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Abstract:

Female (XX) mouse embryonic stem cells (MESCs) differ from their male (XY)
counterparts because they have lower levels of 5-methylcytosine (5mC) and 5-
hydroxymethylcytosine (5hmC). This difference in DNA modifications is a result of
having two X chromosomes (Xs), both of which are active at this developmental stage.
We identified an X-linked gene, Ogt, that controls levels of 5mC and 5hmC in mESCs.
OGT is a post-translational modification enzyme and we identified the 5-methylcytosine
dioxygenase TET3 as an OGT target that is differentially modified in XX and XY
mESCs. In addition to influencing 5mC and 5hmC abundance, OGT dose also controls
TET3 and OGT distribution. OGT and TET3 are predominantly nuclear in XX mESCs
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and cytoplasmic in XY mESCs. Furthermore, these proteins are present in different
complexes in XX and XY mESCs. Mutational analysis revealed that TET3 determines
the XX-specific abundance of 5mC and 5hmC in mESCs. While TET3 null XX mESCs
exhibited modest changes in gene expression, there were substantial alterations upon
differentiation into epiblast-like cells (mEpiLCs). In addition, these TET3 null XX
mMESCs did not undergo X-chromosome inactivation (XCI) when differentiated. These
data suggest that an X-dose sensitive complex containing OGT and TET3 regulates

cytosine modifications and XCI.

Introduction:

Female (XX) mouse embryonic stem cells (MESCs) exhibit lower global 5-methyl
cytosine (5mC) and 5-hydroxymethylcytosine (5hmC) than male (XY) mESCs (Habibi et
al., 2013, Zvetkova et al., 2005). These differences have been attributed to X-
chromosome (X) dosage, since XX mESCs that have lost one X (XO), display XY-like
cytosine modification levels (Zvetkova et al., 2005, Schulz et al., 2014). Both Xs are
active in XX mESCs and these cells therefore have a higher dose of X-linked transcripts
than XY or XO mESCs (Song et al., 2019), suggesting that one or more X-linked gene
products regulate 5mC and 5hmC levels. One X-linked gene implicated in regulation of
cytosine modifications is O-linked N-acetylglucosamine (O-GIcNAc) Transferase (OGT)
(Lewis et al., 2014).

OGT is the sole enzyme responsible for attaching a single O-linked GIcNAc sugar to
serine and threonine residues on thousands of nuclear, cytoplasmic, and mitochondrial
proteins (Haltiwanger et al., 1990; Hanover et al., 2012; Maynard et al., 2016). Like
phosphorylation, O-GlcNAcylation is a reversible modification that affects the function of
target proteins. OGT has been linked to regulation of cytosine modifications because it
stably interacts with and modifies the Ten-Eleven Translocation (TET) family of
enzymes (Vella et al., 2013; Deplus et al., 2013; Chen et al., 2013). The three TETs
(TET1, TET2, TET3) are dioxygenases that each oxidize 5mC to 5hmC. 5hmC is not
recognized by the maintenance DNA methyltransferase (DNMT1), resulting in passive

demethylation during replication (Parry et al., 2021). TETs also oxidize 5hmC to 5-
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formylcytosine and 5-carboxylcytosine, which are substrates for base excision repair
(Tahiliani et al., 2009; Ito et al., 2010; Kriaucionis and Heintz, 2009; He et al., 2011; Ito
et al., 2011). Because these higher oxidized states are replaced by cytosine during
repair, TETs can also direct active demethylation that does not rely on DNA replication
(Ross et al., 2019; Parry et al., 2021).

OGT’s interaction with and modification of TETs can stimulate TET activity (Hrit et al.,
2018) and can control TET nucleocytoplasmic distribution (Zhang et al., 2014),
providing two mechanisms by which this post-translational modification enzyme could
regulate TETs and thus cytosine modifications. To test whether OGT is one of the X-
linked proteins that regulates 5mC and 5hmC in mESCs, we manipulated OGT dose in
XX and XY mESCs and found that OGT abundance controls cytosine modifications. Our
search for OGT targets that are differentially modified revealed that TET3 is more
modified in XX than in XY mESCs. In addition, TET3 differs in abundance and
distribution and forms distinct complexes in these two cell types. OGT dose also
controls TET3 and OGT nucleocytoplasmic distribution. We found that in TET3 null XX
mESCs 5mC and 5hmC abundance is altered without notably affecting gene
expression. To investigate the developmental significance of TET3, we examined the
effects of this null mutation on the ability of cells to undergo X chromosome inactivation
(XCI), an epigenetic change that occurs when XX mESCs are differentiated into the
next developmental stage, epiblast-like (mEpiL) cells. The establishment of XCl is
characterized by the up-regulation of a non-coding RNA, Xist RNA, which remains in the
nucleus and ‘coats’ the X concomitant with silencing (Boeren et al., 2021). In TET3
mutant XX mEpiLCs, Xist RNA exhibits abnormal distribution and silencing defects.
These results link the activity of a dose-sensitive complex containing X and autosomal

proteins to regulation of cytosine modifications and XCI.

Materials and Methods:

Mouse embryonic stem cells (MESCs) and culture conditions

mMESCs (Supplemental methods 1A) were routinely passaged by standard methods
using serum+LIF (mMESC) media consisting of KO-DMEM, 10% FBS, 2 mM L-glutamine,
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94 1X non-essential amino acids, 0.1 mM 2-mercaptoethanol and recombinant leukemia
95 inhibitory factor. Cells were also grown in 2i media consisting of N2B27 media
96 (DMEM/F12, neurobasal media, 2mM L-glutamine, 0.1mM 2-mercaptoethanol, 100X N2
97 supplement, 50X B27 supplement) and supplemented with 3mM CHIR99021, 1TmM
98 PD0325901, and recombinant leukemia inhibitory factor. To achieve EpiLC
99 differentiation, tissue-culture dishes were incubated with Geltrex (Gibco) diluted in
100 DMEM/F12 media for 30 minutes and replaced with N2B27 media supplemented with
101  10ng/mL FGF2 and 20ng/mL Activin A (mEpiLC media). The cells were cultured in
102 mEpiLC media for five days, replacing the media every day.
103
104 CRISPR/Cas9 Gene Editing
105 XX WT/OGT-deg and XX-OGT-GFP mESCs were derived from LF2 XX mESCs using
106 homologous-directed repair CRISPR/Cas9 genome editing. A guide RNA to the OGT
107 3'UTR (Supplemental methods 1B) was cloned into the px459-Cas9-2A puromycin

108 plasmid using published protocols (Ran et al., 2013). Templates for homology directed
109 repair were amplified from gene blocks (IDT) (Supplemental methods 2-3). Plasmid and
110 template were co-transfected into LF2 mESCs using FUGENE HD (Promega) according
111  to the manufacturer’s protocol. After two days, cells were selected with puromycin for
112 48 hours, then allowed to grow in antibiotic-free media. Cells were monitored for green
113  fluorescence and single fluorescent cells were isolated by FACS. All cell lines were
114  propagated from a single cell and correct insertion was confirmed by PCR genotyping
115  (Supplemental methods 3).

116

117  XX-TET3KO mESCs were derived from LF2 XX mESCs using non-homologous end
118 joining CRISPR/Cas9 genome editing. Two guide RNAs were selected approximately
119 700 base pairs apart in the first coding exon, exon 3, of Tet3 (Supplemental methods
120 1B). They were individually cloned into the px458-Cas9-2A-GFP plasmid using

121  published protocols (Ran et al., 2013). Plasmids were co-transfected into LF2 mESCs
122  using FUGENE HD (Promega) according to the manufacturer’s protocol. After two days,
123  single GFP-positive cells were isolated by FACs and placed into individual wells of 96-

124  well tissue-culture plates. All cell lines were propagated from a single cell and TET3
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125  knockouts identified by immunoblotting. Tet3 disruption was confirmed by sequencing of
126  each allele (Supplemental methods 3; Fig 4.-fig. sup. 1-3), which identified indels and
127  point mutations. Chromosome number of all cell types was determined by counting

128 metaphase spreads (LF2, E14, LF2-XO) or by G-banding (LF2, XX WT/OGT-deg lines,
129  XX-TET3KO lines).

130

131 DNA cytosine modification immunofluorescence staining

132 For mESCs, cell pellets were resuspended and incubated for 10min in 0.075 M KCI

133  hypotonic solution. After removing the hypotonic solution by centrifugation, a fixative
134  solution (3:1, methanol:glacial acetic acid) was added dropwise to the cell suspension.
135 Cells were collected, rinsed with fixative solution at least twice, and dropped onto glass
136 slides. For mEpiLCs, cells were cytospun onto glass slides at 800rpm for 3 minutes and
137  then fixed in methanol:acetic acid (3:1) solution for 5 minutes and washed with PBST
138 (0.01%Tween in PBS) for 5 minutes.

139

140 To denature DNA, the fixed cells were washed twice with PBST and incubated in 1N
141  HCI at 37°C for 30 minutes. The HCI was neutralized in 100mM Tris pH 7.6 at room
142 temperature for 10 minutes, and then the cells were washed twice more with

143 PBST. The slides were blocked in 5% goat serum, 0.2% fish skin gelatin, and

144  0.2%Tween in PBS (IF blocking buffer) at room temperature for one hour. Primary

145 antibodies against 5mC and 5hmC (Supplemental methods 1C) were incubated on cells
146  for one hour at room temperature. Then cells were washed twice with PBST and

147  incubated with secondary antibodies (Jackson Immunoresearch) for one hour at room
148 temperature. After incubation, slides were washed with PBST three times. On the

149 second wash, DAPI was added to the PBST. The cells were then mounted using

150 prolong gold antifade (Molecular Probes).

151

152 DNA cvytosine modification fluorescent intensity image quantification

153  Nuclei were masked and pixel intensity determined using ImagedJ. The pixel mean

154 intensity value was used to quantify fluorescent intensity inside each nucleus. 50 cells


https://doi.org/10.1101/2021.06.19.449113
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.19.449113; this version posted June 19, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

155  were quantified per condition. Significance was determined by using the “paired two
156 samples for means” t-test.
157

158 Protein immunofluorescence staining

159 mESCs were cytospun onto glass slides at 800rpm for 3 minutes and then fixed in 4%
160 paraformaldehyde for 10 minutes and washed with PBST. The slides were incubated in
161 IF blocking buffer at room temperature for one hour. Primary antibodies were incubated
162 on cells for one hour at room temperature (Supplemental methods 1C). Then cells were
163 washed twice with PBST and incubated with secondary antibodies (Jackson

164 Immunoresearch) for one hour at room temperature. After incubation, slides were

165 washed with PBST three times. On the second wash, DAPI was added to the

166 PBST. The cells were then mounted using prolong gold antifade (Molecular Probes).
167

168 Nuclei isolation

169 Cells were harvested, washed twice with cold PBS, and resuspended in nuclear

170  preparation buffer | (320 mM sucrose, 10 mM Tris (pH 8.0), 3 mM CaCl2, 2 mM

171 Mg(OAc)2, 0.1 mM EDTA, 0.1% Triton X-100, protease inhibitors, and phosphatase
172  inhibitors) and dounce-homogenized on ice until >95% of nuclei stained by Trypan blue.
173  Two volumes of nuclear preparation buffer Il (2.0 M sucrose, Tris (pH 8.0), 5 mM

174  Mg(OAc)2, 5 mM DTT, 20 uM Thiamet G, protease inhibitors, and phosphatase

175 inhibitors) were added to the nuclei suspension. Nuclei were pelleted by

176 ultracentrifugation at 130,000 x g at 4°C for 45 min. Pelleted nuclei were washed with
177  cold PBS and stored at -80°C.

178

179  Immunoblots

180 Cell pellets were lysed in ice-cold RIPA buffer (150mM sodium chloride, 1% NP-40,
181  0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50mM Tris, pH 8.0, protease
182 inhibitors) for 20 minutes and centrifuged at 14,000 rpm for 10 minutes at 4-C. The
183  supernatant was decanted, and Pierce 660nm Protein Assay kit (Promega) was used
184  for quantification. Proteins were prepared using 4x Laemmli sample buffer and boiled

185 for 5 minutes at 100°C. Proteins were separated on a denaturing SDS-PAGE gel and
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186 transferred to PVDF membrane. Membranes were blocked in PBST +5% nonfat dry milk
187  at room temp for 30 minutes or at 4°C overnight. Membranes were incubated in primary
188 antibodies (Supplemental methods 1C) for one hour at room temperature or at 4°C

189 overnight and then rinsed briefly with DI water twice and washed for 5 minutes in

190 PBST. Next, the membranes were incubated in HRP-conjugated secondary antibodies

191  (Bio-rad) for one hour at room temperature and then washed for 5 minutes in PBST,

192  three times. Blots were incubated with Pico Chemiluminescent Substrate

193 (ThermoFisher) and exposed to film in a dark room.

