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Differential methylation of imprinting control regions in mammals is essential for distinguishing the parental alleles from each other and regulating their expression accordingly. To ensure parent of origin-specific expression of imprinted genes and thereby normal developmental progression, the differentially methylated states that are inherited at fertilization must be stably maintained by DNA methyltransferase 1 throughout subsequent somatic cell division. Further epigenetic modifications, such as the acquisition of secondary regions of differential methylation, are dependent on the methylation status of imprinting control regions and are important for achieving the monoallelic expression of imprinted genes, but little is known about how imprinting control regions direct the acquisition and maintenance of methylation at these secondary sites. Recent analysis has identified mutations that reduce DNA methyltransferase 1 fidelity at some genomic sequences but not at others, suggesting that it may function differently at different loci. We examined the impact of the mutant DNA methyltransferase 1 P allele on methylation at imprinting control regions as well as at secondary differentially methylated regions and non-imprinted sequences. We found that while the P allele results in a major reduction in DNA methylation levels across the mouse genome, methylation is specifically maintained at imprinting control regions but not at their corresponding secondary DMRs. This result suggests that DNA methyltransferase 1 may work differently at imprinting control regions or that there is an alternate mechanism for maintaining methylation at these critical regulatory regions and that maintenance of methylation at secondary DMRs is not solely dependent on the methylation status of the ICR.
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1 INTRODUCTION
Genomic imprinting results in parent of origin-specific monoallelic expression of approximately 150 genes in mammals (Morison et al., 2005; https://www.geneimprint.com/site/genes-by-species.Mus+musculus). Parent of origin-specific DNA methylation at imprinting control regions (ICRs) is established during gametogenesis, inherited at fertilization, maintained throughout development, and serves as the primary imprinting mark; as such, it is responsible for distinguishing the parental alleles from each other and regulating their expression accordingly (Barlow and Bartolomei, 2014). Differential methylation of ICRs is therefore essential for establishing imprints, and recent studies have further proven the importance of maintaining differential methylation at ICRs in order to retain monoallelic imprinted expression patterns. Epigenetic editing resulting in methylation of the typically unmethylated maternal tandem repeats within the Dlk1-Dio3 IG-DMR led to paternalization of the maternal allele, including the acquisition of methylation across the IG-DMR and concomitant silencing of Meg3 (Kojima et al., 2022). Conversely, targeting TET1 activity to the tandem repeats with the IG-DMR on the typically methylated paternal IG-DMR maternalized the paternal allele as evidenced by decreased methylation across this locus and expression of Meg3 from the typically silent paternal allele (Kojima et al., 2022).
In addition to the primary, or gametic, differentially methylated regions (DMRs) that function as ICRs and are essential for regulating imprinted expression, some imprinted genes also acquire distinct regions of differential methylation during post-implantation development (Tremblay et al., 1997; Hanel and Wevrick, 2001; Takada et al., 2002; Bhogal et al., 2004; Gagne et al., 2014; Guntrum et al., 2017). Acquisition of parent of origin-specific methylation at these secondary, or somatic, DMRs is dependent on the epigenetic state of the corresponding primary DMR, although the exact mechanisms driving methylation acquisition at secondary DMRs are not well understood (Saito et al., 2018; Hara et al., 2019). For example, epigenetic alteration of methylation at the IG-DMR or targeted deletion of IG-DMR sequences directly influences the methylation state of the corresponding secondary DMR located at the Gtl2 (Meg3) promoter (Aronson et al., 2021; Kojima et al., 2022), highlighting the relationship between these two elements. While differential methylation of the primary DMRs is essential for establishing the parent of origin epigenotype at each imprinting cluster, the subsequent acquisition of parent of origin-specific methylation at secondary DMRs appears to be important for maintaining parent of origin-specific expression of individual loci (Stöger et al., 1993; Constância et al., 2000; Bhogal et al., 2004; Kobayashi et al., 2009; Kagami et al., 2010; John and Lefebvre, 2011; Nakagaki et al., 2014; Aronson et al., 2021; Kojima et al., 2022).
Despite the demonstrated importance of differential methylation at secondary DMRs in the regulation of the individual imprinted genes with which they are associated, DNA methylation is less consistent at secondary DMRs than at primary DMRs (Tremblay et al., 1997; Hanel and Wevrick, 2001; Takada et al., 2002; Yatsuki et al., 2002; Arnaud et al., 2003; Coombes et al., 2003; Ono et al., 2003; Nowak et al., 2011; Woodfine et al., 2011; Arand et al., 2012; Gagne et al., 2014; Guntrum et al., 2017; Nechin et al., 2019). Investigation of DNA methylation patterns at secondary DMRs revealed high levels of methylation asymmetry (Guntrum et al., 2017; Nechin et al., 2019), which may be a result of TET activity at these loci which would lead to 5-hydroxymethylcytosine enrichment and subsequent active or passive demethylation (Valinluck and Sowers, 2007; Tahiliani et al., 2009; He et al., 2011; Ito et al., 2011; Kohli and Zhang, 2013). Despite the high levels of methylation asymmetry observed at secondary DMRs, overall levels of DNA methylation remain consistent across development, consistent with the hypothesis that the epigenetic profile at primary DMRs directs methylation acquisition at secondary DMRs throughout development (Bhogal et al., 2004; Gagne et al., 2014; Guntrum et al., 2017; Nechin et al., 2019).
The establishment and maintenance of DNA methylation is achieved by DNA methyltransferases (Dnmts). Dnmt3a and Dnmt3b function as de novo methyltransferases while Dnmt1 functions as the maintenance methyltransferase (Li and Zhang, 2014). Dnmt1 plays a critical role in maintaining global methylation, and complete loss of Dnmt1 activity is embryonic lethal (Li et al., 1992). Dnmt1 has also been shown to be responsible for maintaining methylation at primary DMRs associated with imprinted genes, including during the genome-wide demethylation that occurs during pre-implantation development (Howell et al., 2001; Hirasawa et al., 2008; Liu et al., 2022). Mutation of Dnmt1 supports the hypothesis that it may function differently at different genomic locations. Dissection of Dnmt1 via mutational analysis has identified specific regions of the Dnmt1 protein that are essential for maintaining non-imprinted but not imprinted methylation patterns and vice versa (Borowczyk et al., 2009; Shaffer et al., 2015). These mutations are located in the intrinsically disordered domain (IDD) of Dnmt1, suggesting that different sequences within this region may influence Dnmt1 activity at different targets within the mouse genome (Shaffer et al., 2015).
