, gene family, and drug were generated to include p-value and q-value. The
bioinformatics pipeline for RRBS is outlined in Fig. 1.

Results

Body Weight
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Mice treated with 0.35 mg/kg had decreased body weight (p-value < 0.05) compared to control, despite a gradual gain in weight over the 7-week exposure
period as seen in Fig. 2. Mice treated with 0.15 mg/kg had no signi�cant changes in body weight.

Differentially Methylated Cytosines in Ovary, Oviduct, and Uterus
To identify differential DNA methylation between tissues and DAC treatment, we analyzed ovary, oviduct, and uterus methylation by RRBS (Table 1). In the
0.15 mg/kg treatment, we found a total of 17,467 differentially methylated cytosines (DMCs) in the ovary, 20,280 DMCs in the oviduct, and 24,301 DMCs in
the uterus of the 0.15 mg/kg DAC treatments (Table 1). In ovary tissue, more DMCs were hypomethylated (53%, n = 9,213) than hypermethylated (47%, n = 
8,254) in the 0.15mg/kg DAC treatment. Ovary methylation was skewed towards hypomethylation (53% hypomethylated, n = 9,213), whereas oviduct (51%
hypermethylated, DMCs: n = 10,349; 49% hypomethylated DMCs, n = 9,931) and uterus (51% hypermethylated DMCs, n = 12,309; 49% hypomethylated DMCs,
n = 11,992) 0.15 mg/kg DAC treatments skewed differential methylation towards a hypermethylated status. At the 0.35 mg/kg treatment, we identi�ed 18,699
DMCS in ovary, 19,888 DMCs in oviduct, and 26,522 DMCs in uterus. DMCs in ovary and uterus were prominently hypermethylated (65% ovary
hypermethylated DMCs n = 12,166; 35% ovary hypomethylated DMCs, n = 6,533; 63% uterus hypermethylated DMCs, n = 16,668; 37% uterus hypomethylated
DMCs, n = 9,854). Oviduct DMCs were preferentially hypermethylated, but the shift towards hypermethylation was not as major compared to ovary and uterus
(56% hypermethylated DMCs, n = 11,041; 44% hypomethylated DMCs, n = 8,847).

Table 1
Differential Methylation Across Decitabine Dose and Tissue Identi�ed from RRBS Data

Differentially Methylated CpGs (DMCs)

5mC Ovary Oviduct Uterus

Hypermethylated
Hypomethylated

0.15 mg/kg

8,254 47% 9,213
53%

0.35 mg/kg

12,166 65%
6,533 35%

0.15 mg/kg

10,349 51%
9,931 49%

0.35 mg/kg

11,041 56% 8,847
44%

0.15 mg/kg

12,309 51%
11,992 49%

0.35 mg/kg

16,668 63% 9,854
37%

Total 17,467 18,699 20,280 19,888 24,301 26,522

Differentially Methylated Regions (DMRs)

5mC Ovary Oviduct Uterus

Hypermethylated
Hypomethylated

0.15 mg/kg

14 48% 15 52%

0.35 mg/kg

18 49% 19 51%

0.15 mg/kg

25 51% 24 49%

0.35 mg/kg

29 59% 20 41%

0.15 mg/kg

41 56% 32 44%

0.35 mg/kg

45 56% 35 44%

Total 29 37 49 49 73 80

Ovary, oviduct, and uterus tissues at doses 0.15 and 0.35 mg/kg were compared to control for assessment of differential DNA methylation by decitabine
exposure using RRBS data. Differential methylation was identi�ed by using the DSS R package.

Differentially Methylated Regions in Ovary, Oviduct, and Uterus
Based on our DMCs from our RRBS analysis, we then identi�ed unique differentially methylated regions (DMRs) based on tissue and exposure group (Table
1). We found a total of 29 DMRs in the ovary, 49 DMRs within the oviduct, and 73 DMRs within the uterus of the 0.15 mg/kg DAC treated mice. Within the
0.35 mg/kg treated group, we identi�ed 37 DMRs within the ovary, 49 DMRs within the oviduct, and 80 DMRs within the uterus. DMRs are preferentially
hypermethylated within oviduct (51%, n = 25 at 0.15 mg/kg; 59%, n = 29 at 0.35 mg/kg) and uterus (56%, n = 41 at 0.15 mg/kg; 56%, n = 45 at 0.35 mg/kg) at
both doses. However, ovary (52%, n = 15 at 0.15 mg/kg; 51%, n = 19 at 0.35 mg/kg) DMRs were hypomethylated at 0.15 mg/kg and 0.35 mg/kg with lower
DMRs compared to that of oviduct and uterus.
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Table 2
Overlap Summary of DMCs and DMRs