194

195 Sample Preparation for SILAC

196 LF2 (XX)and E14 (XY) mESCs were grown under standard conditions using DMEM for
197  SILAC, 10% dialyzed FBS, 2mM glutamine, 1X non-essential amino acids, 0.1mM b-

198 mercaptoethanol, and recombinant leukemia inhibitory factor. XX mESCs were grown

199 in light isotopes, L-Arginine-HCL and L-Lysine-HCL. XY mESCs were grown in heavy
200 isotopes, L-Lysine-2HCL (13C6, 15N2) and L-Arginine-HCL (13C6, 15N4)

201  supplemented with 200 mM proline to avoid arginine-to-proline conversion.

202 Cells were trypsinized, washed twice with cold PBS and then sonicated in 67 mM

203 ammonium bicarbonate containing 8M guanidine HCI, 8X Phosphatase Inhibitor

204  Cocktails Il and Il (Sigma-Aldrich), and 80 uM PUGNAc (Tocris Bioscience). Protein
205 concentrations were estimated with bicinchoninic acid protein assay (ThermoFisher
206 Scientific). Ten mgs of each lysate were combined, reduced for 1 h at 56°C with 2.55
207 mM TCEP and subsequently alkylated using 5 mM iodoacetamide for 45 min at room
208 temperature in the dark. Lysates were diluted to 1M guanidine HCI using 50 mM

209 ammonium bicarbonate, pH 8.0, and digested overnight at 37°C with sequencing grade
210 trypsin (ThermoFisher Scientific) at an enzyme to substrate ratio of 1:50 (w/w). Tryptic
211 peptides were acidified with formic acid (Sigma-Aldrich), desalted using a 35 cc C18
212  Sep-Pak SPE cartridge (Waters), and dried to completeness using a SpeedVac

213  concentrator (Thermo).

214

215

216
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Lectin Weak Affinity Chromatography

Glycopeptides were enriched as described previously (Trinidad et al., 2012; Maynard et
al., 2020 ). Briefly, desalted tryptic peptides were resuspended in 1000 ul LWAC buffer
(100 mM Tris pH 7.5, 150 mM NaCl, 2 mM MgCI2, 2 mM CaCl2, 5% acetonitrile) and
100 pl was run over a 2.0 x 250-mm POROS-WGA column at 100 ul/min under isocratic
conditions with LWAC buffer and eluted with a 100-pl injection of 40 mM GIcNAc.
Glycopeptides were collected inline on a C18 column (Phenomenex). Enriched
glycopeptides from 10 initial rounds of LWAC were eluted with 50% acetonitrile, 0.1%
FA in a single 500-pl fraction, dried. LWAC enrichment was repeated for a total of three

steps.

Offline Fractionation

Glycopeptides were separated on a 1.0 x 100 mm Gemini 3y C18 column
(Phenomenex). Peptides were loaded onto the column in 20 mM NH4OCH3, pH 10 and
subjected to a gradient from 1 to 21% 20 mM NH4OCH3, pH10 in 50% acetonitrile over
1.1 mL, up to 62% 20 mM NH4OCH3, pH10 in 50% acetonitrile over 5.4 mL with a flow
rate of 80 yL/min.

Mass Spectrometry Analysis

Glycopeptides were analyzed on an Orbitrap Fusion Lumos (Thermo Scientific)
equipped with a NanoAcquity UPLC (Waters). Peptides were fractionated on a 15 cm x
75 uM ID 3 pM C18 EASY-Spray column using a linear gradient from 2% to 30%
solvent B over 65 min. Precursor ions were measured from 350 to 1800 m/z in the
Orbitrap analyzer (resolution: 120,000; AGC: 4.0e5). Each precursor ion (charged 2—8+)
was isolated in the quadrupole (selection window: 1.6 m/z; dynamic exclusion window:
30 s; MIPS Peptide filter enabled) and underwent EThcD fragmentation (Maximum
Injection Time: 250 ms, Supplemental Activation Collision Energy: 25%) measured in
the Orbitrap (resolution: 30,000; AGC; 5.04). The scan cycle was 3 s.

Peak lists for EThcD were extracted using Proteome Discoverer 2.2. EThcD peak lists

were filtered with MS-Filter, and only spectra containing a 204.0867 m/z peak
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corresponding to the HexNAc oxonium ion were used for database searching. EThcD
data were searched against mouse and bovine entries in the SwissProt protein
database downloaded on Sept 06, 2016, concatenated with a randomized sequence for
each entry (a total of 22,811 sequences searched) using Protein Prospector (v5.21.1).
Cleavage specificity was set as tryptic, allowing for two missed cleavages.
Carbamidomethylation of Cys was set as a constant modification. The required mass
accuracy was 10 ppm for precursor ions and 30 ppm for fragment ions. Variable
modifications are listed in Supplemental methods 4. Unambiguous PTMs were
determined using a minimum SLIP score of six, which corresponds to a 5% local false
localization rate (Baker et al., 2011). Modified peptides were identified with a peptide
false discovery rate of 1%. O-GIcNAc and O-GalNAc modifications were differentiated
based on known protein subcellular localization and HexNAc oxonium ion fragments
138/144 ratio (Halim et al., 2014; Maynard et al., 2020).

GFP co-immunoprecipitation

Cell pellets were lysed in ice-cold RIPA buffer supplemented with DNasel and protease
inhibitors and placed on ice for 30 minutes, extensively pipetting the suspension every
10 minutes. The suspension was centrifuged at 17,000 rpm for 10 minutes at 4°C and
the supernatant lysate was decanted into a cold eppendorf tube with dilution buffer (10
mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA). The GFP-Trap dynabeads
(Chromotek) were equilibrated with wash buffer (10 mM Tris/Cl pH 7.5, 150 mM NacCl,
0.05 % NP-40, 0.5 mM EDTA) and the lysate was bound to the beads by rotating end-
over-end for one hour at 4°C. The beads were washed three times in wash buffer and

bound proteins were eluted by boiling in 2x Laemmli sample buffer.

Size Exclusion Column Chromatography
Nuclei were lysed in a high salt buffer (20mM Tris-HCI, pH 7.6, 300mM NaCl, 10%
glycerol, 0.2% (v/v) Igepal (Sigma-Aldrich, 630)) and were loaded on a Superose 6

10/30GL column (Amersham) and fractionated in high salt buffer. 0.5 mL fractions were
collected and concentrated into a smaller volume using a spin column-concentrator

(Pierce). Fractions were then analyzed via immunoblot.
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279  RNA-seq
280 RNA was extracted using the direct-zol RNA miniprep kit (Zymo Research). Total RNA

281  was monitored for quality control using the Agilent Bioanalyzer Nano RNA chip and
282 Nanodrop absorbance ratios for 260/280nm and 260/230nm. Library construction was
283 performed according to the lllumina TruSeq Total RNA stranded protocol. The input
284  quantity for total RNA was 200ng and rRNA was depleted using ribo-zero rRNA gold
285 removal kit (human/mouse/rat). The rRNA depleted RNA was chemically fragmented
286 for three minutes. First strand synthesis used random primers and reverse

287 transcriptase to make cDNA. After second strand synthesis the ds cDNA was cleaned
288 using AMPure XP beads and the cDNA was end repaired and then the 3’ ends were
289 adenylated. lllumina barcoded adapters were ligated on the ends and the adapter
290 ligated fragments were enriched by nine cycles of PCR. The resulting libraries were
291 validated by gPCR and sized by Agilent Bioanalyzer DNA high sensitivity chip. The
292  concentrations for the libraries were normalized and multiplexed together. The

293  multiplexed libraries were sequenced using paired end 100 cycles chemistry on the
294  NovaSeq 6000 with a depth of 50M reads per sample.

295 RNA-seq data analysis
296 Sequencing reads were analyzed for quality control using FASTQC(v. 0.11.2), then

297  trimmed using Trimmomatic(v.0.32) with lllumina TruSeq adapter sequences, PHRED
298 quality score 15 and minimum length 20 bases. The trimmed reads were aligned to the
299 reference genome with transcriptome annotation and post-processed using

300 Tophat2(v.2.0.12), Bowtie2(v.2.2.3), Samtools(v.0.1.19). Reads from the same samples
301  were combined. Expression levels were quantified both with FPKM (Fragment per

302 kilobase per million mapped reads) using Cufflinks(v. 2.1.1) and with raw counts using
303 HTSeq(v.0.6.1p1.). Differential analysis was performed using DESeq(v.1.18.0).

304

305 Whole Genome Bisulfite Sequencing (WGBS)

306 Genomic DNA was extracted using the Monarch Genomic DNA purification kit (New

307 England Biolabs). 400ng genomic DNA was used to construct whole-genome bisulfite
308 libraries. Briefly, DNA was sonicated by a Covaris S2 focused-ultrasonicator to ~200bp,

309 end repaired and adenylated using the Kapa DNA Hyper kit, and ligated to pre-

10
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310 methylated lllumina TruSeq LT adapters. Adapter ligated DNA was treated by the

311 Qiagen Epitect bisulfite conversion kit. The bisulfite treated DNA was then amplified by
312 the Bioline MyTaq HS DNA polymerase to generate final libraries for sequencing.

313 Reads were sequenced 151x151bp paired-end on an lllumina NovaSeq 6000.

314

315 WGBS Analysis

316  Raw paired-end reads were filtered for poor quality and trimmed to remove poor quality

317 ends and adapter sequences using trim_galore (Krueger et al., 2019) v.0.5.0 with

318 options -q 25 --stringency 3. Trimmed pairs were aligned to the mouse genome version
319 GRCm38/mm10 using Bismark (Krueger et al., 2011) v.0.20.1 with options -L 22 -N O -I
320 0-X 500, all other settings default. Uniquely mapping pairs were retained for analysis,
321 and were further filtered to remove likely unconverted reads (defined as 3 consecutive
322 unconverted Cs in the CHH context) using a custom script. PCR duplicates were

323 removed and per-position DNA methylation information was extracted using Bismark.
324

325 DMRs were identified using the method described in Pignatta et al., 2015. Briefly,

326  weighted average methylation at CG or non-CG sites with at least 5 coverage was
327 obtained over non-overlapping 1kb bins tiled genome-wide for each library. Libraries
328 were compared pairwise, for a total of 15 comparisons. For each comparison, all 1kb
329 windows containing at least 3 informative sites shared between both samples were
330 identified, and Fisher’s exact test was used to test for significant differences in

331  methylation levels between the two samples. P-values were corrected for multiple

332 hypothesis testing using the Benjamini-Hochberg (Hochberg et al., 1995) method.

333  Windows with corrected p < 0.01 and a minimum difference of 35 (CG) or 10 (non-CG)
334  percentage points were considered DMRs.

335

336  Violin plots and smoothed scatterplots were plotted in R (R Core Team., 2017) v.3.5.1
337 using ggplot2 (Wickham et al., 2016) v.3.1.0 and smooth Scatter respectively.

338 Smoothed plots of DMR or feature density were obtained by counting the number of
339 DMRs/features over 50kb windows tiled genome-wide, then smoothing using the R

340 loess() function with span = 0.05 and plotting using ggplot2. Feature coverage was
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obtained by calculating the fraction of bp out of 50kb covered by the feature in each
window. Smoothed plots of average methylation over chromosomes were obtained
similarly by averaging methylation over 50kb windows, smoothing and plotting as

described.

Major and minor satellite annotations were obtained from the UCSC table browser
RepeatMasker (Smit et al., 1996) tracks for mm10, annotated as GSAT_MM and
SYNREP_MM respectively. Average methylation over these regions was compared to
randomly shuffled regions 200 times to obtain an approximate p-value for the
significance of differences in methylation over the satellites relative to the rest of the
genome. Table of alignment statistics for WGBS libraries are in Supplemental methods

5. All custom scripts are available upon request.

RNA FISH

RNA FISH was performed using directly labeled double-stranded DNA probes, as
previously described (Mlynarczyk-Evans et al., 2006). Primers used to generate the Xist
probe are indicated in Supplemental methods 2A. COT-1 FISH was carried out using
labeled mouse COT-1 DNA (Invitrogen). For quantification, over 100 nuclei were
scored per experiment and significance was determined by using the “paired two

samples for means” t-test.

