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TET1-mediated DNA hydroxymethylation regulates
adult remyelination in mice

Sarah Moyon'™, Rebecca Frawley!, Damien Marechal', Dennis Huang', Katy L. H. Marshall-Phelps?,
Linde Kegel?, Sunniva M. K. Bgstrand® 2, Boguslawa Sadowski>*>, Yong-Hui Jiang®, David A. Lyons® 2,
Wiebke Mébius® 34° & Patrizia Casaccia® "/*

The mechanisms regulating myelin repair in the adult central nervous system (CNS) are
unclear. Here, we identify DNA hydroxymethylation, catalyzed by the Ten-Eleven-
Translocation (TET) enzyme TET1, as necessary for myelin repair in young adults and
defective in old mice. Constitutive and inducible oligodendrocyte lineage-specific ablation of
Tet1 (but not of Tet2), recapitulate this age-related decline in repair of demyelinated lesions.
DNA hydroxymethylation and transcriptomic analyses identify TET1-target in adult oligo-
dendrocytes, as genes regulating neuro-glial communication, including the solute carrier (Slc)
gene family. Among them, we show that the expression levels of the Nat/K+/Cl— trans-
porter, SLC12A2, are higher in Tet overexpressing cells and lower in old or Tetl knockout.
Both aged mice and Tetl mutants also present inefficient myelin repair and axo-myelinic
swellings. Zebrafish mutants for slc12a2b also display swellings of CNS myelinated axons. Our
findings suggest that TET1 is required for adult myelin repair and regulation of the axon-
myelin interface.
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ARTICLE

ew myelin formation in the adult brain is critical for

repair of damaged or lost myelin, which is impaired in

several neurological and psychiatric disorders!-%. Myelin
is the specialized membrane of oligodendrocytes (OLs), whose
differentiation from oligodendrocyte progenitor cells (OPCs)
results from the interplay of transcription factors and epigenetic
regulators that can be influenced by diverse external stimuli>.
Most of these mechanisms have been studied in the context of
developmental myelination or in primary cultured cells’~10.
However, the epigenetic marks in each cell type, are affected by
external conditions, age and disease states>!1~1>. We and others
have reported the role of several epigenetic marks at distinct
stages of oligodendrocyte cell lineage and discussed the impor-
tance of specific chromatin modulators for developmental
myelination®1%:16:17 and remyelination!®1°, In particular, DNA
methylation, catalyzed by DNA methyltransferases (DNMTs), is
the single most significative epigenetic mark predictive of biolo-
gical agel420. We recently reported an age-dependent role of
DNMTT1 regulating proliferation and differentiation of neonatal
OPCs (nOPCs)!¢ and having only minor effects on the differ-
entiation of adult OPCs (aOPCs) during myelin repair!®. How-
ever, our genome-wide DNA methylation dataset was obtained
using bisulfite-conversion sequencing!, and therefore could not
distinguish between two distinct modifications on cytosine resi-
dues, with opposing transcriptional outcomes: DNA methylation
(5mC), an epigenetic modification generally associated with
transcriptional repression, and DNA hydroxymethylation
(5hmC), mainly associated with transcriptional activation?!22,
Together with the distinct roles of DNMTs in developmental
myelination and adult remyelination, this raised the question on
the genome-wide distribution and functional role of DNA
hydroxymethylation in adult myelin repair, that is addressed in
this study.

DNA hydroxymethylation refers to the oxidation of methylated
cytosine residues in the DNA (5mC), in a multi-step reaction
catalyzed by enzymes called Ten-Eleven Translocation
(TETs)?1-2°. These enzymes act as methyl-cytosine dioxygenases,
which convert a hydrogen atom at the C5-position of cytosine to
a hydroxymethyl group (5hmC), through oxidation of 5mC?3-2>.
As such, this reaction has been suggested to serve as an inter-
mediate step to promote DNA demethylation and favor gene
expression?!:22:24-27 The TET family includes proteins that are
particularly enriched in brain tissue and differentially expressed
in neuronal and glial cells?1:26-28, In neuronal progenitors, TETs
are necessary for their differentiation during cortical
development??, and later for axonal growth and functional neu-
ronal circuits formation33l. In glial cells, although their
expression has been reported in cultured glial cells?8 and dysre-
gulated in glioblastomas®?, a thorough molecular and functional
analysis of DNA hydroxymethylation in the adult brain and in
myelin repair is lacking.

Here, we combined unbiased sequencing approaches and in
silico data analysis, with immunohistochemical and phenotypic
characterization of lineage specific constitutive and inducible
mouse mutants to identify TET1 as an enzyme responsible for the
expression of genes regulating the axon-myelin interface during
myelin repair.

Results

Age-dependent DNA hydroxymethylation during myelin
regeneration. To start characterizing the distinct contribution of
DNA methylation and hydroxymethylation to spinal cord OLIG2
+ oligodendroglial cells at postnatal day 7 (P7) and adulthood
(P60), we assessed nuclear immunoreactivity to antibodies spe-
cific for the DNA methylation mark 5 methylcytosine (5mC)

(Fig. 1a, b) or for the DNA hydroxymethylation mark 5 hydro-
xymethylcytosine (5ShmC) (Fig. 1c, d). The levels of immunor-
eactivity were expressed as the ratio of intensity of either
5mC or 5hmC to the nuclear area of OLIG2 + cells (expressed
in pixels/um?) and the proportion of OLIG2 + cells with low
(<5 pixels/um?), medium (between 5 and 10 pixels/um?) and high
(>10 pixels/pm?) was calculated. The proportion of OLIG2 + cells
with high levels of DNA methylation increased from 4.33 +1.23
in the neonatal spinal cord to 28.84 +3.75% in the adult tissue
(Fig. 1b). The time-dependent increase in the proportion of
OLIG2 + cells with high levels of DNA hydroxymethylation was
even more striking, ranging from 1.84 +1.03% in the neonatal
spinal cord to 35.50 + 8.12% in the adult tissue (Fig. 1d). Since
hydroxymethylation requires the presence of a methyl group on
the DNA as substrate, the higher proportion of OLIG2 + cells
with high levels of 5mC and 5hmC in the adult compared to the
neonatal spinal cord, set the premise for a deeper investigation on
the functional role of this mark in adult myelin formation.

As a major function of adult OPCs is myelin repair in response
to a demyelinating injury, we opted to use the lysolecithin (LPC)-
induced model of demyelination in the spinal cord of young
(P60) and old (P540) adult mice (Fig. le). The selection of this
experimental model was due to the fact that the temporal pattern
of demyelination and remyelination has been extensively
reported to decline with age33-38. Consistent with previous
reports3’, remyelination after LPC injection was efficient in
young P60 adult mice 21 days after lesion (21dpl), and impaired
in old P540 mice, as indicated by the lower number of remyelinated
axons (Fig. 1f, g). The age-dependent decline in remyelination was
also assessed on cryosections, using Fluoromyelin staining at 7, 14,
and 21dpl (Supplementary Fig. 1a—d). In young adults, the intensity
of the Fluoromyelin staining gradually recovered after lesion,
reaching the same levels of intensity as unlesioned white matter
tracts by 21dpl (Supplementary Fig. 1a, b), while the recovery was
delayed and less effective in older mice (Supplementary Fig. 1c, d).
The successful recovery in young mice was preceded by a
progressive increase in the percentage of OLIG2 + cells with high
levels of 5hmC starting at 14dpl (Fig. 1h and Supplementary
Fig. le). Old mice, in contrast, showed a delayed and impaired
response, characterized by a lower percentage of OLIG2 + cells with
high 5hmC (Fig. 1i), although the overall density of OLIG2 + cells
remained constant between young and old mice (Supplementary
Fig. 1f). As previously described, adult OPC in young and old mice
started proliferating in response to a demyelinating lesion, although
the response was less prominent in old mice (Supplementary
Fig. 1g). Differentiation of OLIG2 + cells into CC1 + oligodendro-
cytes, was also much more pronounced in young mice (Fig. 1j),
than old ones (Fig. 1k). Together, these data support an overall age-
dependent decline of DNA hydroxymethylation and remyelination.

TET1 and TET2 are the most abundant isoforms in the oli-
godendrocyte lineage, although only TET1 shows an age-
dependent decline. DNA hydroxymethylation is catalyzed by the
Ten-Eleven Translocation (TET) family of enzymes, which
includes TET1, TET2, and TET3. We therefore started char-
acterizing the presence of these distinct isoforms by performing
immunohistochemistry in cryosections of adult spinal cord
(Fig. 2a) and corpus callosum (Fig. 2b). Of the three enzymes,
TET1 and TET2 showed clear immunoreactivity in OLIG2 + cells
in the adult spinal cord, with TET3 being detected only in a very
small percentage of OLIG2 + cells (Fig. 2¢). To further address the
impact of aging on the levels of these enzymes, we sorted OPCs
from neonatal (P5), young (P60) and old (P540) Pdgfra-H2BEGFP
reporter mice, and used a single-cell suspension capture method,
based on microfluidics (C1 Fluidigm), to amplify transcripts by
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Fig. 1 Age-dependent DNA hydroxymethylation during new myelin formation. a Nuclear immunoreactivity specific for 5 methylated cytosine (5mC,
green) and OLIG2 (red) in adult mouse spinal cord sections. Scale bar =10 um. b Bar graphs showing the relative proportion of OLIG2 + cells with low,
medium, or high levels of 5mC immunoreactivity in the neonatal (P7) and adult (P60) spinal cord. Error bars represent SEM for n = 4 mice (*p < 0.05 and
***p < 0.001, two-way ANOVA, for age and 5mC immunoreactivity). ¢ Nuclear immunoreactivity specific for hydroxymethylated cytosines (5ShmC, green)
and for OLIG2 (red) in adult mouse spinal cord sections. Scale bar =10 um. d Bar graphs showing the relative proportion of OLIG2 + cells with low,
medium, or high levels of 5hmC immunoreactivity in the neonatal (P7) and adult (P60) spinal cord. Error bars represent SEM for n = 4 mice (**p < 0.01 and
***p < 0.001, two-way ANOVA, for age and 5hmC immunoreactivity). e Schematic experimental timeline of lysolecithin lesion experiment in young and old
mice. f Electron micrographs of lesioned spinal cord sections from young (P60) and old (P540) mice at 21 days post-lesion (21dpl). Remyelination in young
and old adult samples shown by white arrowheads. Scale bar =5 um. g Data indicate the average remyelinated axons in young and old spinal cord 21dpl.
Error bars represent SEM for n=5 young mice and n=4 old mice (***p =0.0002, Student's t test two-tailed). h, i Quantification of the percentage of
OLIG2 + cells with high levels of 5hmC in spinal cord lesions at 7dpl, 14dpl, and 21dpl, in young (h) and old (i) mice. Dotted line indicates the relative
percentage of OLIG2 + cells with high level of 5hmC in unlesioned white matter tracts (NWM). Data represent the average of 3 sections/mouse. Error
bars represent SEM for n =5 young mice and n = 4 old mice (**p < 0.01 and ***p < 0.001, one-way ANOVA, for time after lesion). j, k Quantification of the
percentage of CC1+ cells with high level of 5hmC in spinal cord lesions in young (§) and old (k) mice analyzed at 7dpl, 14dpl, and 21dpl. Dotted line
indicates the relative percentage of CC1+ cells with high level of 5ShmC in unlesioned white matter tracts (NWM). Data points indicate the average

3 sections/mouse. Error bars represent SEM for n =5 young mice and n =4 old mice (***p <0.001, one-way ANOVA, time after lesion).

real-time quantitative PCR (rt-qPCR) of the three preparations
(Fig. 2d). Transcripts for Tetl (Fig. 2e) and the percentage of
TET1 expressing OLIG2 + cells (Fig. 2f) were the most dramati-
cally decreased by aging. Tet2 transcript levels and the percentage
of TET2 expressing OLIG2 + cells, in contrast, were only mini-
mally impacted by age (Fig. 2e, f). The age-dependent differences
in TET1 (Supplementary Fig. 2a-d), but not TET2 (Supplemen-
tary Fig. 2e-h) levels, persisted in the lesioned adult spinal cord
during repair from demyelinating lysolecithin injections (Supple-
mentary Fig. 2). Together, these findings identify the levels of
TET1, and not of TET2, to decline with age, concurrently with the
levels of 5hmC in oligodendroglial lineage cells.

the Tet2-flox line*! to further address the specificity of the iso-
form (Supplementary Fig. 3). Both crosses generated truncated
and catalytically inactive TET1 or TET2 isoforms (see Methods
for details). Survival, body size, and weight of Oligice/+; Tet1//f!
(Tet] mutants) or Oligl"6/+;Tet2ﬂ/J(l (Tet2 mutants) mice did
not differ from their respective controls (Oligl*/*;TetIV/l and
Oligl*/+;Tet2/Vfl) (Fig. 3a-c, Supplementary Fig. 3a—c) and no
overt motor phenotype was detected.

Immunohistochemistry validated the cell lineage specificity of
Tetl (Supplementary Fig. 4a) or Tet2 (Supplementary Fig. 4b)
ablation in OLIG2 +cells, and not in ISLET1 + neurons
(Supplementary Fig. 4c, d) or GFAP + astrocytes (Supplementary
Fig. 4e, f). We also validated the absence of any compensatory
upregulation of other TET isoforms in each of the mutants,
compared to controls (Fig. 3d, Supplementary Fig. 3d).