DMCs DMRs

One Tissue and Dose One Tissue and Dose

Tissue and Dose Intersect Tissue and Dose Intersect

Ovary 0.15 vs 0.35 5038 Ovary 0.15 vs 0.35 3

Oviduct 0.15 vs 0.35 3547 Oviduct 0.15 vs 0.35 1

Uterus 0.15 vs 0.35 3884 Uterus 0.15 vs 0.35 3

Other Tissues and Dose Other Tissues and Dose

Compare Tissue and Dose Intersect Compare Tissue and Dose Intersect

Ovary vs Oviduct 0.15 621 Ovary vs Oviduct 0.15 0

Ovary vs Uterus 0.15 726 Ovary vs Uterus 0.15 0

Oviduct vs Uterus 0.15 928 Oviduct vs Uterus 0.15 0

Ovary vs Oviduct 0.35 710 Ovary vs Oviduct 0.35 0

Ovary vs Uterus 0.35 789 Ovary vs Uterus 0.35 0

Oviduct vs Uterus 0.35 966 Oviduct vs Uterus 0.35 0

Dose and tissue overlap were identi�ed in ovary, oviduct, and uterus samples at doses 0.15 and 0.35 mg/kg using Linux (UNIX).

Intersect of DMCs and DMRs by Tissue and Dose
In order to understand whether speci�c genomic sites or regions tended to be repeatedly affected by DAC across tissue, we compared DMCs and DMRs by
tissue and dose as shown in Table 2. In all cases, intra-tissue comparisons between doses showed greater conservation of DMCs than inter-tissue
comparisons. Ovary 0.15 mg/kg and 0.35 mg/kg had the greatest DMC overlap (n = 5038) compared to oviduct (n = 3547) and uterus (n = 3884) at the two
doses. Within tissue DMR overlap between doses had a smaller intersect within ovary (n = 3), oviduct (n = 1), and uterus (n = 3).

When comparing across tissues and dose intersects, uterus 0.15 mg/kg had greater overlap with oviduct (n = 928) and ovary (n = 726) compared to ovary vs.
oviduct at 0.15 mg/kg (n = 621). Similar comparisons were seen within the 0.35 mg/kg uterus vs. oviduct (n = 966) and ovary (n = 789). Ovary and oviduct at
dose 0.35 mg/kg had lower overlap (n = 710) compared to uterus at 0.35 mg/kg. Between tissues, no intersects were identi�ed when comparing across
tissues and dose for DMRs.
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Table 3
Top Ten DMC Containing Genes