H3K27me3 IF and Xist RNA FISH combination
IF was carried out as previously described with the addition of 1mg/mL yeast tRNA
(Invitrogen) in the blocking buffer and then fixed in 2% PFA for 5 minutes. Xist RNA

FISH, as previously described, was immediately carried out.

Imaqging
All imaging was done on an Olympus BX60 microscope using a 100X objective. Images
were collected with a Hamamatsu ORCA-ER digital camera using Micromanager

software.

12
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372 Reproducibility and Rigor

373 Al IF, immunoblots, co-IPs, and FISH are representative of at least three independent

374  biological replicates (experiments carried out on different days with a different batch of
375 mESCs or mEpiLCs). For targeted mESC lines, two-three independently derived lines
376 for each genotype were assayed in at least three biological replicates. For size

377  exclusion column chromatography assay, two biological replicates were carried out. For
378 RNA-seq, three technical replicates of XX and three independently-derived XX-TET3KO
379 mESCs and mEpiLCs were analyzed. For WGBS, three technical replicates of XX and
380 three independently-derived XX-TET3KO mESCs were analyzed. We define an outlier
381 as aresult in which all the controls gave the expected outcome, but the experimental
382 sample yielded an outcome different from other biological or technical replicates. There

383  were no outliers or exclusions.

384  Data Availability
385 Annotated spectra, peak lists, and the table of results for the TET1, TET2, and TET3 O-
386  GIcNAcylated peptides can be viewed and downloaded from MS-Viewer with the

387  keyword pfsmorbazl.

388 (https://msviewer.ucsf.edu:443/prospector/cgibin/mssearch.cqi?report title=MSViewer&

389 search_key=pfsmorbazl&search _name=msviewer) (Baker et al., 2014).

390 RNA-seq data has been uploaded to GEO under accession GSE171847.

391 WGBS data has been uploaded to GEO under accession GSE178378.

392

393 Results:

394 OGT Dose Controls Cytosine Modifications

395 5mC and 5hmC are lower in XX mESCs than in XY mESCs when measured using

396 assays that do not distinguish between these two modifications (Zvetcova et al., 2005;
397 Schulz et al., 2014; Choi et al., 2017). This difference could be attributed to X-copy

398 number, since XO mESCs exhibit XY levels of 5mC and 5hmC using these assays

399 (Zvetcova et al., 2005; Schulz et al., 2014). Quantitation of 5mC and of 5hmC revealed
400 a4-fold decrease in each of these modifications in XX mESCs relative to XY mESCs
401 (Habibi et al., 2013). To determine the effects of losing one X on 5mC and 5hmC

13
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abundance and distribution, we used immunofluorescence staining (IF) to compare
these modifications in LF2 (XX), E14 (XY), and an XO line derived from LF2 (XO). 5mC
(Fig. 1A) and 5hmC (Fig. 1B) levels in XY and XO cells were higher than in XX cells in
serum and LIF-containing mESC media and in 2i media (Fig. 1-fig. sup. 1A-B). 5mC IF
also revealed an additional difference between XX and XY/XO mESCs. In XY and XO
mESCs nearly all cells showed enrichment of 5mC on pericentromeric heterochromatin,
marked by intense staining with DNA dye DAPI. In contrast, in XX mESCs
approximately 65% of cells showed 5mC enrichment on pericentromeric
heterochromatin, while the remaining 35% of cells showed little or no pericentromeric
heterochromatin enrichment (Fig.1-fig. sup. 1C). These results raised the question of

why cytosine modifications in mESCs are dependent on X-copy number.

mMESCs exist in a developmental state prior to the onset of dosage compensation by
XCI. Because XX mESCs have two active Xs, the increased dose of an X-linked
regulator or regulators of cytosine modifications could specify the XX-specific
abundance of 5mC and 5hmC. Since none of the enzymes involved in addition or
turnover of 5mC are encoded on the X, an X-linked regulator of DNMTs or TETs would
be a reasonable candidate. We hypothesized that OGT contributed to the XX-specific
cytosine modifications since this post-translational modification enzyme is an X-linked
gene product (Shafi et al., 2000) that interacts with and modifies TETs in mESCs (Vella
et al., 2013; Hrit et al., 2018). OGT modification stimulates TET activity (Hrit et al., 2018)
and the OGT-TET interaction has been implicated in control of TET nucleocytoplasmic
distribution (Zhang et al., 2014) and chromatin association (Ito et al., 2013; Vella et al.,
2013; Chen et al. 2013), providing multiple molecular mechanisms by which OGT dose

could control abundance of cytosine modifications.

If OGT dose plays a role in the X-copy number dependent regulation of 5mC and 5hmC,
then levels of OGT should differ between XX and XY mESCs. Immunoblot of whole cell
lysates revealed that OGT was more abundant in XX than XY mESCs (Fig. 1C),

consistent with its expression from two active Xs.
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433 To determine if OGT dose affects 5mC and 5hmC levels we employed an OGT over-
434  expressing XY mESC line (XYT9(0d0) (Vella et al., 2013) (Fig. 1D). Using IF, we found
435 that 5mC and 5hmC levels decrease in the XYT9(°%) mESC line compared to the

436 parental XY mESC (XYP2) line (Fig. 1E, F). Because we were unable to generate

437 heterozygous Ogt mutant XX mESCs, which is consistent with the pre-implantation

438 lethality of Ogt heterozygous mutants in mice (Shafi et al., 2000), we employed a

439 degron to change OGT dose. We introduced an inducible, FKBP degron (Nabet et al.,
440 2018) into OGT produced from one X, generating two, independently-derived XX

441 WT/OGT-deg clones (Fig. 1G, Fig.1-fig. sup. 1D-E), which died after five days of

442 treatment with dtag13 (dtag) to deplete FKBP-tagged OGT. After 12 hours of treatment
443  with dtag, FKBP-tagged OGT was no longer detectable (Fig. 1H, Fig. 1-fig. sup. 1F) and
444  5mC and 5hmC levels were increased (Fig. 1I-L, Fig.1-fig. sup. 1G-H). This inverse
445  correlation between OGT levels and 5mC/5hmC abundance suggests that OGT, directly
446 orindirectly, controls an enzyme that adds or removes cytosine DNA modifications.

447

448 OGT differentially modifies TET3 in XX and XY mESCs

449 Since we investigated the role of OGT in 5mC and 5hmC accumulation because it can
450 regulate TETs, we next asked whether TET O-GIcNAcylation differs in XX and XY

451 mESCs. We employed Stable Isotope Labeling with Amino acids in Culture (SILAC)
452 combined with lectin-weak affinity chromatography to enrich O-GIcNAC peptides and
453 EThcD-MS/MS to quantitatively compare O-GlcNAcylated peptide abundance in XX and
454 XY mESCs (Fig. 2A). TET3 was unique among the TETs because all of its O-GIcNAC
455 peptides were upregulated in XX mESCs relative to XY mESCs (Fig. 2B-D). To

456 determine if this increase indicated a difference in total protein, we compared TET

457 levels in whole cell lysates of XX and XY mESCs and found that TET3, in contrast to
458 TET1 and TET2, was more abundant in XX mESCs (Fig. 2E).

459

460 OGT and TET3 accumulate in the nucleus of XX mESCs but not in XY mESCs

461 OGT can control TET3 nucleocytoplasmic distribution (Zhang et al., 2014) prompting us
462 to investigate TET3 distribution in XX and XY mESCs. IF revealed that TET3 was

463 predominantly cytoplasmic in XY mESCs and predominantly nuclear in XX mESCs (Fig.

15
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464  3A). This nuclear accumulation occurred in an additional XX mESC line (PGK12.1) and
465 was not dependent on growth media, as it was observed in mMESC media and 2i media
466 (Fig. 3-fig. sup. 1A-B). Immunoblotting for TET3 in nuclear extracts showed that more
467 TET3 was present in XX nuclei than XY nuclei (Fig. 3B), consistent with the IF

468 results. Similarly, OGT was predominantly localized to the nucleus in XX and to the
469 cytoplasm in XY mESCs (Fig. 3C-D).

470

471 OGT and TET3 interact when co-expressed in transformed human cells (Ito et al.,

472 2014). We queried whether XX mESCs also showed this interaction using co-

473 immunoprecipitation (co-IP) and co-fractionation. For co-IP experiments we generated
474 an XX mESC line in which both alleles of Ogt were tagged with GFP (Fig 3.-fig. sup. 1C-
475 D). TET3 associated with OGT-GFP in IPs generated with a GFP antibody (Fig.

476 3E). Size exclusion column chromatography of nuclear extracts showed that OGT and
477  TETS3 fractionate together in high molecular weight complexes in both XX and XY

478 mESCs (Fig. 3F). However, the fractions containing OGT and TET3 differed between
479 XX and XY mESC nuclear extracts, suggesting that the OGT-TET3 complex

480 composition is affected by the number of Xs and/or the presence of the Y chromosome.
481

482 In addition to OGT, XX, and XY mESCs have the potential to differ in dose of the

483 majority of X-linked genes, any number of which could control TET3 nucleocytoplasmic
484  distribution. To determine whether OGT dose affects TET3 localization we used a time
485 course to assess the effects of OGT turnover on TET3 distribution in XX WT/OGT-deg
486 mESCs. After 12 hours of dtag incubation, TET3 no longer appeared distinctly nuclear.
487  After 48 hours it was observed predominantly in the cytoplasm and there was a

488 decrease in TET3 abundance (Fig. 3G). Like TET3, OGT also appeared to be

489 predominantly cytoplasmic after 48 hours in dtag (Fig. 3G). While dtag-treated XX

490 WT/OGT-deg mESCs exhibited lower levels of OGT by IF, immunoblot showed that
491  after 48 hours of turnover of the OGT-deg the expression of wildtype OGT increased
492 (Fig. 3H, Fig. 3-fig. sup. 1E), potentially reflecting differences in epitope availability in IF
493 and immunoblot. As was observed for 12 hours of dtag treatment, 5mC and 5hmC

494 levels were increased after 48 hours in dtag (Fig. 31-J). The decrease in TET3
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observed after 48 hours of dtag treatment may contribute to this increase in abundance
of modified cytosines. In XYT9O99mESCs the increased OGT dose correlated with
increased abundance of TET3 and OGT in the nucleus (Fig. 3- fig. sup. 1F). Together
these results indicate that the higher OGT dose in XX mESCs promotes nuclear
accumulation of TET3 and OGT.

XX mESCs lacking TET3 exhibit increased 5mC and 5hmC levels

We reasoned that XX-specific nuclear enrichment of TET3 may provide the basis for
lower levels of 5mC and 5hmC in XX mESCs. To test this hypothesis, we mutated both
copies of Tet3in XX mESCs (Fig. 4-fig.sup 1-3) generating XX-TET3KO mESCs. The
XX-TET3KO mESCs exhibited altered colony morphology, growing in tight colonies that
expanded more in the vertical than horizontal direction (Fig 4-fig. sup. 4A). Because
mutation of TET1 in XX mESCs changed the abundance of TET2 (Hrit et al., 2018), we
first examined whether homozygous mutation of Tet3 affected steady state levels of the
other TETs. In XX-TET3KO mESCs TET3 and TET1 were undetectable, while TET2
levels were not appreciably altered (Fig. 4A), indicating that TET3 is necessary for TET1
accumulation in XX mESCs. 5mC and 5hmC levels in XX-TET3KO mESCs were
elevated relative to XX mESCs and enrichment of 5mC at pericentromeric
heterochromatin was not as apparent in XX-TET3KO mESCs (Fig. 4B-E). Upon
quantitation of fluorescent intensity, 5mC and 5hmC levels in all three XX-TET3KO
clones were significantly greater (p<0.001) than XX mESCs (Fig. 4C and E).

