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SUMMARY 24 

DNA methylation erasure is required for mammalian primordial germ cell 25 

reprogramming. TET enzymes iteratively oxidize 5-methylcytosine to generate 5-26 

hyroxymethylcytosine (5hmC), 5-formylcytosine, and 5-carboxycytosine to facilitate 27 

active genome demethylation. Whether these bases are required to promote replication-28 

coupled dilution or activate base excision repair during germline reprogramming 29 

remains unresolved due to the lack of genetic models that decouple TET activities. 30 

Here, we generated two mouse lines expressing catalytically inactive TET1 (Tet1-HxD) 31 

and TET1 that stalls oxidation at 5hmC (Tet1-V). Tet1-/-, Tet1V/V, and Tet1HxD/HxD sperm 32 

methylomes show that TET1V and TET1HxD rescue most Tet1-/- hypermethylated regions, 33 

demonstrating the importance of TET1’s extra-catalytic functions. Imprinted regions, in 34 

contrast, require iterative oxidation. We further reveal a broader class of 35 

hypermethylated regions in sperm of Tet1 mutant mice that are excluded from de novo 36 

methylation during male germline development and depend on TET oxidation for 37 

reprogramming. Our study underscores the link between TET1-mediated demethylation 38 

during reprogramming and sperm methylome patterning.  39 

 40 
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Introduction 42 

DNA methylation is a major conveyer of epigenetic information in the eukaryotic 43 
genome. 5-methylcytosine (5mC) bases are found primarily within CpG dinucleotides, with 70-44 

80% of CpGs in the mammalian genomes showing mitotically stable methylation. 5mC 45 
enrichment within enhancers and gene promoters is associated with transcriptional repression 46 

and shapes cell-specific gene expression profiles1. DNA methylation is also essential for 47 

maintaining genomic stability by repressing repetitive elements2. In the germline, DNA 48 
methylation is used to mark imprinted genes, where cis-regulatory elements known as 49 

imprinting control regions (ICRs) are methylated in a parent-of-origin specific manner to confer 50 

monoallelic expression of developmentally important genes3. 51 
During mammalian development, there are two periods where DNA methylation is 52 

reprogrammed genome wide. The first occurs during post-fertilization embryonic development to 53 
achieve totipotency and the subsequent establishment of tissue-specific methylation patterns1. 54 

The second occurs in primordial germ cells (PGCs), germ cell precursors, which are specified in 55 
mammals from pluripotent somatic cells within the proximal epiblast4,5. In both instances, DNA 56 
methylation erasure is achieved through a combination of two distinct mechanisms: global 57 

replication-coupled passive dilution through the suppression of maintenance DNA 58 
methyltransferase (DNMT) activity and active demethylation that is facilitated by the family of 59 
ten-eleven translocation (TET) methylcytosine dioxygenases. 60 

TET enzymes iteratively oxidize 5mC to 5-hydroxymethylcytosine (5hmC), 5-61 

formylcytosine (5fC), and 5-carboxylcytosine (5caC)6,7. 5hmC is poorly recognized by 62 
maintenance DNMT1 complex, thus further promoting passive dilution. Alternatively, 5fC and 63 
5caC can be excised by thymine DNA glycosylase (TDG), generating an abasic site that 64 

activates the base excision repair machinery to recover unmodified cytosine8. The three TET 65 
isoforms are major regulators of mammalian development. TET1 is expressed in PGCs, where it 66 

plays a role in the complete reprogramming of ICRs9–11 and timely activation of meiosis-67 

associated promoters12,13. TET2 and TET3, by contrast, have tissue-specific roles in somatic 68 

development12. Dysregulation of TET2 activity has been implicated as a major driver of 69 

hematologic malignancies14,15. In zygotes, maternally deposited TET3 is responsible for active 70 

demethylation during post-fertilization epigenetic reprogramming, with the most pronounced 71 
activity in paternal pronuclei16–18. Inactivation of all three Tet genes causes early embryonic 72 

lethality due to ectopic regulation of Lefty-Nodal signaling and failed gastrulation19 . Finally, we 73 

and others have demonstrated the importance of active demethylation by TET proteins at gene 74 
enhancers for successful somatic cell reprogramming to pluripotency20–22.  75 
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The iterative modes of 5mC oxidation by TET enzymes prompt questions of whether 76 

oxidized 5mC bases have biological significance. Identifying functions for 5fC and 5caC has 77 
been challenging due to their low abundance and rapid removal by TDG7. Our recent work using 78 

a Tet2 mutant with reduced efficiency for oxidizing beyond 5hmC demonstrated that generation 79 
of these higher order oxidized bases is required for a significant portion of DNA demethylation at 80 

enhancers during induced pluripotent stem cell (iPSC) formation22. Tet1-/- PGCs show 81 

incomplete demethylation of ICRs and meiosis- and gametogenesis-associated gene 82 
promoters10–13. It has long been proposed, however, that the role of TET1 in germline 83 

reprogramming is restricted to the formation of 5hmC to promote replication coupled passive 84 

dilution23–25. This is largely based on the rapid rate of cellular division in PGCs and the scarcity 85 
of detectable 5fC and 5caC13,24–26. It is therefore unknown whether demethylation through 5fC 86 

and 5caC contributes significantly to germline reprogramming. 87 
In addition to their role in DNA demethylation, recent studies have demonstrated the 88 

non-catalytic involvement of TET proteins in genome regulation, particularly by interacting with 89 
diverse form of epigenetic regulators. TET1 interacts with O-linked N-acetylglucosamine 90 
(OglcNAc) transferase (OGT)27, which in turn can regulate activities of the COMPASS family of 91 

H3K4 methylases28. In mouse embryonic stem cells (ESC), TET1 is recruited by Polycomb 92 
repressive complex 2 (PRC2) to bivalent promoters enriched for H3K27me329,30. More recently, 93 
Paraspeckel component 1 (PSPC1) and its cognate long noncoding RNA (lncRNA) Neat1 have 94 
been shown to interact with TET1, together regulating the targeting of PRC2 to chromatin to 95 

maintain bivalency in the ESC genome31. While knockout of TET1 protein leads to methylation 96 
and chromatin changes in ESCs, expression of catalytically inactive TET1 is able to preserve 97 
H3K27me3 and H3K4me3 enrichment at bivalent promoters, further demonstrating non-catalytic 98 

importance of TET proteins32.  99 
Functional studies of TET proteins have largely relied on conventional knockout mouse 100 

models, which, while highly informative, fail to distinguish between catalytic and non-catalytic 101 

TET activities. To distinguish catalytic and non-catalytic activities of TET1 and study the 102 

requirement for 5fC and 5caC generation in vivo, we developed two new Tet1 genetic mouse 103 

models. The Tet1T1642V (Tet1v) mutant preserves 5hmC generation but has diminished oxidative 104 

activity to 5fC and 5caC, and the Tet1H1654Y,D1656A (TET1HxD) mutant expresses catalytically 105 
inactive TET122,32–34. Our results show that TET1-mediated oxidation through 5fC and 5caC is 106 

required for complete ICR reprogramming in the male germline. Additionally, methylation 107 

defects in Tet1 mutant sperm are more extensive than previously demonstrated. Newly 108 
identified hypermethylated regions in Tet1 mutant sperm overlap with regions that are excluded 109 
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from de novo methylation during spermatogenesis through enrichment of H3K4me3 in 110 

prospermatogonia35. This finding suggests that hypomethylated regions, which are sparse within 111 
the largely hypermethylated sperm genome36, may originate at loci that require an active 112 

pathway for methylation erasure during germline reprogramming. Moreover, genome-wide 113 
methylation analysis of mutant sperm reveals that full length TET1V and TET1HxD can partially 114 

rescue hypermethylation defects observed in Tet1-/- sperm, supporting role for non-catalytic 115 

TET1 activity in germline development. The use of Tet1 catalytic mutants to study germline 116 
epigenetic reprogramming reveals an added complexity to PGC genome regulation, in which the 117 

locus-specific modality of methylation erasure (active vs. replication coupled) appears to 118 

contribute to patterning of the sperm methylome. 119 
 120 

Results 121 
Characterization of 5hmC stalling Tet1V and catalytically inactive Tet1HxD mouse lines 122 

 We previously showed that a T1642V substitution in the catalytic domain of mouse TET1 123 
(5hmC-dominant Tet1V) results in 5hmC generation without detectable 5caC in transfected 124 
HEK293T cells37. Similarly, simultaneous H1654Y and D1656A substitutions in the TET1 125 

catalytic domain (catalytically inactive Tet1HxD) ablate the catalytic activity of TET132,33. To test 126 
the catalytic requirements for TET1 during mammalian germline epigenetic reprogramming, we 127 
developed two new mouse lines harboring these mutations (Figure 1A). Mice were generated 128 
through microinjections of CRISPR/Cas9-based editing reagents into one-cell mouse embryos, 129 

and founders were backcrossed for at least 4 generations (F4) onto the C57BL/6J background. 130 
Correct point mutations of the Tet1V and Tet1HxD alleles were confirmed by Sanger sequencing 131 
and restriction fragment length polymorphism (RFLP) analysis (Figure 1B, Supplemental Figure 132 

1A-B). Southern blotting was performed to ensure that the CRISPR/Cas9 mutagenesis did not 133 
cause chromosomal rearrangements in the Tet1 locus (Supplemental Figure 1C-E).  134 

 Expression of Tet1, Tet2, and Tet3 was measured in adult testis samples using 135 

quantitative real-time polymerase chain reaction (qRT-PCR). In homozygous Tet1V/V or 136 

Tet1HxD/HxD testes, Tet1 expression was unchanged compared to wild type (WT). Catalytic 137 

mutant alleles also did not affect expression of Tet2 or Tet3 isoforms. We designed an RNA 138 

pyrosequencing assay to measure expression of the Tet1V and Tet1HxD alleles. Using cerebral 139 
cortex samples from heterozygous mice, where Tet1 is actively transcribed, we determined that 140 

the mutant Tet1V or Tet1HxD alleles were expressed at equivalent levels to the Tet1 WT allele 141 

(Supplemental figure 1F-G). Finally, full length TET1 protein can be detected in Tet1V/V and 142 
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Tet1HxD/HxD testes at levels comparable to WT as assayed by Western blots (Figure 1D), 143 

indicating that proteins stability is unaffected in our Tet1 mutants.  144 
 To evaluate global levels of 5mC in reprogramming PGCs, we employed sparse-145 

coverage whole genome bisulfite sequencing (sparse BS-seq) to approximate 5mC and 5hmC 146 
levels37,38. This method had previously been shown to accurately estimate global levels of 147 

genome methylation through sampling of at least 20,000 cytosines in the CpG context using 148 

next-generation sequencing and is amenable for low-input samples such as PGCs38. We 149 
benchmarked sparse BS-seq with liquid-chromatography-tandem mass spectrometry (LC-150 

MS/MS) measurement of modified cytosines in the adult mouse cortex, a tissue where modified 151 

cytosines are relatively abundant (Supplemental Figure 2A)39. Our results showed good 152 
agreement between sparse-seq and LC-MS/MS in reporting global levels of modified 5mC 153 

(Supplemental Figure 2A).  154 
 In mice, germline epigenetic reprogramming occurs as PGCs migrate from the proximal 155 

epiblast to the bipotential gonad between embryonic day (E)7.25 and E13.540. At E12.5 156 
demethylation of the PGC genome is nearing completion41. Sparse-BS-seq of E12.5 PGCs 157 
revealed global hypermodification of Tet1V/V and Tet1HxD/HxD PGCs compared to WT, while Tet1-/- 158 

PGCs did not show elevated level of global modified cytosine, in agreement with previous 159 
reports (Figure 1E)41–43. These validations demonstrated that we generated two viable 160 
mouseTet1 catalytic mutants, which express full length TET1 proteins, with potentially distinct 161 
phenotypes from the previously established Tet1-/- lines10,44. We proceeded to employ these 162 

mutants for delineation of catalytic and non-catalytic TET1 functions with respect to germline 163 
reprogramming. 164 
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 165 
Figure 1. Generation and validation of 5hmC stalling Tet1-V and catalytically inactive Tet1-HxD 166 

mouse lines. A) Schematic representation of WT and mutant TET1 proteins. The N-terminal 167 

region of TET1 consists of the BC (“before CXXC”) and CXXC-type domains proposed to 168 

regulate DNA binding affinity and interactions with other regulatory factors. The C-terminal 169 

region consists of cysteine-rich (Cys) and double-stranded b-helix (DSBH) domains that 170 

comprise the catalytic domain. Threonine (T) to valine (V) substitution (T1642V) in the active 171 
site scaffold restricts further oxidation of 5hmC into 5fC and 5caC, resulting in the 5hmC stalling 172 

Tet1-V mouse line. Histidine (H) to tyrosine (Y) and aspartic acid (D) to alanine (A) substitutions 173 

