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ABSTRACT
TET1/2/3 dioxygenases iteratively demethylate 5-methylcytosine, beginning with the formation of 
5-hydroxymethylcytosine (5hmC). The post-mitotic brain maintains higher levels of 5hmC than 
most peripheral tissues, and TET1 ablation studies have underscored the critical role of TET1 in 
brain physiology. However, deletion of Tet1 precludes the disentangling of the catalytic and non- 
catalytic functions of TET1. Here, we dissect these functions of TET1 by comparing adult cortex of 
Tet1 wildtype (Tet1 WT), a novel Tet1 catalytically dead mutant (Tet1 HxD), and Tet1 knockout (Tet1 
KO) mice. Using DNA methylation array, we uncover that Tet1 HxD and KO mutations perturb the 
methylation status of distinct subsets of CpG sites. Gene ontology (GO) analysis on specific 
differential 5hmC regions indicates that TET1’s catalytic activity is linked to neuronal-specific 
functions. RNA-Seq further shows that Tet1 mutations predominantly impact the genes that are 
associated with alternative splicing. Lastly, we performed High-performance Liquid 
Chromatography Mass-Spectrometry lipidomics on WT and mutant cortices and uncover accu-
mulation of lysophospholipids lysophosphatidylethanolamine and lysophosphatidylcholine in Tet1 
HxD cortex. In summary, we show that Tet1 HxD does not completely phenocopy Tet1 KO, 
providing evidence that TET1 modulates distinct cortical functions through its catalytic and non- 
catalytic roles.
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Introduction

Ten-eleven translocation (TET) enzymes mediate 
the iterative oxidation of 5mC to 5-hydroxy-
methylcytosine (5hmC), 5-formylcytosine (5fC), 
or 5-carboxycytosine (5caC) (Figure 1(A)) [1–3]. 
These oxidized constituents (ox-mC) are poorly 
recognized by the maintenance DNA methyltrans-
ferase DNMT1, and are therefore lost through 
passive dilution during cell division. 
Alternatively, 5fC and 5caC can be targeted by 
thymine DNA glycosylase (TDG) to restore unmo-
dified C via the base excision repair (BER) path-
way. The first characterization of TET enzymes 
more than a decade ago [4–6] ushered in new-
found interest in studying the regulatory functions 
of 5hmC in mammalian tissues. The mammalian 

brain is distinctly capable of maintaining high 
levels of 5hmC in post-mitotic neurons [1]. 
Highly quantitative High-performance Liquid 
Chromatography Mass-Spectrometry (HPLC-MS) 
methods revealed higher enrichment of 5hmC in 
terminally differentiated neurons compared to 
peripheral tissues and mouse embryonic stem 
cells (mESCs). Additionally, 5hmC has the poten-
tial to serve as a stable epigenetic mark [7–9]. Most 
research that has hitherto studied the in vivo brain 
functions of TET1 enzyme utilized Tet1 knockout 
(KO) mouse model with complete TET1 protein 
ablation [10–13]. These studies established TET1’s 
role in modulating neuronal activity genes and 
TET1 protein ablation led to impaired contextual 
fear memory extinction. However, the minimalist 
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Figure 1. Tet1 mutants regulate common and distinct CpG sites in the adult cortex.
Note: (a) Schematic illustrating TET-mediated 5mC demethylation pathway. Tet1 HxD mutation abrogates its ability to oxidize 5mC to 
5hmC, while Tet1 KO completely ablates the full-length protein. (b) of modified C in bisulphite and bACE sequencing. (c) Violin plot 
of the average methylation signal from all bACE (5hmC) and bisulphite (5hmC +5mC) probes in Tet1 mouse whole cortices (n = 8, 
Kruskal-Walis with Dunn’s multiple comparisons test, **p < 0.01, ****p < 0.0001). Each violin plot corresponds to average signals 
from n = 8 biological replicates. (d) SeSAMe analysis revealed locus-specific differentially 5hmC regions (DhMRs) in the Tet1 mutants 
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approach of TET1 protein ablation precludes the 
disentangling of the catalytic and non-catalytic 
functions of TET1. Furthermore, the studies failed 
to examine 5hmC and 5mC simultaneously, which 
is essential in the understanding of TET1 proces-
sivity and the potential of 5hmC as a regulatory 
epigenetic mark.

In vitro studies have shown that TET1 is cap-
able of carrying out both enzymatic and non- 
enzymatic functions in physiological contexts 
[14–16]. Investigation of TET1 catalytically inac-
tive (Tet1m/m) and knockout (Tet1-/-) in mESCs 
proved that it could have disparate differentiation 
outcomes [14]. Specifically, Tet1-/-, but not Tet1m/m, 
impaired Polycomb repressive complex 2 (PRC2) 
and SIN3A recruitment, resulting in aberrant 
expression of bivalent genes and downstream dif-
ferentiation defects. Similarly, TET1 protein colo-
calizes with the SIN3A co-repressor complex in 
repressing and fine-tuning Polycomb group target 
genes in mESCs [15]. This non-catalytic function of 
TET1 also holds true outside of mESCs, where 
TET1 has been shown to regulate hypoxia- 
induced epithelial-mesenchymal transition (EMT) 
by physically interacting with hypoxia-inducible 
factor 1a/2a (HIF-1a/HIF-2a) independent of its 
enzymatic function [16]. In another instance, 
adeno-associated virus (AAV)-mediated overex-
pression of full-length TET1 or catalytic dead 
mutant (TET1m) in mouse hippocampus upregu-
lates neuronal memory-associated genes and dysre-
gulates contextual fear memory [10]. Distinctive 
catalytic and non-catalytic properties are not 
unique to TET1. For example, Tet2 knockout 
mice exhibited both myeloid and lymphoid disor-
ders, while Tet2 catalytic mutants mainly developed 
myeloid malignancies [17]. Together, these findings 
suggest that TET1’s regulation of the genome is 
complex, which requires more nuanced investiga-
tions of its catalytic and non-catalytic functions in 
vivo. Progress has been hindered due to: 1) lack of 
a TET1 catalytic inactive adult mouse model and 2) 

the absence of sensitive tools with robust statistical 
power to simultaneously and separately quantify 
5mC and5hmC genome-wide.

While studies have established that the Tet1 
knockout impacts adult brain functions [10–13], 
dissecting the relative contributions of its canoni-
cal catalytic and non-canonical functions has 
remained a goal in the field. To address this 
knowledge gap, we generated a new mouse 
model, Tet1HxD/HxD (hereafter referred to as Tet1 
HxD) with intact, but catalytically inactive TET1 
protein [18–20]. The Tet1 HxD mutation was con-
firmed by Sanger sequencing and restriction 
enzyme length polymorphism (RFLP) analyses. It 
was demonstrated that the HxD mutation did not 
affect Tet1 RNA (RNA pyrosequencing) and pro-
tein (Western blot) levels [20]. We compared the 
Tet1 HxD mutant to the previously characterized 
Tet1−/− (hereafter referred to as Tet1 KO) mouse 
model [21]. To map 5mC, 5hmC (TET1’s most 
abundant oxidative product) and unmodified 
C in parallel, here we employ the high- 
throughput Infinium mouse BeadChip array [22] 
on bisulfite (BS) and bisulfite-assisted 
APOBEC3A-coupled epigenetic (bACE)-treated 
genomic DNA samples [22,23]. We focused on 
the adult cortex as it is the brain region with 
high 5hmC levels [24]. Thus, the novel TET1 
mouse model, in concert with hybridization array 
approach, allowed us to parse catalytic and non- 
catalytic roles for TET1 in the adult cortex. Our 
approach reveals distinct subsets of CpG sites 
impacted by bona fide catalytic activity and non- 
catalytic function. Through GO analysis of 
DhMRs, we revealed that TET1’s catalytic activity 
is linked to neuronal functions. Furthermore, we 
describe a cortical phenotype unique to Tet1 HxD 
mutant with accumulation of select lysophospho-
lipids. Corroborating with H3K36me3 and MeCP2 
motif enrichment at TET1-regulated sites, we 
showed that Tet1 mutations mainly impact genes 
that are associated with alternative splicing. Taken 

(7,996 from HxDvsWT and 12,900 from KOvsWT analysed). Each DhMR corresponds to a single (a) probe on the array with FDR <  
0.05. Each panel represents the number of DhMRs that have lost or gained 5hmC with corresponding 5mC status. (e) Violin plot of 
the mean 5hmC and 5mC levels at HxD DhMRs with 5hmC loss (top panel) and KO DhMRs with 5hmC loss (bottom panel) (n = 8, 
Mann-Whitney U test, ****p < 0.0001). Each violin plot corresponds to average signals from n = 8 biological replicates. (F) Venn 
diagram of HxD unique, common and KO unique DhMR subsets with 5hmC loss, with their respective classifications. 
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together, our study has shown that TET1 could 
contribute to the cortical DNA methylation land-
scape, gene expression, and lipidomic through its 
distinct catalytic and non-catalytic functions.