To obtain a high-resolution view of the effects of Tet3 mutation, we performed whole
genome bisulfite sequencing (WGBS) which simultaneously detects 5mC and 5hmC. In
all three XX-TET3KO mESC clones, 5SmC+5hmC was globally increased compared to
three replicates of XX mESCs (Fig. 4F-G, Fig.4- fig. sup. 5A-B). Differentially modified
region (DMR) analysis over 1kb non-overlapping windows tiled genome-wide identified
6,741 DMRs, which almost exclusively had more 5SmC+5hmC in XX-TET3KOs than XX
mESCs (Fig. 4- fig. sup. 6A-B). When comparing the X to autosomes, we observed that
DMRs were slightly but consistently depleted from the X and that the X was less
modified overall, in both XX and XX-TET3KO mESCs (Fig. 4- fig. sup. 7). While
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5mC+5hmC were increased on the X in XX-TET3KOs, the increase was less than the
increase on autosomes. Analysis of major and minor satellite repeats showed that
unlike major satellites in the rest of the genome, minor satellites did not appreciably
increase levels of 5mC+5hmC (Fig. 4- fig. sup. 8A-B), consistent with the uniform 5mC
staining throughout the nucleus in XX-TET3KO mESCs. Together, these bisulfite-seq
and IF results indicate that TET3 and TET1 are necessary to maintain correct levels of
5mC+5hmC and correct distribution of 5mC in XX mESCs.

To ask whether the changes in cytosine modifications observed in XX-TET3KO mESCs
impacted gene expression, we performed RNA-seq. 104 genes were up regulated in the
XX-TET3KO mESCs relative to XX controls, and 86 were down regulated (Fig. 4H, Fig.

4-fig. sup. 4B). Cytosine modification pathway transcripts were not significantly changed
in XX-TET3KO mESCs (Fig. 41). Gene Ontology (GO) term analysis of the 190 genes

with altered expression showed no statistically significant results.

XX-TET3KO mEpiLCs exhibit altered Xist RNA distribution

XX and XY mESCs are pluripotent and have the potential to differentiate into all cell
types of the developing and adult mouse embryo (Reik et al., 2015). To ask whether the
XX-specific nuclear enrichment of TET3 is necessary for a developmental transition, we
differentiated XX and XX-TET3KO mESCs into mEpiLCs. Both cell types exhibited
comparable morphology at day 5 of differentiation (Fig.5- fig. sup.1A). While the
differentiating XX-TET3KO mESC:s initially grew normally, after day 4 they exhibited
more cell death than their wildtype counterparts. Comparison of XX and XX-TET3KO
mEpiLC RNA-seq at day 5 of differentiation showed that 404 genes exhibited increased
expression and 499 exhibited decreased expression in XX-TET3KO mEpiLCs (Fig. 5A,
Fig. 5-fig. sup. 1B). The expression of mMESC markers (naive pluripotency genes) went
down and mEpiLC markers (formative and/or primed pluripotency genes) went up
comparably upon differentiation of XX and XX-TET3KO mESCs (Fig. 5B), suggesting
that many key transcriptional changes that characterize this transition can occur when
TET3 is knocked out. Despite up-regulation of mEpiLC markers, GO term analysis

showed gene expression changes affecting growth and development (Fig. 5C),
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557  suggesting an altered developmental program. Upon differentiation, IF showed that
558 5mC and 5hmC in XX-TET3KO mEpiLCs were comparable to XX mEpiLCs (Fig 5-fig.
559 sup. 1C-D), consistent with similar changes in steady state RNA levels of Dnmts and
560 Tets in both genotypes (Fig. 5-fig. sup. 1E).

561

562 The mESC to mEpiLC transition is similar to the transition that occurs upon implantation
563 invivo, and is accompanied by significant epigenetic changes (Takahashi et al., 2018).
564 One of these changes is XCI, which occurs in XX, but not XY cells. The onset of XCl is
565 marked by the up-regulation and cis-spread of the X-linked Xist non-coding RNA from
566 its site of transcription to cover, or coat, the X that will be silenced (Boeren et al., 2021).
567 Xistis silenced by 5mC/5hmC in differentiating XY mESCs, since the aberrant up-

568 regulation and cis-spread of Xist RNA occurs in differentiating XY mESCs that have
569 dramatically reduced 5mC/5hmC due to loss of DNMT1 (Panning et al., 1996). This
570 result indicates that the elevated 5mC and/or 5hmC in XY mESCs inhibits the up-

571 regulation and cis-spread of Xist RNA and raises the possibility that the increase in
572 cytosine modifications in XX-TET3KO mESCs may impact Xist RNA. To examine this
573 possibility, we performed Xist RNA fluorescence in situ hybridization (FISH) in XX and
574 XX-TET3KO mEpiLCs. In XX mEpiLCs, Xist RNA was present in puncta packed into
575 spherical clouds typical of coating in the majority of cells (Fig 5. D-E). In XX-TET3KO
576 mEpiLCs Xist RNA distribution was markedly different, showing a more dispersed

577 pattern, appearing as a linear or comet-like cloud in the majority of cells (Fig 5. D-

578 E). These results show that TET3 is necessary for normal Xist RNA distribution at the
579 onset of XCI.

580

581  Xist RNA recruits the Polycomb Repressive Complex 2, which results in an increase in
582 H3K27 tri-methylation (H3K27me3) on the Xist RNA coated X (Sarma et al., 2014). To
583 ask whether loss of TET3 alters the ability of Xist RNA to promote H3K27me3 we

584 performed Xist RNA FISH together with IF for this mark in XX and XX-TET3KO

585 mEpiLCs (Fig. 5F). The Xist RNA and H3K27me3 signals overlapped in the majority of
586 cells in both XX (97%) and XX-TET3KO (91%) mEpiLCs (Fig. 5-fig. sup. 1F), indicating
587 that TET3 is not necessary for Xist RNA to recruit H3K27me3 enzymes.
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588 In differentiated XX cells, Xist RNA is often observed at the nuclear periphery, in

589 contact with the nuclear lamina (Rego et al., 2008). To ask whether the aberrantly

590 distributed Xist RNA in XX-TET3KO mEpiLCs exhibits association with the nuclear

591 lamina, we performed IF for H3K27me3 and the nuclear lamina marker LAMIN B1

592 (LMNB1). In both XX mEpiLCs and in XX-TET3KO the region of H3K27me3 enrichment
593 was localized to the LMNB1-stained nuclear lamina (Fig. 5G) in greater than 85% of the
594  cells (Fig. 5-fig. sup. 1G). In XX-TET3KO mEpiLCs, LMNB1 levels appeared to be

595 lower than in XX cells. LMNB1 transcripts were comparable between genotypes,

596 suggesting any differences on the protein level cannot be attributed to steady state RNA
597 differences (Fig. 5-fig. sup. 1H). These H3K27me3 and LMNB1 data suggest that

598 despite its aberrant distribution, Xist RNA in XX-TET3KO mEpiLCs is able to mediate
599 changes in chromatin structure and nuclear organization that are characteristic of

600 silencing.

601

602 To ask whether Xist RNA was able to cause other chromosome-wide alterations

603 associated with silencing, we examined whether exclusion of RNA polymerase Il (pol I)
604  or histone H3 lysine 4 di-methylation (H3K4me2) occurred in XX-TET3KO mEpiLCs.
605 While pol Il and H3K4me2 were excluded from the H3K27me3-enriched region in XX
606 mEpiILCs, such exclusion was rarely seen in the XX-TET3KO mEpiLCs (Fig. 6A-D). To
607 determine whether the comet-like Xist RNA coating was able to silence genes, we

608 examined the distribution of COT-1 containing transcripts (Fig. 6E-F). COT-1 consists of
609 repetitive sequences that are present in introns and thus excluded from the inactive X
610 (Hall et al., 2010). FISH for Xist and COT-1 RNA showed that COT-1 containing

611 transcripts were excluded from the Xist RNA cloud in the majority of XX mEpiLCs. In
612 contrast, COT-1 containing transcripts were coincident with Xist RNA in the majority of
613 XX-TET3KO mEpiLCs. Consistent with the silencing defect, a larger proportion of X-
614 linked genes than autosomal genes in the XX-TET3KO mEpiLCs exhibited a 2-fold or
615 greater increase in steady-state RNA levels when compared to XX mEpiLCs (Fig.

616 6G). This analysis of RNA-seq data, in combination with the data showing that the

617 transcriptional machinery, a chromatin mark associated with transcriptional activity, and

618 nascent transcripts are no longer robustly excluded from the Xist RNA or H3K27me3-
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enriched domain in Tet3 mutants, indicate that the aberrantly distributed Xist RNA in
XX-TET3KO mEpiLCs does not efficiently silence X-linked genes.

Discussion:

OGT regulates levels of modified cytosines in mESCs

Our results show that OGT dose affects levels of 5mC and 5hmC in mESCs.
Specifically, increased expression of OGT in XY mESCs resulted in a decrease in these
cytosine modifications, while decreased expression in XX mESCs resulted in an
increase in both these modifications. These results implicate OGT as one of the X-
linked genes that contributes to the decreased levels of 5mC and 5hmC observed in XX
mMESCs relative to XY/XO mESCs. The phosphatase DUSP9 is another X-linked
regulator of cytosine modifications, since heterozygous deletion of Dusp9 in XX mESCs
increases 5mC levels (Choi et al., 2017). Our data raise the possibility that OGT may be

one of the factors that DUSP9 signaling influences to regulate cytosine modifications.

Since OGT activity is regulated by levels of its cofactor UDP-GICNACc, the inverse
relationship between OGT dose and abundance of cytosine modifications provides a
potential connection between the cell’s metabolic state and the epigenome. These
results raise the interesting possibility that inputs into UDP-GIcNAc production, like
glucose and glutamine, may impact gene expression by controlling cytosine
modification states. In addition, differences in access to glucose and glutamine within
colonies may contribute to the variability in intensity and distribution of 5mC staining in
XX mESCs.

OGT-modified TET3 is more abundant in XX than XY mESCs

While OGT has thousands of potential targets, our unbiased mass spectrometry
approach identified TET3 as a cytosine modification enzyme that is differentially
modified by OGT in XX vs XY mESCs. The higher abundance of O-GIcNAcylated TET3
peptides in XX mESCs reflected an increase in the total amount of TET3. In addition,
TET3 in XX mESCs was largely nuclear, while it was largely cytoplasmic in XY mESCs.

The lower abundance and predominantly cytoplasmic localization of TET3 in XY
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650 mESCs is consistent with near-undetectable expression of endogenously tagged TET3
651 in this cell type (Pantier et al., 2019) and may explain why TET3 makes a smaller

652  contribution to total 5hmC than TET1 and TET2 in XY mESCs (Dawalty et al., 2014).
653  Since de novo methyltransferases are more abundant in XY mESCs (Zvetcova et al.,
654 2005; Schulz et al., 2014) (Fig 7- fig. sup. 1A) and TET3 resides in the nucleus and is
655 more highly expressed in XX mESCs, the X-copy number dependent differences in

656 5mC/5hmC likely reflect the differing balance between addition and turnover activities in
657 these pluripotent stem cells. Because OGT modifies many additional histone post-

658 translational modification enzymes and chromatin remodelers (Myers et al., 2011), it is
659 possible that the epigenetic differences between XX and XY mESCs are not restricted
660 to cytosine modifications.

661

662 OGT dose determines intracellular distribution of TET3 and OGT

663 The XX-specific nuclear accumulation of TET3 and OGT depends on the XX dose of
664 OGT, since turnover of OGT arising from one X results in the redistribution of TET3 and
665 OGT to the cytoplasm (Fig. 7A). TET3 may be preferentially localized in the nucleus
666 due to its increased O-GIcNAcylation in XX mESCs. This post-translational modification
667 could be acting on the sequences necessary for nuclear export or import. The dose-
668 dependent nuclear enrichment of OGT in XX mESCs may be dependent on its

669 association with TET3 or on its O-GIcNAcylation (Kreppel et al., 1997). In contrast to
670 this finding in mMESCs, OGT inhibits nuclear accumulation of TET3 when these proteins
671 are co-transfected into HelLa cells (Zhang et al., 2014), raising the possibility that TET3
672  distribution is controlled in a cell-type specific manner. OGT interacts with TET3 and
673 these proteins occur in differing high molecular weight complexes in XX and XY

674 mESCs. Determining what other proteins are in the complexes may give insight as to
675 why OGT and TETS3 are localized to the nucleus in XX mESCs.