Herein, we describe our investigation of the Dnmt1 P allele. The P allele is a mutation in the mouse Dnmt1 IDD that replaces six codons with the corresponding rat sequence (Shaffer et al., 2015). Work by Shaffer and others (Shaffer et al., 2015) illustrated that Dnmt1P/P is lethal, likely due to a dramatic reduction in global DNA methylation. Despite the overall reduction in DNA methylation globally and at IAP sequences, methylation was relatively well maintained at primary DMRs associated with imprinted loci (Shaffer et al., 2015). We compared DNA methylation levels in Dnmt1P/P mutant embryos across development to determine whether methylation is also maintained better at secondary DMRs, whose methylation status is dependent on the methylation state of the corresponding primary DMR. Our results illustrate that methylation at secondary DMRs associated with imprinted genes is dramatically reduced in Dnmt1P/P mutants, supporting the hypothesis that methylation is maintained differently at different sequences and that different factors may be responsible for maintaining methylation at primary vs. secondary DMRs.
2 MATERIALS AND METHODS
2.1 Mice
Sv/129 mice heterozygous for the Dnmt1 P allele mutation (Shaffer et al., 2015) were obtained from Dr. Mellissa Mann (Magee-Womens Research Institute, Pittsburg, PA). Natural matings between heterozygous pairs were used to generate Dnmt1+/+, Dnmt1P/+ and Dnmt1P/P embryos, which were collected at 9.5, 12.5, 15.5 and 18.5 days post coitum (dpc). Natural matings were also used to generate offspring in order to maintain the Dnmt1 P allele in the colony. Ethical approval for procedures involving animals was granted by the Bryn Mawr College Institutional Animal Care and Use Committee, PHS Welfare Assurance Number A3920-01.
2.2 Genotyping
Genotypes were determined using a PCR-based assay described by Shaffer et al. (Shaffer et al., 2015). Briefly, DNA was extracted from embryo or 3–4 weeks mouse tails using proteinase K digestion and genomic DNA was purified using a Genomic DNA Clean & Concentrator kit (Zymo Research, Irvine, CA, cat#D4011). PCR using oligonucleotides flanking the P allele mutation was followed by restriction digestion with AvaI, and wild type vs. mutant P alleles were distinguished by agarose gel electrophoresis (wild type allele, 627 bp; P allele, 447 + 180 bp). Chi-square goodness of fit tests were conducted in Microsoft Excel, using the raw number of Dnmt1+/+, Dnmt1P/+ and Dnmt1P/P embryos or pups collected at each developmental stage, to determine whether the observed values deviated significantly from the Mendelian ratios expected from crosses between heterozygous pairs.
2.3 DNA purification, template preparation and bisulfite sequence analysis
Genomic DNA was isolated from 9.5, 12.5, 15.5 and 18.5 dpc embryo heads following proteinase K digestion and a series of phenol/chloroform extractions as described previously (Davis et al., 1999). Purified DNA was subjected to bisulfite mutagenesis using an EZ DNA Methylation-Direct kit (Zymo Research, Irvine, CA, cat#D5020). Mutagenized DNA was subjected to nested or semi-nested PCR amplification; primers, PCR annealing temperatures and expected second round PCR product size for each locus analyzed are detailed in Supplementary Table S1. Resulting amplicons were purified from agarose gels using a Zymoclean Gel DNA Recovery kit (Zymo Research, Irvine, CA, cat#D4002) and quantified using a Qubit 3.0 Fluorometer (ThermoFisher Scientific, cat#Q33216). Equimolar amounts of PCR product from multiple loci were combined with a minimum of 50 ng from each amplicon and submitted to Azenta (South Plainfield, NJ) for NextGeneration-based amplicon sequencing. Sequence reads were uploaded to a Galaxy Instance hosted at Bryn Mawr College, paired and processed using fastp, mapped to known target sequences, and analyzed for non-CpG bisulfite conversion efficiency as well as for the presence of cytosines vs. thymines in a CpG context (Afgan et al., 2018). The bisulfite conversion efficiency was >99% for all datasets used in this analysis.
2.4 Analysis of downsampled sequences
Downsampling of NGS data was performed using Galaxy tools to obtain 20–25 sequencing reads for each locus analyzed. Percent methylation for each strand was calculated and the raw data from each allele in Dnmt1+/+ and Dnmt1P/P embryos was ranked and assessed for statistically significant differences using a Mann-Whitney U test (http://vassarstats.net/utest.html).
3 RESULTS
3.1 The Dnmt1 P allele alters sequences uniquely present in Mus and Rattus
The amino terminal intrinsically disordered domain of Dnmt1, residues 92–391, includes a 160 amino acid region unique to eutherian mammals proposed to play a role in mammalian-specific methylation processes such as genomic imprinting (Borowczyk et al., 2009; Liu et al., 2017). Previous research indicated that different portions of this domain may influence the catalytic activity of Dnmt1 at different sequences (Borowczyk et al., 2009). While the primary sequence of Dnmt1 is highly conserved across species (Supplementary Figures S1A–C), Shaffer et al. (Shaffer et al., 2015) identified a 10 amino acid region present in mouse and rat that is not present in humans and suggested that this region may be responsible for species specific methylation. Further analysis illustrated that the mouse-rat region is specific to Mus and Rattus genera, as it is not present in other rodents, including the closely related deer mouse (Peromyscus leucopus and Peromyscus maniculatus) (Figure 1; Supplementary Figures S1D). The Dnmt1 P allele, which substituted the mouse codons specifying LESHTV for the rat codons specifying PEPLSI, is embryonic lethal, displaying dramatically reduced levels of global DNA methylation, indicating that this region does not function similarly in Mus vs. Rattus (Shaffer et al., 2015).
[image: Figure 1]FIGURE 1 | Alignment of Dnmt1 amino acid sequences 290–344. An 8–10 amino acid sequence (red) within the Dnmt1 intrinsically disordered domain is present in Mus musculus, Mus pahari, Mus caroli, Rattus norvegicus and Rattus rattus, but is not found in other rodents or non-rodent species. Sequences were aligned using the COBALT multiple alignment tool (https://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi).
3.2 The Dnmt1 P allele is neonatal lethal
Embryos homozygous for the Dnmt1 P allele have dramatically reduced levels of global methylation but methylation was observed to be better maintained at primary DMRs associated with imprinted genes (Shaffer et al., 2015). Since the methylation at secondary DMRs associated with imprinted genes is dependent on the methylation of the corresponding primary DMR (Saito et al., 2018; Hara et al., 2019), we wanted to determine whether Dnmt1P/P mutant embryos would also retain most of their methylation at secondary DMRs as a consequence of the methylation profile at the associated primary DMR or whether the preferential retention of methylation at primary DMRs is unique in Dnmt1P/P mutant embryos, suggesting either that Dnmt1 functions differently at these sequences or that the maintenance of methylation at primary DMRs can be achieved with other DNA methyltransferases.
We collected and genotyped embryos derived from natural matings between Dnmt1P/+ mice at 9.5, 12.5, 15.5 and 18.5 dpc; at least four litters were collected at each developmental stage. While there was some deviation from the expected 1:2:1 Mendelian ratio at each developmental stage, none of the differences were significant (Table 1). Furthermore, we did not observe consistent differences in morphology between wild-type, heterozygous or homozygous mutant embryos, suggesting that Dnmt1P/P embryos survive throughout gestation (Supplementary Figure S2). In contrast, no Dnmt1 P/P pups survived beyond 1 day after birth. Three of the 245 pups that were observed following natural matings between Dnmt1 P/+ mice were Dnmt1 P/P, and all three were deceased on postpartum day 1. Of the 242 pups that survived beyond postpartum day 1, all survived into adulthood: 84 of the surviving offspring were wild-type, and 158 were heterozygous for the Dnmt1 P allele mutation (Table 2). These data indicate that the Dnmt1 P allele is a neonatal lethal. Our observations of the three dead Dnmt1 P/P pups indicated that none of them had milk in their stomachs. We hypothesize that Dnmt1 P/P embryos may survive gestation but are unable to eat and/or breathe after birth and are therefore inviable, and that the majority of the Dnmt1 P/P pups that were born were consumed by their parents before they were observed on postpartum day 0 or day 1.