Quantification of immunostained spinal cord (Fig. 3e, h) from
Tet]1 mutants did not reveal any difference in OLIG2 + or CC1 +
cell density (Fig. 3f) or in the extent of MBP + areas (Fig. 3g),

Constitutive or inducible ablation of Tetl in OPCs mimics the
events leading to defective myelin regeneration detected in old
mice. As aging resulted in the progressive decline of Tetl, we
asked whether a lineage specific constitutive conditional knock-

out for Tet] would mimic the inefficient remyelination phenotype
observed in old mice. We therefore crossed Oligl-cre mice3 with
the Tet1-flox line (gift from Pr. Yong-Hui Jiang)*? (Fig. 3) or with
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P60 spinal cord extracts did not show significant differences
between the two genotypes (Fig. 3i, j). Ultrastructural analysis of
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Fig. 2 TET1 and TET2 are the most abundant isoforms in OLIG2 + cells in the adult spinal cord, with only TET1 displaying an age-dependent decline.
a, b Representative confocal images of coronal spinal cord (a) and brain (b) sections from adult mice (P60) stained with antibodies specific for the
indicated TET isoforms (green) and for OLIG2 (in red). White arrowheads indicate co-labeled cells. Scale bar = 50 pm. ¢ Percentage of OLIG2 + cells
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(***p<0.001 for TETT, p = 0.0640 for TET2, p=0.1281 for TET3, Student's t test two-tailed). d Representative fluorescence-activated cell sorting plots of
oligodendrocyte progenitor cells isolated from Pdgfra-H2BEGFP reporter mice at neonatal (P5, nOPC), adult (P60, aOPC), and old (P540, oOPC) age.
Single-cells were captured and RNA extracted using microfluidics (C1Fluidigm), coupled to RT-gPCR for single-cells, using Biomark. e Violin plots of Tet1
and Tet2 in nOPC (n=61), aOPC (n=76), and oOPC (n = 51) reveal a significant and sharp age-dependent decline of TetT and to a much lesser extent of
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bars represent SEM (***p < 0.001 for TET1, p=0.5050 for TET2, Student's t test two-tailed).

ventral white matter spinal cord sections revealed the same
number of myelinated fibers (Fig. 3k, 1) and g-ratio (Fig. 3m) in
control and Tet] mutants. Similar cell density (Fig. 3n, o) and
extent of MBP immunoreactivity (Fig. 3p) were detected in the
corpus callosum of Tet] mutants compared to controls,
suggesting no regional differences. Tet2 mutants did not reveal
any difference in myelin content compared to controls (Supple-
mental Fig. 3e-j).

To further ascertain that lack of Tet1 did not impact the critical
period of developmental myelination, we conducted immunohis-
tochemical analysis of spinal cord sections at earlier develop-
mental time points (postnatal day 14, P14) (Supplementary
Fig. 5a). Also, at this time point, the density of OLIG2 + cells and
CC1 + oligodendrocytes (Supplementary Fig. 5b) and the extent
of immunoreactive MBP areas (Supplementary Fig. 5c) were
similar between Tetl mutants and controls. Those findings were
further validated by electron microscopy on postnatal day
14 spinal cords (Supplementary Fig. 5d, e) and optic nerves
(Supplementary Fig. 5g, h) from controls and Tet] mutants,
which revealed similar numbers of myelinated axons (Supple-
mentary Fig. 5e, h) and similar g-ratio (Supplementary Fig. 5f, i)
in mice of the two genotypes. Overall, we conclude that adult
myelination was not impacted by the loss of TetI or Tet2 during
development.

To address the functional consequences of Tetl ablation on
myelin repair, we then induced demyelination by LPC injection
in the spinal cord of mice with either constitutive (Oligl-cre;Tet1-

flox) (Fig. 4a) or tamoxifen-inducible ablation (Pdgfm—creER(T);
Tetl-flox) of Tetl in oligodendrocyte progenitors*? (Fig. 4n).
Constitutive Tet2 mutants (Oligl-cre;Tet2-flox) were used as
control for specificity (Fig. 4a). At 14dpl, a lower proportion of
OLIG2 + with high 5hmC (Fig. 4b, c), was detected within the
area surrounding the lesion in constitutive Tetl mutants
compared to controls, while no difference was detected in the
Tet2 mutants (Fig. 4d, e). Constitutive Tef] mutant mice with
defective DNA hydroxymethylation also showed impaired myelin
regeneration compared to controls (Fig. 4f, g and Supplementary
Fig. 6a), while Tet2 mutants were virtually indistinguishable from
wild-type mice (Fig. 4h, i and Supplementary Fig. 6a). Impaired
remyelination in the Tet] mutants was validated by electron
microscopy (Fig. 4j), which revealed fewer remyelinated axons
(Fig. 4k) but unaltered g-ratio (Fig. 41), compared to controls. The
inefficient remyelination in the Tetl mutants could not be
explained by defective proliferation (Supplementary Fig. 6b) or
decreased early differentiation, as the percentage of OLIG2 + and
CC1 + cells was the same in mutants and controls at 14dpl
(Supplementary Fig. 6¢). We therefore reasoned that the changes
detected during the repair process were likely consequent to
altered gene expression in differentiating CC1 + oligodendro-
cytes, due to impaired DNA hydroxymethylation (Fig. 4m).

To rule out that the observed phenotype could be linked to any
residual effect of Tetl loss-of-function during developmental
myelination, we repeated these critical experiments in the
tamoxifen-inducible lineage-specific ~Pdgfra-creERT); Tet1-flox
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line (Fig. 4n). Adult P60 inducible Tet] mutants and control mice
received one week of tamoxifen induction by gavage prior to
LPC-injection in the spinal cord (Fig. 4n). Immunohistochem-
istry was used to validate specific recombination, and confirm the
lower protein levels of TET1 in OLIG2 + cells—but not in any

other cell type—in the inducible Tet] mutants compared to
controls (Supplementary Fig. 6d). Lower TET1 expression in
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OLIG2 + cells was associated with decreased 5hmC immunor-
eactivity at 14dpl (Fig. 40), and inefficient remyelination, assessed
by Fluoromyelin staining (Fig. 4p) and MBP immunoreactivity in
lesioned spinal cords (Supplementary Fig. 6f). Also, in the TetI
inducible mutants, the inefficient remyelination could not be
attributed to decreased numbers of OLIG2 + and CC1 + cells as
the population size was similar in mice of the two genotypes
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Fig. 3 Ablation of Tet1 during development is compatible with normal myelination in the adult central nervous system. a Photograph of adult controls
(Olig+/+:Tet1fly and Tetl mutant (Oligicre/+;Tet1fl) mice reveals no difference in body size. b Kaplan-Meier survival curve and ¢ body weight for
controls (n=24) and TetT mutants (n=13). Error bars represent SEM. d Percentage of TET1, TET2, and TET3 expressing OLIG2 cells in the corpus
callosum of mice of the two genotypes. Note decreased percentage of OLIG2 + cells expressing TET1 without compensatory increase of TET2 or TET3
expressing cells. Error bars represent SEM for n =7 control mice and n=4 Tet] mutants (***p=0.0010 for TET1, p=0.2801 for TET2, p = 0.2338 for
TET3, Student's t test two-tailed). e Representative P60 coronal sections of Olig7+/+;Tet7ﬂ/ﬂ and O/ig7“e/+,‘Tet7ﬂ/ﬂ spinal cords, stained for OLIG2 (green),
CC1 (red), MBP (white), DAPI (blue). Scale bars = 500 um. f Quantification of OLIG2 + and CC1+ cell density (number of cells per mm?2) in the spinal
cord of mice of the indicated genotypes. Error bars represent SEM for n =4 mice (p = 0.6482 for OLIG2, p = 0.7252 for CC1, Student's t test two-tailed).
g Average MBP + area relative to total white matter (WM) area in coronal spinal cord sections. Error bars represent SEM for n= 4 mice (p =0.2693,
Student's t test two-tailed). h Representative confocal micrograph of adult ventral spinal cord in coronal sections from mice of the indicated genotype,
stained for OLIG2 (green), CC1 (red), MBP (white), DAPI (blue). Scale bars =100 um. i Representative Western blot of protein extract from control and
Tetl! mutants reveals similar levels of the myelin proteins CNPase, and MBP. GAPDH used as loading control. Molecular weight indicated on the left.

j Average levels of the myelin proteins CNPase (left) and MBP (right), relative to GAPDH, quantified in three independent experiments. Error bars
represent SEM for n = 3 spinal cords (p = 0.5347 for CNPase, p = 0.7295 for MBP, Student's t test two-tailed). k Representative ultra-micrograph of adult
ventral white matter spinal cords from mice of the indicated genotype revealing no difference in myelination between controls and mutants. Scale bar =
5 um. | Percentage of myelinated axons relative to total axons in sections of P60 Oligi*”+;Tet1/fl and Oligicre/+, Tet 1/l white matter spinal cords. Error bars
represent SEM for n =3 control mice and n =5 Tet] mutants (p = 0.8009, Student's t test two-tailed). m Scatter plot of the g-ratio in myelinated axons of
the indicated caliber, in adult control (black) and Tetl mutant (red) spinal cords. A total of n =116 axons in 3 control mice and n=199 axons in 5 Tet]
mutants were quantified (non-linear regression, p = 0.2358, comparison of slopes with sum-of-squares F Test). n Representative confocal image of P60
coronal sections from Oligi*/+;Tetif/fl and Oligicre/+;Tet1f/fl corpus callosum, stained for OLIG2 (green), CC1 (red), MBP (white), DAPI (blue). Scale bar =
500 um. o Quantification of OLIG2 4 and CC1+ cell density (number of cells per mm2) in the corpus callosum of mice of the indicated genotypes. Error
bars represent SEM for n =4 mice (p = 0.4644 for OLIG2, p = 0.7750 for CC1, Student's t test two-tailed). p Average MBP + area relative to total white

matter (WM) area in corpus callosum. Error bars represent SEM for n =4 mice (p = 0.9960, Student's t test two-tailed).

(Supplementary Fig. 6e). Collectively, these results suggest that
the inability of adult OPCs to reach high levels of DNA
hydroxymethylation, as seen in old mice and in the TetI
constitutive mutants, did not impair the competence of adult
OPCs to either proliferate or start differentiating, although it
possibly impaired the expression of other genes regulated by
DNA hydroxymethylation and critical for myelin repair.

DNA hydroxymethylation modulates the expression of genes
important for myelin repair. To define the identity of the genes
regulated by DNA hydroxymethylation during myelin repair in
the adult CNS, we adopted a combination of experimental stra-
tegies using adult reporter mice*>-4> and unbiased DNA and
RNA sequencing approaches. The Pdgfra-EGFP mice expressing
EGFP-tagged histone H2B** were used to sort adult OPCs, fol-
lowing a modified protocol for the removal of meninges and
blood vessels (Supplementary Fig. 7a)3%. This allowed the isola-
tion of a 90% pure population of progenitors identified by
immunoreactivity for PDGFRa and NG2 (Supplementary Fig. 7b)
and expression of OPC-specific transcripts (Supplementary
Fig. 7c). The Plp-EGFP mice*3*> were used to isolate adult OLs,
using a similar protocol (Supplementary Fig. 7d). The sorted cell
population was characterized by 93% of cells with MBP and
MOG immunoreactivity (Supplementary Fig. 7e) and enrichment
for myelin transcripts (Supplementary Fig. 7f).

The genome-wide distribution of the 5hmC mark was
determined by Reduced Representation Hydroxymethylation
Profiling (RRHP) of DNA samples from these two characterized
populations of sorted adult OPCs and adult OLs. The transcrip-
tional profiles were defined by RNA-sequencing analysis of RNA
samples extracted from the same sorted cells (Fig. 5a). RRHP
provides an assessment of 5hmC levels at single base resolution,
as the method relies on the glucosylation of 5hmC by a specific
enzyme, which renders that specific cytosine insensitive to
digestion by Mspl (an enzyme recognizing and digesting the
internal cytosine of CCGG sites regardless of methylation) and
therefore allows for adapter ligation, amplification, and further
sequencing. We verified that an equivalent number of CpGs was
present in the DNA samples isolated from aOPC and aOL
samples (Supplementary Fig. 8a). We also checked that the

hydroxymethylation coverage was similar among distinct biolo-
gical replicates, although as expected, higher sequencing reads
were detected in samples with greater levels of 5ShmC (Supple-
mentary Fig. 8b).

We detected a total of 5583 genes with statistically significant
(g-value < 0.05) differentially hydroxymethylated regions (DhMR,
defined by the presence of at least two concordant CpGs within 2
kb) in aOL compared to aOPC. The overwhelming majority of the
genes differentially hydroxymethylated during the transition from
adult OPC to OL (5511 out of 5583 genes) was characterized by a
40-60% increase of hydroxymethylation, mostly distributed at
promoters and gene regions (Fig. 5b, ¢). Those hydroxymethylated
genes included ontology categories involved in positive regulation
of differentiation and cell communication (Fig. 5d). The
remaining few genes (72 out of 5583 genes), with decreased
hydroxymethylation levels, included those involved in negative
regulation of cell communication (Fig. 5e). Overall, these data
identified hydroxymethylation as an epigenetic mark regulating
the expression of genes involved in communication between
myelinating cells and neurons. To further define the transcrip-
tional consequences of hydroxymethylation, we analyzed the
RNA-sequencing datasets from the same samples of sorted cells
(Fig. 5a) and identified transcripts that were either downregulated
(n=1187, Fig. 5f) or upregulated (n = 1739, Fig. 5g) in adult OLs
compared to adult OPCs (p-value < 0.01, g-value < 0.05). Among
the downregulated gene ontology categories we identified cell
migration, proliferation, communication, and cell adhesion
(Fig. 5f), while the upregulated GO categories included cell
communication and metabolic processes (Fig. 5g). Among the
significantly upregulated transcripts involved in regulation of cell
communication, we identified the solute carrier family, such as the
anion and cation transporters Slcl12a2, Slc22a23, and Slc9a6
(Fig. 5g). By intersecting the transcriptomic datasets with the list
of genes differentially hydroxymethylation at promoters (Fig. 5h)
and at gene regions (Fig. 5i), we were able to conclude that 91.7%
of the transcripts upregulated in adult OLs compared to adult
OPCs were characterized by hydroxymethylation at promoters
and 99.0% at gene regions, with several genes showing DNA
hydroxymethylation at both genomic locations. We therefore
combined the two lists (1595 genes with increased
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Fig. 4 Constitutive or inducible ablation of Tet7 in OPC mimic the inefficient myelin repair detected in old mice. a Experimental design in constitutive
Tet1 or Tet2 knockout mice and controls. b, d Representative confocal image of spinal cord sections stained for 5hmC (green) and OLIG2 (red) at 14dpl in
Tet1 (b) or Tet2 (d) mutant mice. White arrowheads indicate OLIG2 + cells with high levels of 5hmC immunoreactivity. Scale bar = 50 pm. ¢, e Percentage
of OLIG2 + cells with high level of 5hmC in lesioned spinal cord sections at 14dpl in Tet1 (¢) or Tet2 (e) mutants compared to that in wild-type mice. Dotted
line indicates relative percentages in unlesioned white matter in the spinal cord (NWM). Average counts quantified in 3-4 sections/mouse for n=3
control mice, n=4 Tet] mutants (¢) and n=5 for control and Tet2 mutants (e). Error bars represent SEM (**p = 0.0070 for (c), p=0.8713 for (e),
Student's t test two-tailed). f, h Representative confocal images of spinal cord lesions stained for Fluoromyelin (green) at 14dpl in controls and TetT (f) or
Tet2 (h) mutants (lesion area as white dashed line). Scale bar =100 pum. g, i Fluoromyelin average intensity in control (gray bars) and Tet1 (red bar in g) or
Tet2 (orange bar in i) lesions relative to the levels in unlesioned white matter (NWM) calculated for n =3 control mice, n =4 Tet] mutants (g) and n=5
for control and Tet2 mutants (i). Error bars represent SEM (***p = 0.0007 for g, p=0.4304 for i, Student's t test two-tailed). j Electron micrographs
of remyelination (remyelinated axons indicated by white arrowheads) at 14dpl in Oligi™+Tet1f/fl and Oligicre/+;Tet1/fl spinal cords. Scale bar =5 um.
k Percentage of remyelinated axons in controls (gray) and Tet? mutants (red) at 14dpl, relative to total number of axons. Error bars represent SEM for n =3
mice (*p=0.0433, Student's t test two-tailed). | Scatter plot of the g-ratio in myelinated axons of the indicated caliber in the lesioned spinal cord of
wild-type mice (black) and Tet? mutants (red) at 14dpl. A total of 107-150 axons were quantified for each mouse and n =3 mice for each