(H1654Y, D1656A) abrogate Fe(II) cofactor binding resulting in the catalytically inactive form of 174 
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TET1 (TET1-HxD). Tet1-/- line was generated previously and the absence of full-length or 175 

truncated protein was confirmed78. B) Sanger sequencing of Tet1+/+, Tet1V/V, and Tet1HxD/HxD 176 
alleles. C) Expression of Tet1, Tet2, and Tet3 in testes of WT, Tet1V/V and Tet1HxD/HxD was 177 

measured by qRT-PCR (mean expression ± SEM; n=3, one-way ANOVA with Dunnett’s multiple 178 

comparisons test, normalized to Nono and Rpl13). D) Western blot for full length TET1 protein 179 

in testes of Tet1V/V and Tet1HxD/HxD animals with GAPDH as loading control. Tet1-/- samples are 180 

included as negative controls. E) Sparse BS-seq of Tet1+/+, Tet1V/V, and Tet1HxD/HxD E12.5 PGCs 181 
show global hypermethylation in Tet1V/V and Tet1HxD/HxD PGCs compared to WT. t-test vs WT, 182 

*p<0.05, ***p<0.0005. 183 

 184 
Catalytic Tet1 mutations lead to incomplete ICR reprogramming in sperm and imprinting defects 185 

in F1 offspring 186 
ICRs are the most well-characterized loci to require TET1 during germline epigenetic 187 

reprogramming10,11. Germ cells of male and female Tet1-/- mice show hypermethylation at ICRs, 188 

despite unchanged genome-wide methylation level10,11,13. However, while TET1 and 5hmC are 189 
detected in migrating PGCs, it is unknown whether 5hmC generation is sufficient to promote 190 
replication-coupled passive dilution or whether TET1-dependent ICR reprogramming requires 191 
the generation of 5fC/5caC23. To determine this, we measured the methylation of representative 192 

ICRs in sperm of Tet1V/V, Tet1HxD/HxD, and Tet1+/+ mice (Figure 2A). Peg1, Peg3, KvDMR, and 193 
Snrpn are maternally methylated ICRs that are normally hypomethylated in sperm. Tet1V/V and 194 
Tet1HxD/HxD sperm showed Peg1, Peg3, and KvDMR hypermethylation compared to Tet1+/+, 195 

indicating incomplete ICR reprogramming in mutant germ cells (Figure 2A). Consistent with our 196 
previous report, Snrpn demethylation was not dependent on TET1, and its methylation was 197 
unaffected in Tet1V/V or Tet1HxD/HxD sperm11. The paternally methylated H19/Igf2 ICR showed the 198 

expected hypermethylation in sperm for all genotypes. 199 

To test whether hypermethylated sperm of Tet1 catalytic mutant males contributed to 200 

fertility, we mated Tet1V/V, Tet1HxD/HxD, or Tet1+/+ males to C57BL6/J females (see Supplemental 201 
Figure 3 for breeding strategy). At midgestation (E10.5), pregnancies sired by Tet1V/V (pVV), 202 

Tet1HxD/HxD (pHxD) or WT (pWT) males showed equivalent numbers of developing (Figure 2B) 203 
and resorbed (Figure 2C) embryos. By birth (PND0), pVV showed significantly decreased litter 204 

size compared to pWT, while the decrease in pHxD litter size was not statistically significant 205 

(Figure 2D). Because we did not observe a significantly increased change in dead pups in pVV 206 
or pHxD litters at birth, we concluded that litter attrition likely occurred between E10.5 and birth 207 

(Figure 2E).  208 
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ICRs are protected from the post-fertilization global DNA demethylation that occurs in 209 

the embryo45,46, and thus incomplete erasure of ICRs during germline development is expected 210 
to be stably inherited by TET1 mutant offspring (Supplemental Figure 3). Figure 2F depicts 211 

Peg1, Peg3, and KvDMR methylation levels as a heatmap at E10.5. Snrpn is included as 212 
maternally methylated ICR control that is not affected by TET1 mutations and H19/Igf2 is 213 

included as paternally methylated ICR control. The number of hypermethylated offspring was 214 

significantly increased at Peg1 and Peg3 for pVV (19.35% for both) and pHxD (21.62% and 215 
32.43%, respectively) compared to pWT (Figure 2G-H, Supplemental Figure 4A). Notably, the 216 

proportion of pVV and pHxD embryos exhibiting hypermethylation for a given ICR mirrored the 217 

degree of hypermethylation observed in Tet1 mutant sperm. While most affected pVV or pHxD 218 
embryos only showed hypermethylation at one ICR, a few exceptions demonstrated 219 

hypermethylation at multiple ICRs (Figure 2F). However, no correlation was observed between 220 
DNA methylation levels at Peg1, Peg3, and KvDMR in individual embryos, suggesting 221 

independent segregation of alleles with affected loci during meiosis. We similarly measured 222 
hypermethylation incidence in pVV or pHxD PND0 brain and observed lower frequencies of 223 
affected pups compared to E10.5 embryos (Supplemental Figure 4C-H), consistent with ICR 224 

hypermethylation as a driver for increased embryonic lethality in Tet1-mutant offspring. 225 
In summary, the hypermethylation of representative ICRs in Tet1 catalytic mutant sperm 226 

and increased incidence of hypermethylated offspring of catalytic Tet1 mutant males 227 
phenocopies that of Tet1-/- males that we previously reported11. Integrating across the variants, 228 

our findings demonstrate that, in contrast to the previously assumed role for 5hmC as a driver 229 
for replication-coupled passive dilution of 5mC, ICRs require TET1-mediated oxidation through 230 
5fC and 5caC to achieve complete reprogramming in PGCs.  231 
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 233 
 234 

Figure 2.Tet1V/V and Tet1HxD/HxD males exhibit methylation defects at ICRs that are inherited by 235 

offspring. A) Methylation levels at maternally methylated ICRs Peg1, Peg3, KvDMR, and Snrpn 236 

as measured by pyrosequencing. Each data point represents methylation level of sperm sample 237 

from one adult mouse. H19/Igf2 ICR is included as a paternally methylated ICR that exhibits full 238 

methylation in sperm (mean methylation ± SEM; n=3-5, one-way ANOVA with Dunnett’s multiple 239 

comparisons test, distinct letters indicate statistical significance). The number of live embryos 240 

(A) and resorbed embryos (B) per litter at E10.5 (mean number of pups per litter ± SEM, n=3-5 241 

litters, one way ANOVA with Dunnett’s multiple comparisons test, distinct letters indicate 242 

statistical significance). The number of live pups (D) and dead pups (E) per litter at PND0 (mean 243 

number of pups per litter ± SEM, n=5-6 litters, one way ANOVA with Dunnett’s multiple 244 
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comparisons test, distinct letters indicate statistical significance). F) Heatmap representation of 245 

DNA methylation levels at ICRs of all E10.5 offspring from Tet1+/+, Tet1V/V and Tet1HxD/HxD males. 246 
Each row represents an individual embryo of the indicated paternal genotype. The same 247 

offspring are depicted by ICR for Peg1 (G) and Peg3 (H) ICRs as measured by pyrosequencing. 248 
pWT n=22 embryos (3 litters), pVV  n=31 embryos (4 litters), pHxD n=37 embryos (4 litters). 249 

*p<0.05, **p<0.01. Fisher’s exact test for frequency of hypermethylated embryo, shaded bars 250 

indicate average methylation of pWT embryos ± STDEV. Embryos with methylation above or 251 

below the shaded bar (+/- 1 standard deviation of the mean of pWTs) are considered hyper- or 252 

hypomethylated and denoted as warmer color in the heatmap. 253 

 254 
Global methylation analysis revealed partial rescue of Tet1-/- sperm methylome by full length 255 

TET1V and TET1HxD catalytic mutant protein 256 
 During germline epigenetic reprogramming, DNA methylation is erased from the PGC 257 
genome to reset somatic methylation patterns. Previously, Tet1 deletion was reported only to 258 

affect a relatively small number of late demethylating loci, which include ICRs and 259 
gametogenesis-related genes10,12,13. The methylome of Tet1-/- sperm DNA, however, had only 260 
been analyzed using reduced representative bisulfite sequencing, which limits the interrogation 261 
to regions enriched with CCGG motifs10.  To determine the broader requirements for 5fC/5caC 262 

generation and TET1 non-catalytic activity, we employed Illumina’s Mouse Infinium Methylation 263 
BeadChip to assess the methylome of Tet1V/V, Tet1HxD/HxD, Tet1-/- and WT sperm DNA. The 264 
BeadChip interrogates > 285,000 CpGs representative of the mouse genome with manually 265 

curated coverage of gene promoters, enhancers, repetitive elements, and known CpG islands, 266 
including regions relevant for imprinting biology47. We identified 1411 differentially methylated 267 
regions (DMRs, each DMR corresponds to a single probe on the array) in Tet1V/V, 2488 DMRs 268 

in Tet1HxD/HxD, and 6005 DMRs in Tet1-/- sperm compared to Tet1+/+ (Figure 3A). While most 269 

DMRs in Tet1V/V and Tet1-/- sperm were hypermethylated (Tet1V/V: 1359 hypermethylated, 52 270 

hypomethylated; Tet1-/-: 5631 hypermethylated, 374 hypomethylated), consistent with the role of 271 
TET1 in active demethylation, a substantial number of DMRs in Tet1HxD/HxD sperm were 272 

unexpectedly hypomethylated (1006 hypermethylated, 1482 hypomethylated). This result raises 273 
the possibility of a distinct function for the catalytically inactive TET1HxD in DNA methylation, 274 

which may be unrelated to reprogramming.  275 

 We next determined the overlap of hypermethylated and hypomethylated DMRs 276 
between the catalytic mutants (Tet1V/V and Tet1HxD/HxD) and Tet1-/- sperm (Figure 3B-C). 556 277 

DMRs were commonly hypermethylated in all three mutants. These loci were classified as 278 
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requiring TET1 catalytic activity to generate 5fC/5caC for complete reprogramming in the male 279 

germline (Figure 3B, Supplemental Table 1). Following NCBI reference sequence (RefSeq) 280 
annotation, we identified many imprinting-associated regions within these 556 DMRs 281 

(Supplemental Table 2), consistent with our previous conclusion that ICRs require the full 282 
competency of TET1 catalytic activity to achieve reprogramming (Figure 2). While the majority 283 

of hypermethylated DMRs in Tet1V/V and Tet1HxD/HxD overlapped Tet1-/- hypermethylated DMRs, 284 

Tet1HxD/HxD showed a large number of unique hypomethylated DMRs in sperm (Figure 3C). 285 
Partially supervised hierarchical clustering of DMR methylation levels clearly demonstrates the 286 

similarity of Tet1V/V and Tet1-/- hypermethylation signatures (Figure 3D, top) and the distinct 287 

hypomethylation signature of Tet1HxD/HxD (Figure 3D, bottom).  288 
 Significantly greater numbers of DMRs were identified in Tet1-/- sperm compared to 289 

either of the catalytic mutant sperm (6005 Tet1-/- vs 1411 Tet1V/V DMRs; 6005 Tet1-/- vs 2488 290 
Tet1HxD/HxD DMRs), suggesting that TET1V or TET1HxD proteins can partially rescue the DNA 291 

methylation defects in the KO sperm. To clarify the degree of rescue that our new mutants 292 
provided, we assessed methylation levels and statistical significance of the 6005 DMRs of Tet1-293 
/- sperm in Tet1V/V or Tet1HxD/HxD samples. Tet1-/-  DMRs were considered rescued by full length 294 

TET1V or TETHxD if those DMRs no longer reached the threshold for statistical significance (FDR 295 
< 0.05), while partially rescued DMRs were still significantly altered in Tet1V/V or Tet1HxD/HxD 296 
samples but differential methylation between catalytic mutant samples and WT was no longer 297 
greater than 10%. Approximately 75% of KO DMRs were rescued by the expression of TET1V 298 

(4369/6005, Figure 3E) or TET1HxD (4679/6005, Figure 3F). The similar degrees of rescue that 299 
were demonstrated by the 5hmC dominant TET1V and the catalytically inactive TET1HxD suggest 300 
that majority of methylome defects observed in Tet1-/- sperm were due to the absence of TET1 301 

non-catalytic activities, as full length TET1 with diminished or ablated 5mC oxidation activity is 302 
sufficient to achieve the WT methylation state at these loci. Alternatively, non-catalytic domains 303 

of TET1 protein may be sufficient to prevent aberrant de novo methylation at these loci during 304 

spermatogenesis. By contrast, only a modest number of KO DMRs were partially rescued in 305 

Tet1V/V and Tet1HxD/HxD samples (350 in Tet1V/V and 249 in Tet1HxD/HxD), perhaps representing a 306 

subset of loci where reprogramming is less efficient in the presence of TET1 catalytic mutants. 307 

Interestingly, these partially rescued KO DMRs are enriched at gene promoters, while fully 308 
rescued DMRs showed similar distribution to the totality of Tet1-/- DMRs (Supplemental Figure 309 