TABLE 1 | Genotypes of embryos derived from Dnmt1P/+ x Dnmt1P/+ matings. p values were calculated using a chi-square goodness of fit test based on the 1:2:1 Mendelian genotype ratio expected from heterozygous parents; no significant differences from the 1:2:1 predicted ratio were detected.
[image: Table 1]TABLE 2 | Genotypes of viable pups derived from Dnmt1P/+ x Dnmt1P/+ matings. p values were calculated using a chi-square goodness of fit test based on the 1:2:1 Mendelian genotype ratio expected from heterozygous parents vs. the expected 1:2 ratio for a recessive lethal.
[image: Table 2]3.3 DNA methylation levels are relatively well maintained at primary DMRs associated with imprinted genes in Dnmt1P/P mutant embryos as compared to secondary DMRs and non-imprinted sequences
We analyzed methylation levels at primary and secondary DMRs associated with imprinted loci as well as at non-imprinted loci in DNA derived from 9.5, 12.5, 15.5 and 18.5 dpc wild-type and Dnmt1P/P siblings (Table 3). Purified genomic embryo DNA was subjected to bisulfite mutagenesis and target loci were amplified by PCR (Supplementary Table S1). Purified amplicons were quantified and pooled at equimolar amounts prior to Next-Generation sequencing. NGS data was analyzed using a Galaxy instance to determine bisulfite mutagenesis efficiency based on non-CpG cytosine conversion to uracil (thymine) and the frequency of cytosine methylation at CpG dinucleotides. Data were obtained from one wild-type and one Dnmt1P/P embryo at 9.5, 12.5 and 15.5 dpc, and from two wild-type and two Dnmt1P/P embryos at 18.5 dpc.
TABLE 3 | Primary and secondary DMRs analyzed within different imprinting clusters.
[image: Table 3]DNA methylation levels were reduced in Dnmt1P/P embryos at all loci examined and at all developmental stages analyzed relative to their wild-type siblings. At primary DMRs, the amount of methylation detected in Dnmt1P/P DNA was between 80% and 100% of the wild-type value at 87% of the sequences analyzed (Figure 2A; Supplementary Table S2). While all primary DMRs except the Airn ICR consistently exhibited reduced levels of DNA methylation in Dnmt1P/P mutant embryos, the difference in methylation between Dnmt1+/+ and Dnmt1P/P embryos was generally less than 16%, suggesting either that the P allele form of Dnmt1 functions reasonably well at these sequences or that an alternative mechanism for maintaining methylation at these sequences exists. Furthermore, the amount of methylation observed at primary DMRs in wild-type and Dnmt1P/P embryos was consistent in biological replicates (Supplementary Figure S3A) and throughout the embryonic stages analyzed (Figure 2A; Supplementary Table S2). The observation that there is some loss of methylation at primary DMRs in Dnmt1P/P embryos suggests that methylation is imperfectly maintained at these sequences during early embryonic development. However, as additional loss of methylation was not observed in Dnmt1P/P mutant embryos as development progressed, whatever deficit the Dnmt1 P allele has in maintaining methylation occurs early and does not accumulate. The H19 ICR displayed more dramatic differences in DNA methylation between the wild-type and Dnmt1P/P samples than the other primary DMRs analyzed, accounting for three of the four primary DMR samples where methylation maintenance was below 80% in Dnmt1P/P mutant embryos (Supplementary Table S2). This could be attributed to the fact that the H19 ICR sample sizes were consistently very small and as a result the data obtained for this locus may not as accurately reflect the DNA methylation patterns present (Supplementary Table S3). Similarly, the observation that the amount of methylation at Airn is higher in Dnmt1P/P samples as compared to their wild-type siblings is likely an artifact associated with the small sample size. We consistently detected methylation levels around 70% for two of the primary DMRs analyzed, Rasgrf1 and Kcnq1ot1, a higher value than would be expected based on their known parent of origin-specific methylation patterns (Figure 2A; Figure 3A). We believe this is likely due to biased amplification of the methylated allele at these loci, which appears to be occurring at the same frequency in the wild-type and Dnmt1P/P embryos (Figure 3A). Methylation levels at the remaining DMRs associated with imprinted loci were detected at expected frequencies in wild-type embryos.
[image: Figure 2]FIGURE 2 | Methylation levels are minimally reduced at primary DMRs in Dnmt1P/P (P/P) embryos as compared to their wild-type siblings. Percent methylation derived at each locus from NGS data; 9.5 dpc (blue), 12.5 dpc (orange), 15.5 dpc (green) and 18.5 dpc (yellow). Data were obtained from a single wild-type or Dnmt1P/P mutant embryo at each developmental stage. (A) Primary DMRs. (B) Secondary DMRs. (C) Non-imprinted loci.
[image: Figure 3]FIGURE 3 | Methylation patterns across representative downsampled NGS sequences. Each row represents methylation data obtained at CpG dinucleotides within a single sequence: methylated (filled), unmethylated (open). Boxes containing an A or G represent PCR-induced error and indicate the nucleotide observed at that position; boxes containing an X represent undetermined sequence. Data were obtained from 12.5 dpc Dnmt1+/+ (left) and Dnmt1P/P (right) embryos. (A) Primary DMRs Rasgrf1 and IG-DMR. (B) Secondary DMRs Peg12 and Dlk1. (C) Non-imprinted loci Zfp553 and Cmtm4.
To assess methylation levels at additional primary DMRs in wild-type vs. Dnmt1P/P embryos, we analyzed the 15.5 dpc RRBS data generated by Shaffer et al. (Shaffer et al., 2015). 17 of the 22 ICRs we analyzed were not represented in the tiles generated in their analysis, including all six of the primary DMRs targeted in our study. The RRBS data illustrated that methylation was well maintained at the primary DMRs associated with Nespas/GnasXL, Inpp5f and Peg13, with the percent methylation in Dnmt1P/P embryos being 89, 87% and 86% the level detected in wild-type embryos, respectively. Two ICRs, Fkbp6 and Cdh15, showed more variation between wild-type and Dnmt1P/P embryos, with methylation differences of 24%.
In contrast to what was observed at primary DMRs, DNA methylation levels were dramatically reduced at secondary DMRs in Dnmt1P/P embryos (Figure 2B; Supplementary Figure S3B). At most secondary DMRs, the level of methylation in Dnmt1P/P embryos varied from 13% to 85% of the amount observed in their wild-type siblings. One notable exception to this finding was observed at Igf2r, which displayed a minimal reduction in methylation detected in wild type vs. Dnmt1P/P embryos. This difference could be attributed to the fact that while methylation is acquired at most secondary DMRs by 9.5 dpc, the secondary DMR associated with Igf2r acquires methylation during late gestation (Stöger et al., 1993; Bhogal et al., 2004; Gagne et al., 2014; Guntrum et al., 2017; Nechin et al., 2019). In support of this hypothesis, the average amount of methylation observed at Igf2r was approximately two-fold higher in 18.5 dpc embryos than in embryos collected at earlier developmental stages (Figure 2B; Supplementary Figure S3B). Excluding the Igf2r results, methylation levels in Dnmt1P/P embryos were below 80% the value observed in wild-type embryos at 84% of the sequences analyzed and below 50% in 49% of the sequences analyzed (Supplementary Table S2), considerably less than what was observed at the corresponding primary DMRs. Similar to what was observed at primary DMRs, methylation levels were relatively consistent across development suggesting that for the most part, methylation levels did not change in wild type nor in Dnmt1P/P embryos once it was acquired during early post-implantation development.