genotype were assessed (non-linear regression p = 0.501, comparison of slopes with sum-of-squares F Test). m Percentage of CC1+ cells with high level
of 5hmC in lesioned spinal cord evaluated at 14dpl in mice of both genotypes. Dotted line indicates the percentage of CC1 + cells with high level of 5hmC
in unlesioned tracts. Average counts from 3 quantified sections/mouse. Error bars represent SEM for n = 3 mice (*p = 0.0109, Student's t test two-tailed).
n Experimental design in inducible P60 Pdgfra-creER(+/+;Tet1f/fl and Pdgfra-creER(MTa/+ Tet1V/fl mice, after tamoxifen induction. o Percentage of
OLIG2 + cells with high levels of 5ShmC at 14dpl in Pdgfra-creER(P+/+:Tet1f/fl and Pdgfra-creER(Ta/+:Tet1f/fl spinal cords, after tamoxifen induction. Dotted
line indicates values in unlesioned tracts. Error bars represent SEM for n =3 control mice and n =5 inducible TetT mutants (***p = 0.0002, Student's t test
two-tailed). p Quantification of Fluoromyelin intensity in lesioned spinal cord at 14dpl, compared to normal white matter (NWM), in Pdgfra-creER(T+/+;
Tet1/fl and Pdgfra-creER(TVTa/+ Tet1f/fl after tamoxifen induction. Data represent the average intensity in lesioned compared to unlesioned areas. Error bars
represent SEM for n =3 control mice and n=5 inducible Tet? mutants (***p < 0.001, Student's t test two-tailed).
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hydroxymethylation at promoter regions and 1721 at gene body
regions) to obtain a total of 1726 unique genes with increased
expression and increased hydroxymethylation in adult OLs,
compared to OPCs. Among those genes we identified the solute
carrier gene family (Fig. 5h, i and Supplementary Table 1). As the
distribution of hydroxymethylation at gene body regions raised
the potential issue of a bias of this DNA modification for larger
genes, we conducted a correlation analysis between the number of
hydroxymethylated CpGs and gene size (Supplementary Fig. 8c).
This analysis revealed that the hyper-hydroxymethylation detected
in adult OLs, in particular for the solute carrier gene family, was
specific to the stage of differentiation of the cells and not of the
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result of large gene size. It is also worth noting that this DNA
modification was not uniquely linked to transcriptional activation,
as 1142 genes with increased DNA hydroxymethylation (1004 at
promoters and 1126 at gene regions) were characterized by lower
transcript levels in adult OLs compared to adult OPCs (Fig. 5h, i),
suggesting a more global role for DNA hydroxymethylation on
gene regulation.

To better understand the relationship between TET1-
dependent DNA hydroxymethylation and gene expression in
adult OLs during the remyelination process, we then compared
these lists of unique genes with the differential transcriptomic
dataset obtained from preparation of spinal cord samples isolated
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Fig. 5 DNA hydroxymethylation and gene expression in sorted adult oligodendrocyte progenitors and adult oligodendrocytes. a Flow-activated cell-
sorting of adult OPCs from Pdgfra-H2BEGFP and adult OLs from Plp-EGFP mice followed by RNA and DNA extraction and processing for RNA-Sequencing
and RRHP DNA hydroxymethylation analysis. b Gene features distribution of differentially hydroxymethylated (DhMR) regions in aOLs relative to aOPCs.
The bar graphs indicate the number of regions with increased (blue) or decreased (gray) hydroxymethylation at intergenic, enhancer, promoter, and
gene regions. ¢ Histograms of the overall distribution of hypo- (gray) and hyper- (blue) hydroxymethylated regions between aOLs and aOPCs samples. The
bar graphs identify the number of DhMR at each level of decile DNA hydroxymethylation difference. d Ontology categories of the 5511 genes with
increased hydroxymethylation, corresponding to the following GO, in decreasing order (from top to bottom: GO:0030154, GO:0010646, GO:0010628,
G0:0050767, GO:0030334 (blue). e Only 72 genes showed decreased hydroxymethylation (gray), in aOLs compared to aOPCs, as defined by the
RRHP analysis. f Gene ontology categories of the 1187 transcripts downregulated (green) in aOLs compared to aOPCs. From top to bottom, GO:0030334,
G0:0042127, GO:0010646, GO:0050727, GO:0007155. g Gene ontology categories of the 1739 transcripts upregulated (red) in aOLs compared

to aOPCs, as identified by RNA Sequencing analysis. From top to bottom, GO:0050794, G0O:0019222, GO:0010468, GO:0051960, GO:0045595.

h, i Quadrant plot of the relationship between genes with differential hydroxymethylation at promoters (h) or gene regions (i) and differential transcript
(aOLs vs. aOPCs). The x axis indicates log2 fold change of transcript levels. The y axis refers to DNA hydroxymethylation differences. Note the “hot spot”
(blue cloud of dots) identifying the abundance of genes with increased hydroxymethylation at promoters and gene regions associated with upregulated

transcripts.

four days post-LPC (4dpl) injection of either wild-type control
mice (Oliglt/+;Tetlfl) or Tetl mutants (Oligl®/+;Tet1/Vf)
(Fig. 6a). Samples isolated from the unlesioned contralateral
side of the spinal cords, were used as additional control, in
both wild-type mice and Tet! mutants (Fig. 6a). Consistent with
the previously described normal levels of adult myelin, the
transcriptome of unlesioned spinal cord samples from mice
of the two genotypes, was remarkably similar, with only 7
transcripts being differentially expressed (p value < 0.01, g value <
0.05). In contrast, the transcriptome of spinal cord samples
isolated during the myelin repair phase, was dramatically
different between the two genotypes. Preparations obtained from
wild-type mice at 4dpl were characterized by a substantial
reorganization of gene expression during myelin repair, with 2469
upregulated and 1609 downregulated transcripts compared to
unlesioned tissue (p value < 0.01, g value < 0.05). Preparations
obtained from Tet] mutants after lesion, in contrast, were
characterized by much smaller changes, with only 121 upregu-
lated and 498 downregulated transcripts (p value < 0.01, g value <
0.05), compared to unlesioned tissue. The fact that 2369 (95.9%)
of the 2469 transcripts with increased expression after LPC
injection in wild-type spinal were not detected in the Tetl
mutants, clearly suggested a blunted transcriptional response
during myelin repair in the absence of DNA hydroxymethylation
(Fig. 6b). Those transcripts included several gene categories
related to lipid metabolism (GO:008160), inflammation, autop-
hagy, glial cell activation, cell migration, cellular homeostasis, and
response to stress (Fig. 6b). Since hydroxymethylation regulates
the expression of genes needed for adult myelin formation, we
then asked whether those genes overlapped with the ones
regulated by increased hydroxymethylation during the differ-
entiation of adult OPCs into adult OLs (Fig. 5h-i). This analysis
detected a statistically significant overlap in 442 genes (p=
2.202774e~33, Fisher test), which we identified as TET1-gene
targets, regulated by DNA hydroxymethylation during myelin
repair (Fig. 6d). Among them we found several genes encoding
for anion and cation transporters, such as those belonging to the
solute carrier family. As predicted, a similar analysis for the genes
that were downregulated in wild type but not in Tet] mutants
(Fig. 6¢) did not reveal a statistically significant overlap (n =52
genes, p =1, Fisher test) (Fig. 6e). These results define TET1
function as dispensable for developmental myelination, but
essential for the activation of a transcriptional program associated
with myelin repair after demyelination.

The TET1-target gene SLC12A2 is localized at the axon-myelin
interface. As a proof-of-principle, we decided to focus on a
TET1-target gene and selected one of the members of the solute

carrier gene family regulating anion and cation transport (Fig. 5d,
g, Supplementary Table 1). We opted for the sodium/potassium/
chloride symporter SLC12A2 (also known as NKCC1), since it
was previously reported to regulate the response of oligoden-
drocyte lineage cells to GABAergic signals#¢ and to be enriched in
newly formed OLs in four distinct transcriptomic datasets*’,
including those from OL directly sorted from the brain#3->1, and
in proteomic datasets from mature oligodendrocytes®!. The
enrichment of this transcript and protein in oligodendroglial cells
urged us to further characterize its expression and regulation
by TET1.

To verify that Slc12a2 expression was indeed regulated by
TET1, we induced the overexpression of the human TET1
catalytic domain (hTET1-CD) in vitro on immunopanned
oligodendroglial cultures (Fig. 7a, b). TET1 overexpression was
sufficient to induce upregulation of Slc12a2 transcripts in cultured
cells (Fig. 7b, ¢), confirming that Slc12a2 is a TET1-target gene.

SLC12A2 protein expression was first assessed by immunocy-
tochemistry in mixed glial and neuronal cultures, where it was
detected at low levels as differentiating OPCs contacted neuronal
processes (Fig. 7d). We then assessed SLC12A2 expression
in vivo, using immuno-gold electron microscopy of adult optic
nerve sections, which unequivocally localized this transporter at
the axon-myelin interface, within the first myelin wraps in
close proximity to the axon (Fig. 7e). Single-cell rt-qPCR of
oligodendrocyte lineage cells sorted from neonatal (P5), young
adult (P60), and old (P540) brain, further confirmed that the
Slc12a2 transcripts followed the same age-related decline as TetI
(Fig. 7f). Consistent with SLC12A2 being the product of one of
the TET1-target genes, its protein expression also declined in the
spinal cord of older mice (Fig. 7g). The time course of SLC12A2
expression during myelin repair in young mice was consistent
with the temporal occurrence of DNA hydroxymethylation and
the generation of new OL, whereas the inefficient remyelination
in older mice was associated with reduced DNA hydroxymethy-
lation and decreased SLC12A2 immunoreactivity (Fig. 7g, h). The
localization of SLC12A2 at the axo-myelin interface in young
adult mice (Fig. 7e) and the detection of swellings at the
axon-myelin interface in older wild type mice (Fig. 7i, j),
suggested the importance of TET1-target genes in regulating fluid
accumulation at this interface.

Ablation of the TET1-target gene Slcl12a2 in zebrafish induces
swellings in myelinated axons, reminiscent of those detected in
old wild type and young Tet] mutant mice. As expected from a
TET1-target gene, the levels of SLC12A2—as measured by using
immuno-gold EM—were reduced in the optic nerve of Tetl
mutants compared to wild type (Fig. 8a, b). We also noted that
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Fig. 6 Identification of TET1-target genes during new myelin formation in adult CNS. a Schematic of the experimental design to identify TET1 target
genes during myelin repair in young adult mice. Control (Oligi*/+;TetifVfly and Tet1 mutant (Oligice/+;Tet1/f) mice were injected with lysolecithin. At 4
day-post-lesion (4dpl), the demyelinated region and contralateral unlesioned tissue were used for oligodendroglial enriched preparation followed by RNA-
sequencing. Arrows identify the comparisons that were performed to identify differential gene expression among samples. Myelin repair in control mice
was associated with 2469 up- (red) and 1609 down- (green) regulated genes in lesioned tissue compared to unlesioned. In Tet! mutants, 121 transcripts
were up- (red) and 498 down- (green) regulated. Unlesioned tissue of controls and Tet] mutants showed a total of 7 genes as differentially expressed
(6 up- and 1 downregulated). b Ontology categories of the 2369 genes that were upregulated during myelin repair only in control spinal cord, but not in Tet1
mutants. Corresponding GO numbers listed in order from top to bottom: GO:0044242, GO:0032675, GO:0006914, GO:0061900, GO:0030335,
G0:0019725, GO:0006950. € Ontology categories of the 1359 genes that were downregulated during myelin repair only in control spinal cords, but not in
Tet1 mutants. Corresponding GO numbers listed in order from top to bottom: GO:0007165, GO:0021515, GO:0001508, GO:0003257, GO:0008528,
G0:0044459, GO:0000786. d Venn diagram comparing genes upregulated and with increased hydroxymethylation (at promoters and gene regions) in
aOLs vs. aOPCs (blue circle) with genes upregulated in lesioned vs. unlesioned spinal cord in control but not in Tet? mutants (red). Note the significant
overlap (p =2.202774e733, Fisher test two-tailed), of 442 common genes with increased hydroxymethylation and expression levels in newly formed aOLs.
e Venn diagram comparing genes downregulated and with increased hydroxymethylation (at promoters and gene regions) in aOLs vs. aOPCs (gray) with
genes downregulated in lesioned vs. unlesioned spinal cord in control but not in TetT mutants (green). The overlap of 52 genes was not statistically
significant (p =1, Fisher test two-tailed).

the increased SLC12A2 immunoreactivity detected in wild type
during myelin repair after demyelination, was not detected either
in constitutive (Fig. 8¢, d) or inducible (Supplementary Fig. 6g)
Tet] mutants. We also showed that the lower levels of Slc1242 in
Tet] mutants, were associated with significantly enlarged and
swollen space at the axon-myelin interface (Fig. 8e, f), a feature
that was reminiscent of the swollen axo-myelinic interface
detected in old mice (Fig. 7i, j).