5C). Finally, Tet1-/-  DMRs that remained significantly altered in Tet1V/V (“no rescue”: 1286/6005) 310 

and Tet1HxD/HxD (“no rescue”: 1073/6005) sperm likely represent loci that are dependent on 311 
TET1’s catalytic activity to generate 5fC/5caC for reprogramming. Notably, with only 101 V-312 
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specific DMRs, the methylome defect of Tet1V/V sperm could be characterized as a less severe 313 

form of Tet1-/- sperm, while Tet1HxD/HxD exhibited a unique hypomethylation defect (1391 HxD 314 
specific DMRs). Taken together, the data indicate that the 5hmC-dominant TET1V and 315 

catalytically inactive TET1HxD rescue a significant proportion of the methylation defects observed 316 
in Tet1-/- sperm, thus supporting a more expansive role for TET1’s non-catalytic domains in male 317 

germline reprogramming.  318 
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 319 
Figure 3. Global methylation analysis using Mouse Infinium Methylation BeadChip shows 320 
distinct methylome defects in catalytic mutant (Tet1V/V, Tet1HxD/HxD) sperm compared to Tet1-/- 321 

sperm. A) Flow chart showing differential methylation analysis of each Tet1 mutant sperm 322 
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sample compared to Tet1+/+ (WT), n=8-10. A DMR is defined as a probe with FDR < 0.05 with 323 

minimum change in average methylation of greater than 10%. Venn overlap of significantly 324 
hypermethylated (B) and hypomethylated (C) DMRs in Tet1-/-, Tet1V/V, and Tet1HxD/HxD sperm 325 

compared to WT. D) Partially supervised clustering of methylation average for all 326 
hypermethylated DMRs (top) and all hypomethylated DMRs (bottom) identified in Tet1-/-, Tet1V/V, 327 

and Tet1HxD/HxD sperm. Note similar hypermethylated signatures of Tet1V/V and Tet1-/- sperm, and 328 

the distinct hypomethylated signature of Tet1HxD/HxD sperm. E) Volcano plot comparing the 329 
methylation status of Tet1-/- sperm DMRs to Tet1V/V sperm. F) Volcano plot comparing the 330 

methylation status of Tet1-/- sperm DMRs to Tet1HxD/HxD sperm. In these analyses, we assessed 331 

the methylation status of Tet1-/- DMRs within Tet1V/V or Tet1HxD/HxD samples. Tet1-/-  DMRs that 332 
were no longer significant (FDR > 0.05) in Tet1V/V or Tet1HxD/HxD sperm were considered “rescue” 333 

(grey dots). Tet1-/- DMRs that remained significant (FDR < 0.05) but differential methylation 334 
average between mutant and WT <10% threshold were considered “partial rescue” (blue dots). 335 

“No rescue” (red dots) correspond to DMRs that were significant in both Tet1-/- and catalytic 336 
mutant sperm. DMRs that were changed only in Tet1V/V or Tet1HxD/HxD were plotted in the same 337 
volcano plots and denoted with aqua or yellow dots, respectively. 338 

 339 
5hmC-dominant Tet1V/V and catalytically inactive Tet1HxD/HxD sperm exhibit differential 340 
methylation in distinct genomic compartments   341 
 Consistent with previous reports that the loss of TET1 does not affect global levels of 342 

DNA methylation in PGCs or sperm, median methylation signals of Tet1V/V , Tet1HxD/HxD , and 343 
Tet1-/- sperm were not significantly different compared to WT in the Infinium Methylation 344 
BeadChip (Supplemental Figure 6A)10,13. Tet loss of function mutants had previously been 345 

shown to exhibit hypermethylation of diverse genomic compartments including promoters, 346 
enhancers, and methylation canyons in the context of disease and development32,37,48,49. To 347 

investigate the genomic context where methylation was most affected in Tet1 mutant sperm, we 348 

annotated DMRs for genomic regions (Supplemental Figure 6B) and CpG density 349 

(Supplemental Figure 6C-E). For all three mutant genotypes, the largest proportion of DMRs 350 

mapped to intergenic regions (Supplemental Figure 6B). For Tet1V/V and Tet1-/-, which showed a 351 

similar hypermethylation signature (Figure 3D), the second most affected genomic 352 
compartments were exons, followed by introns. Tet1HxD/HxD sperm showed the largest proportion 353 

of DMRs in intergenic regions, followed by introns and exons. The lower proportion of DMRs 354 

mapping to promoter/transcriptional start site (TSS) regions is likely a function of promoters that 355 
are represented in the array47.  356 
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We used the R packages annotatr and AnnotationHub to determine the CpG densities 357 

where DMRs for each Tet1 mutant mapped (Supplemental Figure 6C-E). These annotation 358 
packages define CpG shores as +/- 2 kb from the ends of CpG islands and CpG shelves as +/- 359 

2 kb from the farthest limits of the CpG shores. Open sea CpG dinucleotides are located +/- 4kb 360 
away from the end of a CpG island (Supplemental Figure 5B). The majority of hypermethylated 361 

DMRs were located in CpG sparse regions (“Open Sea”), followed by CpG islands. 362 

Hypomethylated DMRs that are dominant in Tet1HxD/HxD sperm mostly mapped to CpG sparse 363 
regions as well. The N-terminus of TET1 contains the CXXC domain that can bind to 364 

unmethylated CpGs6,50. Because of this, it is thought that higher CpG density correlates with 365 

TET protein binding, and therefore greater reliance on TET function to maintain unmethylated 366 
state6. Our results demonstrate CpG density does not suggest TET1 dependence.   367 

 368 
Tet1-DMRs are associated with binding sites of methylation-sensitive and developmentally 369 

important transcription factors and chromatin states 370 
To reveal the biological context of differential methylation that resulted from either loss of 371 

TET1 or expression of catalytic mutants TET1V and TET1HxD in the germline, we conducted 372 

feature enrichment analysis for each set of DMRs using knowYourCG (KYCG) function of the 373 
SeSAMe package51. Designed specifically for the Illumina methylation array, the KYCG 374 
algorithm considers that DMRs from the BeadChip array are a sparse representation of the 375 
methylome by clustering them by feature or motif enrichment. First, we assessed enrichment of 376 

hyper- or hypomethylated DMRs based on target biological design groups47 (Supplemental table 377 
2). Hypermethylated DMRs for all three sperm genotypes showed the strongest enrichment for 378 
probes designed to target imprinting biology (KYCG term: ImprintDMR) and regions with known 379 

monoallelic methylation in adult tissues (KYCG term: MonoallelicMeth). Hypermethylated DMRs 380 
were also enriched for sperm unmethylated regions (KYCG term: SpermUnmeth). Of interest 381 

was the large number of hypomethylated DMRs in Tet1HxD/HxD sperm. The strongest probe 382 

design group enrichment for these hypomethylated DMRs, however, belongs to ~60,000 383 

randomly chosen CpGs with unknown biology that were included in the array for exploratory 384 

analysis (KYCG term: Random47), followed by predicted TSS of pseudogenes (KYCG term: 385 

pseudogenesTSS).  386 
 During PGC epigenetic reprogramming, DNA demethylation is tightly associated with 387 

chromatin remodeling that culminates in the activation of genes that are required for meiosis 388 

entry and continued gamete development52–54. While we conducted the global methylation 389 
analysis in Tet1 mutant sperm, we hypothesize that the majority of observed methylation 390 
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defects are the result of aberrant TET1 function during PGC reprogramming. Active DNA 391 

demethylation has been previously observed to be linked with transcription factor (TF) 392 
recruitment, especially at heterochromatic regions during reprogramming to pluripotency20,55–57. 393 

We analyzed enrichment for TF binding motifs at hyper- and hypomethylated DMRs found in 394 
Tet1-/-, Tet1HxD/HxD, and Tet1V/V sperm (Figure 4A-C). For hypermethylated DMRs, binding motifs 395 

for MECP2 and DPPA2 were the most significantly enriched and overlapped with the largest 396 

number of DMRs in mutant sperm (left panels, Figure 4A-C). This result is consistent with the 397 
similar mechanisms of TET1, MECP2, and DPPA2 in targeting CpG dense regions of the 398 

genome that are particularly important during early embryonic development6,58–60. Enrichment of 399 

TRIM28 and PRDM9 binding sites at hypermethylation DMRs was consistent with the roles of 400 
these TFs in meiosis and underscored TET1’s importance in maintaining normal methylation of 401 

regulatory regions central to germ cell development12,61–63. In addition to TF binding motifs, we 402 
identified enrichment for targets of histone tail modifiers within hypermethylated DMRs. Target 403 

motifs of KDM4B, a H3K9 demethylase, are enriched in hypermethylated DMRs of all three Tet 404 
mutants, while motifs for KDM2A (H3K36 demethylase) and KDM2B (H3K4 and H3K36 405 
demethylase) showed enrichment at Tet1-/- and Tet1HxD/HxD hypermethylated DMRs, respectively. 406 

This finding supports the hypothesis that active demethylation and histone reprogramming are 407 
tightly associated during germline reprogramming. Additionally, targeting motifs for SETDB1, an 408 
H3K9 methyltransferase, were enriched in hypermethylated DMRs of Tet1HxD/HxD and Tet1V/V 409 
sperm. Despite the substantial numbers of hypomethylated DMRs in Tet1HxD/HxD sperm, TF motif 410 

enrichment analysis was similarly uninformative as probe design group enrichment and only 411 
revealed weak association with CpG-associated methylation sensitive TFs such as CTCF, 412 
MBD1, MECP2, and DPPA2 (right panel, Figure 4B). Likewise, no enriched motifs were found 413 

for the 52 hypomethylated DMRs of Tet1V/V sperm. 414 
 Finally, we performed chromatin state discovery for DMRs using chromHMM (Figure 415 

4D)64. Hypermethylated DMRs in Tet1-/-, Tet1V/V, and Tet1HxD/HxD as well as DMRs that are co-416 

regulated among the three genotypes, showed strongest enrichment at TSS flanking region 417 

(TssFlnk), which may indicate non-genic, transcriptionally active regions such as enhancers65. 418 

Chromatin state discovery analysis was informative for hypomethylated DMRs that were specific 419 

to Tet1HxD/HxD, as these regions were enriched for heterochromatin chromatin state due to 420 
H3K9me3 localization (Het) or chromatin state that is associated with quiescence (Quies3)66. 421 

This finding suggests that expression of catalytically inactive TET1HxD may cause derepression 422 

of silenced regions following methylation loss at these regions. Overall, these results support a 423 
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scenario in which active demethylation and chromatin remodeling are likely to be closely 424 

coordinated during PGC reprogramming.  425 

 426 
Figure 4. Transcription factors (TFs) and chromatin state enrichment at DMRs in Tet1 mutant 427 
sperm. Transcription factors whose binding sites are enriched in hypermethylated DMRs (left) 428 
and in hypomethylated DMRs (right) for Tet1-/- (A), Tet1HxD/HxD (B), and Tet1V/V (C) sperm as 429 
identified by SeSAMe knowYourCG function. No transcription factor motif enrichment is found 430 

for hypomethylated DMRs in Tet1V/V sperm. Y-axis represents fold enrichment for the identified 431 
TF binding sites and X-axis represents the percentage of significant probes that overlap the 432 

binding sites. D) Enrichment DMRs in chromatin states as classified in ENCODE ChromHMM. 433 

Chromatin state enrichments are separated for hyper- and hypomethylated DMRs for each 434 
genotype.  435 

 436 
Tet1 DMRs are located in regions that are excluded from de novo methylation in the 437 

hypermethylated sperm genome 438 

In this study, we analyzed the sperm methylome that resulted from altered TET1 439 
activities during PGC reprogramming. Upon the completion of epigenetic reprogramming, the 440 

male germline is hypermethylated late in gestation beginning around E15.5, which yields a 441 
highly methylated sperm genome compared to that of somatic cells or the oocyte genome67,68. 442 
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In the mouse, sperm genome global methylation is ~90%, which is reflected in the median 443 

methylation signals of the array data (Supplemental Figure 6A)68. While de novo methylation 444 
occurs indiscriminately in prospermatogonia, there are regions that are excluded from the action 445 

of de novo DNMT DNMT3A/3L and thereby protected from gaining methylation in the sperm 446 
genome36,69. Among these sperm-specific hypomethylated regions (HMRs) are ICRs that are 447 

methylated only on the maternal allele (Figure 5B)70. KYCG analysis indicated that DMRs found 448 

in mutant sperm are enriched for probes that target imprinting biology (Supplemental Table 2). 449 
Using Bernoulli’s distribution testing, we determined that imprinting probes, which make up 450 

0.2% of the array, were overrepresented in the Tet1 mutant DMRs, particularly in Tet1V/V sperm 451 

(Figure 5A).  452 
We then asked whether DMRs of Tet1 mutant sperm are located in sperm-specific 453 