Top Ten DMC Containing Genes: RRBS

Ovary 0.15 mg/kg Ovary 0.35 mg/kg

Gene
Name

Number
of
DMCs

Mean
Differential
Methylation

SD Min.
Differential
Methylation

Max.
Differnetial
Methylatoin

Gene
Name

Number
of
DMCs

Mean
Differential
Methylation

SD Min.
Differential
Methylation

Max.
Differnetial
Methylatoin

Camta1 20 9.46 60.27 -78.17 79.25 Gse1 25.00 -34.48 42.54 -82.00 63.38

Gse1 18 -31.90 45.71 -93.29 60.95 Prdm16 24.00 -19.28 54.23 -83.18 67.41

Prdm16 18 3.13 55.45 -69.01 69.62 Wwox 24.00 -31.30 46.56 -89.66 65.15

Fbrsl1 17 -29.67 47.23 -68.69 67.63 Gnas 20.00 49.88 30.83 -75.85 78.46

Foxo6 17 -4.84 46.52 -54.12 57.33 Camta1 18.00 -14.52 55.05 -89.88 73.55

Sept9 17 -12.97 57.16 -71.12 67.75 Cdh23 18.00 -14.79 53.49 -76.48 60.10

Rbfox3 16 -14.33 49.74 -68.18 58.66 Rbfox3 18.00 -18.21 58.47 -80.83 79.40

Cdh4 15 -20.21 53.91 -69.74 73.77 Rps6ka3 17.00 39.44 51.70 -75.46 83.10

Pcdh19 15 -17.41 55.92 -72.05 59.02 Sox3 16.00 20.85 48.13 -62.07 63.99

Casz1 14 16.22 51.47 -60.68 64.04 Zfhx3 16.00 -14.27 53.50 -75.56 58.31

Oviduct 0.15 mg/kg Oviduct 0.35 mg/kg

Gene
Name

Number
of
DMCs

Mean
Differential
Methylation

SD Min.
Differential
Methylation

Max.
Differnetial
Methylatoin

Gene
Name

Number
of
DMCs

Mean
Differential
Methylation

SD Min.
Differential
Methylation

Max.
Differnetial
Methylatoin

Gse1 32 -24.92 49.80 -77.54 68.97 Camta1 37.00 15.98 49.75 -82.58 80.04

Zfhx3 32 34.69 41.01 -62.33 76.50 Gse1 31.00 -5.52 48.15 -62.22 61.13

Camta1 29 9.35 50.53 -61.64 62.45 Zfhx3 25.00 16.85 49.32 -65.26 70.76

Prdm16 22 -8.04 50.26 -68.03 73.82 Prdm16 23.00 -18.21 49.78 -67.10 87.45

Rbfox3 21 17.44 46.62 -75.82 66.41 Cmip 17.00 -4.62 50.83 -60.74 55.88

Cdh23 20 -32.98 45.65 -77.44 67.63 Rbfox3 17.00 -7.65 53.54 -84.54 62.17

Zfx 19 -3.44 50.39 -69.05 56.21 Slit3 17.00 -25.17 39.44 -64.79 52.53

Dact3 18 -7.64 50.37 -62.00 54.82 Casz1 16.00 -22.43 45.58 -63.70 58.50

Ksr2 17 -0.18 54.31 -69.57 78.56 Cdh13 16.00 -14.30 45.66 -59.88 47.73

Bcorl1 16 13.88 54.61 -72.18 70.84 Efnb1 16.00 6.60 52.70 -57.54 71.29

Uterus 0.15mg/kg Uterus 0.35mg/kg

Gene
Name

Number
of
DMCs

Mean
Differential
Methylation

SD Min.
Differential
Methylation

Max.
Differnetial
Methylatoin

Gene
Name

Number
of
DMCs

Mean
Differential
Methylation

SD Min.
Differential
Methylation

Max.
Differnetial
Methylatoin

Gse1 46 -10.28 48.21 -63.07 82.20 Camta1 50.00 -9.59 45.43 -70.09 69.30

Zfhx3 35 -22.61 44.60 -69.26 62.62 Gse1 40.00 -11.06 48.40 -76.08 77.60

Prdm16 32 4.93 53.22 -79.96 68.87 Zfhx3 28.00 -10.79 50.97 -73.16 74.60

Camta1 27 -3.66 50.30 -74.35 76.04 Nav2 27.00 -11.78 43.83 -61.21 84.05

Rbfox3 24 6.13 44.53 -66.74 59.62 Prdm16 27.00 -14.60 41.83 -62.29 68.13

Wwox 24 -9.62 47.85 -68.52 57.44 Bcor 26.00 -15.31 44.49 -71.48 55.30

Sept9 23 12.55 46.24 -61.02 66.99 Gnas 25.00 43.90 26.49 -44.37 58.83

Bcor 22 -11.16 43.00 -94.72 54.93 Igsf21 24.00 -8.03 51.30 -82.73 59.90

Zfp316 22 8.59 49.17 -63.26 61.83 Wwox 24.00 -12.03 48.18 -68.42 70.32

Cmip 21 25.21 41.19 -57.90 66.71 Sox5 20.00 -15.03 40.43 -58.40 64.11

Top 10 DMC containing genes in ovary, oviduct, and uterus at doses 0.15 and 0.35 mg/kg. Top genes are ordered in highest number of DMCs within each
gene.

Top Genes with DMCs and Biological Functions
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We categorized genes with the greatest density of DMCs, then assessed the mean differential methylation as shown in Table 3. Our results identify
Calmodulin binding transcription activator 1 (Camata1), Genetic suppressor Element 1 (Gse1), and PR Domain Zing Finger Protein 16 (Prdm16) as the top
three genes consistently containing DMCs across tissues and doses. Genes such as RNA Binding Protein, Fox-1 Homolog 3 (Rbfox3) and WW Domain-
Containing Oxidoreductase (Wwox), contain DMCs within all tissues but differ in the presence of dose. Other top DMC containing genes include BCL6
Corepressor (Bcor), C-Maf Inducing Protein (Cmip), Septin 9 (Sept9), Cadherin Related 23 (Cdh23), and Castor Zinc Finger 1 (Casz1).

The top ten most signi�cantly enriched GO terms by DMC-containing genes are referenced in Table 4. At all doses and tissue types, decitabine exposure
alters biological pathways relevant to anatomical structure morphogenesis, nervous system development, cell differentiation, cell development, cellular
developmental process, and regulation of signaling. Other notable terms that were signi�cant but not consistent between tissues included animal organ
development, neurogenesis, regulation of cell communication, generation of neurons, and neuron differentiation.
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Table 4
Top Biological Process Gene Ontology Terms

Top Biological Pathways Affected by Decitabine: RRBS

Ovary 0.15 mg/kg Ovary 0.35 mg/kg

Name p.value q.value.FDR .B.H Name p.value q.value.FDR .B.H

anatomical structure morphogenesis 0.00E + 00 0.00E + 00 anatomical structure morphogenesis 8.15E-74 1.02E-69

nervous system development 1.52E-71 1.01E-67 nervous system development 1.52E-73 1.02E-69

cell differentiation 1.24E-66 5.46E-63 cell development 3.22E-67 1.44E-63

cell development 6.06E-66 2.00E-62 generation of neurons 3.40E-61 1.14E-57

cellular developmental process 3.28E-65 8.65E-62 neurogenesis 1.98E-59 5.31E-56

animal organ development 2.40E-60 5.27E-57 regulation of signaling 3.90E-59 8.73E-56

neurogenesis 8.36E-58 1.58E-54 regulation of cell communication 1.28E-58 2.42E-55

regulation of signaling 6.91E-57 1.14E-53 neuron differentiation 1.44E-58 2.42E-55

regulation of cell communication 9.43E-57 1.38E-53 cell differentiation 3.10E-58 4.63E-55

generation of neurons 9.04E-55 1.19E-51 cellular developmental process 6.06E-56 8.14E-53