To further define a relationship between swelling at the
axon-myelin interface and decreased SLC12A2 levels, we used the
zebrafish model system for additional loss-of-function studies.
Zebrafish mutants, characterized by a loss of function mutation
(ue58) in the gene encoding for a homologue of Slc12a2

(slc12a2b), were identified in an ENU-based forward genetic
screen®2. Myelin formation was first assessed using the stable
transgenic reporter Tg(mbp:EGFP-CAAX) in slc12a2bue8
mutants and compared it to sibling controls. While myelin
formed normally in mutants, we noted the appearance of
abnormal fluorescent profiles, indicative of swellings around
myelinated axons in the CNS (Fig. 8g). To further characterize
this pathology, we carried out time-course analyses of single
oligodendrocytes labeled with mbp:mem-Scarlet, which allowed
to assess the cellular morphology in better detail (Fig. 8h, i). This
analysis showed that although slc12a2b%¢>8 mutant and control
cells looked similar at early stages of myelin formation (4 day-
post fertilization, 4dpf) (Fig. 8h), a clear pathology, characterized

10 NATURE COMMUNICATIONS | (2021)12:3359 | https://doi.org/10.1038/s41467-021-23735-3 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

a OPC OPC + CTRL OPC + hTET1-CD b . 460 TET1 Cc o Tt Slc12a2
©w o
& 8g * 8 8 i
o o & RS
3 ©°3 ) 2 2 >
= 30 e R go - o OPC
- 5~ 2 e OPC +CTRL
h g 40 c £z o OPC+hTET1-CD
im S o < % 1
c =
= 8g 2 &
5 0 E
B % 0 T T T 0 T T
e P75 Optic nerve f
SLC12A2 Immuno-gold EM Slc12a2
4 T
E S B p=0.0007636
* . ) -
S 10
> {2
¥ S |
=
g S
®» 5
173
<
o
>
w
= o & 1
OPC | opc
g 14dpl h | 21dpl ] Swelling at the
0 =
% o axon-myelin interface
0
3 & o 50
84 3£
53540 T
o 8o E3tw
Of o3 >3 = *kk
=y - SS 523530
9 %g 20 6 E e
N S 9ET 201 o
< 8210 S£¢
o 52 §2210
- O 0 o e
9 8o 55
a g NWM 14dpl 21dpl % o0

® Young adult (P60)
® 0ld adult (P540)

® Young adult (P60)
e Old adult (P540)

Fig. 7 The protein encoded by the TET1-target gene Slc12a2 is localized at the axon-myelin interface. a Representative images of cultured OPCs,
transduced with the indicated lentiviral vectors and then stained for TET1 (green) and OLIG2 (red). White arrowheads indicate co-labeled cells.

Scale bar =25 um. b Quantification of the percentage of OLIG2 + cells expressing TETT in untransduced OPC and in cells transduced either with CTRL or
hTET1-CD lentiviral vectors. Error bars represent SEM in n =3 independent experiments (*p < 0.05, one-way ANOVA). ¢ Quantitative real-time PCR
analysis of Tetl and Slc12a2 transcript levels in immunopanned OPCs after transfection with hTET1-CD lentivirus. Data represent average transcript levels
relative to untransfected OPCs in n = 3 independent experiments. Error bars represent SEM (*p = 0.0232 for Tetl, *p = 0.0192 for Slc12a2, Student's t test
two-tailed). d Confocal image of mixed neuronal/glial cortical cultures. SLC12A2 (in green) is expressed by differentiating oligodendrocyte progenitors (co-
stained with NG2, in red), and localized at contact points with axons (stained with NFM, in white). DAPI (blue) used as nuclear counterstain. White
arrowheads indicate NFM + and NG2 + neuron-glial contact points co-labeled with SLC12A2. Scale bars = 50 ym and scale bars =10 um for high
magnification images. e Immunogold staining for SLC12A2 on EM imaging in adult P75 WT optic nerves, showing the localization of SLC12A2 at the
axon-myelin interface (white arrow-heads). Scale bar =5 um and scale bar = 1um for high magnification images. f Violin plots of Slc12a2 transcript levels
in nOPC at P5 (n = 61 single cells), aOPC at P60 (n =76 single cells), and oOPC at P540 (n = 51 single cells). Note the age-dependent decline of Slc12a2
transcripts (one-way ANOVA, for age). g Representative confocal image of young and old spinal cord sections, stained 14 days after lesion for SLC12A2
(green) and OLIG2 (red). The dotted white line indicates the lesion border. White arrowheads indicate co-labeled cells. Scale bar = 50 pm. h Quantification
of in the percentage of OLIG2 + cells expressing also SLC12A2 in young and old lesioned spinal cords at 14dpl and 21dpl. Dotted gray line across indicates
the percentage of OLIG2 + cells expressing SLC12A2 in unlesioned white matter tracts (NWM). Data represent average values quantified in 4 sections/
mouse for n=5 young and n =4 old mice (*p <0.05 and **p < 0.01, two-way ANOVA, for age and time after lesion). i Representative electron
micrographs of young and old spinal cord sections at 21dpl, revealing increased swelling at the axo-myelinic interface (blue area and * asterisk).

Scale bar =10 um. j Quantification of the percentage of remyelinated axons with swelling at the neuro-glial interface in young and old spinal cord lesions at
14dpl. Data represent the average values. Error bars represent SEM for n =75 young and n =4 old mice (***p = 0.0005, Student's t test two-tailed).

by the appearance of localized swellings associated with indistinguishable. In contrast, TET1 function regulated the
individual myelin sheaths, emerged over time in slc12a2b%¢>8  expression of several genes involved in myelin repair, including
mutant cells (Fig. 8i). These results provided further evidence in  the expression of solute carriers, which regulate ion transport at the
support of the role of solute carriers in the regulation of the axon-myelin interface. Thus, the age-dependent decline of TET1
axon-myelin interface. in mice, results in an overall decreased transcriptional program,
Taken together, our data support DNA hydroxymethylation as  which prevents efficient repair of demyelinated lesions.

an epigenetic modification critical for proper myelin repair in the

CNS of young adult mice, which declines with aging. TET1 is Discussion

identified as the specific enzyme responsible for this process, as Myelin formation is a well-studied process in the developing
lower TET1 levels, detected with aging or after genetic ablation, central nervous system. Neonatal OPCs globally reorganize their
result in lower expression of its target genes and impaired myelin  transcriptome to repress genes involved in the regulation of
repair. Importantly, TET1 function is not essential for the “default”  proliferation and migration, as well as transcriptional inhibitors
myelination program, as white matter tracts in the adult central  of myelin genes>®. We and others reported on the importance of
nervous system of mutants and wild-type mice are virtually this developmental process and identified several epigenomic
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Fig. 8 Ablation of SIc12a2b in zebrafish induces myelin swellings reminiscent of those detected in old mice. a Ultra-micrograph of immunogold staining
for SLC12A2 in P60 Oligi*/+;Tet1/fl and Oligicre/+;Tet1f/fl optic nerves SLC12A2 immunoreactive particles localized at the axon-myelinic interface in
control tissue(white arrowheads). Scale bar =5 um. b Quantification of the SLC12A2 particles in optic nerves. Data represent of the average number of
SLC12A2 gold particles per mouse (left) and per axon (right). Error bars represent SEM for myelinated axons, quantified in n = 4 control and n = 3 mutant
mice (total of at least 27 and at maximum 64 myelinated axons quantified in one replicate) (p = 0.0866, ***p = 0.0008, Student's t test two-tailed).
¢ Representative confocal image of spinal cord at 14dpl stained for SLC12A2 (green) andOLIG2 + (red), in mice of the indicated genotype. White
arrowheads indicate co-labeled cells. Scale bar =50 pm. d Percentage of OLIG2 + cells expressing SLC12A2 in lesioned spinal cords in mice of the two
genotypes, at the 14dpl time point. Dotted line refers to the percentage of OLIG2 + cells expressing SLC12A2 in unlesioned tracts. Error bars represent SEM
for n =3 control mice and n =4 TetT mutants (**p = 0.0059, Student's t test two-tailed). e Representative electron micrographs of spinal cord sections
from wild type and mutants at 14dpl. Low and high magnification (inset) are shown for Oligit/+;Tetif/fl and Oligice/+;Tet1/fl. Note the swelling of the
axomyelinic space in Tet] mutants (red area and asterisk). Scale bar =10 um. f Quantification of the percentage of remyelinated axons with increased
swelling in Oligi*/+;Teti/l and Oligicre/+ Tet1/fl lesions at 14dpl and 21dpl. Data are average counts. Error bars represent SEM for n = 3 control mice and
Tet1 mutants at 14dpl, n = 3 control mice and n =5 TetT mutants at 21dpl (**p = 0.0032 at 14dpl, *p = 0.0164 at 21dpl, Student's t test two-tailed). g Lateral
views of the spinal cord in 6dpf Tg(mbp:EGFP-CAAX) zebrafish where myelinating glia in the CNS are labeled. Compared to wild-type sibling controls (left
panel), larvae homozygous for the sic12a2b4e58 mutation (right panel) show disrupted myelin morphology (white arrowheads). Scale bars = 20 um. h Single
mbp:mem Scarlet-expressing oligodendrocytes in wild-type (left panel) and slc12a2b4¢58 heterozygote siblings (right panel) at 4dpf. Scale bars =20 um.

i Example time course showing the development of the myelin phenotype in single mbp:mem Scarlet-expressing oligodendrocytes in sici2a2bve>8
homozygous mutants from 4 to 6dpf. White arrowheads point to localized areas of myelin disruption. Scale bar =20 um.

regulators responsible for this transition, including histone
deacetylases®13>3, repressive histone methyltransferases®>4, and
DNA methyltransferases'®, which repress gene expression and
favor a model of nOPC differentiation due to de-repression of
myelin gene expression.

In the adult CNS, aOPCs retain the ability to form new myelin
in response to damage or loss, a process that becomes less effi-
cient with aging!17:18. Several groups have attempted to under-
stand the underlying causes for this age-dependent decline in
myelin repair. External factors, such as declining growth factor
concentrations or changes in stiffness of the extracellular matrix,
for instance, have been suggested as potential culprits for the age-
dependent decline in remyelination!->33-37. However, it has been
long recognized that nOPC and aOPC are also characterized by a
different ability to proliferate, migrate, and differentiate38->5-61,

12 NATURE COMMUNICATIO

For example, aOPCs show decreased responsiveness to the same
concentration of growth factors and cytokines compared to
nOPCs®2. From a molecular standpoint, these results support
intrinsic differences in the properties of nOPC and aOPC, a
concept which is supported by the transcriptional heterogeneity
of OPCs at different ages>4>°1. Despite the large number of
studies supporting age-dependent differences in OPC, there is still
relatively little information regarding the epigenetic landscape of
aOPC, especially during the age-dependent decline observed in
myelin repair.

As DNA methylation is the single most significant epigenetic
mark predictive of biological age?), and yet ablation of the
DNMTs in oligodendroglial cells only modestly impacted myelin
repair!?, we focused this study on DNA hydroxymethylation,
catalyzed by the TET enzymes. These enzymes are methyl-

NS | (2021)12:3359 | https://doi.org/10.1038/s41467-021-23735-3 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

cytosine dioxygenases, which hydroxylate methylated cytosine
residues (5mC) into hydroxylated forms (5ShmC) that can be then
converted into formyl-cytosine and carboxyl-cytosine. These
marks can eventually be excised from the DNAZ?2 thereby
removing the DNA methylation-dependent repression of genes
and favoring gene expression?1,22:24-27_ We previously reported
that DNA methylation, mediated by DNMT1 is necessary for the
transcriptional repression of several inhibitors during the differ-
entiation of nOPCs in the developing brain!®. Here, we show that
higher levels of both DNA methylation and hydroxymethylation
are detected in aOLs compared to aOPCs.

The overall genome-wide distribution of hydroxymethylation in
aOLs identified in our study, is consistent with previous
reports®3-6%, as it is primarily localized at promoters and gene
body regions. The high levels of hydroxymethylation at gene body
is not correlated with greater expression of larger genes in aOLs. It
is interesting to note that increased hydroxymethylation in aOLs is
correlated with gene up- and downregulation, suggesting a global
role of DNA modifications in gene expression, which could be
explained by different genomic location and/or abundance at
specific loci. Increased hydroxymethylation is detected at genes
regulating cell-cell communication and lipid metabolism, rather
than myelin genes, a finding which is consistent with the lack of a
developmental myelin phenotype in TetI mutants. Together, these
data support the unique functional importance of DNA hydro-
xymethylation in newly formed OLs, to coordinate the tran-
scriptional activation of genes regulating lipid metabolism and
genes regulating ion homeostasis at the axon-myelin interface. As
such, successful myelin repair in the spinal cord of young mice is
preceded by increased levels of hydroxymethylation as aOPCs
transition into newly formed OLs, which express genes involved in
lipid metabolism and ion exchange at the axon-myelin interface.
In contrast, age-dependent decline of hydroxymethylation results
in inappropriate levels of gene expression in old mice and ineffi-
cient myelin repair, characterized by the presence of aberrant
swellings at the axon-myelin interface.

Our data also identify TET1 as the main enzyme catalyzing
DNA hydroxymethylation in oligodendroglial lineage cells in the
young adult spinal cord and whose levels decline with age. TET2
is also expressed in aOPCs, but its levels remain constant over
time. TET3, although previously reported in neonatal cultures of
cortical oligodendrocyte lineage cells?8, is not detectable in OPCs
or OLs in the adult spinal cord. Reduced TET1 levels in older
mice are associated with reduced hydroxymethylation in oligo-
dendroglial cells, a finding detected also in young adult mice with
oligodendrocyte lineage-specific ablation of TetI, but not of Tet2.
This underscores the importance of TET1 as the main enzyme
responsible for the deposition of the 5hmC epigenetic mark in
aOPCs as they differentiate into aOL, and raises the question on
functional differences between the TET1 and TET2 isoforms. A
potential explanation for the isoform specific role of TET1 in
aOPCs, could be presence of a “CXXC” domain, which enables
the protein to directly bind DNA and is not present in TET22466.
It is also conceivable that TET1 and TET2 may bind to distinct
protein partners in the nuclei of newly formed aOLs and in turn
activate TET1 and inhibit TET2 enzymatic activity®’, a question
that deserves future investigation.