Shaffer et al. (Shaffer et al., 2015) illustrated a global loss of DNA methylation in Dnmt1P/P mice by analyzing methylation levels using methylation-sensitive Southern blots to examine methylation levels at IAP elements as well as LUMA assays to examine methylation levels across the genome. We took a targeted approach to examine DNA methylation levels at non-imprinted, single copy sequences. We analyzed methylation at two loci reported to have tissue-specific DNA methylation patterns, Glut3 and Hnf4a (Yagi et al., 2008; Ganguly et al., 2014) as well as four ZFP57-bound loci displaying strain-specific methylation in embryonic stem cells: Zfp553, Qrsl1, Cmtm4 and Talpid3 (Strogantsev et al., 2015). All of the non-imprinted loci showed a reduction in the amount of DNA methylation present in Dnmt1P/P embryos as compared to their wild type siblings (Figure 2C), but the extent to which DNA methylation was lost varied between loci. Methylation was reasonably well maintained at Zfp553 and Talpid3, but was dramatically reduced at Glut3, Hnf4a, Cmtm4 and Qrsl1. Examination of these sequences using the CpG Island Finder (Gardiner-Garden and Frommer, 1987; EMBOSS, 2023), and the UCSC Genome Browser (UCSC Genome Browser) illustrated that CpG density varies at the loci examined in our study. All six primary DMRs and all nine secondary DMRs contain CpG islands or are CpG-rich. In contrast, the regions of Zfp553, Glut3 and Hnf4a analyzed are CpG-rich, but the methylated regions of Cmtm4, Qrsl1 and Talpid3 examined in this study are CpG-poor (Supplementary Figure S4A). Therefore, CpG density does not correlate with the ability of the Dnmt1 P allele to maintain methylation.
We further investigated these loci to determine whether Zfp553 and Talpid3, non-imprinted sequences that retain methylation in Dnmt1P/P mutant embryos, share any features with primary DMRs that might make them resistant to methylation loss. While Zfp553 and Talpid3 display methylation in embryonic stem cells that is presumably gametic in origin (Strogantsev et al., 2015), so do Qrsl1 and Cmtm4, which show dramatic loss of methylation in Dnmt1P/P mutant embryos (Figure 2C). Furthermore, Shaffer and others (Shaffer et al., 2015) illustrated that methylation is lost at gametically methylated IAP elements in Dnmt1P/P mutant embryos. Together, these data suggest that gametic inheritance of methylation does not predict a sequence’s ability to retain methylation in the presence of the P allele form of Dnmt1. We additionally assessed each locus for other chromatin features, including euchromatin vs. heterochromatin status, enhancer vs. promoter vs. transcription unit status, the presence of the transcriptionally permissive histone modifications H3K4me1, H3K4me3 and H3K27ac, and the presence of histone modifications associated with transcriptional repression and/or DNA methylation, H3K9me3, H3K36me3 and H3K27me3, in 12.5 dpc mouse midbrain using the UCSC Genome Browser (Supplementary Figure S4B). While both Zfp553 and Talpid3 are enriched for H3K36me3, the only primary DMR containing this modification is Airn. Based on these analyses, there was no apparent association between a particular chromatin signature and the ability of the corresponding sequence to retain methylation in Dnmt1P/P mutant embryos. Of note, many of the DMRs associated with imprinted loci displayed both permissive and repressive modifications, consistent with the fact that the parental alleles have opposing epigenetic states.
3.4 DNA methylation loss is randomly distributed across individual sequences in Dnmt1P/P embryos
The lower levels of DNA methylation observed in Dnmt1P/P embryos could be due to loss of methylation across a subset of DNA strands, loss of methylation at specific sequences within the DNA, or non-specific loss of methylation across all DNA strands. To distinguish between these possibilities, we extracted a subset of the NGS sequences obtained and analyzed the DNA methylation profiles of individual sequences. Analysis of the extracted primary DMR sequences for Rasgrf1 and the Dlk1-Dio3 IG-DMR showed that the methylation profile amongst alleles obtained from Dnmt1P/P embryos was not significantly different than it was in their wild-type siblings (p values = 0.1802, 0.4839), and further illustrated that methylation was generally well maintained across the sequences analyzed (Figure 3A; additional data not shown). In contrast, the methylation patterns observed at the secondary DMRs associated with Dlk1 and Peg12 in wild type vs. Dnmt1P/P embryos showed significant loss of methylation across each locus (p values = 0.0041, 0.0088), with inconsistent methylation remaining (Figure 3B; additional data not shown). Similar trends were observed at non-imprinted loci that showed either modest or dramatic differences in methylation between wild type and Dnmt1P/P embryos (Figure 3C). Methylation was better maintained at Zfp553 in Dnmt1P/P embryos and was distributed evenly across the sequences analyzed, although the loss of methylation between wild type and Dnmt1P/P embryos was significant (p-value = 0.0005). Cmtm4 displayed a dramatic and dispersed loss of methylation in Dnmt1P/P embryos (p-value = <0.0001). Overall, these data suggest that methylation is poorly maintained across loci in Dnmt1P/P embryos rather than lost entirely from specific sequences.
4 DISCUSSION
DNA methyltransferases carry out both de novo and maintenance methylation, with Dnmt1 primarily functioning as the maintenance methyltransferase and de novo methylation resulting from the activity of Dnmt3a and Dnmt3b (Li and Zhang, 2014; Hervouet et al., 2018). The fidelity of Dnmt1 in maintaining methylation patterns by methylating newly synthesized daughter strands has been estimated to be 95%–96% (Ushijima et al., 2003; Laird et al., 2004; Vilkaitis et al., 2005), yet high levels of hemimethylation have been observed at some genomic loci, including secondary DMRs associated with imprinted genes, suggesting inconsistent maintenance of methylation at these sequences (Guntrum et al., 2017; Nechin et al., 2019). We previously found that 30%–50% of the CpG dyads in secondary DMRs are hemimethylated, suggesting that DNA methylation is passively and/or actively lost at these sequences, possibly due to 5-hydroxymethylcytosine enrichment at these sequences (Guntrum et al., 2017; Nechin et al., 2019) (TDavis lab, data not shown). Despite the fact that hemimethylation should result in reduced methylation levels following subsequent rounds of DNA replication, methylation levels remain constant at secondary DMRs throughout development, leading us to propose that methylation at these loci may be lost due to reduced Dnmt1 fidelity and restored by de novo methylation via Dnmt3a/3b. Indeed, despite the established roles of Dnmt1 and the Dnmt3 family proteins, evidence suggests that Dnmt3 enzymes may function cooperatively with Dnmt1 to maintain methylation at repetitive and CpG-rich sequences (Liang et al., 2002; Chen et al., 2003; Jones and Liang, 2009; Liu et al., 2022). While Dnmt1 appears to be sufficient for maintaining DNA methylation in ES cells at many primary DMRs associated with imprinted genes, Dnmt3a and 3b contribute to maintenance methylation at several ICRs including H19 and IG-DMR and Dnmt3b has been shown to be necessary for maintaining methylation at Rasgrf1 (Hirasawa et al., 2008; Liu et al., 2022). Liu and others (Liu et al., 2022) further suggested that Dnmt3a and 3b may be more important than Dnmt1 for maintaining methylation at approximately half of the secondary DMRs analyzed in their study.