HMRs unrelated to imprinting. In particular, we were interested in hypermethylated DMRs, 454 
which would be consistent with regions that utilize TET1 for active demethylation. We identified 455 

sperm-specific HMRs using DNMTools HMR algorithm, which searches for methylation canyons 456 
in WGBS datasets71. Using previously published sperm WGBS (GEO: GSE5669772), DNMTools 457 
discovered 76,227 distinct sperm HMRs, which we overlapped with DMRs for each Tet1 mutant 458 

genotype (Figure 5C, Supplemental Table 3). A substantial portion of DMRs in Tet1V/V (87%, 459 
1235/1411), Tet1HxD/HxD (58%; 1444/2488), and Tet1-/- sperm (85%; 5113/6005) were indeed 460 
located within sperm-specific HMRs. The lower proportion of Tet1HxD/HxD DMRs within sperm 461 
HMRs compared to Tet1V/V and Tet1-/- is a function of the hypomethylated DMRs, which are 462 

specific to the catalytically inactive genotype and fully excluded from HMRs. We also assessed 463 
whether DMRs fell within sperm HMRs that are typically methylated in the oocyte (Figure 5B, 464 
such as ICRs), and confirmed that, in addition to ICRs, 25-40% of DMRs, depending on the 465 

genotype, were located in regions that are differentially methylated between the sperm and the 466 
oocyte genomes (Supplemental Figure 7A).  467 

As stated above, de novo methylation in the male germline results in a highly methylated 468 

sperm genome. The DNMT3A complex, however, is inhibited by H3K4me3-enriched regions67. 469 

We performed CUT&RUN for H3K4me3 on WT prospermatogonia to identify regions that are 470 

enriched for this chromatin mark. Genome-wide, H3K4me3 signals of E17.5 prospermatogonia 471 

showed strong overlap with the sperm HMRs, suggesting that methylation was indeed excluded 472 
from regions that are enriched for H3K4me3 (Supplemental Figure 7B). We next overlapped 473 

prospermatogonia H3K4me3 signals with Tet1 mutant DMRs to determine 1) if DMRs were 474 

enriched in regions typically excluded from de novo methylation, and 2) whether dysregulated 475 
DNA methylation occurred in regulatory regions. We observed a significant presence of 476 
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H3K4me3 signals corresponding to Tet1-/-, Tet1V/V, and Tet1HxD/HxD DMRs (Figure 6E, 477 

Supplemental Table 3). Overall, 3841/6005 Tet1-/-, 942/1411 Tet1V/V, and 939/2488 Tet1HxD/HxD 478 
DMRs overlapped with H3K4me3 peaks in prospermatogonia. Because H3K4me3 is more 479 

commonly used as a marker of active or bivalent promoters, we assessed the genomic locations 480 
of H3K4me3-overlapping DMRs. Counter to our expectations, most DMRs that overlapped with 481 

H3K4me3 regions were located within gene bodies (exons and introns) or intergenic regions 482 

instead of annotated promoters or TSSs (Figure 5G). Indeed, only ~20% of DMRs that 483 
overlapped with H3K4me3 peaks were mapped to annotated promoters, regardless of the Tet1 484 

genotype (Figure 5G). To determine whether these DMRs mapped to defined promoters at later 485 

stages of spermatogenesis, we overlapped Tet1 mutant DMRs with previously published 486 
H3K4me3 ChIP-seq data sets for spermatogonia35, pachytene spermatocyte73, round 487 

spermatid73, and sperm74 (Supplemental Figure 7E-G) and found that the Tet1 mutant, 488 
H3K4me3-overlapping DMRs were not located within gene promoters. Representative 489 

examples of DMRs in non-promoter H3K4me3-marked regions include exon 3 of Dyrk2 and 490 
exon5-6 of Fat1 (Figure 5D, F). While these regions are expected to repel DNMT3 action during 491 
de novo methylation to generate sperm HMRs during normal germline development, they are 492 

hypermethylated in Tet1V/V, Tet1HxD/HxD,  and Tet1-/- sperm, supporting the requirement of TET1 493 
catalytic activity to help curtail ectopic 5mC deposition during germline reprogramming. 494 
Although these H3K4me3 peaks did not fall within gene promoters, we noted that similar to 495 
ICRs (Peg1 is shown here as example, Supplemental Figure 7D), H3K4me3 enrichment 496 

remained throughout spermatogenesis at these Tet1 mutant DMRs (e.g. Fat1, Supplemental 497 
Figure 7B), even in post meiotic spermatids and sperm where the majority of histones are 498 
replaced by protamines (Supplemental Figure 7E-G). Finally, we assessed methylation levels of 499 

select non-ICR, TET1-dependent sperm HMRs in E14.5 WT and Tet1-/- PGCs, a time point that 500 
marks the completion of germline reprogramming. Methylation analysis confirmed that TET1-501 

dependent sperm HMRs failed to demethylate completely at this stage (Figure 5H). Taken 502 

together, our data demonstrated a dependency for active DNA demethylation during 503 

reprogramming in regions that will eventually be excluded from methylation in the male 504 

germline.  505 
  506 
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 507 
Figure 5. Identification of TET1-dependent sperm-specific hypomethylated regions. A) 508 

Distribution of DMRs classified as related to imprinting biology in the array annotation. *p-value 509 
< 0.05; two-sided Bernoulli distribution test as compared to all probes in the array. B) Cartoon of 510 
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a sperm hypomethylated region that is excluded from de novo methylation through enrichment 511 

of H3K4me3. C) Distribution of DMRs that overlap unmethylated regions in the sperm genome 512 
(sperm HMRs) as determined by DNMTools function “hmr”, which identified methylation 513 

canyons within a WGBS dataset (GEO: GSE5669772). D, F) Representative examples of 514 
regions that are commonly hypermethylated in Tet1-/-, Tet1V/V, Tet1HxD/HxD sperm with overlap to 515 

sperm hypomethylated regions and H3K4me3 enrichment during de novo methylation in E17.5 516 

prospermatogonia. Sperm HMRs are indicated with grey bars. E) Heatmaps and metaplots of 517 
E17.5 prospermatogonia H3K4me3 enrichment centered on DMRs for each genotype or those 518 

that are shared among three mutants, measured in counts per million (CPM). G) Genomic 519 

distribution of DMRs that overlap with H3K4me3 enrichment in E17.5 prospermatogonia as 520 
annotated by HOMER. H) Methylation analysis of newly identified TET1-dependent sperm 521 

hypomethylated regions in demethylating WT and Tet1-/- E14.5 PGCs using targeted bisulfite 522 
sequencing. n=3-4, *p-value < 0.05, ***p-value < 0.001, ****p-value < 0.0001, two-tail t-test. 523 

 524 
Genes associated with Tet1 DMRs are expressed throughout spermatogenesis  525 
 We referred to publicly available single-cell RNA sequencing (scRNAseq) data of adult 526 

mouse testes to determine the spermatogenesis stages in which genes associated with TET1-527 
dependent DMRs are expressed75. Previous analysis of the scRNAseq data identified 12 germ 528 
cell clusters that correspond to all developmental stages found in adult testes, including 529 
spermatogonial stem cells (SSC, Figure 6A, GC1), two stages of transitional preleptotene (GC2-530 

3), 5 stages of spermatocytes undergoing meiosis (GC4-8), 3 stages of post meiotic spermatids 531 
(GC9-11), and elongating spermatids (GC12)75. We mapped all DMRs to the nearest annotated 532 
genes, which resulted in 4358 DMR-associated genes. 3207 of these genes have detectable 533 

expression in at least one GC stage within the scRNAseq data set (Figure 6A). DMR-associated 534 
genes are expressed in all germ cell clusters, with median expression level comparable to that 535 

of all expressed genes at each stage of spermatogenesis (Figure 6A).  536 

 A subset of DMRs overlapped with H3K4me3 peaks outside of known promoters 537 

throughout all analyzed germ cell stages (Supplemental Figure 7B, E-G). We next investigated 538 

whether these regions may serve as alternative TSSs. We conducted rapid amplification of 539 

cDNA ends (RACE) to identify alternative 5’ ends on the Fat1 and Dyrk2 loci (Figure 6B-E) 540 
using adult testes cDNA to obtain transcript pools from all spermatogenic stages. From the 541 

scRNAseq data, Fat1 is expressed in GC1 cluster (SSC), while Dyrk2 is expressed in GC8-542 

GC11 clusters (late spermatocyte, spermatids). Using 3’ gene specific primers downstream of 543 
the DMRs, we detected alternative amplicons (Figure 6B, D) that are shorter than the expected 544 
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transcripts from the RefSeq annotated promoters at each locus (Fat1 main: ~5.5 kb, Fat1 alt: 545 

1586 kb; Dyrk2 main: ~1.5 kb, Dyrk2 alt: 745 bp). We subcloned and sequenced the alternative 546 
amplicons for Fat1 and Dyrk2, which mapped their 5’ end to the DMRs at exon 5-6 of Fat1 and 547 

exon 3 of Dyrk2 (Figure 6C, E). These results demonstrated that at select loci, TET1-dependent 548 
sperm hypomethylated regions can be used as alternative transcriptional start sites during 549 

spermatogenesis. 550 
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 551 
Figure 6. DMR-associated genes are expressed throughout spermatogenesis. A) Comparison of 552 

DMR-associated gene expression and all genes expressed throughout spermatogenesis based 553 
on normalized gene expression from publicly available scRNAseq (GEO: GSE11239375). B) 554 

Fat1 5’ RACE of Tet1+/+ and Tet1-/- testes cDNA where the alternative product (alt) at 1586 kb is 555 

detected in addition to the main product (main) at ~5.5 kb. C) BLAT of Fat1 RACE alternative 556 
amplicon mapped to Fat1 DMR. D) Dyrk2 5’ RACE of Tet1+/+ and Tet1-/- testes cDNA where the 557 
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main product is ~1.5 kb and alternate is 745 bp. E) BLAT of Dyrk2 RACE alternative amplicon 558 

mapped to Dyrk2 DMR. 559 
 560 

Discussion 561 
 The discovery of TET proteins as DNA dioxygenases led to a paradigm shift in 562 

epigenetics field, where it was previously thought that DNA methylation was largely erased 563 

through the lack of maintenance during cell division. There is now ample evidence for the 564 
importance of active DNA demethylation pathways during reprogramming to pluripotency and 565 

during PGC epigenetic reprogramming10–13,37,76–79. What remains to be answered are questions 566 

such as the non-catalytic functions of TET as epigenetic regulators and the regulatory potential 567 
of higher order oxidized cytosine bases (i.e. 5fC and 5caC) within the genome. Expanding upon 568 

the biochemical discovery of functional mutations within the catalytic domain of TET1 and TET2 569 
proteins that alter the enzymes’ catalytic activities, we generated 5hmC dominant Tet1V and 570 

catalytically inactive Tet1HxD mouse lines to 1) study the importance of 5fC/5caC generation, and 571 
2) elucidate the function of TET1’s non-catalytic regulatory activity in the context of PGC 572 
epigenetic reprogramming34,37. 573 

 Our results show that ICRs, the most well characterized TET1-dependent loci during 574 
germline reprogramming, require 5fC/5caC generation to achieve complete reprogramming in 575 
the male germline, as evidenced by Tet1V/V males exhibiting similar heritable imprinting defects 576 
in sperm as Tet1-/- mice11. This finding contradicts previous views that the role of TET in 577 

germline reprogramming is restricted to the generation of 5hmC to repel DNMT1 binding and 578 
promote passive dilution13,23,24,26. We also conducted genome-wide methylation analysis using 579 
the Infinium Methylation BeadChip to assess methylation patterns in WT, Tet1V/V, Tet1HxD/HxD, 580 

and Tet1-/- sperm. This allowed us to analyze the methylomes of numerous samples at base-581 
resolution for ~280,000 representative CpGs across the mouse genome and revealed more 582 

extensive methylome defects than previously reported in Tet1-/- sperm10,13. 583 

 Comparison to the Tet1-/- sperm methylome is essential in our studies because it reveals 584 

the distinct methylation defects that result from the presence of full length 5hmC-dominant 585 

TET1V or the catalytically inactive TET1HxD proteins (Figure 3). Of note, we showed that TET1V 586 

and TET1HxD can partially rescue the hypermethylation phenotype of Tet1-/- sperm. Interestingly, 587 
5hmC-dominant TET1V and catalytically inactive TET1HxD rescue Tet1-/- hypermethylated loci to a 588 

similar degree (Figure 3E, F), suggesting that a large proportion of TET1-dependent loci in the 589 

germline do not actually require its catalytic processivity to achieve or maintain normal 590 
methylation. TET1 contains a CXXC zinc finger domain within its N-terminus that specifically 591 
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recognizes unmethylated CpG in clusters, although it is unknown whether TET1 can act as a 592 

safeguard against de novo methylation by acting as a physical hindrance for DNMTs while 593 
binding to unmethylated CpGs80,81. It is plausible that DMRs that are rescued by the presence of 594 

full length, catalytic mutant forms of TET1 are those that do not require TET1 for active 595 
demethylation, but instead require protection from the DNMT3 complex during de novo 596 

methylation prospermatogonia, either through TET1 physical localization or through the 597 

contribution of TET1 in recruiting histone modifiers to generate a DNMT3 repelling chromatin 598 
environment.  599 