Oviduct 0.15 mg/kg Oviduct 0.35 mg/kg

Name p.value q.value.FDR .B.H Name p.value q.value.FDR .B.H

anatomical structure morphogenesis 3.70E-79 5.06E-75 nervous system development 9.00E-80 1.21E-75

nervous system development 2.49E-73 1.68E-69 anatomical structure morphogenesis 1.09E-76 7.40E-73

cell differentiation 6.60E-64 2.97E-60 cell differentiation 3.55E-67 1.61E-63

cell development 4.22E-63 1.42E-59 cell development 7.18E-67 2.43E-63

cellular developmental process 3.06E-61 8.26E-58 neurogenesis 1.81E-66 4.92E-63

neurogenesis 9.65E-59 2.17E-55 animal organ development 5.99E-66 1.35E-62

animal organ development 4.20E-58 8.10E-55 cellular developmental process 9.89E-66 1.92E-62

generation of neurons 3.50E-55 5.90E-52 generation of neurons 1.37E-63 2.32E-60

regulation of cell communication 2.56E-53 3.84E-50 neuron differentiation 1.06E-60 1.60E-57

regulation of signaling 3.31E-53 4.47E-50 regulation of signaling 4.55E-54 6.17E-51

Uterus 0.15 mg/kg Uterus 0.35 mg/kg

Name p.value q.value.FDR .B.H Name p.value q.value.FDR .B.H

anatomical structure morphogenesis 0.00E + 00 0.00E + 00 anatomical structure morphogenesis 5.00E-80 7.08E-76

nervous system development 0.00E + 00 1.52E-78 nervous system development 7.02E-74 4.88E-70

cell differentiation 1.49E-68 6.79E-65 regulation of signaling 6.60E-63 3.06E-59

cell development 2.54E-67 8.71E-64 cell differentiation 8.57E-62 2.98E-58

cellular developmental process 8.44E-67 2.31E-63 regulation of cell communication 6.62E-61 1.84E-57

neurogenesis 1.12E-64 2.55E-61 cell development 8.70E-61 2.02E-57

animal organ development 2.26E-63 4.11E-60 cellular developmental process 1.14E-60 2.25E-57

generation of neurons 2.40E-63 4.11E-60 neurogenesis 3.20E-59 5.56E-56

regulation of signaling 1.34E-60 2.04E-57 animal organ development 5.83E-58 9.01E-55

neuron differentiation 9.69E-60 1.33E-56 generation of neurons 2.81E-55 3.91E-52

Top ten biological pathways altered by decitabine exposure in ovary, oviduct, and uterus at doses 0.15 and 0.35 mg/kg, organized by p-value

Distribution of Differentially Methylated Regions
We investigated if the DMRs were targeted for differential methylation or if by random across the genome. Examining DMRs in relation to CpG regions (inter
CpG islands, CpG islands, CpG shelves, and CpG shores), DMRs found outside of CpG islands (inter CGI) had lower quantity of expected DMRs consistently
throughout all tissues in both doses when compared to a random distribution (Fig. 3 and Fig. 4). However, DMRs found within CpG islands, shelves, and



Page 9/19

shores had greater than expected amount of DMRs compared to a random distribution. Therefore, both doses showed a bias towards altered methylation
within CpG island associated CpG sites over isolated intergenic CpG sites.

Examining DMRs in relation to genic regions (promoter, intron, exon, UTR, vs. intergenic) also revealed a non-random trend (Fig. 5 and Fig. 6). DMR locations
in all tissues at the 0.15 mg/kg dose have a strong bias towards 1 to 5kb regions, exons, and introns. This non-random trend was recapitulated within the
tissues from the 0.35 mg/kg dose at 1 to 5kb regions, promoters, 5’ UTRs, exons, and 3’ UTRs pattern). In all cases, genic regions were heavily biased targets
of decitabine dysregulation over intergenic regions.