676

677 Mutation of Tet3 affects 5mC/5hmC abundance in XX mESCs

678  Knockout of TET3 in XX mESCs resulted in loss of TET1 and increased abundance of
679 5mC and 5hmC without notable changes in gene expression. The distribution of these

680 marks was similar between XX and XX-TET3KO mESCs, with an overall increase in the
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681 non-repetitive regions of the mutant genomes. The X exhibited lower modifications than
682 autosomes in both genotypes, though the difference was less marked in the XX-

683 TET3KOs. Allele-specific analysis would be necessary to determine if one or both Xs is
684 the source of the overall reduction in 5SmC+5hmC relative to autosomes. In addition the
685 heterogeneity of 5mC staining was reduced and enrichment of 5mC at pericentromeric
686 heterochromatin was less marked in XX-TET3KO mESCs. Because both TET3 and
687 TET1 are no longer appreciably detectable in the XX-TET3KO mESC:s, it is impossible
688 to distinguish which enzyme to attribute particular changes in 5mC and 5hmC to. TET1
689 steady state mMRNA levels are not appreciably altered in XX-TET3KO mESCs,

690 suggesting post-transcriptional regulation of TET1 accumulation. In XX mESCs, a

691 mutation in TET1 that impairs its interaction with OGT results in increased abundance of
692 TET2 without a change in Tet2 mRNA levels (Hrit et al., 2018). Understanding how the
693 abundance of all three TETs is connected, and if this connection is unique to pluripotent
694 cells with two Xs, may provide useful insights into TET biology.

695

696 XX-TET3KO mEpiLCs exhibit changes in Xist RNA distribution and silencing

697 In XX and XX-TET3KO mEpiLCS naive pluripotency markers were decreased and

698 formative/primed pluripotency markers were increased, indicating that both genotypes
699 achieved key hallmarks of differentiation into mEpiLCs. Despite similar changes in

700 pluripotency marker expression, XX and XX-TET3KO mEpiLCs exhibited expression
701  differences in growth and developmental pathways, consistent developmental failure
702  observed upon germline deletion of TET3, TET1, or all three TETs (Gu et al., 2011; Dai
703 etal., 2016; Khoueiry et al., 2017).

704

705  While achieving hallmarks of mEpiLC differentiation, distribution and activity of Xist RNA
706  was altered in XX-TET3KO mEpiLCs. A spherical Xist RNA cloud was predominantly
707  seen in wildtype XX mEpiLCs, while an elongated comet-like cloud was seen most often
708 in XX-TET3KO mEpiLCs. Despite this unusual distribution, H3K27me3 was enriched
709  where Xist RNA localizes and the region of H3K27me3-enrichment, presumably

710 reflecting the Xist coated X, associates with the nuclear lamina. In wildtype mEpiLCs,

711 regions of H3K27me3 enrichment or Xist RNA accumulation are associated with
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712  silencing, as shown by exclusion of pol Il, H3K4me2, and nascent transcripts. In

713  contrast, these three indicators of transcriptional activity are not excluded in XX-

714  TET3KO mEpilLCs (Fig. 7B-C).

715

716  XCl is coupled to differentiation, since normal differentiation of XX mESCs to mEpiLCs
717  requires XCI (Schulz et al., 2014). In addition, Xist RNA can coat but not silence the X in
718 XY mESCs expressing an inducible Xist cDNA transgene if expression is induced after
719 2 days of embryoid body or retinoic acid-induced differentiation (Wutz et al. 2000).

720 Together, these findings suggest that there is a precise developmental window during
721  which the X is silencing competent, and that a silencing-induced signal in XX mESCs is
722  necessary for further differentiation. Perhaps the changes in the proteome or

723  epigenome associated with differentiation occur with different kinetics when XX-

724 TET3KO mESCs are directed to the mEpiLC fate, affecting one or both of these

725 processes.

726

727  Mutational analysis of Xist revealed that Initial establishment of silencing during XCI
728 involves at least two steps: the formation of a compartment that contains Xist RNA and
729 thatis devoid of transcriptional machinery, followed by the shift of transcriptionally active
730 genes into this silencing compartment. (Wutz et al., 2002; Chaumeil et al., 2006). A
731 repetitive region of Xist, the E-repeat, is necessary for formation of the Xist RNA-

732  containing silencing compartment. The E-repeat nucleates a protein condensate that is
733 critical for silencing, by virtue of its interaction with the RNA binding protein CELF1 and
734  associated proteins (Pandya-Jones et al., 2020). Xist RNA in mEpiLCs derived from
735  Tet3 mutant mESCs exhibits similarities to E-repeat mutant Xist RNA, which also shows
736 an altered distribution and silencing defects (Pandya-Jones et al., 2020). The similarity
737  between the Tet3 mutant and Xist E-repeat mutant phenotypes may indicate that both
738  perturbations affect the same pathway. While expression of proteins associated with
739  Xist RNA mediated silencing is not significantly altered in XX-TET3KO mESCs (Fig. 7-
740 fig. sup. 1B), perhaps a protein that is necessary for CELF1 complex activity is

741  aberrantly expressed or exhibits altered function in differentiating XX-TET3KO
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742 mESCs. Alternatively, epigenetic changes to the underlying chromatin may make the X
743  in differentiating XX-TET3KO mESCs an unsuitable substrate for silencing.

744

745 Does the OGT-TET3 complex ensure silencing occurs only in XX cells?

746 In flies and worms, which also equalize X-linked gene dosage between the sexes, the
747 dosage compensation pathway is controlled by complexes that are sensitive to the ratio
748  of X to autosomal components (Cline et al., 1996). The activities of these complexes
749  differ when the X:autosome ratio is 1:1 (XX) or 0.5:1 (XY in flies or XO in worms). As a
750 result, a two-fold difference in X-linked components can be converted into an all-or-none
751 response and the expression of the factors that mediate dosage compensation depends
752 on X dosage. Our data suggest that the OGT-TET3 complex may participate in

753 mammalian X-dosage sensing, since it differs in distribution and composition in XX and
754 XY mESCs and since TET3 is necessary for Xist RNA-mediated silencing.

755
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Figure 1. OGT dose controls cytosine modifications in mESCs. (A-B) IF staining of XX, XY, and XO mESCs using (A) 5mC
and (B) 5hmC antibodies (green in Merge). DAPI (blue in Merge) indicates nuclei. 5mC staining in XX mESCs is
heterogeneous, with some cells exhibiting enrichment at pericentromeric heterochromatin (*) and some showing no apparent
enrichment (arrowhead). (C-D) OGT and TUBULIN immunoblots of increasing concentration of whole cell lysate to compare
OGT levels in (C) XX and XY mESCs and (D) parental XY (XYPar) and XYT9(0¢) mESCs. * indicates transgenic FLAG-Bio
tagged OGT. (E-F) IF of XYPa and XYT9(O%) mESCs using (E) 5mC and (F) 5hmC antibodies (green in Merge). DAPI (blue in
Merge) indicates nuclei. (G) Diagram of OGT degron (OGT-deg) strategy in XX mESCs. OGT-deg arising from the tagged Ogt
allele is turned over by the addition of dtag. (H) OGT and TUBULIN immunoblot of XX WT/OGT-deg mESCs. * indicates
degron tagged OGT. +dtag indicates a 12-hour incubation with dtag. (I and K) IF of XX WT/OGT-deg mESCs with or without
12-hour dtag incubation using (1) 5mC and (K) 5ShmC antibodies (green in Merge). DAPI (blue in Merge) indicates nuclei. (J
and L) Quantitation of fluorescence intensity for (I) 5mC and (K) 5hmC staining in two XX WT/OGT-deg clones treated with
dtag for 0 and 12 hours, n=50 over three replicates for each condition. *=p<0.001. Scale bars in all merged images indicate

5uM.
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Figure 1- figure supplement 1. (A-B) IF of XX and XY mESCs grown in 2i using (B) 5mC and (C) 5ShmC antibodies (green in

Merge). DAPI (blue in Merge) indicates nuclei. (C) Proportion of XX mESC cells exhibiting enriched pericentromeric
heterochromatin staining of 5mC, n>100. Error bars indicate sd. (D) Schematic of XX WT/OGT-deg genotype. DNA
encoding the FKBP degron (deg) was added to the 3’ end of one Ogt allele, followed by a 2A sequence and green
fluorescent protein sequence (GFP). The 2A sequence causes ribosome skipping, resulting in separate translation of OGT-

deg and 2A-GFP. Orange line: template used for homology-directed repair (HDR). Horizontal arrows: primers used for PCR

genotyping. (E) PCR genotyping of two independently derived, and targeted XX mESC clones using primers indicated in
(D). (F) OGT and TUBULIN (TUB) immunoblot of second, independently-derived clone of XX WT/OGT-deg and XX
WT/WT mESCs. In WT/OGT-deg cells the lower band represents OGT arising from the wild type allele and the larger band
(*) is consistent with the anticipated 13 kDA increase introduced by the degron tag. +dtag indicates a 12-hour incubation
with dtag. (G and H) IF of second, independently-derived XX WT/OGT-deg clone with or without 12-hour dtag incubation
using (G) 5mC and (H) 5hmC antibodies (green in Merge). DAPI (blue in Merge) indicates nuclei. White scale bars in all
merged images indicate S5um.
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Figure 2. O-GIcNAc-modified TET3 peptides are more abundant in XX mESCs than XY mESCs. (A) Schematic of
proteomic workflow: XX and XY mESCs were grown in heavy and light isotope media, respectively, and combined.
Tryptic digests of combined samples were subject to lectin weak affinity chromatography (LWAC) to enrich for O-
GIcNAcylated peptides. EThcD-MS/MS identified peptides and O-GIcNAc sites. (B) Table of fold change (log2) of XX/XY
for each specific serine or threonine O-GIcNAc site found for TET1, TET2, and TET3. O-GlIcNAc sites not previously
identified (Bauer et al., 2015) are bolded. (C) Diagram of mouse TET proteins, yellow star indicates O-GIcNAc site, blue

box indicates CXXC domain, yellow box indicates catalytic domain, purple box indicates TET3 nuclear localization signal,
KKRK (Xiao et al., 2013). (D) The spectrum of TET3 O-GIcNAcylated at T1278. (E) TET1, TET2, TET3, and TUBULIN
(TUB) immunoblots of increasing concentration of whole cell lysate prepared from XX and XY mESCs.
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Figure 3. OGT and TET3 accumulate in the nucleus of XX but not XY ml':ogeés (A) IF of TET3 (green) in XX and XY
mESCs. DAPI (blue) indicates nuclei. (B) TET3 and histone H3 (H3) immunoblots of increasing concentration of nuclear
lysate prepared from XX and XY mESCs. (C) IF of OGT (red) in XX and XY mESCs. DAPI (blue) indicates nuclei. (D)
OGT and SOX2 immunoblots of increasing concentration of nuclear lysate prepared from XX and XY mESCs. (E) OGT
tagged with GFP (endogenously on both Xs); XX-OGT-GFP was immunoprecipitated with a GFP monoclonal antibody.
Immunoblots show input and IP probed with TET3 and GFP monoclonal antibody. (F) OGT and TET3 immunoblots of
fractions from size exclusion chromatography of nuclear extracts prepared from XX and XY mESCs. Size of molecular
weight markers indicated by arrows. (G) IF of TET3 (green) and OGT (red) in (G) XX WT/OGT-deg mESCs with or
without 12hr and 48hr dtag incubation. DAPI (blue) indicates nuclei. (H) OGT and TUBULIN immunoblot of XX WT/OGT-
deg mESCs. * indicates degron tagged OGT. +dtag indicates 48-hour incubation. (I) IF of XX WT/OGT-deg mESCs
with or without 48-hour dtag incubation using 5mC and 5hmC antibodies (green in Merge). DAPI (blue in Merge)
indicates nuclei. (J) Quantitation of fluorescence intensity for 5mC and 5hmC staining in two XX WT/OGT-deg clones
treated with or without dtag for 48 hours, , n=50 over three replicates for each condition. *=p<0.001. Scale bars in all 38