 The role of TET1 in patterning the sperm methylome is supported by the finding that the 600 

majority of DMRs in all three mutant genotypes overlap sperm-specific hypomethylated regions 601 
(HMRs). The sperm genome is uniquely hypermethylated; this methylation pattern is acquired 602 

during the prospermatogonia stage when DNMT3A/3L complex targets the full genome, 603 
excluding protected regions35,67,82,83. To date, H3K4me3 is thought to be the most dominant 604 

DNMT3-repelling epigenetic mark in the germline genome67. We determined that Tet1-mutant 605 
DMRs overlapped with regions that are enriched for H3K4me3 in prospermatogonia, suggesting 606 
these regions are normally excluded from DNA methylation. This result is similar to previous 607 

reports in mouse embryonic fibroblasts, where combined loss of TET1 and TET2 promoted 608 
methylation invasion into discrete hypomethylated canyons within the genome84. It is not entirely 609 
understood why the hypermethylated sperm genome is interspersed with discrete HMRs. 610 
Included within these regions are maternally methylated ICRs, as well as evolutionarily 611 

conserved TSS and subfamilies of retrotransposable elements that are species specific3,36,69. 612 
Clinically, hypermethylation of sperm HMRs has been associated with idiopathic infertility and 613 
poor outcomes in couples undergoing fertility treatments85–88. We confirmed the TET1 614 

requirement for reprogramming in representative non-ICR sperm HMRs, suggesting that in the 615 
sperm genome, regions fated for methylation-exclusion may originate as late-demethylating loci 616 

that require TET1-mediated active demethylation. TET1 may also contribute to the formation of 617 

a DNMT3-repelling chromatin environment at these loci through interaction with OGT to direct 618 

the activity of COMPASS family H3K4 methyltransferase28.  619 

Interestingly, the majority of TET1-dependent, H3K4me3-enriched sperm HMRs are 620 

located within gene bodies rather than annotated promoters. Using 5’ RACE, we identified Tet1-621 
DMRs at gene bodies of Fat1 and Dyrk2 as bona fide alternative promoters. FAT1 is a 622 

protocadherin that controls cell proliferation. Mice deficient for Fat1 exhibit perinatal lethality due 623 

to defects in adhesion junctions of regal glomerular epithelial cells89. DYRK2 is a dual specificity 624 
tyrosine kinase that regulates ciliogenesis and Hedgehog signaling during embryogenesis90. 625 
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While these genes have not been previously studied in spermatogenesis, scRNAseq data 626 

confirmed their expression in germ cell development. Surprisingly, while abundant expression of 627 
lincRNAs and alternatively spliced RNAs has been described for the testes, the use of 628 

alternative promoters during spermatogenesis has not been studied in mammals91,92. In 629 
Drosophila, the transition from proliferating spermatogonia to differentiating spermatocytes is 630 

accompanied by dramatic change in transcription, with about a third of new transcripts 631 

originating from alternative promoters93. Some uses of alternative promoters include rendering 632 
tissue specificity, regulating timing of expression during development, and controlling translation 633 

efficiency of transcripts94. While the function of mammalian sperm HMRs remains enigmatic and 634 

underexplored, our study reveals at least one compelling use of these regions as alternative 635 
transcriptional start sites during spermatogenesis.  636 

 The association between TET1 and chromatin remodeling is further supported in our 637 
study by the enrichment of binding sites for multiple histone modifiers at Tet1 mutant DMRs 638 

(Figure 4). These results are consistent with extensive chromatin remodeling that is concurrent 639 
with DNA methylation erasure during germline reprogramming, including the depletion of 640 
H3K9me2 and redistribution of H3K27me3 and H3K9ac in the PGC genome52,95. In ESCs, 641 

TET1, PRC2 (an H3K27me3 writer), and the deacetylase complex Sin3a co-occupy similar 642 
genomic regions32. While Tet1 deficiency causes PRC2 loss and Sin3a enrichment at bivalent 643 
promoters in ESCs, expression of catalytically inactive Tet1m/m (similar to our Tet1HxD allele) 644 
does not affect the localization of these histone modifiers, suggesting that TET1 is acting 645 

through its non-catalytic domains at such loci32. The two mouse models developed in this study 646 
will provide additional opportunities to explore the relationship between chromatin remodeling 647 
and TET1 non-catalytic functions.  648 

  One of the unexpected findings in catalytically inactive Tet1HxD/HxD sperm is the unique 649 
hypomethylation signature that is not observed in other mutants. There is currently scant data 650 

on the relative affinity of TET’s catalytic domain for oxidized cytosine bases compared to 5mC 651 

or unmethylated cytosine. If the TET catalytic domain prefers 5mC over 5hmC, it is possible that 652 

loss of 5hmC catalysis in Tet1HxD/HxD sperm may promote prolonged occupancy by TET1HxD, 653 

which then mediates the recruitment of chromatin modifiers to form a DNMT-inaccessible 654 

environment. Notably, the loss of methylation in Tet1HxD/HxD sperm occurs in heterochromatic 655 
regions, further suggesting that methylation dilution is likely to be accompanied by a change in 656 

the chromatin state. Figure 7 summarizes our proposed model of differences in TET1V and 657 

TET1HxD action during PGC reprogramming, as well as the subsequent consequences, including 658 
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changes to the chromatin environment and physical occupancy on the genome, during de novo 659 

methylation.  660 
In summary, our work demonstrates distinct methylation defects in the male germline 661 

following expression of 5hmC stalling TET1V or the catalytically inactive TET1HxD mutants 662 
compared to Tet1-/-, allowing us to determine the dependency of select loci on 5fC/5caC 663 

generation to achieve complete reprogramming. These 5fC/5caC-reliant loci encompass a 664 

larger portion of the male germline genome than the previously thought. In addition to ICRs, we 665 
identified numerous sperm hypomethylated regions dependent on TET1 for either 666 

reprogramming or protection from de novo methylation. Overall, our study supports the roles of 667 

TET1 not only as a component of germline reprogramming, but also as a contributor to 668 
patterning the eventual sperm epigenome by influencing de novo methylation in 669 

prospermatogonia.  670 

 671 
Figure 7. Proposed model of TET1-catalytic mutant access during germline reprogramming. 672 
TET1 generation of 5hmC and higher ordered oxidized bases 5fC/5caC is required for 673 

demethylation of sperm HMRs, which are generated via exclusion of DNMT3 during de novo 674 

methylation in prospermatogonia (A-B). Catalytically inactive TET1HxD may cause prolonged 675 
occupancy at TET1-dependent loci, leading to ectopic recruitment of chromatin modifiers -676 
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curved arrows indicating release of the locus following catalysis in TET1WT or TET1V (C). In 677 

prospermatogonia, DNMT3 accesses sperm HMRs, creating hypermethylated regions (D). 678 
Physical hindrance by extended TET1HxDoccupancy or aberrant chromatin environment causes 679 

HxD-specific hypomethylated DMRs. Similar to TET1WT, generation of 5hmC by TET1V allows 680 
for TET1 turnover. However, 5hmC generation is not sufficient to maintain hypomethylated 681 

states at sperm HMRs (E-F).  682 

 683 

Limitations of study 684 

We employed Illumina Mouse Infinium BeadChip array for our whole genome analysis of the 685 
sperm methylome. While the array was designed to be a good representation of the mouse 686 

genome, only a minority of CpGs within the genome (~285,000 CpGs) are examined. There are 687 
many more relevant CpGs, including those at ICRs, where probe design is not feasible. 688 
Moreover, the array is overrepresented for cancer- and aging-related promoters and CpGs at 689 

open sea (sparse regions). WGBS will likely capture many more TET1-dependent regions as 690 
well as regions that are uniquely altered in Tet1V/V, Tet1HxD/HxD, and Tet1-/- sperm. 691 
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Supplemental Figure 1. Additional validation of Tet1-V and Tet1-HxD mutant mouse lines. A) 712 

Exon 10 sequences for WT, Tet1V, and Tet1HxD alleles. Underlined sequence denotes the 713 
CRISPR gRNA target sites, while highlighted regions indicate non-synonymous (yellow) or silent 714 

(blue) mutations introduced by the HDR templates. Sequencing primers (F and R) amplify from 715 
flanking intronic regions to produce a 450 bp amplicon for RFLP analysis. B) Representative 716 

RFLP genotyping assay for Tet1V and Tet1HxD. C) Schematic depiction of restriction sites and 717 

radiolabeled probes used for Tet1 Southern blots. D-E) Southern blot confirmation of Tet1V (D) 718 
and Tet1HxD E) mutant alleles with preserved fragment sizes. F-H) Allele specific RT-PCR 719 

followed by pyrosequencing for expression from Tet1V or Tet1HxD or WT allele in heterozygote 720 

PND0 brains.  721 
 722 
  723 
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724 
Supplemental Figure 2. Validation of sparse-BS-seq to estimate modified cytosine levels. A) 725 
Sparse-BS-seq of 40-week-old cortex samples show comparable levels of modified C in all 726 

sequence contexts compared to mass spectrometry (mean ± SEM; n=3; t-test, *p-value < 0.05). 727 

B) Sparse-seq for total modified cytosine (5mC and 5hmC, BS-seq) in CpG context in adult 728 
testes show unchanged levels, globally, in mutants compared to WT.  729 

 730 
  731 
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 732 
 733 
Supplemental Figure 3. Breeding schemes used to test the heritability of imprinting defects in 734 
the germline of Tet1-variant mutant males. To generate pWT, WT male litter mates (Tet1+/+) are 735 
mated with C57BL/6J (B6) females. pVV or pHxD are generated by mating Tet1V/V or Tet1HxD/HxD 736 

males to B6 females, embryos are collected at gestational stage E10.5 or pups are collected at 737 
PND0. Hypothesized DNA methylation patterns for maternally methylated ICRs (that are 738 

normally unmethylated in the sperm) are indicated below each breeding scheme.  739 
 740 
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Supplemental Figure 4. Additional characterization of ICR methylation defects in offspring of 743 

Tet1 variant mutant males. Percentage DNA methylation at maternally methylated KvDMR (A) 744 
and Snrpn (B) and a control paternally methylated ICR H19/Igf2 (C). pWT n=22 embryos (3 745 

litters), pVV  n=31 (4 litters), pHxD n=37 (4 litters). D) DNA methylation levels at representative 746 
ICRs measured in the brain of individual PND0 offspring from Tet1+/+, Tet1V/V and Tet1HxD/HxD 747 

males are presented as a heatmap. Each row represents an individual PND0 of the indicated 748 

paternal genotype. Percentage DNA methylation at Peg1 (E), Peg3 (F), KvDMR (G), and Snrpn 749 
(H) and control H19/Igf2 (H) ICRs as measured by pyrosequencing. pWT n=35 pups (5 litters), 750 

pVV  n=18 pups (5 litters), pHxD n=28 pups (5 litters). *p<0.05, **p<0.01 Fisher’s exact test for 751 

frequency of hypermethylated embryo, shaded bars indicate average methylation of pWT 752 

embryos ± STDEV. Embryos with methylation above or below the shaded bar are considered 753 

hyper- or hypomethylated. 754 
  755 
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Supplemental Figure 5. Genomic compartmental analysis for rescued DMRs in Tet1-catalytic 760 

mutants. A) Diagram depicting where promoter-TSS, exon, intron, TTS, and intergenic regions 761 
are defined in HOMER annotatePeaks basic annotation function. Promoter-TSS is defined from 762 