Differentially Expressed Genes and Biological Functions from RNAseq
We next identi�ed the regulation of differentially expressed genes (DEGs) in ovary and uterus tissues at both treatments (Table 5). We identi�ed a total of 82
DEGs within the 0.15 mg/kg treatment, and 3,987 DEGs in the 0.35 mg/kg treatment. At both doses, we found higher percentages of upregulated genes (54%,
n = 44 at ovary 0.15 mg/kg; 52%, n = 2,061 at ovary 0.35 mg/kg) compared to downregulated genes (46%, n = 38 at ovary 0.15mg/kg; 48%, n = 1,926 at ovary
0.35 mg/kg). We identi�ed fewer DEGs in uterus when compared to ovary. We found a total of 70 DEGs in uterus at treatment 0.15 mg/kg and 11 DEGs at
the 0.35 mg/kg treatment. At treatment 0.15 mg/kg, we found more upregulated genes (84%, n = 59) compared to down regulated genes (16%, n = 11). At the
higher dose in uterus, we identi�ed fewer upregulated genes (27%, n = 3) when compared to downregulated genes (73%, n = 8).

Table 5
Regulation of Differentially Expressed Genes from RNA seq data

Differentially Expressed Genes (DEGs)

  Ovary Uterus

Upregulated

Downregulated

0.15 mg/kg

44 54%

38 46%

0.35 mg/kg

2,061 52%

1,926 48%

0.15 mg/kg

59 84%

11 16%

0.35 mg/kg

3 27%

8 73%

Total 82 3,987 70 11

Directionality of regulation in differentially expressed gene by decitabine exposure in ovary and uterus at doses 0.15 and 0.35 mg/kg.

We next identi�ed the top ten DEGs in ovary and uterus tissues (Table 6). Within the ovary, the gene Cytosolic phosphoenolypyruvate carboxykinase 1 (Pck1)
was differentially expressed at both doses. Genes Kelch Like Family Member 14 (Klhl14) and echinoderm microtubule associate protein-like 1(Eml1) were
expressed within the uterus at both doses. All other DEGs within the top 10 were unique to tissue or dose. We next identi�ed the top 10 biological functions
using the total set of signi�cant DEGs (Table 7). Top dysregulated biological processes were unique to each treatment and dose. Our data highlight DAC
exposure dysregulates pathways involved with tissue development at the 0.15 mg/kg treatment in ovary, whereas the 0.35 mg/kg treatment in ovary results
in catabolism pathway dysregulation. Additionally, pathways involved with immune responses were dysregulated in uterus at the 0.15 mg/kg dose. We were
unable to identify top dysregulated biological processes within uterus at 0.35 mg/kg.
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Table 6
Differentially Expressed Genes from RNA seq data

Top Dysregulated Genes: RNA Seq

Ovary 0.15 mg/kg Ovary 0.35 mg/kg

Name fold change p value Name fold change p value

Chrdl1 -3.14 0.00 H2ac19 -11.32 0.00

Pck1 -7.17 0.00 B430305J03Rik -8.79 0.00

Art3 -4.16 0.01 Pck1 -9.16 0.00

Nnat -2.93 0.01 Trarg1 -8.93 0.00

Asb4 -2.31 0.01 Fabp4 -9.13 0.00

Chst1 -3.55 0.01 Cfd -9.57 0.00

Retnla -5.78 0.02 Cidec -9.18 0.00

Adamts5 -2.55 0.02 Adipoq -9.45 0.00

Pdzd2 -2.25 0.04 Lep -9.53 0.00

Cmklr1 -2.89 0.05 Gm28635 -9.25 0.00

Uterus 0.15 mg/kg Uterus 0.35 mg/kg

Name fold change p value Name fold change p value

Nacad -2.75 0.00 Sorbs1 -1.79 0.00

Klhl14 -1.96 0.00 Eml1 -1.53 0.00

Eml1 -1.27 0.01 Klhl14 -1.95 0.03

Nebl -3.85 0.01 Adam22 -2.32 0.03

Galnt16 -2.06 0.01 Abca4 2.41 0.03

Pgr -1.61 0.02 Gm43462 -1.69 0.04

Ryr2 -2.34 0.04 Lifr 1.07 0.04

Tcf23 -1.89 0.04 Gm26581 -6.08 0.04

Fat3 -1.84 0.05 9630050E16Rik -2.44 0.05

Mtbp -1.49 0.05 Cap2 -1.75 0.05

Top ten differentially expressed genes by decitabine exposure in ovary and uterus at doses 0.15 and 0.35 mg/kg, organized by p-value

Pyrosequencing of Site Speci�c and Global Approximation for DNA Methylation
We investigated the well-established proxy for global methylation in mice, LINE transposon metylation41,42. The measurement at each of 4 CpG positions is
averaged over thousands of LINE copies present throughout the mouse genome. Ovary and oviduct LINE methylation within all positions and dose levels
were unaltered by DAC exposure (Fig. 7). In contrast, LINE methylation in uterus at dose 0.35 mg/kg was signi�cantly lower compared to the control dose (p-
value < 0.05).