Materials and methods

Animal studies

All animal husbandry and maintenance were 
approved by the Institutional Animal Care and Use 
Committee (IACUC) of the University of 
Pennsylvania. All mice were under a 12-hour light/ 
12-hour dark cycle and fed with standard chow 
(Laboratory Autoclavable Rodent Diet 5010, 
LabDiet, St. Louis, MO, USA). Tet1−/− (Tet1 KO) 
mice [25] (017358; B6; 129S4-TET1tm1.1Jae/J) 
were purchased from the Jackson Laboratory and 
were backcrossed for at least 10 generations to 
C57BL/6J (B6; The Jackson Laboratory 000664) 
background (Table S1). Tet1 KO mice were main-
tained as Tet1 +/- heterozygous breeders to generate 
Tet1+/+ (Tet1 WT) and Tet1 −/− (TET1 KO) progeny 
for experiments. Genomic DNA was isolated from 
ear snips and genotyped using polymerase chain 
reaction (PCR) with genotyping primers listed in 
Table S2. Male mice were aged to 3–5 months old 
before whole cortex was harvested for experiments.

Generation of Tet1HxD/HxD (Tet1 HxD) mouse line

easiCRISPR-Cas9 was utilized to introduce muta-
tional substitutions H1654Y and D1656A at TET1 
catalytic domain (Exon 10) to abrogate its catalytic 
activity, as previously described (Table S1) [20]. Tet1 
HxD mice were maintained as Tet1HxD/+ heterozy-
gous breeders (Tet1 HxDHet) to generate Tet1+/+ 

(Tet1 WT) and Tet1 HxD/HxD (Tet1 HxD) progeny 
for experiments. Genomic DNA was isolated from 
ear snips and genotyped using polymerase chain 
reaction (PCR) with genotyping primers listed in 
Table S2. Male mice were aged to 3–5 months old 
before whole cortex was harvested for experiments.

Whole cortex harvest

Whole cortical tissue was dissected from 3- to 
5-month-old adult male mice before flash frozen 

in liquid nitrogen. Harvested tissues were then 
stored at −80°C.

Cortical tissue DNA isolation

Flash frozen cortical tissue (estimate amount 5 mg) 
was cut and transferred to a clean Eppendorf tube. 
Tail lysis buffer (50 mM Tris-HCl, pH8.0, 100 mM 
EDTA, 0.5% SDS) was added and the tissue was 
homogenized 4X with hand-held homogenizer 
(Dwk Life Sciences) [26]. The homogenate was 
passed through a 26 G needle 4X to ensure com-
plete homogenization. Sample was centrifuged and 
the supernatant was transferred to a new tube. Tail 
lysis buffer and Proteinase K (180 U/mL, Sigma- 
Aldrich) were added to the sample. Sample was 
then incubated at 55°C for at least 1 hour. After 
incubation, Phenol:Choloroform:Isoamyl Alcohol 
(Sigma-Aldrich) was added to the sample, centri-
fuged, and the aqueous layer was transferred to 
a new tube. Isopropanol and Ammonium acetate 
(7.5 M) were added to precipitate the DNA at 
room temperature for 10 minutes. Sample was 
centrifuged and supernatant was discarded. The 
DNA pellet was washed with 80% ethanol, centri-
fuged, and supernatant was discarded. DNA pellet 
was air dried for 5 minutes. The DNA pellet was 
resuspended in 1X TE buffer (10 mM Tris-HCl, 
pH8.0, 1 mM EDTA) and, as required, incubated 
at 37°C for a few hours or overnight to dissolve the 
pellet. All reagents are listed in Table S3.

Bisulfite and bACE conversion

1 µg of genomic DNA was bisulphite treated using 
the Qiagen EpiTech Bisulphite kit (Qiagen). 
Bisulphite converted DNA (BS) was eluted in 20  
µL of 0.07X of the supplied elution buffer [23]. 10 µL 
of the sample was further subjected Bisulphite- 
assisted APOBEC3A-coupled epigenetic (bACE) 
protocol [23]. Briefly, 2% DMSO and 35 mM 2:7:7 
succinic acid:sodium dihydrogen phosphate:glycine 
(SPG) were added to each sample. The sample mix 
was incubated at 95°C for 5 minutes and immedi-
ately cooled down on a cold block. Recombinant 
APOBEC3A (A3A) enzyme produced in-house by 
the Kohli Lab [23,27] was then added to each sam-
ple. The sample was spun down and incubated at 
37°C for 2 hours. Once the incubation was 
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complete, the sample was purified using Zymo 
Oligo Clean and Concentrator kit (Zymo 
Research) and eluted in 15 µL 0.07X Qiagen 
Elution Buffer. To validate the efficiency A3A- 
mediated 5mC conversion and protection of bisul-
phite-converted 5hmC cytosine 5-methylensulfo-
nate (CMS) adducts, we performed 
pyrosequencing methylated (meth) lambda and T4 
phage bACE-treated spike-in DNA for each sample, 
as previously described [23,28]. Only samples 
with percent cytosine values ≤ 10% for meth lambda 
phage or ≥90% for T4 phage were used for down-
stream Infinium Mouse Methylation BeadChip 
array sequencing. The BS and bACE-converted 
genomic DNAs were stored temporarily at −20°C 
for less than a week before they are sent for array 
sequencing. All reagents are listed in Table S3.

Infinium mouse methylation BeadChip array

BS- and bACE-converted cortical DNA were sent for 
Illumina Infinium Mouse Methylation 12v1–0 
BeadChip sequencing following the manufacturer’s 
protocol, as previously described [29,30]. The 
sequencing was run by Center for Applied 
Genomics Genotyping Core (CAG) at the 
Children’s Hospital of Philadelphia. Biological repli-
cates for each genotype are as follows: Tet1 WT n = 8, 
Tet1 HxD n = 8, Tet1 KO n = 8, Tet1 HxDHet n = 8.

RNA isolation

RNA was isolated from cortex using Quick-RNA 
Miniprep Plus kit (Zymo Research). Briefly, cortical 
sliver was homogenized using hand-held homogeni-
zer (Dwk Life Sciences) in Zymo RNA lysis buffer. 
The homogenate was then passed through 26 G nee-
dle to ensure complete lysis. Genomic DNA was 
removed using DNase I provided in the kit. 
Following isolation using the kit, RNA was eluted 
in 10 µL nuclease-free water and stored at −80°C. All 
reagents are listed in Table S3.

RNA-Sequencing

The concentration and purity of isolated RNA were 
determined using Nanodrop. RNA integrity was 
further assessed using Tapestation (Agilent) with 
RNA ScreenTape (Agilent). Only RNA samples with 

RNA Integrity Number (RIN) value of > 8 were 
selected for downstream RNA-Seq library prepara-
tion. RNA-Seq libraries were prepared with 0.3 µg 
input RNA/sample using KAPA Stranded mRNA- 
Seq kit (KAPA Biosystems) and KAPA Unique Dual- 
Indexed Adapter kit (KAPA Biosystems). The ampli-
fied RNA-Seq libraries were evaluated on Tapestation 
(Agilent) with DNA High-Sensitivity D5000 
ScreenTape (Agilent). Library molarity was quantified 
using KAPA Library Quantification kit (KAPA 
Biosystems). RNA-Seq libraries were pooled and sub-
ject to 51 bp paired end sequencing on Illumina 
NovaSeq 6000. All reagents are listed in Table S3. 
Biological replicates for each genotype are as follows: 
Tet1 WT n = 4, Tet1 HxD n = 4, Tet1 KO n = 4.

HPLC-MS lipidomic profiling

Flash frozen whole cortices were cut and weighed to 
ensure mean weight of ~10 mg/tissue for HPLC-MS 
processing. The weighed tissues were submitted to the 
Translational Biomarkers Core from the Center of 
Excellence in Environmental Toxicology (CEET) at 
the University of Pennsylvania. Clementina Mesaros, 
PhD designed the extraction methods and supervised 
the LC-HRMS analysis and data analysis. All lipido-
mic internal standards are listed in Table S4.

Optima grade methanol, water, acetonitrile, methyl 
tert-butyl ether and 2-propanol were from Thermo 
Fisher Scientific (Pittsburg, PA). Gasses were supplied 
by Airgas (Philadelphia, PA). Glassware and HPLC 
vials were from Waters Corp (Milford, MA). 
Serotonin and serotonin-d4 were from Cayman 
Chemicals. Dopamine and dopamine-d5 were from 
Sigma-Adrich.