-1kb to +100bp of RefSeq annotated transcriptional start site and TTS is defined from -100bp to 763 
+1kb of RefSeq annotated transcriptional termination site. B) Diagram depicting CpG island 764 

annotation by R package AnnotationHub. CpG shores are defined as +/- 2kb from the ends of 765 

the CpG island, excluding the CpG islands. CpG shelves are defined as +/- 4kb from the ends 766 
of the CpG island, excluding the CpG islands and CpG shores. The remaining genomic regions 767 

are defined as open seas. C) Bar graph showing genomic localization of Tet1-/-  DMRs that are 768 

either partially rescued or fully rescued in Tet1V/V or Tet1HxD/HxD sperm, as defined in Figure 3E-F. 769 
Bernoulli distribution test was conducted to compare genomic distribution of rescued or partially 770 

rescued probes to the genomic distribution of all differentially methylated probes (DMRs) in 771 
Tet1-/-. Partially rescued probes are more likely to be found in gene bodies (promoter-TSS, 772 

exon, and intron) while fully rescued probes are overrepresented at exon and TTS. *p-value < 773 
0.05; two-sided Bernoulli distribution test as compared to genomic distribution Tet1-/-  DMRs.  774 
 775 
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776 
Supplemental Figure 6. Genomic distributions of differentially methylated probes are distinct 777 
between Tet1-/-, Tet1V/V, and Tet1HxD/HxD sperm. A) Violin plot showing average methylation 778 

signal of all probes in Tet1-/-, Tet1V/V, Tet1HxD/HxD and WT sperm. B) Bar graphs showing genomic 779 

localization of DMRs from mutant sperm as annotated by HOMER. While intergenic and exonic 780 
regions are overrepresented as DMRs for the mutants, other regions are underrepresented 781 

relative to the array coverage. Total probes refer to total probes in the array or total probes that 782 

are significantly different in mutant sperm vs. WT. *p-value < 0.05; two-sided Bernoulli 783 
distribution test as compared to genomic distribution of all probes in the array. C-E) Bar graphs 784 

showing CpG density of DMRs in mutant sperm as annotated by R-package: annotatr.  785 
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Supplemental Figure 7. H3K4me3 enrichment at TET1-dependent sperm hypomethylated 787 

regions throughout spermatogenesis. A) Distribution of DMRs that overlap unmethylated 788 
regions in the sperm genome compared to the oocyte genome (GEO: GSE5669772). B, D) 789 

Genome browser view of an example locus (Fat1) and the canonical ICR Peg1 (D) that are 790 
commonly hypermethylated in Tet1-/-, Tet1V/V, Tet1HxD/HxD  sperm with overlap to the sperm 791 

hypomethylated region and H3K4me3 enrichment throughout spermatogenesis. C) Heatmaps 792 

and metapots of E17.5 prospermatogonia H3K4me3 enrichment centered on sperm HMRs, 793 
indicating majority of H3K4me3 signals at H3K4me3 were overlapping unmethylated regions in 794 

the sperm genome. Genomic distribution of differentially methylated probes in Tet1V/V (E), 795 

Tet1HxD/HxD (F), and Tet1-/- (G) sperm that overlap with H3K4me3 enrichment in E17.5 and PND1 796 
prospermatogonia (DDBJ: DRA00663335), pachytene spermatocyte, round spermatid 797 

(SRA09727873, and sperm (GEO: GSE13567874).  798 
 799 
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STAR Methods 801 

Key Resources Table 802 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Rabbit polyclonal anti-TET1 Genetex Cat#: N3C1; RRID: 

AB_11176491 
Rabbit monoclonal anti-GAPDH Cell Signaling 

Technology 
Cat#: 2118; RRID: 
AB_561053 

Goat anti-Rabbit IgG-HRP Invitrogen Cat#: 31460; RRID: 
AB_228341 

Rabbit monoclonal Anti-H3K4me3 Cell Signaling 
Technology 

Cat#: 9751; RRID: 
AB_2616028 

Normal Rabbit IgG Cell Signaling 
Technology 

Cat#: 2729; RRID: 
AB_1031062 

Chemicals, peptides, and recombinant proteins 
Proteinase K Sigma-Aldrich P2308 
Phenol:Chloroform:Isoamyl Alcohol Sigma-Aldrich P3803 
Albumax Thermo Fisher 11020021 
EmbryoMax Human Tubal Fluid Media EMD Millipore MR-070-D 
Triton X-100 Supelco 12659 
Phosphate Buffer Saline (calcium, magnesium free) Gibco 14190144 
0.25% Trypsin-EDTA Gibco 25200056 
Hank’s Balanced Salt Solution Gibco 14024076 
Fetal Bovine Serum (FBS), heat inactivated Gibco 10082147 
Klenow Exo-DNA Polymerase Enzymatics P701-LC-L 
Shrimp Alkaline Phosphatase NEB M0371S 
dNTP Promega U1511 
SPRISelect beads Beckman Coulter B233317 
Concanavalin A-coated beads Bang Laboratories BP531 
Streptavidin Sepharose beads GE Healthcare GE17-5113-01 
pAG-MNase Cell Signaling 

Technology 
40366 

PhiX Control v3 Illumina FC-110-3001 
TRIzol Thermo Fisher 15596026 
RIPA Buffer Cell Signaling 

Technology 
9806 

Complete Protease Inhibitor EDTA Free Roche 11873580001 
Cytobuster Protein Extraction Reagent Millipore 71009 
Immobilon HRP Chemiluminescent Substrate Millipore WBKLS0100 
Critical commercial assays 
Bioanalyzer DNA High Sensitivity Chip Agilent 5067-4626 
Qubit Fluorometer dsDNA BR Assay Kit Invitrogen Q32850 
GoTaq Green Master Mix Promega M7121 
Epitect Bisulfite Kit Qiagen 59104 
Epitect Fast Bisulfite Conversion Kit Qiagen 59824 
PyroMark PCR Kit Qiagen 978703 
Quick-RNA Miniprep Plus Zymo Research  R1057 
QiaQuick Gel Extraction Kit Qiagen 28704 
Multiplex PCR Kit Qiagen 246145 
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MiSeq Reagent Nanot Kit v2 (500 cycles) Illumina MS-102-2003 
MiSeq Reagent Micro Kit v2 (300 cycles) Illumina MS-102-2002 
PyroMark Gold Q96 CDT Reagents Qiagen 972824 
NEBNext Library Quant Kit NEB E7630 
xGEN Adaptase Module IDT 10009826 
KAPA HiFi HotStart Readymix Kit KAPA Biosystems KR0370 
Illumina Infinium Mouse Methylation BeadChip Illumina 20041558 
KAPA HyperPrep Kit KAPA Biosystems KK8504 
Superscript III Reverse Transcriptase Invitrogen 18080093 
Power SYBR Green Master Mix Applied Biosystems A46111 
SMARTer RACE 5’/3’ Kit Takara 634859 
Deposited data 
Raw and processed Illumina Infinium Mouse Methylation 
BeadChip 

This paper GSE224459 

Whole genome bisulfite sequencing for sperm and 
oocyte 

Wang et al. 201472 GSE56697 

Single cell RNA-seq of adult testes Green et al. 201875 GSE112393 
E17.5 prospermatogonia CUT&RUN This paper GSE224459 
PND0 spermatogonia H3K4me3 ChIP-seq  Kawabata et al 201935 DRA006633 
Pachytene and round spermatid H3K4me3 ChIP-seq Lesch et al. 201373 SRA097278 
Sperm H3K4me3 ChIP-seq Lismer et al. 202174 GSE135678 
Experimental models: Organisms/strains 
Mouse: Tet1tm1.1Jae/J (Tet1-/-) Dawlaty et al. 201344 Jackson Laboratory 

Strain #: 017358; 
RRID: 
IMSR_JAX:017358 

Mouse: Tet1V/V  This paper N/A 
Mouse: Tet1HxD/HxD This paper N/A 
Mouse: C57BL/6J Jackson Laboratory Jackson Laboratory 

Strain #: 000664; 
RRID: 
IMSR_JAX:000664 

Mouse:Pou5f1tm2Jae/J (Oct4-GFP reporter) Lengner et al. 200796 Jackson Laboratory 
Strain #: 008214; 
RRID: 
IMSR_JAX:008214 

Oligonucleotides 
Mouse Tet1 CRISPR/Cas9 mutagenesis primers and 
homology directed repair templates (See Table S4 for 
sequences) 

This paper N/A 

Genotyping primers for Tet1v or Tet1HxD alleles RFLP 
(See Table S4 for sequences) 

This paper  N/A 

qRT-PCR primers for Tet isoforms and Tet1 allelic 
pyrosequencing (See Table S4 for sequences) 

This paper N/A 

Primers for generation of Southern blot probes (See 
Table S4 for sequences) 

This paper N/A 

Primers for bisulfite sequencing of candidate DMRs 
using MiSeq (See Table S4 for sequences) 

This paper N/A 

Primers for bisulfite sequencing of ICRs using 
pyrosequencing (See Table S4 for sequences) 

This paper; de Waal et 
al., 201497 

N/A 

Primers for 5’ RACE (See Table S4 for sequences) This paper  N/A 
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Software and algorithms 
Trim Galore (version 0.6.7) Felix Kruger https://www.bioinfor

matics.babraham.ac.
uk/projects/trim_galo
re/ 

Bismark (v0.23.0) Felix Kruger https://www.bioinfor
matics.babraham.ac.
uk/projects/bismark/ 

Picard Toolkit (v2.25.7-0) Broad Institute https://broadinstitut
e.github.io/picard/ 

SeSAMe (R package, v1.10.4) Zhou et al. 201851 https://www.biocond
uctor.org/packages/r
elease/bioc/html/ses
ame.html 

annotatr (R package) Cavalcante et al. 
201798 

https://bioconductor.
org/packages/releas
e/bioc/html/annotatr.
html 

HOMER (v4.11) Heinz et al. 201099 http://homer.ucsd.ed
u/homer/index.html 

BEDtools (version 2.27.1) Quinlan et al. 2010100 https://github.com/ar
q5x/bedtools2/releas
es 

deepTools (version 3.4.0) Ramirez et al. 2016101 https://deeptools.rea
dthedocs.io/en/devel
op/ 

SAMtools (version 1.16.1) Danecek et al. 2021102 https://samtools.sour
ceforge.net/ 

macs2 (version 2.1.0) Zhang et al. 2008103 https://github.com/m
acs3-
project/MACS/wiki/In
stall-macs2 

DNMTools Song et al. 201371 https://dnmtools.read
thedocs.io/en/latest/ 

methylKit (R package) Akalin et al. 2012104 https://www.biocond
uctor.org/packages/r
elease/bioc/html/met
hylKit.html 

ChIPseekers (R package, version 1.22.1) Yu et al. 2015105 https://bioconductor.
org/packages/releas
e/bioc/html/ChIPsee
ker.html 

ggplot2 (R package) Ginestet, C. 2011 106 https://cran.r-
project.org/web/pack
ages/ggplot2/index.h
tml 

BioVenn (R package) Hulsen et al. 2008107 https://cran.r-
project.org/web/pack
ages/BioVenn/index.
html 

Pheatmap (R package) Raivo Kolde https://cran.r-
project.org/web/pack
ages/pheatmap/inde
x.html 

GraphPad Prism 9 GraphPad Software www.graphpad.com 
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Lead Contact 803 

Further information and requests for resources and reagents should be directed to and will be 804 
fulfilled by co-Lead Contacts, Marisa S. Bartolomei (bartolom@pennmedicine.upenn.edu) and 805 

Rahul M. Kohli (rkohli@pennmedicine.upenn.edu)  806 
 807 

Materials Availability 808 

All unique reagents and new mouse lines generated in this study are available from the Lead 809 
Contacts with a completed Materials Transfer Agreement. 810 

 811 

Data and Code Availability 812 
The accession number for raw and processed Illumina Mouse Infinium Methylation BeadChip 813 

and CUT&RUN data generated in this paper is GEO: GSE224459. Accession numbers for 814 
existing, publicly available data are referenced as appropriate. Any additional information 815 

required to reanalyze the data reported in this paper is available from lead contacts upon 816 
request. 817 
 818 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 819 
Mouse husbandry and maintenance 820 
All experiments were approved by the Institutional Animal Care and Use Committee of the 821 
University of Pennsylvania (protocol number: 804211). Mice are housed in polysulfone cages 822 

within a pathogen-free facility with 12-12 h light-dark cycle and ad libitum access to water and 823 
standard chow (Laboratory Autoclavable Rodent Diet 5010, LabDiet, St. Louis, MO, USA). Tet1 824 
knockout108 (017358; B6; 129S4-Tet1tm1.1Jae/J) and Oct4-GFP96 (008214; B6; 129S4-825 

Pou5f1tm2.Jae/J) were purchased from The Jackson Laboratory and were backcrossed for at least 826 
10 generations to C57BL/6J (B6; The Jackson Laboratory, 000664) background. Oct4-GFP 827 

allele was maintained as homozygous in Tet1 heterozygote breeders (Tet1+/-; Oct4GFP/GFP). 828 

Mouse genomic DNA for genotyping using polymerase chain reaction (PCR) was isolated from 829 

ear punches as previously described11. Primers used for genotyping of Tet1- , Tet1V, Tet1HxD, 830 

Oct4-GFP alleles as well as sex genotyping are listed in Table S4. Timed mating was 831 

determined by visual detection of a vaginal sperm plug where E0.5 was taken to be 12.00h 832 
(noon) on the day the plug was observed. Visual staging of embryonic age was done at the time 833 

of dissection.   834 

 835 
Generation and validation of Tet1V and Tet1HxD mouse lines 836 
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Mutational insertions at exon 10 of endogenous Tet1 allele to generate T1642V or 837 

H1654Y;D1656A amino acid substitutions within catalytic domain of TET1 were done using 838 
easi-CRISPR-Cas9 editing in the C57BL/6J (B6) and B6D2 (hybrid of B6 and DBA/2J) as 839 

previously described109–111. Briefly, single-strand homology-directed repair (HDR) donor 840 
templates carrying the appropriate nucleotide substitutions in Tet1 exon 10 were synthesized as 841 