The suggestion that Dnmt3a/3b may function cooperatively with Dnmt1 in maintaining methylation raises a question as to what directs Dnmt3a and/or Dnmt3b to methylate secondary DMRs and other loci throughout development. We hypothesized that primary DMRs signal the de novo acquisition of methylation at secondary DMRs in the same imprinting cluster, and that this activity occurs both during the initial acquisition of methylation at secondary DMRs during post-implantation development and throughout the remainder of development. Several lines of evidence support this hypothesis, best illustrated at the Dlk1-Dio3 imprinting cluster. Analysis of methylation and gene expression patterns in patients with IG-DMR and MEG3-DMR microdeletions illustrate the hierarchical way in which DNA methylation is established across this imprinting cluster (Kagami et al., 2010; Beygo et al., 2015). Furthermore, deletion of the tandem repeat in the paternally-inherited IG-DMR, its replacement with CpG-free sequences and targeted demethylation of the repeat via epigenetic editing in mice all resulted in loss of methylation at the IG- and Gtl2-DMRs and concomitant loss of imprinting at both maternally- and paternally-expressed imprinted genes (Saito et al., 2018; Hara et al., 2019; Aronson et al., 2021; Kojima et al., 2022). These experiments demonstrated that the methylation status of the tandem repeat within the ICR is necessary both to establish and maintain parental epitypes and expression profiles across this cluster.
If the methylation status at the primary DMR is the primary driver of the methylation status at the corresponding secondary DMRs within the same imprinting cluster, then methylation should be maintained equally well at primary and secondary DMRs in Dnmt1P/P mutant mice, but our results did not support this hypothesis. Despite the fact that embryos homozygous for the Dnmt1 P allele maintain methylation relatively well at primary DMRs associated with imprinted genes (data herein and (Shaffer et al., 2015)), we found that methylation was dramatically reduced at secondary DMRs in Dnmt1P/P embryos as compared to their wild-type siblings. Therefore, while we cannot exclude the possibility that the Dnmt3 proteins work cooperatively with Dnmt1 in maintaining methylation at secondary DMRs, their action cannot compensate for the mutant Dnmt1 protein. This could be because while wild-type Dnmt1 interacts with Dnmt3a/b (Kim et al., 2002; Qin et al., 2011), mutant Dnmt1 is unable to do so either because of its disrupted structure and/or its low concentration (Shaffer et al., 2015). Failure of such an interaction could impact the maintenance of methylation that requires the coordinated activity of both Dnmt1 and Dnmt3 proteins. To further explore whether the Dnmt3 proteins play a role in maintaining methylation at imprinted loci, it will be important to assess whether either or both of these enzymes localize to primary and/or secondary DMRs in wild-type and Dnmt1P/P mutant embryos at developmental stages after methylation is initially established.
The Dnmt1 P allele has dramatically different effects at different loci within the mouse genome. This mutation is located within an N-terminal intrinsically disordered domain that interacts with at least 8 different proteins that may play roles in regulating Dnmt1 activity both broadly and at specific sequences (Liu et al., 2017). In support of this hypothesis, different mutations within the IDD impact DNA methylation in different ways, with some mutations affecting methylation at ICRs but having no effect on non-ICR methylation while other mutations have the opposite effect (Borowczyk et al., 2009; Shaffer et al., 2015). The ability of different, expressed, IDD-deleted forms of Dnmt1 protein to selectively maintain DNA methylation at imprinted vs. non-imprinted sequences supports the idea that IDD-mediated protein-protein interactions provide specificity to Dnmt1 activity (Borowczyk et al., 2009). Shaffer and others (Shaffer et al., 2015) suggested that the region altered in the P allele, which is specific to Mus and Rattus, might be important for methylation of species-specific sequences. The P allele mutation results in a local increase in the intrinsic disorder score which likely impacts the way in which Dnmt1 interacts with other proteins (Liu et al., 2017) and may therefore affect the ability of Dnmt1 to interact efficiently with proteins that generally guide it to hemimethylated DNA, such as UHRF1 and MeCP2 (Kimura and Shiota, 2003; Bostick et al., 2007; Sharif et al., 2007; Zhang et al., 2011). While alteration of these sequences may disrupt protein-protein interactions and Dnmt1 activity, Shaffer et al. also illustrated that Dnmt1 protein levels are dramatically reduced in Dnmt1P/P mutant mid-to late gestation embryos and suggested that failure of the P allele mutant Dnmt1 protein to interact with other proteins may lead to its degradation, compromising its ability to methylate newly replicated sequences (Shaffer et al., 2015). Since global methylation is significantly decreased in Dnmt1P/P mid-to late gestation embryos, but ICR methylation is maintained ((Shaffer et al., 2015) and data herein), it is possible that Dnmt1 activity at ICRs is less dependent on the region disrupted by the P allele because the mechanism by which Dnmt1 maintains methylation at these sequences is different than the mechanism it uses to more generally maintain methylation across the mouse genome. Alternatively, Dnmt1 may have a higher affinity for ICR sequences, resulting in its activity primarily being directed to those genomic regions even when protein levels are low. It is also possible that methylation at primary DMRs is maintained in an alternate way in Dnmt1P/P individuals, perhaps through the action of Dnmt3a/3b. In support of this hypothesis, Thakur and others (Thakur et al., 2016) demonstrated the ability of a Dnmt3a isoform to restore methylation at primary DMRs in Dnmt3a/3b knock-out ES cells.
Given the dispersed pattern of methylation at imprinted and non-imprinted loci in Dnmt1P/P embryos, we suggest that methylation fidelity is reduced in the presence of this mutation because the mutant Dnmt1 fails to faithfully recognize hemimethylated sequences and methylate the newly synthesized complement, thereby leading to an overall loss of methylation. Preliminary data from our lab illustrates an increase in hemimethylation in sequences derived from Dnmt1P/P embryos: we found significantly more hemimethylation at the IG-DMR in Dnmt1P/P 12.5 dpc embryos as compared to their wild-type siblings (18.34% vs. 12.89%, p = 0.0407; data not shown). Additional analyses will be necessary to further test this hypothesis.
Despite the dramatic loss of global methylation in Dnmt1 P/P mice, embryonic development appears to progress relatively normally although Dnmt1P/P individuals are unable to survive after birth, presumably as a consequence of altered gene expression patterns. While DNA methylation at promoters correlates with gene silencing (Li and Zhang, 2014), the precise amount of promoter DNA methylation required to achieve silencing at individual loci has not been studied in detail and is likely not generalizable. It is known that loss of Dnmt1 activity has a dramatic impact on imprinted gene expression (Li et al., 1993; Caspary et al., 1998; Nakagaki et al., 2014), but in these mutants methylation is dramatically reduced at both primary and secondary DMRs, complicating the ability to determine how loss of methylation specifically at secondary DMRs, without altering their primary sequence, impacts imprinted gene expression. The differential effects of the P allele on methylation levels at primary vs. secondary DMRs associated with imprinted genes provides an opportunity for assessing the relative importance of methylation at primary vs. secondary DMRs in regulating the expression of individual imprinted genes, and these experiments are currently underway.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: NCBI SRA under the following accession numbers SAMN34130389, SAMN34130390, SAMN34130391, SAMN34130392, SAMN34130393, SAMN34130394, SAMN34130395, SAMN34130396, SAMN34130397, SAMN34130398.
ETHICS STATEMENT
The animal study was reviewed and approved by Institutional Animal Care and Use Committee, Bryn Mawr College.