Tissue homogenization
Flash frozen whole cortices were cut pieces of 
around 10 mg on dry ice. The tissue was added 
Green bullet blender tubes (# NA-GREENR1- 
RNA, from Next Advance, Try, NY) with 0.5 mL 
cold methanol in ice. Each tube contained also 40  
µL × 25 µM universally labelled amino acids mix, 
20 µL x 100 pg/µL of GABA-IS (2 µg), 0.1 µg 
Serotonine-IS, add 1 µg-Glutamate-IS, Trp-IS 500 
ng per sample. Tissues were homogenized with the 
Next Advance Bullet Blender Tissue Homogenizer 
3 × 5 min @ dry ice at max speed. The tubes were 
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vortexed and allowed to come to room temp for 
30 min.

Lipid extraction from the tissue homogenate
10 mL Pyrex Glass tubes were prepared with 1 mL 
methanol and 20 µL on internal standard mix 
(1:1, SPLASH® LIPIDOMIX #330707: Ceramide/ 
Sphingoid Internal Standard Mixture I #LM6002, 
both from Avanti Polar Lipids, Alablaster, AL) 
and kept in dry ice. Amounts of each labelled 
standard are shown in the Table S2. To each 
tube was added 300 µL of tissue homogenate as 
described before (one-half of the volume). 5 mL 
methyl tert-butyl ether (MTBE) was added to 
each of the tubes and then tubes were shaken 
vigorously for 30 min. 1.2 mL water was added 
to each tubes and vortexed for 30 sec each. 
Centrifugation for 10 min @ 1000×g created two 
phases. The top clear phase was moved to a clean 
glass Pyrex tube and dried down under nitrogen. 
200 µL MTBE/MeOH = 1/3 (v/v) (per 5 mg tissue) 
was used to re-suspend the residue. Each sample 
was sonicated for 5 min in water bath at room 
temperature, spun down at 10, 000 × g for 10 min 
at 4°C and only 100 µL were transferred to 
a HPLC vial for LC-MS analysis. A pooled sample 
was created by mixing 40 µL of each re-suspended 
sample and ran as quality control (QC-Pool) 
every 10 samples. 2 µL injections were made in 
both positive mode and separately in the negative 
mode. Biological replicates for each genotype are 
as follows: Tet1 WT n = 10, Tet1 HxD n = 10, Tet1 
KO n = 10, Tet1 HxDHet n = 10.

Liquid chromatography high resolution-mass 
spectrometry (LC-HRMS) for lipids was conducted 
as described [31]. Control extraction blanks were 
made in the same way using just the solvents instead 
of the tissue homogenate. The control blanks were 
used for the exclusion list with a threshold feature 
intensity set at 1e105. Untargeted analysis and tar-
geted peak integration were conducted using 
LipidsSearch 5 (Thermo Fisher Scientific) as 
described by Wang et al. [32]. An external mass 
calibration was performed using the standard cali-
bration mixture approximately every 3 days. All 
samples were analysed in a randomized order in 
full scan MS that alternated with MS2 of top 10, 
with HCD scans at 30, 45 or 60 eV.

HPLC-MS neurotransmitter profiling

The neurotransmitter profiling was done on the same 
tissue homogenate as lipidomic profiling (see above). 
Tissue samples were submitted to the Translational 
Biomarkers Core from the Center of Excellence in 
Environmental Toxicology (CEET) at the University 
of Pennsylvania. Clementina Mesaros, PhD designed 
the extraction methods and supervised the LC-HRMS 
analysis and data analysis. All spike-in standards and 
internal standards used in neurotransmitter profiling 
are listed in Table S5. Biological replicates for each 
genotype are as follows: Tet1 WT n = 10, Tet1 HxD n  
= 10, Tet1 KO n = 10, Tet1 HxDHet n = 10.

Neurotransmitters were extracted by methanol 
precipitation from the tissue homogenate. Briefly, 
after removing half of the volume of tissue, 
homogenate for lipids extraction (0.3 mL), to 
additional 0.3 mL 80% methanol was each bullet 
tubes. It was vortexed well to reduce the absorp-
tion of metabolites to the tubes. All the volume of 
the tissue homogenate was moved to a new Lo- 
Bind protein Eppendorf tube. The beads from the 
bullet blender green tube were rinsed with 0.3 mL 
80% MeOH and added to same Lo-Bind tube. The 
Lo-Bind tube was centrifuged 10 min @ 8,000×g 
to get all the tissue as a pellet. The top metabolites 
containing layer was moved to new Eppendorf 
and dried under nitrogen. The tubes were frozen 
at −80 C until LC-HRMA analysis. The dry sam-
ples were re-dissolved by vortexing and sonicating 
in 100 µL 20% Methanol in water. As described 
for lipids analysis, pooled samples were assayed 
using 20 µL from each sample.

Liquid chromatography high resolution -mass 
spectrometry (LC-HRMS) for neurotransmitters. As 
previously described, control extraction blanks were 
made in the same way using just the solvents instead of 
the tissue homogenate [31]. The control blanks were 
used for the exclusion list with a threshold feature 
intensity set at 1e105. Targeted peak integration was 
done from the full scan acquired at 120 K resolution 
and was conducted using Quan Browser 4.2 (Thermo 
Fisher Scientific). An external mass calibration was 
performed using the standard calibration mixture 
approximately every 3 days. All samples were analysed 
in a randomized order. The pooled QC samples for 
neurotransmitter quantification were run with a MS2 
of top 10, with HCD scans at 20, 40 or 50 eV.
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Statistical analysis

Statistical analyses were performed using 
GraphPad Prism, R, and Metaboanalyst 5.0 soft-
ware, as described below.

Lipidomics
Lipidomic HPLC-MS raw data and first-pass qual-
ity check analyses were processed by Clemetina 
Mesaros, PhD using MetaboAnalyst 5.0 software 
[33]. All samples are normalized to QC pool, log 
transformed, and autoscaled. Heatmap was made 
with Ward clustering method and filtered to dis-
play the top 25 lipid classes. Volcano plot was 
plotted using default settings of two-sample 
t-tests with FDR < 0.05 and Fold Change of > 1.5. 
Bargraphs of LPE and LPC levels in Tet1 WT and 
Tet1 mutants are plotted with one-way ANOVA 
followed by Dunnett’s multiple comparisons test. 
p < 0.05 was considered statistically significant and 
all individual values were expressed as mean ±  
standard error of the mean (SEM).

Neurotransmitter metabolomics
Neurotransmitter metabolomic raw data and first- 
pass quality check analyses were processed by 
Clemetina Mesaros, PhD using XCalibur 4.3 soft-
ware [34]. All neurotransmitters were normalized 
to their respective spike-in standards/internal stan-
dards. Bargraphs were plotted using One-way 
ANOVA with Dunnett’s multiple comparisons 
test. p < 0.05 was considered statistically significant 
and all individual values were expressed as mean ±  
standard error of the mean (SEM).

Global Bisulfite and bACE Signals
Raw Beta signals from Bisulfite- and bACE signals 
were plotted as violin plots. Kruskal–Walis test 
with Dunn’s multiple comparison test was per-
formed between Tet1 mutants and Tet1 WT.

Methylation Levels at DhMR
Significant DhMRs were filtered using SeSAMe 
pipeline [22,35]. Mann-Whitney U test was per-
formed to compare methylation changes between 
Tet1 mutant relative to Tet1 WT. p < 0.05 was 
considered statistically significant.

Infinium mouse methylation BeadChip array 
analysis

Infinium Mouse Methylation MM218 array was ana-
lysed using SeSAMe pipeline [22,35]. Raw Infinium 
IDAT files were and processed into corrected Beta 
values using SeSAMe’s openSesame pipeline. Since 
bACE provided direct readout of 5hmC, 5mC levels 
were deduced by subtracting bACE Beta values from 
BS Beta values. Differentially methylation 5hmC 
regions (DhMRs) were analysed using SeSAMe’s dif-
ferentially methylation region (DMR) function (FDR 
<0.05). Each DhMR corresponds to a single probe on 
the array with FDR < 0.05. Region annotations for 
DhMRs were performed using Homer’s 
annotatePeaks function. Gene annotations include 
1–5 kb upstream of transcriptional start sites (TSS), 
transcription termination sites (TTS), <1kb upstream 
of TSS (promoters), 5’ untranslated region (5’UTRs), 
exons, introns, 3’ untranslated region (3’UTRs), inter-
genic regions, CpG Islands, non-coding regions, and 
repetitive elements. Histone modification mark 
mining and transcription factor motif mining were 
analysed using SeSAMe’s knowYourCG function. 
Venn Diagrams were plotted using R package Eulerr 
[36]. Pathway analysis of DhMRs was performed 
using R package clusterProfiler [37].