merged images indicate 5uM.
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Figure 3- figure supplement 1. (A) IF for TET3 (green) in XX mESCs grown in 2i media. DAPI (blue) indicates nuclei, White star
indicates mESC in mitosis. (B) IF of TET3 (green) in PGK12.1, a second XX mESC line. DAPI (blue) indicates nuclei. (C)
Schematic of XX-Ogt9e genotype. DNA encoding a 17 amino acid flexible linker and green fluorescent protein (GFP) was
added to the 3‘end of both Ogt alleles. Orange line: template used for homology-directed repair (HDR). Horizontal arrows:
primers used for PCR genotyping. (D) PCR genotyping of two independently derived, and targeted mESC clones using primers
indicated in (C). (E) OGT and TUBULIN (TUB) immunoblot of XX WT/WT mESCs and a second independently-derived clone of
XX WT/OGT-deg. In WT/OGT-deg cells the lower band represents OGT arising from the wild type allele and the larger band (*)
is consistent with the anticipated 13 kDA increase introduced by the degron tag. +dtag indicates a 48-hour incubation with dtag.
(F) IF of TET3 (green) and OGT (red) in XYPar and XYT9(0s) mESCs. DAPI (blue) indicates nuclei. Scale bars in all merged
images indicate Suym.
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Figure 4. Loss of TET3 alters cytosine modifications without significantly changing gene expression in XX mESCs. (A)
TET1-3 and TUBULIN (TUB) immunoblots of whole cell lysate from wildtype (XX) and 3 independently-derived TET3
knock-out (XX-TET3KO) XX mESCs. TETS3 antibody is directed to a C-terminal epitope which is downstream of the
guide cut sites that lie in the first coding exon. (B and D) IF of (B) 5mC (green in Merge) and (D) 5ShmC (green in Merge)
in XX and XX-TET3KO 1 mESCs. DAPI (blue in Merge) indicates nuclei. Scale bars in all merged images indicate Suym.
(C and E) Fluorescence quantitation of (B) 5mC and (D) 5hmC staining in XX and XX-TET3KO clones. * indicates
statistically significant difference, p<0.001. Error bars indicate sd, n=50 over three replicates for each condition. (F)
Difference in WGBS average CG methylation percentage between one XX replicate (rep) and the remaining samples,
over 1kb regions tiled genome-wide. (G) Smoothed scatterplot of average methylation over 1kb bins tiling the entire
genome in XX (x-axis) vs. XX-TET3KO 1 (y-axis). Line of best fit indicated by black dotted line, with corresponding
equation and R? value at top of each plot. y=x line plotted in grey for reference. (H) Volcano plot of RNA-seq data from
XX versus XX-TET3KO clones showing genes with fold changes (log2) >-4 and <4. 3 genes are excluded. Red dots
indicate genes with fold changes (log2) < -1 or > 1 and adjusted p-value <0.01. (l) Table of fold change (log2) and

adjusted p-value (-log10) of cytosine modification enzymes in XX versus XX-TET3KO mESC clones.
40


https://doi.org/10.1101/2021.06.19.449113
http://creativecommons.org/licenses/by-nc-nd/4.0/

A

B

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.19.449113; this version posted June 19, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Table 1. Mismatches and indels of XX-TET3KO sequences adjacent to PAM.

available under aCC-BY-NC-ND 4.0 International license.

mismatches and indels. Blue indicates final G (C on strand shown) of the PAM

Cell allele | mml0: 83380143-83380107
line
XX o CACCTAGTCCCTCCGGGGACAGCCTGCTGCCCCCTA
XX-TTT“O 1s¢ CACCTAGTCCC--CGGGGACAGCCTGCTGCCCCCTA
XUTTEEIKO 2n CACCTAGTCCC--CGGGGACAGCCTGCTGCCCCCTA
XX-T§T3K° 1s¢ CACCTAGTCCC--CGGGGACAGCCTGCTGCCCCCTA
XUTTEEIRO 2n CACCTAGTCCC--CGGGGACAGCCTGCTGCCCCCTA
XX-T§T3K° 1s¢ CACCTAGTCCC--CGGGGACAGCCTGCTGCCCCCTA
xu-mHsKo 2n CACCTAGTCCC--CGGGGACAGCCTGCTGCCCCCTA

Table 2. Additional mismatches and indels in mml0: 83380835-833380134
Téggko allele |Additional mismatches/indels

1 1st 0

1 2nd 1 (83380335 C->A)

2 1st 0

2 2nd 24 (see sequence on figure 4- figure supplement 2)

3 1st 0

3 2nd 5 (see sequence on figure 4- figure supplement 3)

Figure 4- figure supplement 1. (A) Table 1 of mismatches and indels of XX-TET3KO sequences adjacent to PAM.

Red font indicates mismatches and indels. Blue font indicates final G (C on strand shown) of PAM. Mm10 refers
to the NCBI GRC38 Mus. musculus genome. (B) Table 2 of additional mismatches and indels within the PAM
regions.

Red indicates
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27 allele seéaf{%artilgéndl%rf 81?{:@8 Bt § FERER ¢

XX-TET3KO 2,

°Chr 6:83380844-833800134

Query strand: XX-Tet3KO 2 sequence
Sjbct strand: mml0/GRCM39 sequence
C: Final G (C on this sequence) of PAM site
-/base pair: Mismatches and indels

TET3-KO02-2 CAGGAGACACCCCGAAAACTCCTGGCCTGTACCTCcccca

Spict 8330884 HORGCEACACULCIEAMTUTGCTCIA A 83380805

TET3-KO02-2 ccctgaccctatGGCAAAACTGGAACATTTATTGGGCAGCGCCAGTGATTACCTCCAG

coser movos bbb I OHIILAT
TET3-KO02-2 TCAGTATTCAAGCGGCCTGAGGCCCTGCCCACCAAGCCCAAGGTCAAGGTTGAGgcccce

Shict 53380748 TCALTATTOAAGICUICTOAGEUTCLAL ARG CARGICARGATIAGGLLLE 83380685
TET3-KO02-2 ATCTCCTATTTCTCAAAGGGAGGCTCCCCTGCTGTCT

coser svssosos AL R R
TET3-KO02-2 TCAAAGCCTGACACCCACCAAAAGGCCCAAACAGCCCTTCAGCAACATCTTCATCACAAG

Shict 83300628 TCABAGCMAGACCACAGAMAE U AA A AT TATACAA 83360565
TET3-KO02-2 CGCAACCTATTCTTGGAACAGGCCCAAGATGCCTCCTTCCCTACTTCCACAGAGCCTCAG

Shict 53380568 COURACOTATICHIGAAMAGICAMATLCH T TALTIECACAGAGOTOAG 83360505
TET3-K02-2 GCTCCTGGTTGGGGGGCCCCTCCCGGTTCACCTGCCCCAAGGCCTCCTGACAAACCacce

Shict 8330508 GOTCUTCUTIGAEG U T A TG AT TACARAEACIE 83380445
TET3-KO02-2 aaggaaaagaaaaagaagcccccCACCCCTGCTGGAGGTCCCGTGGGAGCAAAGAAAACC

Shict 83380848 AACAMMACAMAMAMGCUEAC T T I AR AGAEARAALE 83360305
TET3-KO02-2 ATCCCTGGGATCAAGACCAGTGTCCGAAAGCCCATTCAGATCAAGAAATCCAGGTCCAGG

Shict 53380388 ACCLCTLCOATCAMACACTUTCLEAMAGLCATIACATCARGARATCCACGTCEALE 83360325
TET3-KO02-2 GCAGCC GCAGATTGTTCTGGAAGGGCTACAACCCCAA

eser smssorze Lokl P
TET3-KO02-2 GCCTCAGAAGGACAGGCACCGTTACCCCGTCCATCTCTCTGTTCCACCTCCTGCCTCCCA

Shict 83300268 COUTEAMMECAACECOHIA S AGE TG AL IettA 83360206
TET3-KO02-2 GGGAGCTGCATCCCAGAGCTGTGCCACCCCTCTAACCCCACAATCTTCTCTTGCGCTATT

Shict 53380205 COUTCCTCATCLCAAGTCTEUACCUTAA L CAGAAGOTICTCTICC AT 83360146
TET3-KO02-2 TGCACCTAGTCC

Sbjct 83380145 %ééiéé%ié%éé 83380134

Figure 4- figure supplement 2. Aligned sequences of XX-TET3KO alleles to mm10/GRCm39 genome. Query strand
indicates XX-TET3KO PCR product using FW and REV primers 40 base pairs up or downstream of the PAM site.
Sbijct strand indicates the mm10/GRCm39 mus musculus genome. Blue text and highlight indicates the final G (C on
strand) of the PAM site. Red text and yellow highlight indicate mismatches and indels between the PAM sites.
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XX-TET3KO 3,
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27 allele sequence matching mml0/GRCm39 chr 6:83380844-833800134

Sjbct strand: mml0/GRCM39 sequence
C: Final G (C on this sequence) of PAM site
-/base pair: Mismatches and indels

TET3-KO03-2
Sbjct 83380844
TET3-KO02-2
Sbjct 83380794
TET3-K02-2
Sbjct 83380734
TET3-KO02-2
Sbjct 83380674
TET3-K02-2
Sbjct 83380614
TET3-K02-2
Sbjct 83380554
TET3-KO02-2
Sbjct 83380494
TET3-K02-2
Sbjct 83380434
TET3-KO02-2
Sbjct 83380374
TET3-K02-2
Sbjct 83380314
TET3-K02-2
Sbjct 83380254
TET3-K02-2
Sbjct 83380194
TET3-KO02-2

Sbjct 83380134

Figure 4- figure supplement 3. Aligned sequences of XX-TET3KO alleles to mm10/GRCm39 genome. Query strand
indicates XX-TET3KO PCR product using FW and REV primers 40 base pairs up or downstream of the PAM site. Sbjct

CAGGCGACACCCCGGAACTCCTGGCCTGTACCTCgcccaagececctgacce

CCAGCGACACCCCGGAACTCCTGGCCTGTACCTCGCCCAAGCCCTGACC 83380795

ctatGGCAGAACTGGA

AGGCCCTGCCCACCAAGCCCAAGGTCAAGGTTGAGgccccctettecttecce

AGGCCCTGCCCACCAAGCCCAAGGTCAAGGTTGAGGCCCCCTCTTCTTCCC

ctgCTCC CATCTCCTATTTCTCAAAGGGAGGCTCCCCTGCTGTCTTCAGAGCCTG

ATCTCCTATTTCTCAGAGGGAGGCTCCCCTGCTGTCTTCAGAGCCTG

ACACCCACCATAAGGCCCAGACAGCCCTTCACCAACATCTTCATCACAAGCGCAACCTAT

ACACCCACCAGAAGGCCCAGACAGCCCTTCAGCAACATCTTCATCACAAGCGCAACCTAT

TCTTGGAACAGGCCCAAGATGCCTCCTTCCCTACTTCCACAGAGCCTCAGGCTCCTGGTT

TCTTGGAACAGGCCCAAGATGCCTCCTTCCCTACTTCCACAGAGCCTCAGGCTCCTGGTT

GGTGGG CCGGCTCACCTGCCCCAAGGCCTCCTGACAAACCacccaaggaaaaga

CGGCTCACCTGCCCCAAGGCCTCCTGACAAACCACCCAAGGAAAAGA

aaaagaagcccccCACCCCTGCTGGAGGTCCCGTGGGAGCAGAGAAAACCACCCCTGGGA

ARRAGAAGCCCCCCACCCCTGCTGGAGGTCCCGTGGGAGCAGAGARAACCACCCCTGGGA
TCAAGACCAGTGTCCGAAAGCCCATTCAGATCAAGAAATCCAGGTCCAGGGACATGCAGC
PRSI TCL EARAGE AT AGA TR AGAANT AU ACA T AL
ccereT GCAGATTGTTCTGGAAGGGCTAAAACCCCAAGCCTCAGAAG
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

GCAGATTGTTCTGGAAGGGCTAAAACCCCAAGCCTCAGAAG
GACAGGCACCGTTACCCGCCCAGCTCTCTGTCCCACCTCCTGCCTCCCAGGGTGCTGCAT
ARG AT TAC L S AT T T AL T T AT T AT
CCCACAGCTGTGCCACTCCTCTAACCCCAGAACCTTCTCTTGCGCTATTTGCACCTAGTC
AT A E T AR ARG TP O TAT TR ARG
c