AUTHOR CONTRIBUTIONS
SR, LG, AA, and CS-L contributed to experimental design and carried out molecular genetic studies and data analysis. TD conceived of the study and experimental design, oversaw molecular genetic studies and data analysis and wrote the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported by awards from the Bryn Mawr College Faculty Research Fund and National Science Foundation grant MCB-2024342 to TD. In addition, SR, LG, AA, and CS-L were supported in part by the Bryn Mawr College Summer Science Research program and the Francis Velay Fellowship.
ACKNOWLEDGMENTS
We thank Isabel Oalican and Chloe Tang for their contributions to this work, and Chloe Tang for thoughtful discussion.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1192789/full#supplementary-material
REFERENCES
 Afgan, E., Baker, D., Batut, B., van den Beek, M., Bouvier, D., Cech, M., et al. (2018). The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2018 update. Nucleic Acids Res. 46, W537–W544. doi:10.1093/nar/gky379
 Arand, J., Spieler, D., Karius, T., Branco, M. R., Meilinger, D., Meissner, A., et al. (2012). In vivo control of CpG and non-CpG DNA methylation by DNA methyltransferases. PLoS Genet. 8, e1002750. doi:10.1371/journal.pgen.1002750
 Arnaud, P., Monk, D., Hitchins, M., Gordon, E., Dean, W., Beechey, C. V., et al. (2003). Conserved methylation imprints in the human and mouse GRB10 genes with divergent allelic expression suggests differential reading of the same mark. Hum. Mol. Genet. 12, 1005–1019. doi:10.1093/hmg/ddg110
 Aronson, B. E., Scourzic, L., Shah, V., Swanzey, E., Kloetgen, A., Polyzos, A., et al. (2021). A bipartite element with allele-specific functions safeguards DNA methylation imprints at the Dlk1-Dio3 locus. Dev. Cell 56, 3052–3065.e5. doi:10.1016/j.devcel.2021.10.004
 Barlow, D. P., and Bartolomei, M. S. (2014). Genomic imprinting in mammals. Cold Spring Harb. Perspect. Biol. 6, a018382. doi:10.1101/cshperspect.a018382
 Beygo, J., Elbracht, M., de Groot, K., Begemann, M., Kanber, D., Platzer, K., et al. (2015). Novel deletions affecting the MEG3-DMR provide further evidence for a hierarchical regulation of imprinting in 14q32. Eur. J. Hum. Genet. 23, 180–188. doi:10.1038/ejhg.2014.72
 Bhogal, B., Arnaudo, A., Dymkowski, A., Best, A., and Davis, T. L. (2004). Methylation at mouse Cdkn1c is acquired during postimplantation development and functions to maintain imprinted expression. Genomics 84, 961–970. doi:10.1016/j.ygeno.2004.08.004
 Borowczyk, E., Mohan, K. N., D’Aiuto, L., Cirio, M. C., and Chaillet, J. R. (2009). Identification of a region of the DNMT1 methyltransferase that regulates the maintenance of genomic imprints. Proc. Natl. Acad. Sci. U. S. A. 106, 20806–20811. doi:10.1073/pnas.0905668106
 Bostick, M., Kim, J. K., Estève, P.-O., Clark, A., Pradhan, S., and Jacobsen, S. E. (2007). UHRF1 plays a role in maintaining DNA methylation in mammalian cells. Science 317, 1760–1764. doi:10.1126/science.1147939
 Caspary, T., Cleary, M. A., Baker, C. C., Guan, X. J., and Tilghman, S. M. (1998). Multiple mechanisms regulate imprinting of the mouse distal chromosome 7 gene cluster. Mol. Cell Biol. 18, 3466–3474. doi:10.1128/MCB.18.6.3466
 Chen, T., Ueda, Y., Dodge, J. E., Wang, Z., and Li, E. (2003). Establishment and maintenance of genomic methylation patterns in mouse embryonic stem cells by Dnmt3a and Dnmt3b. Mol. Cell Biol. 23, 5594–5605. doi:10.1128/MCB.23.16.5594-5605.2003
 Constância, M., Dean, W., Lopes, S., Moore, T., Kelsey, G., and Reik, W. (2000). Deletion of a silencer element in Igf2 results in loss of imprinting independent of H19. Nat. Genet. 26, 203–206. doi:10.1038/79930
 Coombes, C., Arnaud, P., Gordon, E., Dean, W., Coar, E. A., Williamson, C. M., et al. (2003). Epigenetic properties and identification of an imprint mark in the Nesp-Gnasxl domain of the mouse Gnas imprinted locus. Mol. Cell Biol. 23, 5475–5488. doi:10.1128/MCB.23.16.5475-5488.2003
 Davis, T. L., Trasler, J. M., Moss, S. B., Yang, G. J., and Bartolomei, M. S. (1999). Acquisition of the H19 methylation imprint occurs differentially on the parental alleles during spermatogenesis. Genomics 58, 18–28. doi:10.1006/geno.1999.5813
 EMBOSS (2023). EMBOSS cpgplot < sequence statistics < EMBL-EBI. Available at: https://www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/(Accessed June 28, 2023). 
 Fabre, P.-H., Hautier, L., Dimitrov, D., and P Douzery, E. J. (2012). A glimpse on the pattern of rodent diversification: A phylogenetic approach. BMC Evol. Biol. 12, 88. doi:10.1186/1471-2148-12-88
 Gagne, A., Hochman, A., Qureshi, M., Tong, C., Arbon, J., McDaniel, K., et al. (2014). Analysis of DNA methylation acquisition at the imprinted Dlk1 locus reveals asymmetry at CpG dyads. Epigenetics Chromatin 7, 9. doi:10.1186/1756-8935-7-9
 Ganguly, A., Chen, Y., Shin, B.-C., and Devaskar, S. U. (2014). Prenatal caloric restriction enhances DNA methylation and MeCP2 recruitment with reduced murine placental glucose transporter isoform 3 expression. J. Nutr. Biochem. 25, 259–266. doi:10.1016/j.jnutbio.2013.10.015
 Gardiner-Garden, M., and Frommer, M. (1987). CpG islands in vertebrate genomes. J. Mol. Biol. 196, 261–282. doi:10.1016/0022-2836(87)90689-9
 Guntrum, M., Vlasova, E., and Davis, T. L. (2017). Asymmetric DNA methylation of CpG dyads is a feature of secondary DMRs associated with the Dlk1/Gtl2 imprinting cluster in mouse. Epigenetics Chromatin 10, 31. doi:10.1186/s13072-017-0138-0
 Hanel, M. L., and Wevrick, R. (2001). Establishment and maintenance of DNA methylation patterns in mouse ndn: Implications for maintenance of imprinting in target genes of the imprinting center. Mol. Cell Biol. 21, 2384–2392. doi:10.1128/MCB.21.7.2384-2392.2001
 Hara, S., Terao, M., Muramatsu, A., and Takada, S. (2019). Efficient production and transmission of CRISPR/Cas9-mediated mutant alleles at the IG-DMR via generation of mosaic mice using a modified 2CC method. Sci. Rep. 9, 20202. doi:10.1038/s41598-019-56676-5
 He, Y.-F., Li, B.-Z., Li, Z., Liu, P., Wang, Y., Tang, Q., et al. (2011). Tet-mediated formation of 5-carboxylcytosine and its excision by TDG in mammalian DNA. Science 333, 1303–1307. doi:10.1126/science.1210944
 Hervouet, E., Peixoto, P., Delage-Mourroux, R., Boyer-Guittaut, M., and Cartron, P.-F. (2018). Specific or not specific recruitment of DNMTs for DNA methylation, an epigenetic dilemma. Clin. Epigenetics 10, 17. doi:10.1186/s13148-018-0450-y
 Hirasawa, R., Chiba, H., Kaneda, M., Tajima, S., Li, E., Jaenisch, R., et al. (2008). Maternal and zygotic Dnmt1 are necessary and sufficient for the maintenance of DNA methylation imprints during preimplantation development. Genes Dev. 22, 1607–1616. doi:10.1101/gad.1667008
 Howell, C. Y., Bestor, T. H., Ding, F., Latham, K. E., Mertineit, C., Trasler, J. M., et al. (2001). Genomic imprinting disrupted by a maternal effect mutation in the Dnmt1 gene. Cell 104, 829–838. doi:10.1016/s0092-8674(01)00280-x
 Ito, S., Shen, L., Dai, Q., Wu, S. C., Collins, L. B., Swenberg, J. A., et al. (2011). Tet proteins can convert 5-methylcytosine to 5-formylcytosine and 5-carboxylcytosine. Science 333, 1300–1303. doi:10.1126/science.1210597
 John, R. M., and Lefebvre, L. (2011). Developmental regulation of somatic imprints. Differentiation 81, 270–280. doi:10.1016/j.diff.2011.01.007
 Jones, P. A., and Liang, G. (2009). Rethinking how DNA methylation patterns are maintained. Nat. Rev. Genet. 10, 805–811. doi:10.1038/nrg2651
 Kagami, M., O’Sullivan, M. J., Green, A. J., Watabe, Y., Arisaka, O., Masawa, N., et al. (2010). The IG-DMR and the MEG3-DMR at human chromosome 14q32.2: Hierarchical interaction and distinct functional properties as imprinting control centers. PLoS Genet. 6, e1000992. doi:10.1371/journal.pgen.1000992
 Kim, G.-D., Ni, J., Kelesoglu, N., Roberts, R. J., and Pradhan, S. (2002). Co-operation and communication between the human maintenance and de novo DNA (cytosine-5) methyltransferases. EMBO J. 21, 4183–4195. doi:10.1093/emboj/cdf401