4 nM Ultramers from Integrated DNA Technologies (see Table S4). The Tet1 exon 10 guide 842 

RNAs (gRNAs) were amplified using synthesized oligos and the pX335 gRNA scaffolding 843 
vector, in vitro transcribed using MEGAshortscript T7 transcription kit (Ambion), and purified 844 

using MEGAclear Transcription Clean-up kit (Ambion). The purified gRNA (50 ng/uL), Cas9 845 

mRNA (100 ng/uL), and HDR donor templates (100 ng/uL) were injected into the pronucleus of 846 
single-cell B6 x B6D2 embryos and transferred to pseudopregnant dams. The mosaic founders 847 

from the CRISPR injection were ~75% B6 genetic background. Founders were screened by 848 
exon 10 restriction fragment length polymorphism (RFLP) using HaeIII enzyme to distinguish 849 

Tet1HxD allele and HphI enzyme to distinguish Tet1V allele from WT, of PCR amplified product 850 
flanking exon 10 (see Table S4). Genotypes of founders were further verified by Sanger 851 
sequencing. The targeted Tet1 allele was validated in heterozygote and homozygote animals 852 

after backcrossing to B6 strain for at least 3 generations using Southern blot as previously 853 
described112, with restriction enzymes and probes indicated in Supplemental Figure 1 and Table 854 
S4. All mice included in this study had been backcrossed to B6 strain for at least 4 generations 855 
unless noted otherwise.  856 

 857 
METHOD DETAILS 858 
Tissue collection  859 

Sperm  860 
Adult male mice (>10 weeks of age) were housed with a sexually mature female for at least 5 861 

days, and then isolated for at least 3 days. After euthanasia, the caudal epididymis was 862 

dissected and the epididymal sperm was collected on a needle and capacitated in EmbryoMax 863 

Human Tubal Fluid media (HTF, EMD Millipore) for 30 minutes at 37oC. Motile sperm were 864 

collected by removing the supernatant, spun down for 5 minutes at 650 xg and incubated for 15 865 

minutes on ice with somatic cell lysis buffer (0.1% SDS, 0.5% Triton-X-100) to remove any non-866 
sperm contaminants. Following treatment with somatic lysis buffer, the sperm were counted, 867 

spun down for 5 minutes at 10,000 xg and snap frozen for storage at -80oC until further 868 

processing. 869 
 870 
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Embryonic germ cells 871 

Embryonic Oct4-GFP+ gonads were harvested from embryos at E12.5, E14. And E17.5. The 872 
gonads were dissected in calcium- and magnesium-free phosphate buffered saline (PBS, 873 

Gibco) and transferred into 500 µL of 0.25% Trypsin-EDTA (Gibco). Gonads were incubated in 874 

Trypsin-EDTA for 10 minutes at 37oC and quenched with equal volume of Hank’s Balanced Salt 875 

solution (HBSS, Gibco) containing 5% fetal bovine serum (FBS). To achieve single cell 876 

suspension, gonads were triturated using p1000 tips (Denville), followed by p200 tips (Denville) 877 
and 22G needle (BD Biosciences). The single cell suspension was centrifuge for 5 minutes at 878 

650 xg and resuspended in 5% FBS in HBSS prior to sorting. GFP+ PGCs were sorted using 879 

FACSAria Fusion or FACS Jazz cell sorter (Becton Dickinson). For bisulfite mutagenesis, PGCs 880 
were snap frozen for storage at -80oC until further processing. For CUT&RUN, PGCs were 881 

immediately processed for permabilization and binding to concanavalin A beads. 882 
 883 
Somatic tissues 884 

E10.5 whole-embryo was collected from timed-mating and immediately snap frozen for storage 885 
at -80oC until further processing. PND0 brain, tongue, and liver samples were collected following 886 
decapitation of neonates. Whole testis, liver, and cortex were dissected from male mice 887 
following euthanasia by CO2 asphyxiation. Tissues were snap frozen for storage at -80oC until 888 

further processing. 889 
 890 
Tissue homogenization and DNA extraction 891 

Embryonic, neonatal, and adult tissues were digested in lysis buffer (50 mM Tris, pH8.0, 100 892 
mM EDTA, 0.5% SDS) with proteinase K (180 U/mL; Sigma-Aldrich) overnight at 55oC. Sperm 893 
pellets were resuspended in sperm lysis buffer (20 mM Tris-HCl, pH8.0, 200 mM NaCl, 20 mM 894 

EDTA, 4% SDS) with the addition of 5 µL of b-mercaptoethanol and proteinase K (180 U/mL) at 895 

55oC overnight. Genomic DNA was isolated using Phenol:Chroloform:Isoamyl Alcohol (25:24:1; 896 

Sigma-Aldrich) and ethanol precipitation and resuspended in TE buffer (10 mM Tris-HCl pH8.0, 897 
0.5 mM EDTA).  898 

 899 
Bisulfite mutagenesis 900 

2 µg of genomic DNA was bisulfite treated using the EpiTect Bisulfite Kit (Qiagen) and eluted in 901 

20 µL of 1:10 of the supplied EB buffer. Snap frozen PGC pellet was directly lysed using the 902 

LyseAll Lysis Kit (part of the EpiTect FAST Bisulfite Conversion Kit, Qiagen) and was bisulfite 903 
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treated using the standard Epitect Bisulfite reagent mix following the low-input protocol. PGC 904 

bisulfite-treated DNA was resuspended in 20 µL of 1:10 of the supplied EB buffer. 905 

 906 

Library preparation for bisulfite sparse sequencing 907 
Whole genome BS libraries preparation was adapted from Luo et al.113 using xGEN Adaptase 908 

module (Integrated DNA Technology) following the workflow for single-cell Methyl-Seq (snmC-909 

Seq), which includes random priming step, per manufacturer’s protocol. Additional components 910 

for random priming step are as followed: Klenow Exo-DNA Polymerase at 50 U/µL supplied with 911 

Blue Buffer (Enzymatics), Exonuclease I at 20 U/µL (Enzymatics), Shrimp Alkaline Phosphatase 912 

(NEB), 10 mM dNTP (Promega). Following random priming step, samples were eluted in 10 µL 913 

Low EDTA TE (included in the xGEN Adaptase module) and proceeded with Adaptase reaction 914 

per manufacturer’s protocol. To determine cycle numbers for enrichment PCR, 1 µL of library 915 

from Adaptase reaction was used to run qRT-PCR with the following condition, 0.5 uL of 10uM 916 
custom Illumina I7 and I5 primers to accommodate stubby adapter tails on the random primers 917 

(final concentration of 0.5 µM and all unique dual index primer sequences are listed in Luo et 918 

al.113), 7 µL of 2x NEBNext Library Quant Master Mix with 1:100 low ROX (NEB), and 1.5 µL 919 

ddH2O. Indexing PCRs were done with 3 cycles less than the determined qRT-PCR cycle 920 
threshold (Ct) using KAPA HiFi HotStart ReadyMix (KAPA Biosystems) with final custom 921 

Illumina I7 and I5 concentrations at 1 µM. Amplified libraries were cleaned using two rounds of 922 

0.8X SPRISelect beads and eluted in 13 µL of EB Buffer. Libraries were quantified using 923 

NEBNext Library Quant Kit and libraries sizes were determined using Bioanalyzer High 924 
Sensitivity DNA Kit (Agilent). Indexed libraries were pooled and sequenced on an Illumina 925 
MiSeq using a MiSeq Reagent Kit v2 (150x150; Illumina) with 10% PhiX spike-in to achieve 926 

~65,000 aligned reads per library.  927 
 928 
Locus specific DNA methylation analysis using pyrosequencing or targeted next-929 

generation bisulfite-sequencing 930 

Pyrosequencing PCRs and sequencing reactions for ICR methylation (H19/Igf2, Peg1, Peg3, 931 
KvDMR, and Snrpn) were described by SanMiguel et al11. Primers are listed in Table S4. 932 

Targeted DNA methylation analyses using next-generation sequencing were modified from 933 

IMPLICON protocol114. For assay design, genomic DNA sequences of the regions of interest 934 
were obtained from UCSC Genome Browser and imported into MethPrimer115 or BiSearch116 to 935 

identify primer pairs with optimal amplicon size of 300 bp with a minimum of 5 CpGs. Primers 936 
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are listed in Table S4. Stubby Illumina adapter sequences were added to the forward 937 

(ACACTCTTTCCCTACACGACGCTCTTCCGATCT) and reverse 938 

(GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT) primers. 1 µL of bisulfite treated DNA 939 

was amplified for the regions of interest using PyroMark PCR kit (Qiagen) with final primer 940 

concentration of 0.4 µM. Amplicons of similar sizes (+/- 50 bp) were pooled for column 941 

purification (Thomas Scientific) and eluted in TE buffer. 25 ng of pooled amplicons were loaded 942 
into indexing PCR using Multiplex PCR kit (Qiagen). Indexed reactions were purified using 943 

SPRIselect beads (0.9x; Beckman Coulter), eluted in TE buffer and quantified using Qubit 944 

Flourometer dsDNA BR Assay Kit (Invitrogen). Indexed libraries were pooled and sequenced on 945 
an Illumina MiSeq using a MiSeq Reagent Nano Kit v2 (250x250; Illumina) with 10% PhiX spike-946 

in.  947 
 948 

Western blot  949 
Testes were homogenized by mortar and pestle in 1x RIPA buffer (Cell Signaling Technology) 950 
supplemented with Complete Protease Inhibitor (Roche). Tissue lysates were incubated on ice 951 
for 20 minutes, followed by centrifugation at 13,000 xg for 5 minutes at 4oC. Supernatant was 952 

collected and the protein concentration was quantified using bicinchoninic acid protein assay 953 

(BCA assay; Pierce, Thermo Scientific). 50 µg of protein lysate was denatured and were run on 954 

a 4-12% SDS-PAGE gel. The gel was transferred onto a PVDF membrane at 250 mA for 120 955 

minutes, and then blocked for 1 hour at RT with shaking in 5% non-fat dry milk in TBS-Tween 956 
(TBS-T). For full-length TET1 detection, membranes were probed with 1:1000 rabbit anti TET1 957 
(N3C1, Genetex) overnight at 4oC. For loading control, membranes were probed with 1:10,000 958 
rabbit anti-GAPDH (2118, Cell Signaling Technology) overnight at 4oC. Membranes were 959 
washed 3x in TBS-T following primary antibody incubation, and probed with 1:20,000 goat anti-960 

rabbit IgG HRP secondary antibody (Invitrogen) for 1 hour at RT. Membranes were developed 961 

using Immobilon Western Chemiluminescent HRP Substrate and imaged on an Amersham 962 
Imager 600. 963 

 964 

Genome-wide DNA methylation profiling using Infinium Mouse Methylation BeadChip 965 
1000 ng of bisulfite-treated sperm DNA was loaded onto Illumina Infinium Mouse Methylation-966 

12v1-0 BeadChip (llumina) and was ran on an Illumina iScan System (Illumina) per 967 

manufacturer’s standard protocol. The samples were processed at the Center for Applied 968 
Genomics Genotyping Core at the Children’s Hospital of Philadelphia. Biological replicates for 969 

each genotype are as followed, Tet1+/+ n = 8, Tet1V/V/ n = 10, Tet1HxD/HxD  n= 8, Tet1-/- n = 10.  970 
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 971 

E17.5 Prospermatogonia CUT&RUN 972 
E17.5 Oct4-GFP+ prospermatogonia were collected using FACS as detailed above. Cells were 973 

hold on ice until CUT&RUN processing. Gonads from several embryos were pooled and 974 
CUT&RUN was done on 130,000 freshly sorted cells per motif (H3K4me3 and IgG) as 975 

previously described117. Sorted cells were spun down at 600 xg for 3 minutes at room 976 

temperature, and washed three times with 1.5 mL of Wash buffer (20 mM HEPES pH 7.5, 150 977 
mM NaCl, 0.5 mM spermidine, with 1x Roche complete protease inhibitor EDTA Free). Cells 978 

were bound to concanavalin A-coated magnetic beads (Bangs Laboratories) pre-washed in 979 

binding buffer (20 mM HEPES (pH 7.5), 10 mM KCl, 1 mM CaCl2, 1 mM MnCl2) for 10 minutes 980 
at room temperature. Cells were resuspended with H3K4me3 (Cell Signaling Technology 9751) 981 

or rabbit IgG antibodies (Cell Signaling Technology 2729) at a final dilution of 1:100 in 200 µL of 982 

antibody binding buffer (same as Wash buffer with 0.05% digitonin and 2 mM EDTA) and 983 
incubated overnight at 4oC. Cells were washed twice in Wash buffer with 0.05% digitonin, and 984 

incubated with pAG-MNase fusion protein (final concentration 700 ng/mL) for 1hr at 4oC. 985 
Following two washes in Wash buffer with 0.05% digitonin, samples were resuspended in 986 
Incubation buffer (3.5 mM HEPES (pH 7.5), 10 mM CaCl2, 0.05% digitonin) to activate cleavage 987 
on ice for 5 minutes. 2xSTOP solution (170 mM NaCl, 20 mM EGTA, 0.05% digitonin, 50 μg/mL 988 