We were also interested in the methylation status of CpGs within the gene Tcf3, since this gene is known to be sensitive to decitabine exposure10,18.
Accordingly, we found Tcf3 in ovary at 0.35 mg/kg at positions 3 and 6 had signi�cantly higher methylation compared to control (Fig. 8). In oviduct at
position 3, higher methylation was present in position 4, whereas positions 3 and 5 had signi�cantly lower methylation values compared to control. Mice
exposed to 0.15 mg/kg doses had signi�cantly lower methylation within the uterus at positions 5 and 6 (p-value < 0.05).
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Table 7
Top Biological Pathways Affected by Decitabine Exposure by RNA seq

Top Biological Pathways Affected by Decitabine: RNA Seq

Ovary 0.15 mg/kg Ovary 0.35 mg/kg

Name p-
value

q-value FDR
B&H

Name p-
value

q-value FDR
B&H

transcription from RNA polymerase II promoter in response
to acidic pH

1.05E-
05

1.26E-02 mRNA metabolic process 1.26E-
32

1.31E-28

cardiac cell fate commitment 1.47E-
05

1.26E-02 protein localization to organelle 3.91E-
21

2.02E-17

striated muscle tissue development 1.90E-
05

1.26E-02 RNA splicing 1.14E-
20

3.93E-17

muscle tissue development 2.83E-
05

1.26E-02 macromolecule catabolic process 1.58E-
20

4.11E-17

female genitalia development 3.10E-
05

1.26E-02 cellular macromolecule catabolic
process

3.63E-
20

7.53E-17

cardiac muscle tissue development 3.21E-
05

1.26E-02 mRNA processing 7.62E-
20

1.32E-16

cellular response to potassium ion starvation 6.27E-
05

1.92E-02 intracellular protein transport 1.08E-
19

1.60E-16

extracellular matrix organization 7.80E-
05

1.92E-02 viral process 3.88E-
19

5.03E-16

extracellular structure organization 7.92E-
05

1.92E-02 chromosome organization 7.66E-
19

8.83E-16

external encapsulating structure organization 8.18E-
05

1.92E-02 regulation of catabolic process 1.89E-
18

1.96E-15

Uterus 0.15 mg/kg Uterus 0.35 mg/kg

Name p-
value

q-value FDR
B&H

Name p-value q-value FDR B&H

type I interferon signaling pathway 1.57E-
07

1.64E-04 NA

cellular response to type I interferon 1.67E-
07

1.64E-04

response to type I interferon 2.26E-
07

1.64E-04

defense response to other organism 1.61E-
05

7.28E-03

response to cytokine 1.68E-
05

7.28E-03

response to virus 5.51E-
05

1.50E-02

response to other organism 7.00E-
05

1.50E-02

response to external biotic stimulus 7.09E-
05

1.50E-02

defense response 7.19E-
05

1.50E-02

defense response to virus 8.98E-
05

1.50E-02

Top biological pathways affected by decitabine exposure in ovary and uterus at doses 0.15 and 0.35 mg/kg, organized by p-value. No results were generated
from Uterus 0.35 mg/kg data.

Discussion
Little is known about the lasting impact of hypomethylating chemotherapeutic exposures on the epigenome within the reproductive tract. This is the �rst
study to explore the genome-wide effects on DNA methylation in vivo on the response of the female reproductive tract to a chronic, low dose decitabine
exposure in mice. Our analysis identi�ed the disruption of essential reproductive genes that also overlap with cancer related functions. This data provides
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evidence that decitabine could affect normal reproductive function and therefore affect the future fertility of female patients. We discuss the following
implications below.

In contrast to the proposed mechanism of decitabine, we saw equal or greater numbers of hypermethylated CpG sites across all tissues and doses. This was
consistent with our previous �ndings on non-reproductive tissues where DMRs were preferentially hypermethylated at both doses (0.15 mg/kg and 0.35
mg/kg) in liver tissue when compared to testes10. Exposures within ovary at 0.35 mg/kg, oviduct at 0.15 mg/kg, and uterus at 0.35 mg/kg have the highest
response of DMCs. Decitabine exposure resulted in more hypomethylated DMCs only within the ovary at dose 0.15 mg/kg. Similar results are seen with
DMRs, where ovary at both doses has preferentially hypomethylated regions compared to oviduct and uterus. The abundance of hypermethylated DMCs
compared to hypomethylated DMCs were unexpected based off the pharmacokinetic nature of decitabine43. Additional investigation is needed to unveil the
mechanism behind preferential hypermethylation in reproductive and non-reproductive tissues.