RNA-Seq analysis

Adapter trimming was performed using TrimGalore 
(https://www.bioinformatics.babraham.ac.uk/pro 
jects/trim_galore/) using default paired-end settings. 
Read quality was inspected using Fastqc(https:// 
www.bioinformatics.babraham.ac.uk/projects/ 
fastqc/). Paired-end reads were aligned against 
mm10 reference genome using STAR [38] using 
default parameters, paired-end mode. Duplicate 
reads were removed using SAMtools [39]. Read 
counts were generated using StringTie [40] using 
default parameters. Differential gene analysis was 
performed using R package DESeq2 [41].

Results

Tet1 perturbation minimally impacts global 
methylation profiles

The goal of this study is to systematically dissect 
TET1’s catalytic and non-catalytic functions in the 
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adult cortex through the investigation of 5mC and 
5hmC profiles, gene expression, and brain pheno-
types. To uncouple TET1’s catalytic function from 
its non-catalytic (scaffolding) requirement, we 
generated and characterized Tet1HxD/HxD (here-
after referred to as Tet1 HxD) catalytic dead 
mouse model [20]. Tet1 HxD produces intact pro-
tein at wildtype levels with H1654Y and D1656A 
amino acid substitutions in the catalytic domain, 
rendering it unable to oxidize 5mC to 5hmC [18– 
20] (Figure 1(A)). We maintained Tet1 HxD as 
heterozygous, Tet1 HxD/+ mutants (hereafter 
referred to as Tet1 HxDHet) to generate both 
Tet1 HxD and Tet1 HxDHet littermates. We also 
utilized previously characterized Tet1−/− (hereafter 
referred to as Tet1 KO), where exon 4 deletion, 
results in frameshift mutation that ablates the 
TET1 protein [12,21,25].

To examine the DNA modification landscapes, 
we employed the Illumina Infinium mouse 
BeadChip array, which harbours > 285, 000 probes 
profiling methylation levels of individual CpG sites 
[22]. The BeadChip interrogates biologically rele-
vant CpGs that are representative of the mouse 
genome with manually curated coverage of gene 
promoters, enhancers, repetitive elements, and 
known CpG islands [22,42]. We employed the 
methylation array because it outperforms whole- 
genome bisulphite sequencing (WGBS) with 2–3 
fold lower technical variability at 30× sequencing 
depth [43]. The high sequencing coverage at each 
CpG and the inclusion of a large number of bio-
logical replicates enables the array a more robust 
statistical power in identifying differentially 
methylated regions (DMRs) relative to WGBS 
that are biologically meaningful [42,44]. To reli-
ably distinguish between 5mC and 5hmC modifi-
cation at individual CpG sites, we used bisulphite 
(BS) and bisulphite-assisted APOBEC3A-coupled 
epigenetic (bACE) conversion [22,45] (Figure 1 
(B)). Briefly, cortical genomic DNA (gDNA) was 
isolated from the whole cortex and split into two 
downstream workflows. In the first workflow, 
gDNA was treated with BS which deaminates 
unmodified C, but not modified 5mC or 5hmC. 
In the second workflow, gDNA was treated with 
BS and then the DNA deaminase APOBEC3A. 
The APOBEC3A enzyme preferentially deami-
nated residual 5mC, while cytosine 

5-methylenesulfonate (CMS), the product of 
5hmC reaction with BS was resistant to further 
deamination. Thus, while BS does not distin-
guish between 5hmC and 5mC (as both are 
sequenced as C), bACE provided a direct read-
out of 5hmC (as 5mC is sequenced as T post 
bACE treatment) (Figure 1(B)). Consequently, 
5mC is deduced by subtraction of bACE array 
signals from BS array signals. By leveraging the 
Infinium mouse BeadChip array on both BS- 
and bACE-treated gDNA samples, we were 
able to simultaneously infer the 5hmC, 5mC 
and C levels at individual CpG sites. 
A strength of the array approach is that each 
individual CpG is sampled to the equivalent of  
> 100-fold depth, which is otherwise not prac-
tical for WGBS and of particular importance in 
studying 5hmC given the typical genomic levels 
(0.8% of cytosines) [43,46]. The analysis for the 
Infinium mouse BeadChip array employed the 
SEnsible Step-wise Analysis of Methylation 
(SeSAMe) pipeline [22], where the raw 
Infinium IDAT files were processed into cor-
rected Beta values. After removing probes with 
low Beta signal intensity (equivalent to cytosine 
modification depending on context), we 
detected around 200,473 bACE probes per sam-
ple and 235,032 BS probes per sample that 
passed the quality check.

We first looked at the global methylation and 
hydroxymethylation landscapes of adult Tet1 WT, 
Tet1 HxD, Tet1 HxDHet, and Tet1 KO (n = 8) 
whole cortices. As expected, the high sequencing 
coverage at each CpG by the BeadChip array mini-
mized the variability in Tet1 biological replicates 
as the BS and bACE-treated samples clustered 
according to their respective treatment and geno-
type (Figure S1A). The global methylation level 
was computed from the average signals from all 
probes. We found that Tet1 KO, Tet1 HxD, and 
Tet1 HxDHet led to minor but statistically signifi-
cant downregulation in the global 5hmC and upre-
gulation in the global 5mC levels (Figure 1(C), 
Figure S1B-S1D). We have also performed 
Kruskal–Wallis One-Way ANOVA with Dunn’s 
multiple comparisons test on the averaged bACE/ 
BS levels from each mouse (Figure S1B-S1D). 
Although we observed statistical significance in 
pairwise comparison of most bACE/BS samples, 
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samples of the same genotype have very similar 
median bACE/BS. Thus, we conclude that globally, 
the bACE and BS signals are minimally perturbed 
although statistically significant. This is in agree-
ment with previous studies where the global 
changes were subtle, indicating that our analysis 
was working as expected [12,47].

TET1 regulates a subset of CpG sites in catalytic 
and non-catalytic manner

In order to examine the methylation changes in 
a locus-specific manner, we used SeSAMe’s 
Differentially Methylated Region (DMR) function 
[22], which identified locus-specific differential 
5hmC regions (DhMRs) between Tet1 WT and 
mutants, where each DhMR corresponds to a single 
probe on the array, using a False Discovery Rate 
(FDR) <0.05 (Figure 1(D)). We found 7,996 
DhMRs in Tet1 HxD (vs Tet1 WT) and 12,900 
DhMRs in Tet1 KO (vs Tet1 WT) (Figure 1(D)). 
Inspection of the methylation levels revealed that 
approximately 80% of the DhMRs had a decrease 
in 5hmC level (hypo-hydroxymethylation) and 
a reciprocal gain in 5mC level (hypermethylation) 
in both TET1 mutants (Figure 1(D-E), Table S6). 
This reciprocal hypermethylation (5mC gain) and 
hypo-hydroxymethylation (5hmC loss) in the Tet1 
mutants were consistent with the model by which 
Tet1 perturbation rendered it unable to oxidize sub-
strate 5mC into 5hmC. Of note, Tet1 HxDHet was 
comparable to their WT counterparts, yielding 
merely 826 DhMRs (Figure S1E), largely excluding 
the possibility that the catalytic mutation has domi-
nant negative effects.

To systematically disentangle the catalytic and non- 
catalytic mechanisms of TET1, we decided to focuson 
hypohydroxymethylated DhMRs (5hmC loss). We 
overlapped the hypohydroxymethylated DhMR dis-
tributions between Tet1 HxD and Tet1 KO. This 
generated three main subsets: 3,603 DhMRs were 
unique to the Tet1 HxD (HxD unique), 7,728 
DhMRs were unique to Tet1 KO (KO unique), while 
2,840 DhMRs were shared by the two mutants (com-
mon) (Figure 1(F), Table S6). We classified the com-
mon subset as those that required TET’s bona fide 
catalytic activity to establish and maintain the 5hmC 
levels. For these loci, the loss of TET’s catalytic 

function (Tet1 HxD) phenocopied methylation 
changes that are observed in Tet1 KO. We postulated 
that the KO unique subset that was rescued in the 
presence of the full-length Tet1 HxD corresponded to 
sites that require putative TET1 scaffolding function 
(or the non-catalytic activity of TET1) to achieve 
a normal 5hmC level. The third subset, designated as 
HxD unique, was fully rescued when TET1 full-length 
protein was ablated in the Tet1 KO. As our analysis 
concerned 5hmC levels specifically and TET enzymes 
are the only known writers of 5hmC, we reasoned that 
one possible explanation for this group is that full- 
length TET1 partially hindered TET2 and TET3 from 
accessing these co-regulated sites. This finding sug-
gested that in the adult cortex, distinct subsets of the 
genome have different requirements for TET1’s 
diverse functions to achieve stable 5hmC levels.