C 83380134

83380735

83380675

83380615

83380555

83380495

83380435

83380375

83380315

83380255

83380195

83380135

strand indicates the mm10/GRCm39 mus musculus genome. Blue text and highlight indicates the final G (C on strand) of
the PAM site. Red text and yellow highlight indicate mismatches and indels between the PAM sites.
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Figure 4- figure supplement 4 (A) Brightfield images of XX and XX-TET3KO mESCs grown in ESC or 2i media. In contrast
to the normal colony morphology of XX mESCs, XX-TET3KO mESCs exhibit towering colonies which grow vertically
regardless of media type. White scale bars indicates 5uM. (B) Full volcano plot comparing RNA-seq from XX and XX-
TET3KO mESCs showing genes excluded in Fig. 4H. Red dots indicate genes with fold changes (log2) < -1 or > 1 and
adjusted p-value <0.01.
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Figure 4- figure supplement 5. WGBS of XX-TET3KO versus XX mESCs. (A) Smoothed scatterplot of average
methylation over 1kb bins tiling the entire genome in XX (x-axis) vs. XX-TET3KO (y-axis). Line of best fit indicated by
black dotted line, with equation and R2 value at top of each plot. y=x line also plotted in grey for reference. Scale from 0-
100 (% CG methylation) (B) Example region on ChrX showing hypermethylation in XX-TET3KO lines relative to XX.
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Figure 4- figure supplement 6. DMR analysis of XX-TET3KO WGBS data. (A) Percent of all informative 1kb windows
tiled genome-wide that were identified as significant DMRs for each set of comparisons. Plots on left show XX vs. XX-
TET3KO, plots on right show within-genotype (false positive) DMRs. (B) Distribution of the 6,741 ‘consensus’ XX < XX-
TET3KO DMRs (identified as DMRs in at least 5/9 pairwise comparisons between all XX and XX-TET3KO replicates),
relative to other common genomic features: transposons, protein-coding genes, and pericentromere associated domains
(Wijchers et al. 2015). Plots show loess-smoothed average feature density (number of features) or feature coverage
(average % of bp covered by feature) for 50kb windows tiled genome-wide. First six autosomes + X shown.
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Figure 5- figure supplement 7. Loess-smoothed average CG (top) and non-CG (bottom) methylation (5mC +
5hmC) over chromosomes 1, 2, and X. Methylation was averaged over 50kb windows.
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Figure 4- figure supplement 8. DNA methylation analysis of major and minor satellite repeats (A) Distribution of % CG
methylation in each sample over 1kb windows tiled genome-wide. (B) Distribution of % CG methylation over major (left)
and minor (right) T = satellites (UCSC repeatmasker) and R = 200x randomly shuffled sites, for each sample. * =
significant difference by bootstrap testing, p <= 0.05 (one-tailed)
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Figure 5. Loss of TETS3 alters gene expression and Xist RNA distribution in mEpiLCs. (A) Volcano plot of RNA-seq data
from XX versus XX-TET3KO mEpiLC clones showing genes with fold changes (log2) >-7 and <7 and adjusted p-value (-
log10) >60. Red dots indicate genes with fold changes (log2) < -1 or > 1 and adjusted p-value (-log10) <0.01. (B) Fold
change (log2) between day 0 and day 5 of differentiation for selected naive and formative/primed pluripotency markers
in XX (light purple) and XX-TET3KO (dark purple) cells. (C) GO terms (biological process) enriched for genes
differentially expressed between XX and XX-TET3KO mEpiLCs. Only GO terms with FDR p-values <0.01 are included.
n indicates the number of differentially expressed genes in the data set/the number of genes that define that GO term.
(D) The predominant pattern of Xist RNA FISH (red) in XX and XX-TET3KO 1 at day 5 of mEpiLC differentiation. DAPI
(blue) indicates nuclei. (E) Proportion of cells exhibiting different Xist RNA distribution patterns in XX and XX-TET3KO 1
mEpiLCs, n>100 cells/replicate. (F) Xist RNA FISH (red in Merge) combined with IF for H3K27me3 (green in Merge) in
XX and XX-TET3KO 1 mEpiLCs. DAPI (blue in Merge) indicates nuclei. The white box indicates the location of the
zoom-in for each image. For quantitation see Fig. 5- fig. sup. 1F. (G) IF of H3K27me3 (green in Merge) and LAMIN B1
(LMNB1; red in Merge) in XX and XX-TET3KO 1 mEpiLCs. DAPI (blue in Merge) indicates nuclei. For quantitation see
Fig. 5- fig. sup. 1G. White scale bar in all merged images indicates 5uym.
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Figure 5- figure supplement 1. (A) Representative brightfield images of Day 5 mEpiLC differentiation in XX and XX-
TET3KO cells. XX-TET3KO mEpiLICs exhibit considerably more cell death beginning day 4 of differentiation. A larger
number of XX-TET3KO mEpiLCs were plated in order to visualize cell morphology in this image. (B) Full volcano plot
comparing RNA-seq from XX and XX-TET3KO mEpiLCs showing genes excluded in Fig. 5A. Red dots indicate genes
with fold changes (log2) < -1 or > 1 and adjusted p-value (-log10) <0.01. (C-D) IF of XX and XX-TET3KO 1 mEpiLCs
using (C) 5mC and (D) 5ShmC antibodies (green in Merge). DAPI (blue in Merge) indicates nuclei. White scale bar (Merge)
indicates 5um. (E) Table of fold change (log2) and adjusted p-values (-log10) of cytosine modification enzymes in XX/XX-
TET3KO mEpiLCs. (F) Proportion of cells exhibiting H3K27me3 enrichment associated with Xist RNA in XX and XX-
TET3KO mEpiLCs, n>100 cells/replicate. (G) Proportion of nuclei exhibiting H3K27me3 overlap with LMNB1 staining.
Error bars indicate sd, n>100 cells/replicate. (H) Fold change (log2) of lamin-associated transcripts from XX mEpiLC/XX-

TET3KO mEpiLC RNA-seq.
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Figure 6. Xist RNA function is disrupted in XX-TET3KO mEpiLCs. (A) IF of RNA polymerase Il (pol II; red in Merge) and
H3K27me3 (green in Merge) in XX and XX-TET3KO 1 mEpiLCs. DAPI (blue in Merge) indicates nuclei. The white box indicates
the location of the zoom-in for each image. (B) Proportion of nuclei exhibiting pol Il exclusion for XX and XX-TET3KO clones.
Error bars indicate sd, n>100 cells/replicate. (C) IF of H3K4me2 (red in Merge) and H3K27me3 (green in Merge) in XX and XX-
TET3KO 1 mEpiLCs. DAPI (blue in Merge) indicates nuclei. (D) Proportion of cells exhibiting H3K4me2 exclusion in XX and
XX-TET3KO clones. Error bars indicate sd, n>100 cells/replicate. (E) Xist RNA FISH (red in Merge) combined with COT1 RNA
FISH (green in Merge) in XX and XX-TET3KO 1 mEpiLCs. DAPI (blue in Merge) indicates nuclei. (F) Proportion of cells
exhibiting exclusion of COT1 RNA in Xist RNA-enriched regions. Error bars indicate sd, n>100/replicate. White scale bars in all
merged images indicate 5um. (G) The proportion of genes with a fold change (log2) of <-1 (dark purple) or > 1 (light purple), padi
(log -10) < 0.01 in XX mEpiLCs vs XX-TET3KO mEpiLCs, normalized to the total number of expressed genes per chromosome.
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A mESCs
XX WT/OGT-deg ~ XX-TET3KO

O @ B TETS3 distribution

mEpilLCs
XX WT/OGT-deg  XX-TET3KO

| pol I, H3K4me2, nascent transcripts
t viabl B Xist cloud, H3K27me3 enrichment,
not viable exclusion of pol I, H3K4me2,
nascent transcripts
Xist comet/H3K27me3 enrichment

without exclusion of pol Il, H3K4me2,
nascent transcripts

c .+ |

Xist I pol Il, H3K4me2, nascent transcripts

Figure 7. TET3 exhibits X-dose dependent distribution in mMESCs and is necessary for Xist RNA-mediated silencing
upon differentiation. (A) TET3 is enriched in the nucleus in XX mESCs and enriched in cytoplasm of mESCs that
express OGT from one X (XY and XX WT/OGT-deg mESCs). (B) Xist RNA is distributed in a spherical, cloud-like shape
and H3K27me3 is enriched in the same region (red) while pol Il, H3K4me2, and nascent transcripts are excluded from
that region (green) in wildtype XX mEpiLCs. In the XX-TET3KO mEpiLC clones, Xist RNA is distributed in a linear,
comet-like shape, which is coincident with H3K27me3 enrichment, from which pol Il, H3K4me2, and nascent transcripts
are not excluded. Yellow indicates the overlap between Xist RNA/H3K27me3 (red) and pol lI/H3K4me2/nascent
transcripts (green). (C) TETS3 is necessary Xist RNA mediated silencing, as measured by exclusion of pol Il, H3K4me2,
and nascent transcripts.
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Gene (log2) (-log10)

aDNMT3A —— - - —— e Phc3 0.60 0.00
- Rlim 0.56 1.15E-13
oDNMT3B = ~-=9 Ncor1 0.52 4.06E-05
osOx2 NN . - - - Suz12 0.39 1.78E-05

Ncor2 0.36 0.14

Ezh2 0.26 0.05

Eed 0.24 0.02

Rbbp7 0.21 0.08

Celf1 0.08 0.60

Hdac3 0.00 1.00

Mettl3 -0.03 0.92

Ptbp1 -0.04 0.81

Rbbp4 -0.05 0.82

Hnrnpk -0.06 0.60

Witap -0.15 0.20

Matr3 -0.16 0.23

Mta1 -0.17 0.30

Cbx2 -0.17 0.55

Rnf2 -0.22 0.07

Hnrnpu -0.23 0.03

Phc1 -0.24 0.12

Ring1 -0.33 0.18

Phc2 -0.42 0.01

Cbx8 -0.50 0.62
Lbr -0.52 5.32E-10

Bmif -0.67 0.00

Cbx4 -0.67 0.40

Xist 0.41 0.00
Tsix 0.88 1.88E-06

Figure 7- figure supplement 1 (A) DNMT1, DNMT3A, DNMT3B, and SOX2 immunoblots of increasing
concentration of whole cell lysate prepared from XX and XY mESCs. (B) Table of fold change (log2) and adjusted
p-values (-log10) of XIC-associated genes, comparing XX and XX-TET3KO mEpilLCs.
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A B
Cell Line Name Sex Origin Cell Line Guide RNA Sequence 5'-3'
LF2 XX XX WT/OGT-deg [ATGGGATGCTTAATGTGGA
Pgk12.1 XX XX-OGT-GFP ATGGGATGCTTAATGTGGA
E14 XY XX-TET3KO CCAGCGACACCCCGGAACTC
LF2-XO X0 PaSEEi;_nS Lab XX-TET3KO CGGAGGGACTAGGTGCAAAT
XYRo0sa26™""™* (Driegen et
Xy®er XY al, 20055) °
Xy 1909 XY (Velr;a;na:tazbo13)
XX WT/OGT-deg | XX- LF2 HDR CRISPR
XX-OGT-GFP XX-LF2 HDR CRISPR
XX-TET3KO 1-3 | XX-LF2 NHEJ CRISPR
C
Antibody Manufacturer | Catalog Number
5mC Active Motif 39649
5hmC Active Motif 39791
OGT Cell Signaling 24083S
TET1 EMD Millipore MABE1144
TET2 EMD Millipore MABE462
TET3 Novus Biological NBP2-20602
TUB Sigma T6074
SOX2 Abcam ab97959
H3 Abcam ab1791
GFP Takara 632380
H3K27me3 Invitrogen MA5-11198
LMNBA1 Santa Cruz sc-374015
pol Il Active Motif 61984
H3K4me2 Active Motif 39079
DNMTA1 Cell Signaling D63A6
DNMT3A Cell Signaling 2160S
DNMT3B Abcam ab16049

Supplemental methods 1. (A) Table of cell lines used and derived for experiments. (B) Table of guide RNA templates

used for CRISPR/Cas9 gene editing. (C) Table of primary antibodies used for IF, immunoblots, and co-IPs.
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A

XX-OGT WT/deg gene block
TCGGTCTGGTGCTGAGTTTTCTGATTTGTAAATTTGGTTCTCTTTGTTTTTACCACCTAGCCTG
AAGAAAATTCGTGGCAAAGTCTGGAAACAGAGAATATCTAGCCCTCTGTTCAACACCAAACAAT
ACACAATGGAATTAGAGCGACTTTATCTGCAGATGTGGGAGCATTATGCAGCTGGCAACAAACC
TGACCACATGATTAAGCCTGTTGAAGTCACCGAGTCAGCCggagtgcaggtggaaaccatctcc
ccaggagacgggcgcaccttccccaagecgecggeccagacctgegtggtgcactacaccgggatge
ttgaagatggaaagaaagttgattcctcccgggacagaaacaagccctttaagtttatgectagg
caagcaggaggtgatccgaggctgggaagaaggggttgcccagatgagtgtgggtcagagagee
aaactgactatatctccagattatgcctatggtgccactgggcacccaggcatcatcccaccac
atgccactctcgtcttcgatgtggagecttctaaaactgga