The higher levels of hydroxymethylation detected in aOPCs
compared to nOPCs, are consistent with the concept that distinct
epigenetic marks regulate myelin formation in the developing and
adult CNS. Developmental myelination is characterized by the
establishment of a repressive epigenomic landscape as nOPCs
differentiate into nOLs. As such, it is not surprising that neither
Tetl nor Tet2 mutants show defective developmental myelina-
tion. However, it is important for aOPCs to activate transcription
using TET1-dependent hydroxymethylation as cells transition

from a progenitor stage to newly formed aOLs. This modification
does not impact the process of differentiation from aOPCs to
aOLs, but rather impacts the expression of genes that regulate the
stability of the myelin sheath, including genes regulating lipid
metabolism and regulate ion homeostasis and cell communica-
tion. Among the most significant hydroxymethylated genes
whose transcripts are also upregulated during myelin repair, we
identify the family of solute carriers, which includes the Slc12a2
gene. The protein encoded by this gene—also known as
NKCC1—is a sodium/potassium/chloride transporter, previously
reported to be expressed in neuronal®%? and glial cells#6-68:69,
Since SLC12A2/NKCCI regulates the overall intracellular chlor-
ide concentration in neurons and in nOPCs, it has been reported
to impact the response of OPC to GABAergic inputs®®%. At the
same time, due to its regulation of cation concentration, this
molecule is of particular importance in regulating also calcium
influx, especially in pathological conditions affecting the devel-
oping brain, such as hypoxia/ischemia’®’1. Besides its role as ion
co-transporter, SLC12A2/NKCC1 is also highly expressed in
epithelial cells, where it is strongly polarized and confined to the
basolateral membrane’%71. Oligodendrocytes are also highly
polarized cells and recent transcriptomic and proteomic studies
support the highest levels of SLC12A2 in newly formed myeli-
nating oligodendrocytes®’->1. Our results confirm these most
recent findings, as we detect high levels of SLC12A2 at the
axon-myelin interface during myelin repair in young, but not in
old mice. As SLC12A2 has been shown to regulate cell volume in
epithelial cells’>73 and promote cell shrinkage in the mammalian
brain’47%, we hypothesize that its localization within the first
myelin wraps close to the axon, is indicative of a regulatory role of
the volume of the axo-myelinic space. Consistent with this
hypothesis, we detect swelling of this space in the CNS of zeb-
rafish mutants for slc12a2b, a finding which was also detected in
peripheral axons®2. It is worth noting that this phenotype is
distinct from the one previously reported for the slc12a2a mutant,
which was described to have small ears, due to the loss of
endolymph, but no myelin phenotype either in the PNS or in the
CNS76. Overall, these data suggest that sic12a2b can compensate
for the slc12a2 loss, while slc12a2 is not sufficient to compensate
the slc12a2b zebrafish mutation. The potential impact of the axo-
myelinic swelling detected in mice and zebrafish with decreased
expression of TET1 or its gene target Slc12a2, has been high-
lighted by a recent report that changes in the space surrounding
the axon, may decrease the speed of axial conduction of the action
potential’”. Collectively, these findings suggest that the age-
dependent decline of TET1, by altering the axo-myelinic junction,
may further slowdown axonal conductance. Thus, despite the
morphological evidence of remyelinated axons with the expected
g-ratio, the newly generated myelin in older mice may not be
functionally able to support effective conduction of action
potentials, due to ionic and fluid imbalances at the axoglial
junction, a concept which deserves future investigation.

Besides genes regulating ion homeostasis at the axo-glial
junction, TET1-dependent hydroxymethylation regulates the
expression of genes involved in metabolic processes, but not
myelin genes. Accordingly, young adult TetI mutants display
normal myelin content and structure but myelin repair after a
demyelinating injury is defective, possibly due to a combination
of metabolic alterations and swellings of the axon-myelin inter-
face. By regulating the levels of solute carriers and metabolic
genes, DNA hydroxymethylation, mediated by TET1 in young
adults guarantees a functional axon-myelinic interface and suc-
cessful repair. As animals age, however, the declining levels of
TET1 result in inefficient DNA hydroxymethylation during the
phase of repair after demyelination. The decreased levels of TET1
gene targets, involved in the regulation of metabolites and ionic
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exchanges create a dysfunctional axon-myelin interface, and
further create functional impairments of the repair process.

Our study defines the major role of TET1-mediated DNA
hydroxymethylation, as a regulator of gene expression during
myelin repair, which becomes defective with aging. Worth noting,
in this respect is the dramatic downregulation of the TET
enzymes detected in post-mortem brain tissue from multiple
sclerosis patients, thereby highlighting the overall translational
potential of our findings’®.

Methods

Mouse models. All experiments were performed according to approved protocols
by the Institutional Animal Care and Use Committee (IACUC) of the Advanced
Science Research Center (ASRC), City University of New York (CUNY). Mice were
maintained in a temperature (65-75 °F) and humidity (40-60%) controlled facility
on a 12-h light-dark cycle with food and water ad libitum. Mice from either sex
were used and mutants were checked for survival and weight every day from birth
to weaning. We used distinct reporter mouse lines for flow-activated cell-sorting:
Pdgfra-H2BEGFP to sort oligodendrocyte progenitor cells** (RRID:
IMSR_JAX:007669) and a previously characterized Plp-EGFP mouse to sort
oligodendrocytes*>4°. For conditional knock-out mouse lines, we crossed and bred
the oligodendroglial-specific Oligl-cre?® (RRID:IMSR_JAX:011105) line with the
Tetl-flox (gift from. Pr. Yong-Hui Jiang)*® or with the Tet2-flox*! (RRID:
IMSR_JAX:017573) lines. The TetI-flox line was generated by flanking exon 4 with
loxP sites??, resulting in loss of exon 4 in OLIG1 + cells, and out-of-frame fusion of
exons 3 and 5, yielding an unstable truncated product lacking the catalytic domain
of TET17°. For conditional inducible deletion, we crossed and bred the
oligodendroglial-specific Pdgfra-creER(T) 42 (RRID:IMSR_JAX:018280) line with
the TetI-flox line.

Zebrafish husbandry and transgenic lines. Adult zebrafish were housed and
maintained in accordance with standard procedures in the Queen’s Medical
Research Institute zebrafish facility, University of Edinburgh. All experiments were
performed in compliance with the UK Home Office, according to its regulations
under project licenses 60/8436, 70/8436, and PP5258250. Adult zebrafish were
subject to a 14/10 hours, light/dark cycle. Embryos were produced by pairwise
matings and raised at 28.5°C in 10 mM HEPES-buffered E3 Embryo medium or
conditioned aquarium water with methylene blue. Embryos were staged according
to days post-fertilization (dpf). For live imaging, the Tg(mbp:EGFP-CAAX)
transgenic line was used. The ue58 allele was identified during an ENU-based
forward genetic screen as discussed in Marshall-Phelps et al.>2.

Lysolecithin injection. Injections were carried out in the ventrolateral spinal cord
white matter of 8-week-old animals of either sex, as previously described®’. Briefly,
anesthesia was induced and maintained by inhalational of a mixture of isoflurane/
oxygen. The vertebral column was fixed with metal bars onto the stereotaxic
apparatus. The spinal vertebrae were exposed, tissue overlying the intervertebral
space was cleared, and the dura pierced. A pulled glass needle was advanced through
the spine, at an angle of 70° and 1 pL of 1% lysolecithin (Sigma L4129) was slowly
injected into the ventrolateral white matter. Mice were sutured and kept in a warm
chamber during recovery. Mice were perfused at 4 day-post-lesion (4dpl), 7dpl,
14dpl, or 21dpl. For RNA-sequencing, control and lesioned fresh spinal cord tissue
samples were collected at 4dpl. After mechanical dissociation, they were incubated
in enzymatic dissociation medium containing papain (30 pg/ml in DMEM-Gluta-
max) and supplemented with 0.24 ug/ml L-cystein and 40 pug/ml DNase L. Dis-
sociated samples were layered over a pre-formed Percoll density gradient and
centrifuged for 15 min, to discard blood vessels, and enrich for oligodendroglial cell
populations. Cells were washed twice in PBS 1X (PBS 10X, Invitrogen), then the dry
cell pellets were frozen at —80 °C, and used for RNA extraction.

Tamoxifen injections. 4-Hydroxytamoxifen (Sigma-Aldrich, T56-48) was dis-
solved at 40 mg/ml in 10% ethanol and 90% corn oil (Sigma-Aldrich, C8267) for
4h at 37 °C with rotation, and 10 mg were administered by gavage to each mouse
at days 1, 3, and 5 before lysolecithin injection. Mice were perfused at 14dpl (day 25
from the first tamoxifen administration).

Cell sorting. Oligodendrocyte progenitor cells were isolated from post-natal day 5
(P5), P60 and P540 from Pdgfra-H2BEGFP brains*4, oligodendrocytes were sorted
from P60 Plp-EGFP brains*4, using fluorescence-activated cell sorting as described
previously38. Tissue was dissected in HBSS 1X (HBSS 10X (Invitrogen), 0.01 M
HEPES buffer, 0.75% sodium bicarbonate (Invitrogen), and 1% penicillin/strepto-
mycin) and mechanically dissociated. After an enzymatic dissociation step using
papain (30 pg/ml in DMEM-Glutamax, with 0.24 pg/ml L-cysteine and 40 pg/ml
DNase I), samples were layered over a pre-formed Percoll density gradient and then
centrifuged for 15 min. Cells were then collected and stained with propidium iodide
(PI) for 2 min at room temperature (RT). In a second step, GFP-positive and PI-

negative cells were sorted by fluorescence-activated cell sorting (FACS; Aria, Becton
Dickinson) and collected in pure fetal bovine serum. For RNA/DNA extraction,
cells were washed twice in PBS 1X (PBS 10X, Invitrogen), then the dry cell pellets
were frozen at —80 °C. For immunocytochemistry, cells were washed once in PBS
1X (PBS 10X, Invitrogen), then plated and maintained in Bottenstein and Sato
medium (without growth or differentiation factors)®® for 12 h before fixation.

Western blot. Mice of either sex were sacrificed at P14 or P60 and spinal cords
were immediately processed for protein extraction. Protein lysates (50 ug) were
separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto a PolyVinylidene DiFluoride (PVDF) (Milli-
pore, Billerica, MA, USA) membrane using a buffer containing 25 mM Tris base,
pH 8.3, 192 mM glycine, 20% (vol/vol) methanol for 1h at 100 V at 4 °C. Mem-
branes were blocked for 1h in 10% Milk/0.1% Tween/TBS, then incubated over-
night at 4 °C with the primary antibody diluted 1:1000 in 5% BSA/ 0.02% sodium
azide/0.1% Tween/TBS. Antibodies used are: mouse anti-CNPase (Sternberger Inc.,
SMI-91, 1:5,000), mouse anti-MBP (Millipore, SMI-99, 1:5,000), mouse anti-
GAPDH (Abcam, ab8245, 1:5,000). After rinsing with 0.1% Tween/TBS, mem-
branes were incubated 2h at room temperature with the secondary light-chain
specific antibody (goat anti-mouse IgG, Jackson Immunoresearch, 115-035-174,
1:10,000) in 10% Milk/0.1% Tween/TBS. After rinsing, membranes were incubated
with ECL (Amersham) for 3 min and then revealed. Quantification was carried out
on three biological replicates per genotype, using Image]. Protein expressions were
normalized to GAPDH expression, then compared to their respective expression
levels in control samples. Uncropped gels are shown in Supplementary Fig. 9.

Single-cell C1 capture and biomark. For each age, sorted single-cells were directly
captured on a freshly primed C1 integrated fluidic circuit (IFC) plate (10-17 pm
diameter cells). Each plate was examined under a fluorescent microscope to
identify single-cell and GFP + slots. RNA and ¢cDNA were prepared using the C1
PreAmp protocol. P5, P60, and P540 single-cell and bulk samples were then
harvested and combined on two 96 x 96 dynamic arrays IFC for C1 Biomark. The
gene expression of 93 transcripts and 3 controls were analyzed on each of the 188
single-cell samples at the ages analyzed (P5: n =61, P60: n =76, P540: n =51), 3
bulk samples and 1 negative bulk sample. C1 R package was used to analyze the
normalized data and evaluate log2 Expression, derived from each Ct, using an
ANOVA statistical test.

The primers used for the Biomark study are listed in Supplementary Table 2.

DNA and RNA extraction. DNA and RNA from FAC-sorted cells were isolated
simultaneously from the same cell pellet using an AllPrep DNA/RNA Micro Kit
(Qiagen) with on-column DNase treatment during the RNA isolation. Cortical and
spinal cord tissues RNA were isolated from three biological replicates for each age
and condition using TRIzol (Invitrogen) extraction and isopropanol precipitation.
RNA samples were resuspended in water and further purified with RNeasy col-
umns with on-column DNase treatment (Qiagen). RNA purity was assessed by
measuring the A260/A280 ratio using a NanoDrop, and RNA quality checked
using an Agilent 2100 Bioanalyzer (Agilent Technologies). DNA quality was
checked using a NanoDrop and aQubit Fluorometric quantitation (Thermo
Fisher).

Quantitative real-time PCR. For qRT-PCR, RNA was reverse-transcribed with
qScript cDNA Supermix (Quanta) and performed using PerfeCTa SYBR Green
FastMix, ROX (Quanta), at the ASRC Epigenomic Core. After normalization to the
geometric mean of house-keeping genes, the average values for each transcript were
calculated as based on the values obtained in all the samples included for each
condition. A two-tailed Student’s test was performed to assess statistical differences
between the average values in each group. For overexpression assay, analysis was
performed pair-wise for each cell culture replicate. The primers used are listed in
Supplementary Table 3.

RNA-sequencing. For sorted cells, approximately 85 ng of total RNA per sample
was used for library construction with the Ultra-Low-RNA-seq RNA Sample Prep
Kit (Ilumina) and sequenced using the Illumina HiSeq 2500 instrument according
to the manufacturer’s instructions for 100 bp paired end read runs. For
oligodendroglial-enriched preparations from unlesioned and lesioned tissue,
approximately 10 ng of total RNA per sample was used for library construction,
using with the Ultra-Low-RNA-seq RNA Sample Prep Kit (Illumina) and then
sequenced by the Illumina HiSeq 4000 instrument according to the manufacturer’s
instructions for 100 bp paired end read runs. High-quality reads were aligned to the
mouse reference genome (mm10), RefSeq exons, splicing junctions, and con-
tamination databases (ribosome and mitochondria sequences) using the Burrows-
Wheeler Aligner (BWA) algorithm. Raw counts were generated with the Ensembl
GRCm38 release 100, using uniquely aligned reads to exons by the featureCounts
tool (subread 2.0.0). The raw read counts were input into DESeq2 v1.28.181, for
normalizing the signal for each transcript and to ascertain differential gene
expression with associated p-values. We used a cut-off of p-value < 0.01 and
g-value < 0.05 to identified differentially expressed genes. For gene ontology
analysis, we used GOrilla%2, Enrichr®3, and REVIGO®4. We calculated the p-value
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of the overlapped datasets using Fisher test in R (universe, total number of genes
read on our datasets = 15,614). For the RNA-Sequencing from normal adult brains,
the overall mapped reads and sample names are listed below. Data deposited in
GEO: accession number GSE122446.