TET1 mainly exerts its function by modulating 
DhMRs in exons and introns

To further characterize the differentially impacted 
DhMR subsets in Tet1 mutants, we mapped their 
genomic locations. Compared to the annotated 
probe counts in the Infinium BeadChip array 
(Manifest), we found that approximately 50–60% of 
the DhMRs were located at the exon (p-value 
<0.0001) and intron (p-value <0.0001) regions of 
the gene bodies, followed by ~ 15% enrichment in 
the intergenic regions (p-value <0.0001) (Figure 2 
(A)). Because TET1 mainly exerted its function 
within the gene bodies, we then sought to compare 
the methylation changes within the transcription 
unit (5’UTR, promoter, exon, intron, 3’UTR) 
between Tet1 mutants and Tet1 WT. Overall, there 
was a significant loss of 5hmC (Figure 2(B)-2(D)) 
and gain of 5mC in all three DhMR subsets (Figure 
S2A-S2C). Comparing the degree of 5hmC loss 
across different subsets, we found that the effect 
was the most pronounced in the transcription unit 
of the common subset (Figure 2(B)), followed by the 
HxD unique subset (Figure 2(C)). This trend was 
congruent with our previously ascribed TET1 mode 
of regulation in Figure 1(F), where TET1’s catalytic 
function is dominant for 5hmC generation in the 
common sites, and the HxD unique sites likely 
require TET2 or TET3’s catalytic functions which 
may be sterically hindered by the presence of full- 
length TET1 HxD. In the common subset, we 
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Figure 2. TET1 mainly exerts its function by modulating DhMRs in exons and introns.
Note: (a) Genomic location distributions of HxD unique, common, and KO unique Hypo DhMR subsets (with 5hmC lost). Manifest 
represents the annotated probe counts in Infinium mouse BeadChip array (Fisher’s exact test, **p < 0.01, ***p < 0.001, ****p <  
0.0001). (b) Mean % 5hmC levels of n = 8 biological replicates within the transcription unit at common subset shared by Tet1 HxD 
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speculated that these sites required TET1’s catalytic 
function to establish its 5hmC basal level of ~ 25% in 
the WT adult cortex (Figure 2(B)). Because the com-
mon subset was shared by TET1 HxD and TET1 KO, 
it enabled us to explore the implications when these 
same sites were subject to catalytic mutation (HxD 
context) or protein ablation (KO context). With this 
in mind, the perturbation of TET1’s catalytic activity 
alone was sufficient to elicit marked 5hmC loss of ~  
7% from Tet1 WT level (p-value <0.0001) (Figure 2 
(B), Table S7) and 5mC hypermethylation of ~ 8% 
compared to Tet1 WT level (p-value <0.0001) 
(Figure S2A, HxD context, Table S7), similar to 
that observed in the Tet1 KO (Figure S2A, KO con-
text, Table S7). The methylation changes in the HxD 
unique subset were relatively smaller compared to 
the common subset, where on average, 5hmC was 
decreased by ~ 5.5% from Tet1 WT level (p-value 
<0.0001) (Figure 2C, Table S7) and 5mC increased 
by ~ 7% compared to Tet1 WT (p-value <0.0001) 
(Figure S2B, Table S7). As TET1’s full-length protein 
is still intact in Tet1 HxD mice, we speculated that it 
may be blocking TET2 and TET3 from accessing 
these co-regulated sites, thus contributing to partial 
5hmC loss. We classified the last subset of KO 
unique as TET1 non-catalytic sites exhibiting the 
least amount of perturbation, with ~ 3.7% 5hmC 
loss and ~ 5.5% 5mC gain compared to Tet1 WT 
(p-value <0.0001) (Figure 2 (D), Figure S2C, Table 
S7). Interestingly, for all DhMR subsets, the unmo-
dified C was minimally affected. There was only ~  
0.4%, ~1.5%, and ~ 1.3% unmodified C loss in the 
common, HxD unique and KO unique subsets, 
respectively (Figure S2D-S2F, Table S7). Because 
TET has been implicated in regulating repetitive 
elements [48–50], intergenic regions [51,52], and 
non-coding regions, we analysed their methylation 
changes at the Common (Figure S3A, S3D, S3G), 
HxD Unique (Figure S3B, S3E, S3H), and KO 
Unique (Figure S3C, S3F, S3I) subsets. Overall, 
these regions were similarly affected as the 

transcriptional unit. These findings were consistent 
with the model where 5hmC functions as a stable 
epigenetic mark, rather than an intermediate pro-
duct for active removal of 5mC in the post-mitotic 
neurons of the cortex [9,53–56].

Because DhMRs were mostly enriched within the 
gene body, we next sought to examine their distribu-
tion by performing metagene profiling. In general, 
DhMRs were depleted from the transcriptional start 
site (TSS) while enriched towards the 3’ end of the 
gene body for HxD unique (Figure 2(E)), common 
(Figure S2G Left), and KO unique (Figure S2G Right). 
This mirrored the distribution of transcription elon-
gation mark H3K36me3 [53,57,58]. In fact, previous 
studies had observed a high correspondence between 
5hmC profiles and H3K36me3 patterns within the 
gene bodies in various tissues [57,59–63]. To ascertain 
their relationship, we mined for histone modification 
consensus sequences at the DhMRs using SeSAMe 
pipeline. We identified H3K36me3 as the most 
enriched histone in all three subsets, in agreement 
with previous work [57,59–63] (Figure 2(F)). 
Additionally, we also performed transcription factor- 
binding motif mining at the DhMRs. Methyl-CpG- 
binding protein 2 (MeCP2) binding motif emerged as 
the top hit within the common and the KO unique 
subsets (Figure S2H). Notably, MeCP2 is a major 
5mC reader in the brain [8,64]. It is conceivable that 
TET1 May keep the binding sites hypomethylated via 
its catalytic activity, thus repelling MeCP2 binding.

Next, we defined gene functions associated with 
DhMRs by performing Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis. 
We observed that HxD unique and common sub-
sets were enriched for genes associated with neu-
ron-specific functions. Specifically, HxD unique 
DhMRs were involved in axon guidance, dendritic 
growth and neurotransmission (Figure 2(G), Table 
S6), while genes associated with common DhMRs 
were implicated in neuronal differentiation and 
development (Figure 2(G), Table S6). In contrast, 

and Tet1 KO (Mann-Whitney U test, *p < 0.05, ****p < 0.0001). HxD context denotes 5hmC changes upon catalytic mutation alone, 
while KO context denotes 5hmC levels upon TET1 protein ablation. (c) Mean % 5hmC levels of n = 8 biological replicates within the 
transcription unit at HxD unique subset (Mann-Whitney U test, **p < 0.01, ****p < 0.0001). (d) Mean % 5hmC levels of n = 8 
biological replicates within the transcription unit at KO unique subset (Mann-Whitney U test, ****p < 0.0001). (e) Representative 
metagene profile of HxD unique DhMRs. (f) SeSAMe pipeline mining of histone modification marks enriched at DhMRs. (g) KEGG 
analyses of HxD unique, common, and KO unique DhMR subsets. 
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genes associated with KO unique DhMRs were 
involved in general cell survival and proliferation 
(Figure 2(G), Table S6). This analysis underscored 
TET1’s neuronal niche where it contributed to 
critical neurodevelopmental processes via its cano-
nical catalytic activity.

Tet1 catalytic mutants HxD and KO regulate 
distinct gene sets

To gain molecular insights into the effects of Tet1 
perturbations on gene regulation, we performed 
bulk mRNA-Seq on Tet1 WT, Tet1 HxD, and 
Tet1 KO whole cortices. As a first-pass filter to 
evaluate the global transcriptomic differences 
between the three Tet1 genotypes, we performed 
a principal component analysis (PCA). PCA 
showed that the biological replicates cluster 
together, but the Tet1 mutants are well separated 
from WT on PC1 and PC2 (Figure S4A). 
Consistent with this observation, we found 146 
genes to be significantly differentially expressed 
in the Tet1 HxD (vs WT), with 102 genes 
(69.86%) being downregulated (Figure 3(A), 
Table S8). In contrast, Tet1 KO (vs WT) was 
more severely impacted with 283 significantly dif-
ferentially expressed, of which 206 genes (72.79%) 
were downregulated (Figure 3(A), Table S8). These 
results showed that intact TET1 directly or indir-
ectly modulated gene activation in the cortex. The 
findings also suggested that deletion of Tet1 
induced more severe outcomes in gene expression 
than the catalytic mutation alone, likely due to 
compound effects of both catalytic and non- 
catalytic functions.