Compared to other epigenetically active agents, we identi�ed an extensive magnitude of DMCs by decitabine exposure. Here we measured an average of 17k,
20k, and 24k DMCs for each tissue at dose 0.15 mg/kg, with a slight increase of DMCs in ovary and uterus at dose 0.35 mg/kg. In contrast, a subacute
exposure of cannabidiol in male mice found just ~ 3,323 DMCs in hippocampus44. Another study examining perinatal phthalate exposure only identi�ed a
total of 1654 DMCs in females and 1187 DMCs in males45. Similar detection limits of under 3000 DMCs are seen in developmental lead46, alcohol47, and
cannabidiol48 exposure, with even fewer detected DMRs. In contrast to these studies, we measured an average of 17k, 20k, and 24k DMCs for each tissue at
dose 0.15 mg/kg, with a slight increase of DMCs in ovary and uterus at dose 0.35 mg/kg. These changes in the methylome reveal an additional layer to the
complexity of potential damage to reproductive function. Further studies are needed to determine if the abundance of DMCs by decitabine exposure
contribute to fertility complications or long-term damage to the reproductive system.

Our RNA seq data �nds an even distribution of upregulated and downregulated genes in ovary, and bias towards upregulated genes in 0.15 m/kg uterus and
downregulated genes in 0.35 mg/kg uterus. Data from our DMCs and DEGs in the uterus 0.35 mg/kg align with the hypothesis that hypermethylated DMCs
are correlated with downregulated DEGs, despite the low total. In uterus 0.15 mg/kg, DMCs are evenly distributed (51% hypermethylated, 49%
hypomethylated), however the DEGs are skewed towards upregulation (84% upregulated, 16% downregulated). This mismatch of DMCs and DEGs could be
explained by several hypotheses. The mismatch of 0.15 mg/kg DMCs to DEGs could be a bias in position of the DMCs towards intergenic regions instead of
promoters. Additionally, a higher amount of DEGs present in the 0.15 mg/kg dose compared to 0.35 mg/kg could be survivorship bias. It is unclear if our
results indicate greater cell death in the 0.35 mg/kg dose, killing a subset of cell types resulting in skewed DEG results. Alternatively, the skewed DEGs may
be a result of non-monotonic response between 0.15 mg/kg and 0.35 mg/kg that does not impact the DMCs, but does affect DEGs. Further investigation is
needed to identify the role of mismatched DEGs to DMCs and their impact on tissue function.

We see much greater overlap of DMCs within a tissue across doses than across tissues. This agrees with previous reports of methylomes being tissue-
speci�c and is expected. Genome methylation patterns are good predictors of tissue type and therefore alterations in the methylome are expected to occur in
similar locations for a given tissue across different doses of an environmental insult49. Interestingly, ovary had the highest tissue intersect of DMCs across
doses compared to oviduct and uterus, but had the lowest total DMCs when compared to other tissues. It is unclear if overlapping DMCs across tissues are
indicative of similar function or by random change. Thus further investigation is needed to link the signi�cance of overlapping DMCs between tissues.

Our data re�ect preferential DMR distribution in open chromatin regions (OCRs). OCRs are associated with DNA regulatory elements and have a role in DNA
replication, nuclear organization, and gene transcription50. In regards to CpGs sites, DMRs are enriched within CGIs, suggesting greater activity at OCRs over
changes in methylation at isolated intergenic CpG sites. The distribution in relation to genic regions is heavily biased towards genes over intergenic regions,
again suggesting higher activity of decitabine at OCRs. This �nding provides further evidence of the mechanistic incorporation of decitabine and the
disruption within the female reproductive tract.

While several genes we identi�ed have roles outside of cancer pathogenesis, we identi�ed differential methylated genes that are present, contribute to, or
have a role with oncogenic properties. For example, Camta1 expression is essential in cell proliferation and cell cycle regulation, where over expression
inhibits cell growth, migration, and cell cycle in gliomas51. Our data re�ect Camta1 had increased DNA methylation within Ovary (0.15 mg/kg) and Oviduct
(0.15 mg/kg 0.35 mg/kg), and decreased methylation in others Ovary (0.35 mg/kg) and Uterus (0.15 mg/kg, 0.35 mg/kg). A similar pattern of mismatched
methylation patterning is seen in Prdm16 and Gse1. Prdm16 is a transcriptional regulator that displays histone methyltransferase activity and that plays a
signi�cant role in myelodysplastic syndrome(MDS) and acute myeloid leukemia (AML) pathologies52. Over expression of Gse1 in breast cancer cells results
in suppressed cancer cell proliferation, migration, and invasion53. In contrast, the dysregulated signaling of Gse1-Tacstd2 drives metastatic disease,
castration resistance, and disease progression54. Further, Gse1 and Cdh2355, a gene associated with hearing loss and breast cancer, both show high density
of DMLs paired with negative differential methylation. Additionally, genes Wwox56, Bcor57, Cmip58, and Sept959 are associated with oncogenic traits.

The top biological pathways and genes identi�ed by our RNA sequencing transcripts did not directly correlate with our RRBS data. Our data suggests the
biological pathways detected are at random and indicative of decitabine exposure causing non-targeted transcript ampli�cation. Nevertheless, our data
highlights the need to further research the impacts of chemotherapeutics on reproductive function after therapy.