 Kimura, H., and Shiota, K. (2003). Methyl-CpG-binding protein, MeCP2, is a target molecule for maintenance DNA methyltransferase, Dnmt1. J. Biol. Chem. 278, 4806–4812. doi:10.1074/jbc.M209923200
 Kobayashi, H., Yamada, K., Morita, S., Hiura, H., Fukuda, A., Kagami, M., et al. (2009). Identification of the mouse paternally expressed imprinted gene Zdbf2 on chromosome 1 and its imprinted human homolog ZDBF2 on chromosome 2. Genomics 93, 461–472. doi:10.1016/j.ygeno.2008.12.012
 Kohli, R. M., and Zhang, Y. (2013). TET enzymes, TDG and the dynamics of DNA demethylation. Nature 502, 472–479. doi:10.1038/nature12750
 Kojima, S., Shiochi, N., Sato, K., Yamaura, M., Ito, T., Yamamura, N., et al. (2022). Epigenome editing reveals core DNA methylation for imprinting control in the Dlk1-Dio3 imprinted domain. Nucleic Acids Res. 50, 5080–5094. doi:10.1093/nar/gkac344
 Laird, C. D., Pleasant, N. D., Clark, A. D., Sneeden, J. L., Hassan, K. M. A., Manley, N. C., et al. (2004). Hairpin-bisulfite PCR: Assessing epigenetic methylation patterns on complementary strands of individual DNA molecules. Proc. Natl. Acad. Sci. U. S. A. 101, 204–209. doi:10.1073/pnas.2536758100
 Li, E., Beard, C., and Jaenisch, R. (1993). Role for DNA methylation in genomic imprinting. Nature 366, 362–365. doi:10.1038/366362a0
 Li, E., Bestor, T. H., and Jaenisch, R. (1992). Targeted mutation of the DNA methyltransferase gene results in embryonic lethality. Cell 69, 915–926. doi:10.1016/0092-8674(92)90611-f
 Li, E., and Zhang, Y. (2014). DNA methylation in mammals. Cold Spring Harb. Perspect. Biol. 6, a019133. doi:10.1101/cshperspect.a019133
 Liang, G., Chan, M. F., Tomigahara, Y., Tsai, Y. C., Gonzales, F. A., Li, E., et al. (2002). Cooperativity between DNA methyltransferases in the maintenance methylation of repetitive elements. Mol. Cell Biol. 22, 480–491. doi:10.1128/MCB.22.2.480-491.2002
 Liu, H., Wei, Q., Huang, C., Zhang, Y., and Guo, Z. (2017). Potential roles of intrinsic disorder in maternal-effect proteins involved in the maintenance of DNA methylation. Int. J. Mol. Sci. 18, E1898. doi:10.3390/ijms18091898
 Liu, Y., Xu, Z., Shi, J., Zhang, Y., Yang, S., Chen, Q., et al. (2022). DNA methyltransferases are complementary in maintaining DNA methylation in embryonic stem cells. iScience 25, 105003. doi:10.1016/j.isci.2022.105003
 Morison, I. M., Ramsay, J. P., and Spencer, H. G. (2005). A census of mammalian imprinting. Trends Genet. 21, 457–465. doi:10.1016/j.tig.2005.06.008
 Nakagaki, A., Osanai, H., and Kishino, T. (2014). Imprinting analysis of the mouse chromosome 7C region in DNMT1-null embryos. Gene 553, 63–68. doi:10.1016/j.gene.2014.10.006
 Nechin, J., Tunstall, E., Raymond, N., Hamagami, N., Pathmanabhan, C., Forestier, S., et al. (2019). Hemimethylation of CpG dyads is characteristic of secondary DMRs associated with imprinted loci and correlates with 5-hydroxymethylcytosine at paternally methylated sequences. Epigenetics Chromatin 12, 64. doi:10.1186/s13072-019-0309-2
 Nowak, K., Stein, G., Powell, E., He, L. M., Naik, S., Morris, J., et al. (2011). Establishment of paternal allele-specific DNA methylation at the imprinted mouse Gtl2 locus. Epigenetics 6, 1012–1020. doi:10.4161/epi.6.8.16075
 Ono, R., Shiura, H., Aburatani, H., Kohda, T., Kaneko-Ishino, T., and Ishino, F. (2003). Identification of a large novel imprinted gene cluster on mouse proximal chromosome 6. Genome Res. 13, 1696–1705. doi:10.1101/gr.906803
 Qin, W., Leonhardt, H., and Pichler, G. (2011). Regulation of DNA methyltransferase 1 by interactions and modifications. Nucleus 2, 392–402. doi:10.4161/nucl.2.5.17928
 Saito, T., Hara, S., Kato, T., Tamano, M., Muramatsu, A., Asahara, H., et al. (2018). A tandem repeat array in IG-DMR is essential for imprinting of paternal allele at the Dlk1-Dio3 domain during embryonic development. Hum. Mol. Genet. 27, 3283–3292. doi:10.1093/hmg/ddy235
 Shaffer, B., McGraw, S., Xiao, S. C., Chan, D., Trasler, J., and Chaillet, J. R. (2015). The DNMT1 intrinsically disordered domain regulates genomic methylation during development. Genetics 199, 533–541. doi:10.1534/genetics.114.173609
 Sharif, J., Muto, M., Takebayashi, S., Suetake, I., Iwamatsu, A., Endo, T. A., et al. (2007). The SRA protein Np95 mediates epigenetic inheritance by recruiting Dnmt1 to methylated DNA. Nature 450, 908–912. doi:10.1038/nature06397
 Stöger, R., Kubicka, P., Liu, C. G., Kafri, T., Razin, A., Cedar, H., et al. (1993). Maternal-specific methylation of the imprinted mouse Igf2r locus identifies the expressed locus as carrying the imprinting signal. Cell 73, 61–71. doi:10.1016/0092-8674(93)90160-r
 Strogantsev, R., Krueger, F., Yamazawa, K., Shi, H., Gould, P., Goldman-Roberts, M., et al. (2015). Allele-specific binding of ZFP57 in the epigenetic regulation of imprinted and non-imprinted monoallelic expression. Genome Biol. 16, 112. doi:10.1186/s13059-015-0672-7
 Tahiliani, M., Koh, K. P., Shen, Y., Pastor, W. A., Bandukwala, H., Brudno, Y., et al. (2009). Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1. Science 324, 930–935. doi:10.1126/science.1170116
 Takada, S., Paulsen, M., Tevendale, M., Tsai, C.-E., Kelsey, G., Cattanach, B. M., et al. (2002). Epigenetic analysis of the dlk1-gtl2 imprinted domain on mouse chromosome 12: Implications for imprinting control from comparison with Igf2-H19. Hum. Mol. Genet. 11, 77–86. doi:10.1093/hmg/11.1.77
 Thakur, A., Mackin, S.-J., Irwin, R. E., O’Neill, K. M., Pollin, G., and Walsh, C. (2016). Widespread recovery of methylation at gametic imprints in hypomethylated mouse stem cells following rescue with DNMT3A2. Epigenetics Chromatin 9, 53. doi:10.1186/s13072-016-0104-2
 Tremblay, K. D., Duran, K. L., and Bartolomei, M. S. (1997). A 5’ 2-kilobase-pair region of the imprinted mouse H19 gene exhibits exclusive paternal methylation throughout development. Mol. Cell Biol. 17, 4322–4329. doi:10.1128/MCB.17.8.4322
 Ushijima, T., Watanabe, N., Okochi, E., Kaneda, A., Sugimura, T., and Miyamoto, K. (2003). Fidelity of the methylation pattern and its variation in the genome. Genome Res. 13, 868–874. doi:10.1101/gr.969603
 Valinluck, V., and Sowers, L. C. (2007). Endogenous cytosine damage products alter the site selectivity of human DNA maintenance methyltransferase DNMT1. Cancer Res. 67, 946–950. doi:10.1158/0008-5472.CAN-06-3123
 Vilkaitis, G., Suetake, I., Klimasauskas, S., and Tajima, S. (2005). Processive methylation of hemimethylated CpG sites by mouse Dnmt1 DNA methyltransferase. J. Biol. Chem. 280, 64–72. doi:10.1074/jbc.M411126200
 Woodfine, K., Huddleston, J. E., and Murrell, A. (2011). Quantitative analysis of DNA methylation at all human imprinted regions reveals preservation of epigenetic stability in adult somatic tissue. Epigenetics Chromatin 4, 1. doi:10.1186/1756-8935-4-1
 Yagi, S., Hirabayashi, K., Sato, S., Li, W., Takahashi, Y., Hirakawa, T., et al. (2008). DNA methylation profile of tissue-dependent and differentially methylated regions (T-DMRs) in mouse promoter regions demonstrating tissue-specific gene expression. Genome Res. 18, 1969–1978. doi:10.1101/gr.074070.107
 Yatsuki, H., Joh, K., Higashimoto, K., Soejima, H., Arai, Y., Wang, Y., et al. (2002). Domain regulation of imprinting cluster in kip2/lit1 subdomain on mouse chromosome 7F4/F5: Large-scale DNA methylation analysis reveals that DMR-lit1 is a putative imprinting control region. Genome Res. 12, 1860–1870. doi:10.1101/gr.110702
 Zhang, J., Gao, Q., Li, P., Liu, X., Jia, Y., Wu, W., et al. (2011). S phase-dependent interaction with DNMT1 dictates the role of UHRF1 but not UHRF2 in DNA methylation maintenance. Cell Res. 21, 1723–1739. doi:10.1038/cr.2011.176
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Regmi, Giha, Ali, Siebels-Lindquist and Davis. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-11-1192789-t002.jpg
Days post-partum +/+ P/+ P/P p-Value (1:2:1) p-Value (1:2)