Sample ID Age Tissue Cell purification Mapped read count
pdgfra2mnl P60 Brain Pdgfra-H2BEGFP 60,867,788
pdgfra2mn2 P60 Brain Pdgfra-H2BEGFP 57,999,332
pdgfra2mn3 P60 Brain Pdgfra-H2BEGFP 53,633,707
plp2mnl P60 Brain Plp-EGFP 51,987,110
plp2mn2 P60 Brain Plp-EGFP 66,149,474
plp2mn3 P60 Brain Plp-EGFP 62,479,413

For the RNA-sequencing data from the spinal cord of wild-type and TetI
mutants either unlesioned or after LPC injection, the mapped read counts are listed
below. Data deposited in GEO: accession number GSE137611.

Sample ID Cell Mapped read

purification count

Age Tissue

TetlControl_SC_1 P60 Oliglt/+;Tet1l control Percoll 77,725,400
spinal cord gradient

Tet1Control SC_ 2 P60 Oligi™/+;Tet !/l control ~ Percoll 62,825,397
spinal cord gradient

Tet1Control_SC_3 P60 Oliglt/+;Tet1fl control Percoll 69,992,533
spinal cord gradient

Tet1Control LPC_2 P60 Oligi™/+;Tettfl 4dpl ~ Percoll 80,712,352
spinal cord gradient

Tet1Control_LPC_3 P60 Oligi™/+;Tet!/fl 4dpl ~ Percoll 82,184,360
spinal cord gradient

Tet1Control LPC_4 P60 Oligi™/+;Tett"l 4dpl ~ Percoll 60,822,630
spinal cord gradient

TetlcKO_SC_1 P60 Oligire/+;Tet1Vfl control Percoll 66,951,326
spinal cord gradient

Tet1cKO_SC_3 P60 Oligicre/+;Tet "/l control Percoll 71,967,927
spinal cord gradient

Tet1cKO_SC_4 P60 Oligire/+;Tet 1/ control Percoll 61,103,989
spinal cord gradient

TetlcKO_LPC_1 P60 Oligire/+;Tet1Vfl 4dpl  Percoll 60,348,900
spinal cord gradient

TetlcKO_LPC 2 P60 Oligi®+;Tet 1/l 4dpl  Percoll 56,857,377
spinal cord gradient

TetlcKO_LPC_3 P60 Oligio®+;Tet1Vfl 4dpl  Percoll 78,129,031
spinal cord gradient

Reduced Representation Hydroxymethylation Profiling (RRHP). RRHP
libraries were prepared from 200 ng input DNA per biological replicate, according
to the manufacturer protocol (ZymoResearch, D5440)8>8¢. The raw sequencing
reads were aligned to the mouse reference genome (mm10). DNA hydro-
xymethylation levels were calculated as the relative ratio of cytosine reads for each
individual CpG site, for each sample, compared to all the replicates. Determination
of differential hydroxymethylation was performed at the single base level, using
only CpG dinucleotides. Differentially hydroxymethylated CpGs were selected at
a g-value < 0.05. Differentially hydroxymethylated regions (DMR) were defined by
2 kb genomic regions containing at least 2 concordantly hydroxymethylated CpGs
(in the same direction). Genes with differentially hydroxymethylated CpGs
(q-value < 0.05) were compared to differentially expressed genes (p-value < 0.01
and g-value < 0.05) to generate a scatterplot using smoothScatter in R. For the gene
region analysis, all the sites that fell within a gene body were linked to that given
gene, and a table of pairs of RRHP sites and genes was produced. The same was
done for the promoter analysis, but instead of gene bodies, a flanking region of 2 kb
upstream from the gene’s transcription start site to 500 bp downstream from the
TSS was used as the region for pairing. All the RRHP data from the above samples
have been deposited in GEO: accession number GSE122446.

Sample ID Age Tissue Cell purification RRHP read count Unique CpGs
pdgfra2mnl P60 Brain  Pdgfra-EGFP 13,886,881 980,401
pdgfra2mn2 P60 Brain Pdgfra-EGFP 16,214,208 1,005,400
pdgfra2mn3 P60 Brain Pdgfra-EGFP 24,034,708 1,111,395
plp2mnl P60 Brain Plp-EGFP 37,707,720 1,295,473
plp2mn2 P60 Brain Plp-EGFP 21,883,753 1,103,851
plp2mn3 P60 Brain Plp-EGFP 35,946,466 1,270,551

Mixed neuron-glia myelinating cultures. Forebrains were removed from 15-day
mouse fetuses, dissociated first mechanically and then enzymatically with 0.05%
Trypsin in HBSS 1X for 15mn at 37 °C. Cells were washed and filtered gently
through nylon mesh (63 um pores). The pellet was suspended in DMEM/10% FBS.
Cells were plated on poly-L-Lysine coated glass coverslip. The culture medium
consisted of Bottenstein and Sato medium supplemented with 1% FBS, 1%peni-
cillin/streptomycin solution, PDGF-AA (10 ng/ml), with addition of T3 hormone
(45 nM) after the third day in culture, to induce differentiation.

Primary oligodendrocyte progenitor cultures and overexpression studies.
Mouse OPCs were isolated from the brain of P7 mice through immunopanning
with a rat anti-mouse CD140a antibody (BD Biosciences, 558774), recognizing
PDGFRa¥’. Cells were plated in 10-cm dishes and kept proliferating in PDGF-AA
(10 ng/ml) and bFGF (20 ng/ml). The catalytic domain of human TET1 (hTET1-
CD) was amplified from a template plasmid, pIRES-hrGFP II-TET1_CD (RRID:
Addgene_853570)88, and then sub-cloned into the linearized lentiviral vector,
pScalps_Puro (RRID:Addgene_99636)%°, by using In-Fusion cloning system
(Takara Bio). The empty lenviral backbone was used as negative control (CTRL).
OPCs were transfected with 10 pL of CTRL or hTET1-CD lentivirus overnight.
After 24 h, media was changed and cells were maintained in proliferative media for
5 days before fixation for immunocytochemistry or collection for gqRT-PCR.

Immunocytochemistry. After fixation, cells were incubated in blocking buffer
(10% normal goat serum in PBS/Triton 0.3%) for 1h at room temperature and
then incubated overnight at 4 °C with the primary antibodies diluted in the same
blocking buffer. Cells were incubated with the appropriate Alexa Fluor conjugated
secondary antibodies for 1 h at room temperature, then mounted using
Fluoromount-G with DAPL

Primary antibodies used for immunocytochemistry. Primary antibodies used for
immunocytochemistry were rat anti-NFM-H (Millipore, MAB5448, 1:500), rabbit
anti-NG2 (Millipore, AB5320, 1:200), mouse anti-SLC12A2 (DSHB, T4, 1:100), rat
anti-PDGFRa (Millipore, CBL1366, 1:800), rat anti-MBP (Abd Serotec, MCA095,
1:200), mouse anti-MOG (Millipore, MAB5680, 1:500), mouse anti-OLIG2 (Mil-
lipore, MABN’50, 1:200), rabbit anti-TET1 (Novus Biologicals, NBP1-78966, 1:100).

Secondary antibodies used for immunocytochemistry. Secondary antibodies used for
immunocytochemistry were goat anti-rat (IgG 647, Life Technologies, A21247,
1:1,000), goat anti-mouse (IgG 546, Invitrogen, A11030, 1:,1000), goat anti-rabbit
(IgG 488, Invitrogen, A11034, 1:1,000), goat anti-rabbit (IgG 546, Invitrogen,
A11035, 1:1,000), goat anti-mouse (IgG 488, Invitrogen, A11029, 1:1,000), goat
anti-rat (IgG 555, Invitrogen, A21434, 1:1,000).

Immunohistochemisty. For immunohistochemistry, animals were perfused with
4% paraformaldehyde and post-fixed overnight in the same solution at 4 °C. Brains
and spinal cords were dissected, cryo-protected in sucrose solutions, and frozen
embedded in OCT. Immunohistochemistry was performed on 12 um cryostat
sections. For 5mC and 5hmC staining, slides were first permeabilized, denatur-
alized, and neutralized. Slides were incubated in blocking buffer (5% normal goat
serum in PBS/Triton-X100 0.3%) for 1 h at room temperature and then overnight
at 4 °C with the primary antibodies diluted in a similar blocking buffer (5% normal
goat serum in PBS/Triton-X100 0.3%). After rinsing with PBS 1X, sections were
incubated with the Alexa Fluor secondary antibodies and then washed with PBS
1X. Stained tissue were cover-slipped in DAPI Fluoromount G mounting medium
(Thermo Fisher) and examined on a Zeiss LSM800 Fluorescence Microscope. For
5mC and 5hmC quantifications, the 5mC and 5hmC immunoreactivity of each
antibody per nuclear area (pixel/um?) was quantified for at least 50 OLIG2 + cells
in each technical replicate. We used three technical replicates per biological con-
ditions/ages. Cells were qualified as low (<5 pixel/um?), medium (5-10 pixel/pm?)
or high (>10 pixel/um?) immunoreactivity relative to OLIG2 nuclear intensity.

Primary antibodies used for immunohistochemistry. Primary antibodies used for
immunohistochemistry were Fluoromyelin Green Fluorescent Myelin Stain (Invi-
trogen, F34651, 1:300), mouse anti-5mC (Abcam, ab10805, 1:200), rabbit anti-
5hmC (Active Motif, 39769, 1:200), mouse anti-CC1 (Millipore, OP80, 1:200), rat
anti-MBP (Abd Serotec, MCA095, 1:200), mouse anti-OLIG2 (Millipore,
MABNS50, 1:500), rabbit anti-OLIG2 (Santa Cruz, sc48817, 1:200), mouse anti-
SLC12A2 (DSHB,T4, 1:100), rabbit anti-TET1 (Novus Biologicals, NBP1-78966,
1:100), rabbit anti-TET2 (Epigentek, A-1701, 1:100), rabbit anti-TET3 (Abcam,
ab139311, 1:100), rabbit anti-KI67 (Abcam, ab21700, prediluted), mouse anti-
GFAP (BioLegend, 644701, 1:200), mouse anti-ISLET1 (Abcam, ab86472, 1:200).

Secondary antibodies used for immunohistochemistry. Secondary antibodies used
for immunohistochemistry were goat anti-mouse (IgG 488, Invitrogen, A11029,
1:1,000), goat anti-rabbit (IgG 488, Invitrogen, A11034, 1:1,000), goat anti-rabbit
(IgG 546, Invitrogen, A11035, 1:1,000), goat anti-mouse (IgG 546, Invitrogen,
A11030, 1:,1000), goat anti-rat (IgG 647, Life Technologies, A21247, 1:1,000).
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Electron microscopy. For electron microscopy, animals were perfused at P14 or at
P60 at 14dpl or 21dpl with 4% glutaraldehyde in PBS containing 0.4 mM CaCl2
and post-fixed in the same solution at 4 °C. The spinal cord was coronally sliced at
1 mm thickness and treated with 2% osmium tetroxide overnight before being
subjected to a standard protocol for epoxy resin embedding. Tissues were sectioned
at 1 um and stained with toluidine blue. Ultrathin sections of the lesion site were
cut onto copper grids and stained with uranyl acetate before being examined with a
Hitachi H-600 transmission electron microscope. Quantification was performed on
50 nm sections on a minimum of 80 axons per animal, three or four mice for each
genotype. G-ratio curves were fit with non-linear regression between control and
Tet]1 mutant replicates and slopes compared with sum-of-squares F Test.

Immunoelectron microscopy. For immunoelectron microscopy, animals were
perfused with 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate
buffer containing 0.5% NaCl, as previously described”’. For immunolabeling, optic
nerve sections were incubated with mouse anti-SLC12A2 (DSHB, T4, 1:2,000) in
blocking buffer, followed by five washes with PBS and 20 min incubation with
protein A-gold (10 nm) in blocking buffer.

Zebrafish live imaging and single cell labeling. Live imaging of the Tg(mbp:
EGFP-CAAX) line was carried out using a Zeiss 880 LSM with Airyscan in super-
resolution mode, using a 20X objective lens (NA = 0.8). Larvae were embedded in
1.5% low melting point agarose in embryo medium with tricaine. To mosaically
label individual oligodendrocytes in slc12a2b%¢58 mutants and siblings, we injected
one-cell staged embryos with 1 nl of a solution containing 10 ng/ul pTol2-mbp:
memScarlet plasmid DNA and 25 ng/ul tol2 transposase mRNA.