It is unclear if our transcriptional data re�ects the off-target effects of decitabine on proteins other than DNMTs. For example, methyl-CpG-binding domain
(MBD) proteins have methylation binding domains and transcription repression domains that are dependent on methylation to determine the transcriptional
state of the epigenome60. In a study that explored the effects of hypomethylation caused by decitabine exposure and the effects on MBD proteins in HeLa
cells, MBD proteins continue to interact with downstream transcriptional regulators despite the presence of decitabine61. Further research is needed to
determine if the interaction of decitabine with methylation dependent proteins causes dysregulated transcriptional changes.
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Decitabine is not expected to have a regional bias since it is thought to randomly insert during DNA replication during cell division. If this were the case, then
the genome would be expected to be globally hypomethylated. Global methylation as measured by LINE was generally unaffected, a surprising result given
decitabine’s purported mechanism of action, however it �ts well with the genic and CpG island bias of DMRs seen in the RRBS results since LINEs are
typically intergenic. Overall, decitabine appears to preferentially affect CpGs proximal to genes, which was seen in the Tcf3 results as well. Global
methylation in the high dose uterus tissue was signi�cantly lower compared to ovary and oviduct. In contrast, CpG sites of Tcf3 responded similar to that of
testes tissue, where increased exposure results in hypomethylation of the Tcf3 locus10.

Our work on the impact of decitabine as a hypomethylating agent joins a growing body of evidence of chemotherapeutic literature, showing the
repercussions of exposure on the female reproductive tract epigenome. This study provides one of the �rst surveys of the effects of decitabine on the
reproductive tract methylome and include the altered biological pathways, resulting in further interrogation of female fertility and reproductive function post
epigenetic chemotherapy.

Abbreviations
DNA methyltransferase (DNMT), 5’methylcytosines (5mC), genomic DNA (gDNA), differentially methylated cytosines (DMCs), reduced representation bisul�te
sequencing (RRBS), differentially methylated regions (DMRs).
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Figure 1

Bioinformatics Pipeline of Reduced Represented Bisul�te Sequencing (RRBS) and RNA-seq Pipeline RRBS and RNA-seq pipelines were processed separately.
The goal of the RRBS pipeline was to identify differentially methylated CpG sites and regions within multiple female reproductive tissues, and to categorize
top differentially regulated genes and pathways by decitabine exposure. 

Figure 2

Mouse weights over 7 week exposure paradigm. Mice in 0.35mg/kg had signi�cantly lower body weight starting at week 2 and persisted through week 7.
(±SEM **p<0.005, **p<0.055 standard error of mean) 
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Figure 3

Annotated CpG Sites in Ovary, Oviduct, and Uterus at dose 0.15 mg/kg Distribution of CpG site DMRs within (A) Ovary (B) Oviduct and (C) Uterus at dose 0.15
mg/kg. Annotated data is plotted against a randomized set of regions. 

Figure 4

Annotated CpG Sites in Ovary, Oviduct, and Uterus at dose 0.35 mg/kg Distribution of CpG site DMRs within (A) Ovary (B) Oviduct and (C) Uterus at dose 0.35
mg/kg. Annotated data is plotted against a randomized set of regions. 
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Figure 5

Annotated Genic Regions in Ovary, Oviduct, and Uterus at dose 0.15 mg/kg Distribution of genic region DMRs within (A) Ovary (B) Oviduct and (C) Uterus at
dose 0.15 mg/kg. Annotated data is plotted against a randomized set of regions. 

Figure 6

Annotated CpG Sites in Ovary, Oviduct, and Uterus at dose 0.35 mg/kg Distribution of DMRs within (A) Ovary (B) Oviduct and (C) Uterus at dose 0.35 mg/kg.
Annotated data is plotted against a randomized set of regions. 
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Figure 7

Mouse LINE (mLINE) methylation in Ovary, Oviduct, and Uterus Effect of DAC exposure on mLINE methylation (A) Ovary. (B) Oviduct. (C) Uterus. mLINE
methylation signi�cantly decreases at higher doses of exposure in Uterus at position one, but not at other doses or positions. Double stars indicate p-
values<0.005, when compared to controls. Error bars indicate standard error. 

Figure 8

Tcf3 methylation in Ovary, Oviduct, and Uterus Effect of DAC exposure on Tcf3 methylation (A) Ovary. (B) Oviduct. (C) Uterus. Tcf3 methylation signi�cantly
increases at positions 3 and 5 in ovary, and position 4 in oviduct in the 0.35 mg/kg dose group. Methylation decreases at position 3 and 5 in oviduct at dose
0.35 mg/kg, and decreases at position 5 and 6 in the 0.15 mg/kg dose group in uterus. Single stars indicate p-values<0.05, double stars indicate p-
values<0.005, when compared to controls. Error bars indicate standard error. 