Overall, the Tet1 catalytic mutant did not phe-
nocopy Tet1 loss, as there were only 19 differen-
tially expressed genes (DEGs) shared between the 
two (Figure 3(B) Top, Table S8). Likewise, only 15 
of the downregulated DEGs were common 
between the two mutants (Figure 3(B) Bottom, 
Table S8). These results suggested that TET1 
could target distinct genes via its canonical cataly-
tic role or potentially through the recruitment of 
regulatory-binding partners. Gene ontology (GO) 
analysis of all DEGs revealed that Tet1 KO elicited 
consequences in neuron development and synaptic 
functions (Figure 3(C), Table S8). However, path-
way analysis for DEGs in Tet1 HxD did not yield 

specific GO terms. To further explore the gene 
products that are affected, we ran Uniprot analysis 
on the DEGs. The most enriched pathway for 
DEGs in both Tet1 HxD and Tet1 KO cortices 
was genes associated with alternative splicing 
(Figure 3(D), Table S8). Our RNA sequencing 
parameters (2 X 51bp) were sufficient for differ-
ential gene expression profiling but not for identi-
fying novel variants of splice sites. Sequencing 
RNA with longer reads (e.g., 2X 125bp) is neces-
sary to confidently identify alternative splicing 
events [65].

Tet1 perturbation is associated with decreased 
5hmC

To elucidate whether these DEGs can be explained 
by methylation changes, we overlapped the DEGs 
with their DhMR-associated genes. Forty-one of 
the 146 HxD DEGs (28.08%) (p-value <0.0001) 
and 77 of the 283 KO DEGs (27.21%) (p-value 
<0.0001) corresponded to genes associated with 
DhMRs (Figure 3(E), Table S8). Next, we further 
dissected the relationship between 5hmC magni-
tude of change and gene fold-change directional-
ity. By plotting all the probes with their 
corresponding gene expression, we observed that 
a majority of the downregulated genes preferen-
tially clustered at the hypo-5hmC quadrant for 
both Tet1 HxD (Figure 3(F) Top) and Tet1 KO 
(Figure 3(F) Bottom). This trend held true even 
when we focused on probes that fall within the 
gene body (Figure S4B). We concluded that of the 
DEGs with accompanying methylation changes, 
most are associated with the loss of 5hmC 
(Figure 3(F)) and hypermethylation (Figure S4C, 
S4D), consistent with the known mechanism of 
TET1 activity. To statistically test the relationship 
between DEGs and their corresponding methyla-
tion changes, we performed linear regression. In 
both mutants, their p-value did not meet the sta-
tistical cut-off.

Tet1 Catalytic Mutant HxD accumulates 
lysophospholipids LPC and LPE

Our KEGG analysis of DhMRs suggests that TET1 
impacts gene subsets that may manifest in phenoty-
pic differences (Figure 2(G)). One such examples 
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Figure 3. Tet1 perturbation is associated with decreased 5hmC.
Note: (a) Volcano plot showing differentially expressed genes (DEGs) in Tet1 HxD (vs WT) and Tet1 KO (vs WT) (FDR <0.05, Fold 
Change > 1.5). (b) Top panel shows overlap between all Tet1 HxD and Tet1 KO DEGs. Bottom panel shows overlap between 
downregulated DEGs shared by Tet1 HxD and Tet1 KO. (c) GO pathway analysis of all Tet1 KO DEGs, while Tet1 HxD analysis did not 
yield specific GO terms (not shown). (d) Uniprot analysis of gene products for all Tet1 HxD DEGs (top panel) and Tet1 KO DEGs 
(bottom panel). (e) Top panel shows the overlap between Tet1 HxD’s DEGs and corresponding DhMR-associated genes. Bottom panel 
shows the overlap between Tet1 KO’s DEGs and corresponding DhMR-associated genes. Nearby genes associated with DhMRs were 
annotated using HOMER. (Exact binomial test, ****p < 0.0001). (f) Scatterplot of 5hmC magnitude of all probes with their 
corresponding gene expressions in Tet1 HxD (top panel) and Tet1 KO (bottom panel). 
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suggested that phospholipid composition could be 
potentially disrupted phenotypes (Figure 2(G)). 
Lysophospholipid biosynthesis is a highly complex 
biochemical reaction with two important pathways: 
de novo synthesis of glycerophospholipid and sub-
sequent fatty acid remodelling (Figure S5A). The de 
novo pathway converts glycerol 3-phosphate (G3P) 
to phospholipids, including phosphatidylcholine 
(PC) and phosphatidylethanolamine (PE). In 
the second pathway, the fatty acid compositions of 
the phospholipids PC and PE are then remodelled to 
generate lysophosphatidylcholine (LPC) and lyso-
phosphatidylethanolamine (LPE), respectively. 
These pathways involved the concerted action of 
many key enzymes. To test if the LPC and LPE 
phenotype in Tet1 mutant cortices can be explained 
by the gene changes, we performed Gene Set 
Enrichment Analysis (GSEA) with a list curated 
genes involved in LPC and LPE biosynthesis [66– 
72]. We observed that LPC and LPE genes are posi-
tively enriched in Tet1 HxD’s ranked gene set 
(Normalized Enrichment score (NES): 1.098, FDR 
q-value: 0.401) and conversely negatively enriched in 
Tet1 KO’s ranked gene set (NES: −0.650, FDR 
q-value: 0.929), although they did not meet the sta-
tistical FDR cut-off (Figure S4E). When we exam-
ined DEGs, we observed that two key enzymes 
involved in PC and PE remodelling, Pla215 and 
Lpcat1 (Table S8), are significantly changed in Tet1 
HxD. PLA2 enzyme oxidized the fatty acid chain of 
PC and PE to generate lysphospholipids LPC and 
LPE, respectively [73,74]. The reverse reaction was 
catalysed by LPCAT enzyme which converted LPC 
back to PC (Figure S5A). Tet1 HxD mice exhibited 
an upregulation of the Pla2g15 gene and downregu-
lation of Lpcat1 gene (Figure S4F–S4G).

To follow up on these findings, we investigated 
phospholipids in Tet1 WT and mutant cortices 
through High-performance Liquid 
Chromatography Mass-Spectrometry (HPLC-MS) 
. Briefly, we harvested and flash froze whole cor-
tices from Tet1 WT, Tet1 HxD, Tet1 HxDHet, and 
Tet1 KO (Figure S5B). These flash frozen tissues 
were then cut and weighed to ensure mean weight 
of ~10 mg/sample for downstream HPLC-MS pro-
cessing. The sensitivity of HPLC-MS allowed 
unbiased quantification of all lipid species in the 
whole cortex including glycerophospholipids, lyso-
phospholipids, glycosphingolipids, sphingolipids, 

and cholesterols [31]. Lysophospholipids such as 
lysophosphatidylethanolamine (LPE) and lysopho-
sphatidylcholine (LPC) were significantly altered 
in Tet1 HxD (vs WT) (Figure 4(A) Top Left, 
Table S9). Specifically, 32 LPE and LPC species 
were significantly elevated in Tet1 HxD. 
Conversely, Tet1 KO (vs WT) only had three dis-
rupted lipid species (Figure 4(A) Bottom Left, 
Table S9). Consistent with the volcano plot, heat-
map of the top 25 lipid classes yielded LPE and 
LPC as the most disrupted species (Figure 4A 
Right, Table S9). Of note, we further confirmed 
that Tet1 HxDHet did not act in dominant nega-
tive fashion as the Tet1 HxDHet cortices are 
devoid of overt lipidomic phenotype (Figure S5C- 
S5E)

The fatty acid compositions of LPC and LPE 
could trigger divergent inflammatory signalling 
pathways in the cells [75–77]. To classify the LPC 
and LPE species, we separated them based on their 
fatty acid chain. In Tet1 HxD, the LPE and LPC 
were driven by the upregulation of both un-/ 
mono-unsaturated and polysaturated species 
including AA (20:4), DHA (22:6) and oleic acid 
(18:1) compositions (Figure 4(B)). In contrast, 
Tet1 KO did not have statistically significant 
changes in fatty acid compositions. 
Polyunsaturated fatty acid (PUFA) side chains 
such as Arachidonic acid (AA) [20:4] is pro- 
inflammatory [75–79], while Omega-3 PUFAs 
Docosahexaenoic acid (DHA) [22:6] and 
Eicosapentaenoic acid (EPA) [20:5] are anti- 
inflammatory [80]. To understand the pathology 
of lysophospholipid profiles in Tet1 mice, we mea-
sured the AA:DHA ratio of LPC and LPE. We 
observed that AA:DHA ratio of LPC was markedly 
elevated in Tet1 HxD and Tet1 HxDHet, but not in 
the Tet1 KO (Figure 4(C)). Together, this sug-
gested that the TET1 catalytic activity is important 
for phospholipid metabolism in the cortex.