TGAATAAA
GACTGCGCACAGGAGAATTGCCCTATACCTGAGCCTCAACCTTCTGGGGGAAGGGAACTAGATA
ACATGCTTTGTGTGTATCTGTGTAGTTCTGTGTTGCAGACGGATGATATATAATGATAATAGAA
TAGCACATTCAGACTTACTTCCTGCATGATAGGGAGAGACAAGAAAGAAGAAATGCTATTCCAC
AAGGAATCTCTTAGAGTTTTGCAGCAAACAGGTGGTGCACAGGTCTGGAAGGTCTGGTCTCCCT

TGGTCTTCC [ AGATAGAGATTAACCAGCCGTTTTGTGATGaCG
TGGATTGATCAAGTCTTCTGATCCttttttttttCTTTATATTTTGGGTTTTGGAGCTTTTAAA
AATGTTTGCTTTCAGGTATTTTTACTCATGTGAAGTGATCTTGATTCTTCTGAGGTTTTAAACT
AAAATGTTGCTTCCTGTTTTAGTGTCTGAA

XXX=FKBP
=2A
=GFP
=Guide RNA with PAM site mutated (G>A)

XX-OGT-GFP gene block
GCATTATGCAGCTGGCAACAAACCTGACCACATGATTAAGCCTGTTGAAGTCACCGAGTCAGCC
TGA|

ataaagactgcgcacaggagaattgccctatacctgagcctcaaccttectgggggaag
ggaactagataacatgctttgtgtgtatctgtgtagttctgtgttgcagacggatgatatataa
tgataatagaatagcacattcagacttacttcctgcatgatagggagagacaagaaagaagaaa
tgctattccacaaggaatctcttagagttttgcagcaaacaggtggtgcacaggtctggaaggt
ctggtctcececttggtettec gagatagagattaaccagccgt
tttgtgatgccgtggattgatcaagtcttctgatccttttttttttetttatattttgggtttt
ggagcttttaaaaatgtttgctttcaggtatttttactcatgtgaagtgatcttgattce

17aa linker
GFP
Guide RNA with PAM site mutated (G>A)

Supplemental methods 2. (A) Gene block of HDR insert for XX-OGT WT/deg cell line. (B) Gene block of HDR insert for

XX-OGT-GFP cell line.
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Assay Amplicon and Purpose Primer Name [Sequence 5'-3'

RNA FISH Xist ex1-pooled ex1-5a GTCCATGGACAAGTAAACAAAGAAC
ex1-5b TATGAGGGTATGGGATCTTGGTTA
ex1-6a GATCCCATACCCTCATACCCTAAT
ex1-6b CTTGAAGGACCATTGACCGTATT
ex1-7a TGCTTTATGGAATTATGTATGTGC
ex1-7b GGTCCGAAAAGTAATAAGGTTGTG
ex1-8a ACTTTTCGGACCATTGTATCTCTT
ex1-8b GAGAGCAGGTCATTCGTCAGAG
ex1-9a TCCCCTGCTAGTTTCCCAATGT
ex1-9b TTTCCACAGACTCATCACCCTCAG

ex1-10a  |TTTTAAAAGGTGACTGGATGGTT
ex1-10b  |[TGATGTAACGGAGGAGCAGTAG
XX-TET3KO genotyping targeted region of Tet3 exon 3 FW AGCAACCCCAAGACCTGAGT
XX-TET3KO genotyping targeted region of Tet3 exon 3 REV GGGGGATCTCATTTCCTGAG
XX WT/OGT-deg gene block amplification FW TCGGTCTGGTGCTGAGTTTTCT
XX WT/OGT-deg gene block amplification REV TGCTTCCTGTTTTAGTGTCTGA
XX-OGT-GFP gene block amplification FW GCATTATGCAGCTGGCAACAAA
XX-OGT-GFP gene block amplification REV CTCATGTGAAGTGATCTTCATTC
XX-OGT-GFP PCR genotyping FW CACAATGGAATTAGAGCGACTTT
XX-OGT-GFP PCR genotyping REV TCAGACACTAAAACAGGAAGCAA
XX WT/OGT-deg PCR genotyping F#1 TGGTCATATTTTGCCACAGAA
XX WT/OGT-deg PCR genotyping R#1 CATCTTCAAGCATCCCGGTG
XX WT/OGT-deg PCR genotyping F#2 ATGCCACTCTCGTCTTCGAT
XX WT/OGT-deg PCR genotyping R#2 TACACCAGCAAGGTCCCTGT

Supplemental methods 3. Table of primers used for creating the Xist RNA FISH probe, XX-TET3KO genotyping, XX
WT/OGT-deg gene block amplification/PCR genotyping, and XX-OGT-GFP gene block amplification/PCR genotyping.
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Acetyl (Protein N-term)

HexNAc4Hex6 (N) - Rare - Motif 0 N[*P][ST]

IAcetyl+Oxidation (Protein N-term M)

HexNAc4Hex6Fuc (N) - Rare - Motif 0 N[*P][ST]

GIn->pyro-Glu (N-term Q)

HexNAc4Hex6Fuc2 (N) - Rare - Motif 0 N[*P][ST]

HexNAc (N) - Rare - Motif 0 N[*P][ST]

HexNAc4Hex6SA (N) - Rare - Motif 0 N[*P][ST]

HexNAc (ST)

HexNAc4Hex6SAOx2 (N) - Rare - Motif 0 N[*P][ST]

HexNAc2 (N) - Rare - Motif 0 N[*P][ST]

HexNAc4Hex7 (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex3 (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex3Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex (ST) - Rare

HexNAc5Hex3FucSA (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex10 (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex4 (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex2 (N) - Rare - Motif 0 N[*P][ST]

HexNAcS5Hex4Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex2 (ST) - Rare

HexNAcS5Hex4Fuc2 (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex2Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex4FucSA2 (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex3 (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex4NeuAc (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex3Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex4SA (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex4 (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex5 (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex4Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex5Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex5 (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex5FucSA (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex5Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAcS5Hex5FucSA2 (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex6 (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex5SA (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex6Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAcSHex5SA2 (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex7 (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex6 (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex8 (N) - Rare - Motif 0 N[*P][ST]

HexNAcS5Hex6Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAc2Hex9 (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex6FucSA (N) - Rare - Motif 0 N[*P][ST]

HexNAc2HexFuc (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex6FucSA2 (N) - Rare - Motif 0 N[*P][ST]

HexNAc3Hex3 (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex6SA (N) - Rare - Motif 0 N[*P][ST]

HexNAc3Hex3Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAcS5Hex6SA2 (N) - Rare - Motif 0 N[*P][ST]

HexNAc3Hex4 (N) - Rare - Motif 0 N[*P][ST]

HexNAc5Hex6SA3 (N) - Rare - Motif 0 N[*P][ST]

HexNAc3Hex4SA (N) - Rare - Motif 0 N[*P][ST]

HexNAc6Hex7FucSA (N) - Rare - Motif 0 N[*P][ST]

HexNAc3Hex5 (N) - Rare - Motif 0 N[*P][ST]

HexNAc6Hex7SA (N) - Rare - Motif 0 N[*P][ST]

HexNAc3Hex5Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAc6Hex7SA2 (N) - Rare - Motif 0 N[*P][ST]

HexNAc3Hex5SA (N) - Rare - Motif 0 N[*P][ST]

HexNAc7Hex6SA2 (N) - Rare - Motif 0 N[*P][ST]

HexNAc3Hex5SAOXSAOXAC (N) - Rare - Motif 0 N[*P][ST]

HexNAc7Hex6SA3 (N) - Rare - Motif 0 N[*P][ST]

HexNAc3Hex6 (N) - Rare - Motif 0 N[*P][ST]

HexNAcFuc (N) - Rare - Motif 0 N[*P][ST]

HexNAc3Hex6Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAcFuc (ST) - Rare

HexNAc3Hex6SA (N) - Rare - Motif 0 N[*P][ST]

HexNAcHex (ST) - Rare

HexNAc3Hex6SA2 (N) - Rare - Motif 0 N[*P][ST]

HexNAcHexFuc (ST) - Rare

HexNAc3Hex7 (N) - Rare - Motif 0 N[*P][ST]

HexNAcHexSA (ST) - Rare

HexNAc3Hex7Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAcHexSA2 (ST) - Rare

HexNAc4Hex3 (N) - Rare - Motif 0 N[*P][ST]

HexNAcHexSAAc (ST) - Rare

HexNAc4Hex3Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAcHexSAAc2 (ST) - Rare

HexNAc4Hex4 (N) - Rare - Motif 0 N[*P][ST]

HexNAcHexSAAcSAOXAc (ST) - Rare

HexNAc4Hex4Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAcHexSAOx (ST) - Rare

HexNAc4Hex4Fuc2 (N) - Rare - Motif 0 N[*P][ST]

HexNAcHexSAOx2 (ST) - Rare

HexNAc4Hex4FucSA (N) - Rare - Motif 0 N[*P][ST]

HexNAcHexSAOxAc2 (ST) - Rare

HexNAc4Hex4SA (N) - Rare - Motif 0 N[*P][ST]

HexNAcHexSAOxSAOXxAc (ST) - Rare

HexNAc4Hex5 (N) - Rare - Motif 0 N[*P][ST]

HexNAcHexSASAAc (ST) - Rare

HexNAc4Hex5Fuc (N) - Rare - Motif 0 N[*P][ST]

HexNAcHexSASAOXx (ST) - Rare

HexNAc4Hex5Fuc2 (N) - Rare - Motif 0 N[*P][ST]

HexNAcHexSASAOXxAc (ST) - Rare

HexNAc4Hex5FucSA (N) - Rare - Motif 0 N[*P][ST]

HexNACSA (ST) - Rare

HexNAc4Hex5FucSA2 (N) - Rare - Motif 0 N[*P][ST]

HexNAcSAOXx (ST) - Rare

HexNAc4Hex5FucSAOx2 (N) - Rare - Motif 0 N[*P][ST]

Label:13C(6) (R) - Label 1

HexNAc4Hex5SA (N) - Rare - Motif 0 N[*P][ST]

Label:13C(6)15N(2) (K) - Label 1

HexNAc4Hex5SA2 (N) - Rare - Motif 0 N[*P][ST]

Met-loss (Protein N-term M)

HexNAc4Hex5SAOXx (N) - Rare - Motif 0 N[*P][ST]

Met-loss+Acetyl (Protein N-term M)

HexNAc4Hex5SAOx2 (N) - Rare - Motif 0 N[*P][ST]

Oxidation (M)

HexNAc4Hex5SAOx3 (N) - Rare - Motif 0 N[*P][ST]

Pyro-carbamidomethyl (N-term C)

HexNAc4Hex5SAOXSAOxAc (N) - Rare - Motif 0 N[AP][ST]

Supplemental methods 4. Table of variable modifications used in the mass spectrometry analysis.
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sample total % % % pass % post useablg read
QCpass | unique stevefilt dedup pairs
XXrep 1 356588852 | 99.33% | 65.22% | 64.87% 51.11% 182257912
XXrep 2 309181649 | 98.08% | 65.59% | 65.17% 52.72% 163011079
XXrep 3 282382403 | 98.87% | 66.32% | 65.78% 53.33% 150602628
XX-TET3KO 1 | 308902389 | 98.28% | 64.03% | 63.36% 50.53% 156102714
XX-TET3KO 2 | 302714581 | 97.21% | 62.06% | 61.65% 48.49% 146781146
XX-TET3KO 3 | 287882797 | 97.62% | 65.34% | 65.00% 53.12% 152934556

Supplemental methods 5. Table of Alignment statistics for WGBS libraries. Total = total number of read pairs obtained;
% QCpass = percent of total remaining after QC filtering by trim_galore; % unique = percent of total that passed
previous filters and aligned uniquely to mm10; % pass stevefilt = percent of total that passed previous filters and passed
conversion filter (see methods); % post dedup = percent of total that passed previous filters and remained after PCR

duplicates were removed; useable read pairs = final count of read pairs passing all filters that were used for
downstream analyses.
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