P21-28 84 158

0.6494





OPS/images/fcell-11-1192789-t003.jpg
Imprinting cluster

Primary DMR

Secondary DMR(s)

\ Igf2 HI9 ICR H19-pp (promoter proximal)
‘ Dik1 1G-DMR Gtl2, DIk1
| Rasgrf1
Pws Snrpn Pegl2, Ndn, Magel2, Mkrn3
l Tgr Aim Tger
Kenglot] Cdknlc

Kengl






OPS/images/fcell-11-1192789-g003.gif





OPS/images/fcell-11-1192789-t001.jpg
+/+ P/+
95dpe | 8 13 15 00639
125 dpe \ 9 14 8 08374
155 dpc ‘ 6 19 8 0.6065
18.5 dpc ‘ 15 2 6 0.1368
| 72 37 0.9633






OPS/xhtml/nav.xhtml
Contents

		Cover

		Methylation is maintained specifically at imprinting control regions but not other DMRs associated with imprinted genes in mice bearing a mutation in the Dnmt1 intrinsically disordered domain		1 Introduction

		2 Materials and methods		2.1 Mice

		2.2 Genotyping

		2.3 DNA purification, template preparation and bisulfite sequence analysis

		2.4 Analysis of downsampled sequences





		3 Results		3.1 The Dnmt1 P allele alters sequences uniquely present in Mus and Rattus

		3.2 The Dnmt1 P allele is neonatal lethal

		3.3 DNA methylation levels are relatively well maintained at primary DMRs associated with imprinted genes in Dnmt1P/P mutant embryos as compared to secondary DMRs and non-imprinted sequences

		3.4 DNA methylation loss is randomly distributed across individual sequences in Dnmt1P/P embryos





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology

Methylation is maintained
specifically at imprinting control
regions but not other DMRs
associated with imprinted genes
in mice bearing a mutation in the
Dnmtl1 intrinsically disordered
domain





OPS/images/fcell-11-1192789-g001.gif





OPS/images/fcell-11-1192789-g002.gif
il
i}ﬁhtmw il

=_









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