Quantification and statistical analysis. Image acquisition was performed on a
Zeiss LSM800 Fluorescence Microscope, using ZEN software. Images were ana-
lyzed with Fiji-Image J (RRID:SCR_003070). All statistical analyses were done
using GraphPad Prism (GraphPad Software, Inc, RRID:SCR_002798). Unpaired
Student’s ¢ test two-tailed was used for every two datasets with equal variances and
for which data follow a normal distribution. One-way and two-way ANOVA was
used to compare three or more sets of data. For all graphs, error bars are mean +
SEM. For all quantifications, n = 3-7 mice were examined (3-6 images were
analyzed and averaged per mouse, for each staining). All statistical details for each
graph can be found in the figure legends. QRT-PCR on tissues and single-cells have
been replicated twice in independent experiments. All immunostaining on P14
Tetl mutants and quantifications have been duplicated and evaluated by two
independent investigators*>91-93,

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are provided within the paper and its
supplementary information. A source data file is provided with this paper. RNA
sequencing and Reduced Representation Hydroxymethylation Profiling data from wild-
type adult mice have been deposited in NCBI's Gene Expression Omnibus Series
accession number GSE122446. RNA sequencing from wild-type and TetI mutants during
myelin repair accession number GSE137611. Previously published and deposited data
used in this study: GSE48872. Lineage specific genes were exported for these microarray
data and organized using hierarchical clustering on Multi-experiment Viewer. Further
information and requests for resources and reagents should be directed to and will be
fulfilled by Dr. Patrizia Casaccia. N.A. Source data are provided with this paper.
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Supplementary Table 1

Gene log2FoldChange pvalue padj Gene log2FoldChange pvalue padj
symbol symbol

Aars 0.68237575 4.27E-05 0.000777211 Ncapg2 0.858787848 0.006408161 | 0.037514234
Aatk 0.639773595 0.006079162 0.036083692 Ncdn 0.634631605 8.87E-05 0.001414309
Abat 0.729677401 0.000959102 0.009147281 Nckap1 0.986642242 0.000205239 | 0.002735984
Abcat 0.401621896 0.009088433 0.048393986 Ncoat 0.823566028 0.000843447 | 0.008226872
Abca2 1.106502259 3.46E-08 1.89E-06 Ncoa2 1.311660835 6.37E-05 0.001078862
Abca3 1.252498365 0.000308798 0.003765942 Ncoab 0.838796835 0.003762466 | 0.025149187
Abcabs 0.988271233 1.31E-06 4.39E-05 Ndc1 0.632276737 0.00273002 0.019810197
Abcab 1.297976339 1.89E-07 8.36E-06 Nde1 0.71536838 0.001848296 | 0.014867382
Abca8a 1.293414695 6.60E-05 0.001101518 Ndnf 1.283879034 0.008461944 | 0.046083584
Abcb7 0.922066061 1.24E-05 0.000281567 Ndrg2 1.873860866 7.08E-38 7.04E-35
Abcc1 1.022916769 1.66E-07 7.44E-06 Ndst1 0.610970482 0.002025252 | 0.015872033
Abhd13 0.843946737 4.80E-07 1.86E-05 Necap1 0.539788596 0.004132855 | 0.027022952
Abit 0.444681327 0.004305091 0.027888666 Nedd4 0.720318626 0.00037426 0.004339069
Abl1 0.837857147 0.00173327 0.014189696 Negr1 0.851314694 0.000150813 | 0.002143477
Abtb2 0.936792788 2.00E-05 0.000421587 Nek4 0.573725024 0.00352954 0.023938977
Acaca 0.842444448 0.004011233 0.02640123 Nek7 0.951551256 1.61E-06 5.26E-05
Acadsb 0.641840613 0.000217257 0.002849969 Nek9 0.734862585 0.000547268 | 0.005867843
Acap2 1.064863584 4.33E-06 0.000120116 Neo1 1.297377968 1.72E-08 1.03E-06
Acap3 0.775698737 0.001199887 0.010795553 Neto2 1.345885991 2.32E-07 9.96E-06
Acbd3 0.678876049 0.001313735 0.011566616 Nf2 1.189015279 0.000177208 | 0.00243619
Acbd5 0.771313307 5.45E-05 0.000952082 Nfatc3 0.977436061 3.44E-06 9.83E-05
Acly 0.708646261 0.000227272 0.002956725 Nfe2l1 1.101222244 4.28E-05 0.000777475
Acot11 1.336818803 2.72E-05 0.000537711 Nfe2l3 0.6533215 0.000488142 | 0.005386656
Acox1 0.726077104 1.62E-05 0.000351997 Nhirc1 0.643972888 0.005667628 | 0.034217558
Acp2 0.710407954 0.001031231 0.009678931 Nhirc3 0.968574702 0.003735376 | 0.025012332
Acsl1 0.73133938 0.001357511 0.011814471 Nipa1 0.529398829 0.008050119 | 0.044533626
Acsl4 0.892390266 0.000154063 0.002184735 Nipal3 0.441216976 0.003901615 | 0.025803148
Acvr2a 1.158951956 0.000232419 0.003007129 Nipal4 0.560338243 0.002259467 | 0.017173587
Adam10 1.154414075 2.09E-06 6.52E-05 Nisch 0.657294289 0.001738718 | 0.014221978
Adam17 1.308329423 2.43E-08 1.41E-06 Nkd2 4.253863325 0.001122855 | 0.010308558
Adam19 0.709068038 0.005161124 0.031868904 Nign1 0.731453598 0.001578235 | 0.013271073
Adam22 0.921035504 0.000671308 0.006870457 Nign3 0.972384476 0.000662791 | 0.0068017
Adam9 1.041031507 2.41E-06 7.36E-05 Noc3l 0.781469049 0.000111737 | 0.001682996
Adamts1 0.800719463 0.000197443 0.002658314 Nod2 4.59312434 0.000263244 | 0.003317398
Adamts2 0.542475514 0.006566245 0.038226585 Nol4l 1.031345298 9.22E-05 0.001444647
Adamts4 0.545261745 0.008001415 0.04427715 Nol6 0.67127542 0.000284716 | 0.003524546
Adcy5 0.794330819 5.47E-08 2.83E-06 Nol9 0.674962293 0.001699989 | 0.01400213
Add1 0.698623695 0.000159598 0.002241368 Nom1 0.530896571 0.001767544 | 0.014401673
Add3 0.815322325 0.000339484 0.004036019 Nomo1 0.76899541 0.000554691 | 0.005920566
Adgra2 1.20796883 6.54E-05 0.001094433 Nono 0.517243477 0.003728008 | 0.024980693
Adgra3 1.061019575 0.000360913 0.004219129 Npat 0.778185515 6.38E-05 0.00107914
Adgrf5 6.626847971 1.52E-05 0.000334578 Npnt 3.457552882 1.07E-05 0.000251274
Adgrg2 1.246742444 6.34E-07 2.34E-05 Npy 4.637143107 0.003242621 | 0.022518465
Adgrl3 0.630743906 0.004057955 0.026625309 Nr1d2 0.737167211 0.000575552 | 0.006081421
Adgrl4 6.668585928 0.00012108 0.001799346 Nr2c2 0.610804934 0.000919462 | 0.008822636
Adi1 2.467233104 3.37E-32 2.55E-29 Nsg1 1.900943736 2.80E-23 1.08E-20
Aebp2 0.701780858 2.53E-05 0.000507767 Nub1 0.593627121 0.000858056 | 0.008343534
Afap1 0.642315521 0.000247624 0.003164867 Nudt4 0.609699085 0.004390423 | 0.02828024
Aff4 0.932136181 0.000274533 0.003434473 Numa1 1.113589815 0.001806342 | 0.014629511
Agfg1 0.924607333 1.34E-05 0.000301239 Nup153 0.692818173 0.001211928 | 0.010878007
Ago1 0.545660387 0.005453439 0.03321081 Nup160 0.959914197 0.000124803 | 0.00184019
Agpat3 0.494966607 0.005655931 0.034157846 Nup188 0.690138447 0.000239404 | 0.003080632
Agps 0.890005615 7.33E-05 0.001200976 Nup205 1.0018033 0.001122406 | 0.010308558
Agtpbp1 0.550374685 0.002444384 0.018241007 Nup98 0.686848879 0.003497121 | 0.023770612
Ahctf1 0.938728538 0.002040401 0.015957678 Ocel1 0.831168323 2.17E-06 6.75E-05
Aifm2 0.522734802 0.004900424 0.030703587 Oga 0.728139991 0.001155721 | 0.010528475
Ak4 1.936791159 0.001353948 0.011802372 Oip50s1 0.882288986 2.26E-05 0.000467515
Akap1 0.682424065 8.94E-05 0.001423031 Olfmi2b 0.779892088 0.002052347 | 0.016004754
Akap6 1.027295806 2.01E-05 0.000424085 Opat 1.110571498 8.66E-07 3.08E-05
Akt2 0.520407996 0.002804662 0.020196772 Opa3 0.423148474 0.00878044 0.047246417
Alcam 0.927882494 5.67E-06 0.000150675 Oplah 0.482744483 0.002474962 | 0.018378655
Aldh6a1 0.821669307 7.97E-05 0.001289565 OrmdI3 0.492993408 0.001852551 | 0.014879017
Alg11 0.685901633 0.000839474 0.00820081 Osbpl11 0.827327171 0.001089606 | 0.010076721
Als2 0.954206451 0.000161119 0.002254348 Osbpl2 0.450499831 0.000953891 | 0.009105828




Alyref2 1.206325528 0.001318293 0.011590277 Osbpl8 0.817886339 0.000340331 | 0.004043547
Ambrat 0.972946824 6.97E-05 0.001153607 Ostm1 0.563458129 0.000280809 | 0.003492192
Amd2 2.337041586 1.12E-07 5.21E-06 Otud4 0.95067507 0.000381932 | 0.004412996
Amigo1 1.273097113 6.90E-11 6.83E-09 Otud6b 0.664905685 0.000585811 | 0.006169132
Amotl2 0.961442248 6.99E-05 0.001154555 Otud7b 0.52355672 0.00310206 | 0.021814825
Amph 0.667123758 0.00040621 0.00464435 Pabpcb 1.060889339 0.001331232 | 0.011682341
Anapc1 0.627201729 0.001843843 0.014837875 Pacs2 0.949748973 0.000175633 | 0.0024163
Ank 0.569859789 0.000978871 0.009274986 Pacsin1 1.046869098 0.00035458 | 0.004163293
Ank2 0.87814521 0.002643159 0.019313348 Pacsin2 0.754424224 0.003721605 | 0.024964335
Ankfy1 1.06377174 0.000210711 0.002779529 Paip2b 0.783099823 0.00055601 0.005931301
Ankib1 1.113240469 4.67E-07 1.82E-05 Pak1 0.527574024 0.000110576 | 0.001673509
Ankle2 0.726034025 0.000578833 0.006105445 Pak2 0.658685542 0.000643336 | 0.00664898
Ankrd13a 0.87508905 3.39E-05 0.000642975 Pam 1.692002809 6.03E-07 2.25E-05
Ankrd13c 0.689241469 0.000220419 0.002881451 Pank3 1.180474132 1.13E-07 5.28E-06
Ankrd44 0.70926688 0.004155068 0.027158802 Papola 0.713337707 0.000202455 | 0.002706505
Ankrd50 1.071467162 3.31E-05 0.000632141 Papolg 0.862816503 1.15E-06 3.94E-05
Anks1 1.358117469 1.05E-07 4.93E-06 Pappa2 6.866887379 3.42E-06 9.80E-05
Anin 0.925952802 0.000717306 0.007254812 Pard6b 6.782690197 3.35E-05 0.000638044
Anp32e 0.801881009 5.21E-05 0.000918938 Parp11 0.539814741 0.003634486 | 0.02451041
Ap1b1 0.833883395 2.87E-06 8.48E-05 Patl1 0.707325135 0.000665379 | 0.00682456
Ap1g1 0.863625972 8.83E-05 0.001408963 Pcdh1 1.075067918 5.08E-06 0.000137789
Ap2a2 0.539864688 0.001196958 0.010782652 Pcdh10 0.528905588 0.003244066 | 0.022520231
Ap3m1 0.619722674 7.47E-05 0.001218276 Pcdhb11 1.477024032 0.000455398 | 0.005085695
Ap3m2 0.836145027 0.000560905 0.005970037 Pcdhb15 1.363318692 0.000325346 | 0.003907249
Apdm1 0.832075069 9.84E-06 0.000235952 Pcdhb16 1.147571393 0.000698037 | 0.007086466
Apba1t 1.296406697 4.60E-05 0.000828214 Pcdhb2 1.92888439 0.0034953 0.023766782
Apbb2 0.624244883 0.001672854 0.013808713 Pcdhb20 1.4837456 6.32E-09 4.22E-07
Apc 0.849051373 0.008333057 0.04558793 Pcdhb22 1.396262062 0.000209858 | 0.002773483
Apcdd1 1.421372626 4.28E-07 1.69E-05 Pcdhb9 0.788991423 0.003242596 | 0.022518465
Aplp2 0.91742846 1.65E-05 0.000358032 Pcdhgai2 | 0.81529668 0.00598194 | 0.035701792
App 0.570601286 0.00279483 0.020148995 Pcdhga4 2.990021942 2.91E-14 4.63E-12
Appl1 0.659990685 0.000877716 0.008499731 Pcdhgab 1.322900107 4.72E-05 0.000848148
Agp1 4.946915056 4.88E-08 2.57E-06 Pcdhga6 1.400246933 3.22E-05 0.000616264
Arap2 0.529089955 0.009236904 0.04891807 Pcdhga8 1.28001057 1.46E-07 6.61E-06
Arcnt 0.579772283 0.006561993 0.038213601 Pcdhga9 1.501999251 2.61E-05 0.000521271
Arel1 0.976891067 1.64E-08 9.93E-07 Pcdhgb1 1.63360407 5.12E-06 0.0001383
Arfgef1 0.782118275 0.000134806 0.001958675 Pcdhgb4 0.650350835 0.008347225 | 0.045620851
Arfgef2 1.124110118 0.001714297 0.014064826 Pcdhgb8 3.904868065 2.17E-10 2.01E-08
Arhgap12 0.714806332 2.16E-05 0.000449667 Pcgf3 0.794422765 2.41E-06 7.36E-05
Arhgap19 1.01240255 0.003221017 0.022417851 Pcid2 0.46806497 0.002488034 | 0.018450885
Arhgap21 1.264422481 0.001318875 0.011590277 Pcif1 0.493791435 0.000338849 | 0.004036019
Arhgap27 2.679329576 0.001669751 0.01378912 Pcm1 0.87787796 3.92E-08 2.11E-06
Arhgap31 1.158551776 1.84E-06 5.90E-05 Pcmtd1 0.796674784 0.000315914 | 0.003825577
Arhgap35 0.688623275 0.004812603 0.0303647 Pcmtd2 0.622551161 6.21E-06 0.000162523
Arhgap5b 0.646024003 0.000796274 0.007864138 Pcnx 1.277900138 1.40E-05 0.000311593
Arhgef10 0.859945471 2.11E-05 0.000441189 Pcnx3 0.759528726 0.001244276 | 0.011106577
Arhgef11 1.045236838 0.00914045 0.048629868 Pcnx4 0.712494474 0.000302939 | 0.00371365
Arhgef16 3.874447208 0.00372608 0.024980693 Pcyox1 0.631652032 0.002107473 | 0.016340263
Arhgef18 0.675948729 0.002200036 0.016891662 Pcytla 0.69614645 0.000448247 | 0.005022652
Arhgef3 0.772409616 0.000321642 0.003875074 Pcyt1b 0.985920681 0.001145488 | 0.010445324
Arhgef38 5.925733629 0.002821671 0.02029606 Pde3a 1.284142959 0.000456453 | 0.005093471
Arhgef9 0.798839807 0.003337451 0.022991191 Pde4dip 1.246019783 0.001891179 | 0.015077586
Arid1b 1.021558105 5.45E-05 0.000951409 Pdgfc 0.554039915 0.001796004 | 0.014566934
Arid3a 0.910609704 0.000635786 0.00659147 Pdhat 0.514616128 0.00306769 | 0.021637514
Arih1 0.592966614 0.002460579 0.018304736 Pdik1l 0.476234709 0.006675817 | 0.038645174
Arih2 0.634138018 5.15E-06 0.000138844 Pdpr 1.068887775 7.41E-05 0.001211025
Arl5a 1.212246251 2.81E-07 1.18E-05 Pds5b 0.914786274 0.000974587 | 0.009248301
Arl5b 0.906944609 0.000157654 0.002225642 Pdxdc1 0.608929823 0.004465521 | 0.028662726
Armc6 0.63431471 0.000626687 0.006512512 Pdzd8 1.045595293 2.87E-07 1.20E-05
Armc9 0.526218445 0.005469951 0.033299878 Peatlba 0.890791901 2.08E-06 6.52E-05
Armcx1 0.710260709 3.39E-05 0.000643095 Peg10 0.653045501 0.001603337 | 0.01339871
Arsa 0.544059276 0.001544128 0.013042293 Peg13 1.338772276 2.04E-07 8.87E-06
Arsb 0.820496647 7.13E-05 0.001173602 Peg3 0.927740755 0.002538153 | 0.018719741
Arvcf 1.038637837 1.51E-05 0.000331681 Peli3 1.033829156 2.29E-05 0.000472639
Asb1 0.766633837 0.001547764 0.013067168 Pelp1 0.632171275 0.002469603 | 0.018357411
Asb13 0.531636771 0.004467087 0.028662726 Pes1 0.598008649 0.001809181 | 0.014633698
Asb7 0.837953383 0.000372674 0.004324524 Pex26 1.035698954 0.001548538 | 0.013067861
Ascc2 0.717437618 0.001737822 0.014220798 Pex5l 0.493017803 0.000421878 | 0.004798293
Asxl1 0.556318645 0.000905765 0.008722196 Pkl 1.560658369 4.77E-13 6.44E-11
Atad2 0.9768496 0.007448983 0.041857353 Pgap1 1.069847884 6.80E-05 0.001130252