Neurotransmitter levels remain intact in Tet1 
mutants

KEGG pathway analysis of DhMRs also implicated 
disruption in neurotransmitter signalling (Figure 2 
(G)), offering added opportunities to explore the 
linkage between TET genotypes and brain pheno-
type. The role of TET1 in modulating 
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Figure 4. Tet1 HxD accumulates phospholipid LPC/LPE in the cortex while neurotransmitter levels remain intact.
(A) Left panel is volcano plot showing significantly upregulated and downregulated LPE and LPC species in Tet1 HxD (top) and Tet1 
KO (bottom) (n = 10, FDR < 0.05, fold change >1.5). Right panel is heatmap (B) showing Top 25 lipid classes that are most enriched in 
Tet1 WT (black), Tet1 HxD (red) and Tet1 KO’s (blue) whole cortices. Quality check (QC, yellow) represents quality control pooled from 
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neurotransmission is inconclusive. Tet1 KO mice 
exhibited normal long-term potentiation and levels 
of N-methyl-D-aspartate receptor (NMDAR) subu-
nits in the hippocampus [12]. In contrast, short- 
hairpin RNA (shRNA) knockdown of Tet1 in neu-
ronal culture caused increased neurotransmitter sig-
nalling accompanied by changes in surface AMPAR 
subunit glutamate receptor 1 (GluR1) levels [81,82]. 
Thus, we profiled the bulk neurotransmitter levels, 
including serotonin, glutamate, Gamma- 
Aminobutyric acid (GABA) and acetylcholine, in 
whole cortices (Figure S5B) [32]. Measured neuro-
transmitter levels did not differ in Tet1 mutants 
(Figure 4(D)). There was, however, a trend towards 
reduced serotonin and increased glutamate in Tet1 
HxD, suggesting that an increase in the sample size 
in the future may accentuate the subtle yet important 
trends in glutamate and serotonin levels.

Discussion

TET1 can regulate crucial cellular processes through 
a combination of catalytic and non-catalytic func-
tions in vitro, but its dual contributions have yet to be 
defined in the adult cortex. This gap in knowledge 
stems from knockout approaches that deplete the 
TET1 protein, thus precluding the discerning of its 
enzymatic and non-enzymatic roles in vivo. We over-
came this bottleneck by generating the Tet1 HxD 
mouse model with mutations that abrogate its cata-
lytic activity. Furthermore, we quantified the relative 
levels of 5mC, 5hmC, and unmodified C at individual 
CpG sites by leveraging the high-throughput 
Infinium mouse BeadChip array on bisulphite- and 
bACE-treated samples. Our systematic investigation 
provided in vivo evidence that TET1 can have dis-
tinct dual contributions in adult cortex physiology.

By comparing the DhMR distributions between 
Tet1 HxD and Tet1 KO, we successfully parsed out 
the genomic regions that define TET1’s three dif-
ferent modes of regulation (Figure 1(F)): bona fide 
catalytic action (common subset), non-catalytic 
regulation (KO unique subset), and a third set, 

which we postulate are regions that are co- 
regulated with TET2/3 (HxD unique subset). We 
posit that the common subset relies on TET1 
catalytic activity to generate 5hmC as the loss of 
TET1’s catalytic activity led to pronounced 5hmC 
loss to similar extent as the TET1 protein ablation. 
The marked 5hmC loss may be explained by the 
formative role of TET1 in establishing 5hmC in 
embryonic brain development and maintaining 
5hmC levels in mature neurons at these sites. 
Longitudinal quantification of Tet paralogs in the 
brain of early embryos revealed that all Tet para-
logs are highly expressed to similar degree at 
embryonic day 9.5–10.5 [83,84]. In the postnatal 
brain, however, Tet3 became the most abundant 
paralog, followed by Tet2 [13]. Despite the lower 
reported expression of Tet1 in the brain, we have 
shown that TET1 could play a dominant and non- 
redundant role in establishing 5hmC levels at the 
common subset.

In contrast, HxD unique sites experience milder 
5hmC loss. A possible explanation for DhMRs that 
are unique to Tet1 HxD cortices is that they corre-
spond to genomic locations that require cooperation 
from the three TET paralogs to achieve physiological 
5hmC levels. Cooperation between the three Tet para-
logs in maintaining 5hmC levels has been observed 
previously in mESCs [85,86] and a pluripotent 
embryonic carcinoma cell model [52]. Using knock-
outs of Tet1 or Tet2, these studies demonstrated the 
stepwise recruitment of different Tet paralogs to the 
same sites to oxidize 5mC. One study revealed that 
TET1 first initiated the 5mC oxidation to 5hmC, 
which in turn recruited transcription factor Saal-like 
protein 4A (SALL4A) that stabilized TET2 binding at 
the sites for subsequent 5fC/5caC oxidation [85]. In 
another study, Tet2/3 small interfering RNA (siRNA) 
knockdown reduced 5hmC level at a subset of TET1 
recruited sites, strongly suggesting co-dependence of 
TET paralogs [52]. It has also been demonstrated that 
TET2 was mainly required to establish 5hmC in the 
naïve mESCs, while TET1 was subsequently recruited 
during transition to primed pluripotency [86]. These 

all samples. (C) Bar graph shows mean levels of all LPCs and LPEs and parsed by fatty acid chains (mean ± SEM; n = 10, one-way 
ANOVA with Dunnett’s multiple comparisons test, ****p < 0.0001). (D) Arachidonic acid (AA) [20:4] to Docosahexaenoic acid (DHA) 
[22:6] ratio of LPC and LPE fatty acid side chains (mean ± SEM; n = 10, one-way ANOVA with Dunnett’s multiple comparisons test, *p  
< 0.05). (E) Bar graphs show mean neurotransmitter levels in Tet1 WT, Tet1 HxD and Tet1 KO whole cortices (mean ± SEM; n = 10, 
one-way ANOVA with Dunnett’s multiple comparisons test). 
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studies underscored the hierarchical cooperation 
between the TETs, where one TET paralog has 
a stronger role in initiating the 5mC to 5hmC oxida-
tion, and subsequently recruits other TET paralogs. It 
is conceivable that a similar TET1/2/3 co-regulation 
could operate at the HxD unique sites, where TET1 
plays an initiating role of 5mC oxidation, followed by 
TET2 and/or TET3 at these HxD unique sites. We 
propose that upon catalytic mutation, Tet1 HxD’s full- 
length protein could still bind but failed to catalyse 
5mC oxidation, thereby blocking TET2 and/or TET3 
from accessing and compensating the 5hmC loss. 
Interestingly, the blocking effect on TET2 and/or 
TET3 is largely abrogated in the Tet1 HxDHet, poten-
tially suggesting that the restoration of TET1’s cataly-
tic function is instructive for TET1’s timely 
dissociation from the effector sites and subsequent 
recruitment of TET2 and/or TET3. Lastly, the KO 
unique subset encompassed sites that are independent 
of TET1’s catalytic activity. Studies in mESCs have 
shown that TET1 could form a complex with binding 
partners to regulate the underlying chromatin state 
[14,57,87]. Specifically in the brain, TET1 has been 
shown to form complex with Early growth response 
factor 1 (EGR1) [13], methyl CpG binding protein 2 
(MeCP2) [88], Hypoxia-inducible factor 1 alpha 
(HIF1α) [89], and homeobox protein NANOG [90] 
to modulate neuronal activity, expression of learning 
genes, stress-induced responses and medulloblastoma 
progression, respectively.

Furthermore, we found that TET1 predomi-
nantly exerts both its catalytic and non-catalytic 
roles at exons/introns, consistent with the 5hmC 
distribution observed in previous studies 
[8,9,12,64,91]. Overall, GO analysis of HxD 
Unique DhMRS suggested that TET1 catalytic 
activity is associated with neuronal-specific func-
tions, such as axon guidance, synaptic plasticity, 
and neuronal differentiation. In contrast, TET1 
non-catalytic sites are involved in general cell sur-
vival and proliferation functions. Consistent with 
previous studies that investigated TET1 neuronal 
functions with either Tet1 overexpression in foetal 
brain [92] or Tet1 deletion in the adult brain 
[9,10,12], our data emphasized that these are lar-
gely driven by TET1’s canonical catalytic roles.