RNase A, 25 μg/mL Glycogen, 2 pg/mL yeast chromatin spike-in) was added to quench the 989 
reaction. To release antibody bound fragments, samples were incubated at 37oC for 30 minutes 990 
and supernatant was isolated from the magnet-bound beads. 2 μL of 10% SDS and 2.5 μL of 20 991 

mg/mL Proteinase K  were added to the suprnatang and samples were incubated at 50oC for 992 
one hour to digest any protein, and DNA was isolated using Phenol:Chloroform extraction twice. 993 
DNA pellets were resuspended in 30 μL of Tris EDTA buffer (1mM Tris HCl, pH 8; 0.1 mM 994 

EDTA). CUT&RUN library was prepared using KAPA HyperPrep Kit (KAPA Biosystems) 995 

following the manufacturer’s protocol. Libraries were amplified for 18 cycles using KAPA HiFi 996 

Hot Start Ready Mix (Roche). Amplified libraries were cleaned using 1x KAPA Pure Beads. 997 
Libraries were quantified using NEBNext Library Quant Kit and libraries sizes were determined 998 

using Bioanalyzer High Sensitivity DNA Kit (Agilent).  999 
 1000 

RNA extraction, reverse transcription, qRT-PCR, and pyrosequencing for allelic 1001 

expression analysis 1002 
For adult testes or PND0 livers, tissue lysates were divided in half by volume and added to 1003 

TRIzol reagent (Thermo Fisher Scientific). Chloroform was added to achieve phase separation, 1004 
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followed by recovery of the aqueous phase. Equal volume of ethanol was added to the aqueous 1005 

phase and RNA was bind to Zymo Research RNA miniprep column. RNA purification was done 1006 
following Quick-RNA Miniprep Plus Kit as specified by manufacturer’s protocol including in 1007 

column DNAseI treatment (Zymo Research). RNA quantity was determined by NanoDrop ND-1008 
1000 spectrophotometer (Thermo Fisher Scientific). RNA samples were reverse transcribed 1009 

with Superscript III Reverse Transcriptase (Invitrogen) according to the manufacturer’s protocol. 1010 

Quantitative real-time PCR (qRT-PCR) was performed using Power SYBR Green Master Mix 1011 
(Applied Biosystems) on a QuantStudio 7 Flex Real-Time PCR system. Relative expression 1012 

levels were determined using the Pffafl method normalized to the housekeeping gene Nono. To 1013 

assess expression of Tet1HxD or Tet1V allele in heterozygote or homozygote PND0 brain, 1014 
modified protocol for pyrosequencing for imprinting expression (PIE) was used as previously 1015 

described in111 . 10 ng of cDNA was amplified using Pyromark PCR kit (Qiagen) with final primer 1016 
concentration of 0.4 uM, in which the reverse primer was biotinylated. 4 uL of PCR product was 1017 

sequenced on the Pyromark Q96 MD Pyrosequencer (Biotage, AB), using PyroMark Gold Q96 1018 
CDT Reagents (Qiagen), and Streptavidin Sepharose beads (GE Healthcare). Quantification of 1019 
allele-specific expression was performed using Pyromark Q96 MD software based on the 1020 

presence of a SNP (introduced in CRISPR mutagenesis) in the cDNA amplicon. Primers are 1021 
listed in Table S4. 1022 
 1023 
5’ rapid amplification of cDNA ends (RACE) 1024 

SMARTer RACE 5’/3’ Kit from Takara Bio was used following the manufacturer’s instructions. 3’ 1025 
gene specific primers (Supplemental Table 4) were designed downstream of the hypothesized 1026 
DMRs using Primer BLAST with parameters specified by SMARTer RACE kit (23-28 1027 

nucleotides long, 50-70% GC content, with Tm > 70oC) with GATTACGCCAAGCTT- overhang 1028 
on the 5’ ends to allow for cloning into the provided pRACE vector. Reverse transcription was 1029 

done on 1 µg of total RNA from adult testes. PCR condition modifications  to amplify RACE 1030 

products are as followed using SeqAmp DNA Polymerase (Takara Bio): Fat1 (TA: 68oC and 1031 
extension of 6 minutes) and Dyrk2 (TA: 65oC and extension of 3 minutes). RACE products were 1032 

gel isolated using Qiaquick Gel Extraction Kit (QIAGEN) and cloned into pRACE vector. Sanger 1033 
sequenced products were subjected to BLAT alignment to mm10 genome.  1034 

 1035 

QUANTIFICATION AND STATISTICAL ANALYSIS 1036 
Statistics were performed using GraphPad Prism or R. Comparison of > 2 independent groups 1037 

were performed using one-way ANOVA followed by Tukey’s post-hoc test. Fisher’s exact test 1038 
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was performed to determine significance of the frequency of hypermethylated F1 offspring of 1039 

Tet1 catalytic mutant males. Bernoulli distribution test was conducted to determine distribution 1040 
of DMRs genomic compartment as compared to genomic distribution of all probes in the array. 1041 

Statistical significances are denoted by different letters or asterisks in the graph. Information on 1042 
statistical tests performed, exact values of n, and degrees of significance are provided in the 1043 

figure legends.  1044 

 1045 
Analyses of sparse-seq and targeted next-generation bisulfite sequencing 1046 

Sequenced reads were trimmed using Trim Galore (version 0.6.7 1047 

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) in paired-end mode. For 1048 
sparse-seq, in addition to low quality bases and adaptors, 15 bps were removed from 5’ end of 1049 

read 1 and 30 bps were removed from 5’ end of read 2 to remove synthetic sequences 1050 
introduced by Adaptase Module random priming step. Trimmed sequenced reads were aligned 1051 

to mouse mm10 genome with Bismark (v0. 23.0 1052 
https://www.bioinformatics.babraham.ac.uk/projects/bismark/) in paired-end mode. The 1053 
following Bismark parameters were used to align sparse-seq reads: --score_min L,0,-0.6 1054 

–non_directional. Reads were deduplicated using Picard Toolkit (v2.25.7-0 1055 

https://broadinstitute.github.io/picard/) MarkDuplicates. Non-deaminated reads were filtered 1056 

out based on the presence of ³ 3 consecutive instances of non-CG methylation (Bismark 1057 

function: filter_non_conversion; parameters: --paired --threshold 3 –-1058 

consecutive). Bedgraph files were prepared using Bismark Methylation Extractor function to 1059 

calculate percent methylation at each CpG and global modified Cytosine levels (in CpG, CHG, 1060 

CHH, and unknown context). For locus specific analysis, percent methylation at each CpG was 1061 
calculated from at least 30x coverage.  1062 
 1063 

Analyses genome-wide DNA methylation profiling 1064 

Processing of raw IDAT files was done as previously described by Vrooman et al.118 using 1065 
SeSAMe R Package51 (v1.10.4) and the MM285 array manifest file (vM25) to obtain methylation 1066 

b-values (getBetas function). Probes that did not pass SeSAMe’s quality control pOOBAH 1067 

approach for signal-to-background thresholding are masked with NA51. To determined 1068 

differentially methylated probes, we included only CG probes with no NA values in all biological 1069 
replicates, totaling in 218,483 probes out of 287,172 that are printed on the array. We first used 1070 

SeSAMe DML (Differential Methylation Locus) function which models the DNA methylation levels 1071 

using mixed linear model, a supervised learning framework that identifies CpG loci whose 1072 
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differential methylation is associated with known co-variates (i.e. sample genotype in our 1073 

experiment)51. Only CG probes, as defined in “Infinium Mouse Methylation v1.0 A1 GS Manifest 1074 
File.bpm”47, were included in F-test that is conducted as part of SeSAMe DML function and 1075 

multiple-testing adjustment. To finalize the lists differentially methylated probes for each 1076 

genotype compared to Tet1+/+ was done using SeSAMe DMR function with false discovery rate 1077 

cut off of 5% (Seg_Pval_adj < 0.05) and minimum difference of 10% between the mean of WTs 1078 

and mutants. We used SeSAMe built in knowYourCG tool to test enrichments 1079 

(testEnrichment) for probe design groups, chromHMM chromatin states, and transcription 1080 

factor binding sites on differentially methylated probes for each mutant genotype compared to 1081 

WT.  1082 
 All downstream analysis was conducted using the mm10/GRCm38 mouse genome 1083 

assembly. Differentially methylated regions (DMRs, each DMR corresponds to one array probe) 1084 
were assigned to nearby genes and prioritized to genomic features based on proximity using 1085 

HOMER annotatePeaks.pl function99. We calculated Bernoulli distribution of DMRs’ 1086 

genomic features distributions as compared to the genomic features distribution of all probes in 1087 
the array. CpG densities of DMRs were assigned using the annotatr R package98. Venn 1088 

diagrams were generated using the R package BioVenn107. Partially supervised clustering was 1089 
conducted on DMRs of all genotype to determine hyper- or hypomethylated signatures using the 1090 
R package pheatmap with average clustering method. To assess rescue or partial rescue by 1091 

TET1V or TET1HxD, DMRs that were found in Tet1-/- were assessed in Tet1V/V or Tet1HxD/HxD 1092 
samples. DMRs were classified as partially rescued if the FDRs were less than 0.05 in Tet1V/V or 1093 
Tet1HxD/HxD but mean differential methylation levels between Tet1V/V or Tet1HxD/HxD samples and 1094 

Tet1+/+  were less than 10%. DMRs were classified as rescued if the FDRs were greater than 1095 

0.05 in Tet1V/V or Tet1HxD/HxD samples compared to Tet1+/+. Volcano plots were made using the R 1096 

package ggplot2106. DMRs were examined for overlap with sperm HMRs, H3K4me3 ChIP-seq 1097 
or CUT&RUN peaks for each stages of spermatogenesis using BEDtools100 (version 2.27.1) 1098 

intersect. To generate heatmaps for H3K4me3 signals at DMRs, DMRs were first binned into 1099 

250 bp non-overlapping windows using BEDtools merge function, heatmaps and metaplots 1100 
were generated using deepTools101(version 3.4.0). 1101 

 1102 

Analyses of ChIP-seq and CUT&RUN  1103 
Publically deposited ChIP-seq (DRA00663335, SRA09727873, GSE13567874) and CUT&RUN 1104 

fastq files were trimmed using Trim Galore (version 0.6.7, default parameters). ChIP-seq and 1105 

CUT&RUN reads were aligned to mouse mm10 reference genome using Bowtie2 (version 1106 
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2.5.0, parameters: --N 1 –sensitive -local). Following alignment, low quality reads 1107 

(QMAP £ 10) and non-primary alignments were removed using SAMtools102 (version 1.16.1, 1108 

view -q 10 -F 256). Duplicated reads were removed using SAMtools rmdup with default 1109 

parameter and mitochondrial reads were removed using grep function. Alignment BAM files 1110 

were converted to BED files and blacklisted regions119 were remove using BEDtools (version 1111 

2.27.1). bigwig files normalized to count per million (CPM) were prepared using deepTools 1112 

(version 3.5.1, function: bamCoverage, parameters: -bs 1 --normalizeUsing CPM). Peak 1113 

calling was performed using Model-based Analysis of ChIP-Seq103(macs2, version 2.1.0; 1114 

parameters: --qvalue 0.01).  1115 

 1116 
Identification of sperm hypomethylated regions  1117 

Sperm hypomethylated regions (HMRs) were determined using hmr function of DNMTools71, 1118 

which uses hidden Markov model approach to identify methylation canyon in a supplied whole 1119 
genome bisulfite sequencing methylation call data set (GEO: GSE5669772). In total, 76227 1120 
HMRs were identified in sperm WGBS data set. To identify hypomethylated regions in the 1121 

sperm genome as compared to the oocyte genome, we used the R package methylKit104 1122 
calculateDiffMeth function.  1123 

 1124 

Processing of testis single cell RNAseq (scRNAseq) 1125 
Normalized gene expression matrices for adult mouse scRNA-seq spermatogenic germ cell 1126 

clusters are publicly available (GSE11239375). DMRs were matched to their nearest annotated 1127 
gene using the annotatePeaks function of the Rpackage ChIPSeeker105 (version 1.22.1; 1128 
parameter: TxDb=TxDb.Mmusculus.UCSC.mm10.knownGene). Boxplots depicting 1129 

normalized expression for DMR-linked genes vs. background gene expression for germ cell 1130 
clusters were prepared using ggplot2106. 1131 

 1132 

BioRender 1133 
Figure 5B, Figure 7, Supplemental Figure 3, and Supplemental Figure 5A-B are created using 1134 

BioRender.com 1135 
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