Our data also indicated that the Tet1 mutations 
have profound effects on the 5hmC and 5mC 
levels, while the unmodified C level is significantly 

but minimally perturbed in the Tet1 mutants. 
Mechanistically, this result suggests that in post- 
mitotic neurons, TET1 predominantly impacts the 
5mC to 5hmC conversion step within gene bodies, 
and is minimally involved in the 5fC/5caC- 
mediated unmodified C restoration downstream. 
From the biochemistry standpoint, this can be 
explained by the distributive model of TET1- 
mediated oxidation [52,93–95]. Biochemical assays 
that support the distributive model have validated 
that TET1 dissociates from its DNA substrate after 
each turnover rather than oxidizing to 5fC/5caC 
iteratively [52,93–96]. Crystal structure further 
revealed that TETs have higher activity on 5mC 
than 5hmC and 5fC as the 5fC/5caC adopted 
a more restrained conformation within TET’s cat-
alytic pocket. Therefore, it is conceivable that in 
the adult cortex, TET1 is tuned to initiate the first 
step of 5mC to 5hmC conversion and is less prone 
to conduct further oxidation until its activity is 
stimulated. This evolutionary conserved property 
of TET1 enabled the generation of 5hmC as 
a stable epigenetic mark, and not merely an inter-
mediate to be eliminated in the adult cortex, as 
suggested in previous studies [9,53–56,97]. It is 
postulated that the stable 5hmC can serve as signal 
to recruit downstream epigenetic proteins such as 
EGR1 [13] and HIF1α [89], or repel the binding of 
5mC-binding factors such as MeCP2 [8,64].

The relationship between 5hmC abundance and 
gene expression can be challenging to decipher. 
Previous studies that interrogated the 5hmC: 
5mC ratio in relation to ranked gene expression 
in cerebellar cell populations observed a high posi-
tive correlation between the two [8,64]. Here, we 
empirically tested this hypothesis by manipulating 
TET1 activity and leveraging CpG-level resolution 
to evaluate this relationship in adult cortex. In our 
experiments, TET1-mediated 5hmC loss could 
induce a mixture of downregulated and upregu-
lated genes. However, there is little correspon-
dence between DEGs and their methylation 
status, potentially due to the caveat of using 
whole cortex with mixed neuronal and non- 
neuronal cell populations. It is established that 
TET enzymes and 5hmC are highly enriched in 
NeuN+ post-mitotic neuronal cells, but less so in 
immature progenitor and glial cells [10,47,97,98], 
and gene expression signals are contributed by all 
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cell types. Remarkably, single-cell method that 
simultaneously measured 5hmC and 5mC levels 
revealed that 5hmC signal is mostly derived from 
the neuronal population (~26% in neuronal cells 
vs ~ 9.5% in nonneuronal cells) in the adult mouse 
cortex [27]. Importantly, when we focused on the 
DEGs with methylation changes, many signifi-
cantly downregulated DEGs displayed correspond-
ing loss of 5hmC and hypermethylation, consistent 
with the general trend observed in previous studies 
[8,64]. Further testing with linear regression of the 
relationship between DEGs and corresponding 
methylation changes did not meet the statistical 
cut-off, potentially due to confounding effects of 
using whole cortex with mixed cells. This empha-
sized on the importance of using purified neuronal 
cells for future experiments. Post-mitotic neuronal 
populations can be captured via fluorescence- 
activated cell sorting (FACS) with NeuN (or 
FOX-3 or RBFOX3) markers [99].

Leveraging the ability of the Infinium BeadChip 
array to measure fractional methylation level at indi-
vidual CpG sites, we observed that Tet1 manipula-
tion can induce defects in 5mC oxidation to 5mC 
relative to wildtype at specific DhMRs, as well as 
changes in global gene expression. Interestingly, we 
observed that Uniprot analysis of DEGs showed 
enrichment for genes associated with alternative spli-
cing. This finding suggests a crosstalk between the 
methylation status of the transcribed DNA template 
and alternative splicing machinery. Consistent with 
this, manipulation of TET1 protein and 5hmC levels 
has consequences in exon definition during alterna-
tive splicing [88,100,101]. One proposed mechanism 
is that intragenic DNA methylation facilitates exon 
definition by impacting the recruitment of methyl- 
binding proteins that modulate Polymerase II paus-
ing. One compelling candidate suggested by our 
transcription factor motif mining at DhMRs is the 
methyl-CpG-binding protein 2 (MeCP2). 
Biochemical studies have identified MeCP2 as the 
most abundant 5mC-reader in the brain [8,64]. 
MeCP2 binds with high affinity to 5mC and is 
repelled from 5hmC-enriched DNA. In the context 
of alternative splicing, the binding of MeCP2 to 
intragenic 5mC favours exon inclusion by obstruct-
ing RNA Polymerase II (RNA Pol II) elongation 
[88,102].

Another mechanism that links 5hmC distribu-
tion to alternative splicing is the enrichment of 
histone H3K36me3, which is the most prominent 
histone modification motif in all three DhMR sub-
sets. Other studies have reported the striking cor-
relation between genic 5hmC and H3K36me3 
distribution in actively transcribed genes [57,59– 
63]. It was also observed that preferential 
H3K36me3 occupancy at exons correlates with 
exon inclusion [103–107]. Mechanistically, 
H3K36me3 could affect exon recognition in two 
ways: H3K36me3 could function as ‘speed bumps’ 
that slow down RNA Pol II elongation rate, or 
H3K36me3 could serve as scaffold to recruit spli-
cing factors [107,108].

It has been demonstrated that Tet1 KO mice dis-
play a delay in contextual fear memory extinction, 
potentially due to aberrant downregulation of 
immediate early genes such as Npas4, cFos, Arc 
[10–12]. Our study shed light on novel Tet1 catalytic 
mutant phenotypes. Here, we reported that Tet1 
HxD catalytic mutant accumulates high level of 
lysophospholipids LPC and LPE in the cortex. In 
the mammalian brain, PC (33%), PE (16%), and 
cholesterol (30%) are the major building blocks of 
the neural membrane [109,110]. Their abundance 
and fatty acid compositions are integral to mem-
brane stability, fluidity, and permeability [109] as 
well as the sensory signalling of membrane proteins, 
receptors, and ion channels [110]. Alterations of 
LPC and LPE lysophospholipid levels have been 
associated with neurodegenerative diseases and 
traumatic brain injury [110–113].

The fatty acid compositions of LPC and LPE play 
a large role in dictating their inflammatory profile. 
Polyunsaturated fatty acids (PUFAs) such as 
Arachidonic acid (AA) [20:4] are pro-inflammatory 
[75–79], while Omega-3 PUFAs such as docosahex-
aenoic acid (DHA) [22:6] are anti-inflammatory 
[80]. Therefore, the ratios of AA:DHA are used as 
markers for chronic inflammation, where high AA: 
DHA ratio indicates pro-inflammation, mitochon-
drial dysfunction, and lipotoxicity [112,114–116]. 
We observed that in Tet1 HxD cortices, the upregu-
lated LPC is mainly the pro-inflammatory species 
with high AA:DHA ratio. Although we did not 
directly investigate the neuronal functional conse-
quences of lysophospholipid accumulation in Tet1 
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HxD, reduced neuronal viablility phenotypes may 
occur based on analysis of LPC in the brain. Excess 
LPC has been shown to induce lipotoxicity in neu-
ronal cells either by compromising cell membrane 
integrity or oxidative stress [117–120]. Furthermore, 
injection of LPC with long fatty acid side chain (16:0, 
18:0) induced lipotoxicity that correlated with brain 
injury [113,120,121]. Excess LPC also induced neu-
ronal cone collapse and neuronal death through 
excessive calcium influx in neurons [122,123]. It 
will be interesting to dissect how Tet-mediated 
5hmC could contribute to the lysophospholipid 
accumulation in future experiments. For instance, 
mutating the methylation sites of metabolic enzymes 
involved in lysophospholipid metabolism, or mea-
suring the post-translational changes in these meta-
bolic enzymes could shed lights on the underlying 
mechanisms. Together, our study showed that Tet1 
catalytic mutation alone could manifest in previously 
underappreciated lysophospholipid phenotype in 
the cortex.

In summary, our work has shown that Tet1 
HxD does not completely phenocopy Tet1 KO 
in terms of methylation profile, gene expression 
and phenotypic outcomes, providing evidence 
that TET1 is linked to distinct cortical functions 
through its catalytic and non-catalytic roles. 
Our novel Tet1 HxD mouse model combined 
with careful parsing of the 5hmC and 5mC at 
individual CpG levels have provided an in vivo 
platform to investigate the regulatory roles of 
TET1. This led us to uncover the biological role 
of TET1’s catalytic activity in maintaining cor-
tical membrane lipidomics. Our findings under-
score the importance of investigating the 
relative contributions of TET1’s enzymatic and 
non-enzymatic actions in the development of 
other tissues or pathological contexts.
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