Atf2 0.871486427 7.78E-08 3.83E-06 Pggt1b 1.032142644 0.007058211 | 0.040223507
Atf6 1.244008161 0.000114402 0.001714948 Phct 0.957932471 5.79E-07 2.18E-05
Atf7 0.944000497 0.000155881 0.00220518 Phc3 1.119342435 0.000120513 | 0.001792335
Atf7ip 0.801382304 0.000425915 0.004841295 Phf3 0.703944044 0.002641464 | 0.019308429
Atg13 0.543937143 0.002453352 0.018279744 Phf6 0.894736815 0.000344667 | 0.004083688
Atg14 0.564675889 0.001286703 0.011392293 Phf8 0.778010179 0.001350331 | 0.011789977
Atg2a 0.747665509 0.002718919 0.019752389 Phkat 0.887093 0.001189059 | 0.010732244
Atg2b 0.767664958 0.006865065 0.039419906 Phipp1 0.645074686 0.004221327 | 0.027477874
Atg9a 0.661630293 0.000318478 0.003846763 Phrf1 1.030143064 4.08E-05 0.000749785
Atmin 0.715802708 0.001810821 0.014640697 Pi4ka 0.861052519 0.000594055 | 0.006245503
Atpiia 1.203626669 0.000301477 0.003702932 Pianp 2.263665999 0.003757315 | 0.025132528
Atp13a3 1.090883638 0.001866412 0.014955827 Pias2 0.575798451 0.002546894 | 0.018762638
Atp2a2 1.104994463 1.96E-05 0.000416 Pigb 0.651628098 0.002909834 | 0.02079569
Atpbv0a2 0.529625858 0.009257829 0.048951257 Pigg 0.733665381 0.007510093 | 0.042100619
Atpbvi1g2 0.839443496 0.007389165 0.041613244 Pigm 0.570024255 0.008537916 | 0.046365124
Atp8at 0.93837642 1.33E-05 0.000299647 Pign 0.676594599 0.005696427 | 0.034358504
Atrn 1.367321717 0.000115332 0.001724782 Pik3c2a 0.836746008 0.000809483 | 0.007969614
Atxnil 1.312959469 3.73E-11 3.90E-09 Pik3c3 0.731722798 0.000846233 | 0.008245533
Atxn3 0.739630947 2.91E-05 0.000568774 Pik3ca 0.554228862 0.009341788 | 0.049284907
Avi9 1.25046935 5.14E-07 1.97E-05 Pik3ch 0.88504264 0.000179145 | 0.002455682
Axin1 0.759486114 0.005825104 0.035000617 Pik3r1 0.816700352 8.10E-06 0.000199009
Azi2 0.501328871 0.006887311 0.039523632 Pik3r4 0.990498356 6.49E-05 0.001090716
B3galt1 0.541532831 0.008646887 0.0467273 Pip4k2a 0.773730547 3.51E-05 0.000663037
B3galt5 1.061223773 0.000173253 0.002390513 Pip4k2c 0.738663085 8.09E-06 0.000199009
B3glct 0.597392797 0.004931681 0.030868839 Pja1 0.576508956 0.000364247 | 0.004244983
B4gaint1 1.338873825 0.000427745 0.00485177 Pja2 0.720507392 5.27E-05 0.000927408
Bag4 0.891360946 8.07E-05 0.001302622 Pkn1 0.71110443 0.00052556 | 0.005696481
Bag6 0.553550707 0.000217721 0.002854079 Pkn2 0.586353902 0.003320524 | 0.022891274
Bahd1 0.897501083 0.001607126 0.013412599 Pknox1 0.605201635 0.001400512 | 0.012065897
Bap1 0.56407311 0.003490168 0.023755907 Plaa 0.501713705 0.00439097 | 0.02828024
Bbs1 0.868567365 0.000619786 0.006451442 Plagl1 0.839650844 0.006112607 | 0.036217523
Bche 0.720404592 0.008502642 0.046242688 Plagl2 0.958203777 8.76E-05 0.001401121
Bcel2l11 0.912467535 4.05E-06 0.000113848 Pld1 0.663900921 0.001721716 | 0.01411618
Bcl213 0.653649097 0.000353174 0.004158908 Plekha8 0.783756045 0.000500021 | 0.005479359
Bcor 1.13585042 1.97E-07 8.63E-06 Plekhg1 0.732614345 0.000844213 | 0.008230095
Bdkrb2 2.571669997 4.95E-08 2.58E-06 Plekhh1 1.004642637 1.41E-07 6.41E-06
Bend3 1.03720615 0.006322541 0.0371266 Plekhm1 0.722570521 0.003652338 | 0.024604472
Bicc1 0.508208173 0.009482382 0.049887411 Plekhm2 1.076724862 1.07E-06 3.71E-05
Bicral 1.181743954 0.000199148 0.002676406 Plekhm3 0.815844117 0.000147485 | 0.002106813
Bmi1 0.588351416 0.002220006 0.016962315 Plppr4 4.185568662 1.32E-08 8.15E-07
Bmpria 0.878081215 8.75E-06 0.000213625 Plpprd 1.232135483 3.52E-08 1.92E-06
Borcsb 0.691571262 0.001048837 0.00981493 Pls1 0.710939277 0.006978218 | 0.03986378
Brap 0.625003515 6.35E-05 0.001076879 Pls3 1.065595915 6.79E-09 4.49E-07
Brd8 0.551512483 0.001656213 0.013695272 Pixdc2 0.59235146 0.006017299 | 0.035870388
Brinp3 0.874089211 0.001367383 0.01185944 PIxnb1 0.920549191 0.000292329 | 0.003604625
Brox 0.69868414 0.00018872 0.002560932 Pixnb2 1.033192947 0.001082611 | 0.010034435
Bsdc1 0.421320546 0.004078872 0.026743986 Pnmal2 0.755232964 0.000490082 | 0.005404913
Btbd11 1.512284504 0.006069478 0.036067695 Pnpla7 0.710794159 0.000339412 | 0.004036019
Btbd3 0.641793332 0.002968875 0.021129761 Pnpla8 0.667181128 9.10E-05 0.001433751
C1gait1 1.063043602 0.000825415 0.008092744 Pocb 0.660033391 0.000682208 | 0.006955652
C2cd3 1.194975049 2.29E-05 0.000472639 Pogk 0.965363693 5.45E-06 0.00014554
Cab39 0.84559362 1.54E-05 0.000338088 Polat 0.684378907 0.00667699 | 0.038645174
Calcocot 0.565076015 0.001154953 0.010526552 Polg 0.709859019 1.72E-05 0.000369307
Calu 0.530828775 0.003009267 0.021328902 Polr2a 0.898605663 0.000353561 | 0.004158908
Camsap1 0.820207611 0.003953269 0.026074198 Polr2b 0.687521919 0.003559964 | 0.024087022
Camsap2 1.320924766 0.000138652 0.00200378 Polr2m 0.498206641 0.008946399 | 0.047894016
Cand1 1.026981194 9.40E-06 0.000226771 Polrmt 0.648763995 0.002880322 | 0.020623761
Caprin 0.870645032 0.00060569 0.006329113 Pou6f1 1.043980616 0.000266426 | 0.003346343
Carhsp1 0.471582751 0.009242787 0.04891807 Pphin1 0.667475766 1.59E-05 0.000345477
Casc3 0.783107932 0.000130533 0.001906858 Ppmif 0.733746181 0.000491494 | 0.005414172
Caskin2 1.000149553 4.68E-07 1.82E-05 Ppm1h 0.46137449 0.0050769 0.03150645
Castor2 0.743802644 9.08E-05 0.001432656 Ppm1k 0.648257089 0.001296434 | 0.011451557
Cbib 0.649808904 0.004509505 0.028904102 Ppm1l 0.750967161 0.001071285 | 0.009960897
Cblb 0.573165389 0.005002179 0.031189386 Ppp1ri2b 0.906149594 0.005424016 | 0.033108009
Cbx4 0.548513139 0.000112758 0.001694327 Ppp1r13b 1.115709432 9.16E-09 5.85E-07
Cbx5 1.007731284 5.39E-05 0.000944762 Ppp2r2c 0.869534738 0.000389512 | 0.004478674
Ccar2 0.660257473 0.000180642 0.002472616 Ppp2r3a 0.669528589 0.000672427 | 0.006878186
Ccdc186 0.806002579 0.001276343 0.011321783 Ppp2rb¢c 0.705797753 0.000649916 | 0.006705981
Ccdc47 0.903568098 4.37E-06 0.000120992 Ppp4r3a 0.665189731 0.002049531 | 0.015992143
Ccdc82 0.869517656 2.24E-05 0.000464034 Ppp4r3b 0.609789342 0.000351737 | 0.004147773
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Ccdc93 1.22056021 9.97E-05 0.001536168 Ppp6r3 0.831398514 0.000323804 | 0.003896161
Ccdc97 0.611001845 0.001024054 0.009630696 Pprc1 0.67637708 0.00541592 0.033099624
Ccngt 0.748555559 0.000207346 0.002748574 Prag1 1.579745231 1.18E-14 1.92E-12
Cd164 0.567397158 0.002120052 0.01639073 Prdm10 0.727263185 0.000913741 | 0.008785578
Cd200 0.651043844 0.000819123 0.008056128 Prdm2 0.934194374 6.70E-05 0.00111606
Cd2ap 1.199019569 9.71E-05 0.001510732 Prepl 0.788079096 4.25E-05 0.00077642
Cd2bp2 0.417423847 0.005223117 0.032191908 Prex1 0.896070124 3.74E-05 0.000698695
Cd99i2 0.855647662 5.33E-05 0.000937356 Prickle2 0.844953873 5.44E-05 0.000951002
Cdc23 0.585485006 0.001310012 0.011544597 Prkacb 1.032967479 9.85E-07 3.46E-05
Cdc25a 1.481301005 1.51E-05 0.000332828 Prkca 0.953284014 0.004162187 | 0.027189952
Cdc27 0.68028963 0.002861847 0.020522573 Prkci 1.044478484 9.47E-07 3.34E-05
Cdc42bpa 0.68568634 0.002747357 0.019913068 Prkx 0.533353137 0.001610307 | 0.013427277
Cdc73 0.446146237 0.007252192 0.041019803 Prir 2.285977124 1.66E-07 7.44E-06
Cdh2 0.84641743 0.002085332 0.016195163 Prob1 0.784385012 8.39E-07 3.00E-05
Cdh3 7.10639665 6.53E-05 0.001094433 Prox1 0.782136899 0.000681075 | 0.00695142
Cdk13 0.462525007 0.006568363 0.038227144 Prox2 0.87986809 1.45E-05 0.000322212
Cdk16 0.476186079 0.008742191 0.047125088 Prpf18 0.597999725 0.000648385 | 0.006693836
Cdkn2aip 0.539316674 0.007181844 0.040756781 Prpf19 0.382069793 0.007194887 | 0.040767723
Cdr2l 0.714827352 5.47E-05 0.000953892 Prpf6 0.585667053 0.005368766 | 0.032864567
Cds2 0.865174511 0.000160848 0.002252231 Prpf8 0.527222795 0.008641722 | 0.046726109
Cecr2 0.664967601 0.000173658 0.002394356 Prps2 0.719431511 0.0011183 0.010286729
Celf1 0.642704866 0.000277549 0.003461903 Prr14i 0.595433995 0.000171089 | 0.002367563
Cep104 0.866182363 1.58E-05 0.000343514 Prrc1 0.533765104 0.00196895 | 0.015572832
Cep120 0.920553211 0.000761582 0.007606143 Prss56 5.097401196 3.87E-09 2.73E-07
Cep170 1.069412688 2.52E-07 1.07E-05 Prxl2a 0.533247177 0.000146828 | 0.002101056
Cep170b 1.104526866 9.07E-08 4.34E-06 Psd3 1.05571812 5.88E-05 0.001012729
Cep68 0.684303483 0.003819056 0.025428534 Psen2 0.638597886 0.002109806 | 0.016351647
Cep85 0.642863321 0.00182977 0.014752384 Psip1 0.509637241 0.004528582 | 0.028978942
Cerk 0.656402633 0.002119311 0.01639073 Psmd2 0.475891424 0.006301587 | 0.037039459
Cfap46 1.257010902 0.004000974 0.026342882 Ptar1 0.880729196 0.000342575 | 0.004065092
Cflar 1.150178674 7.79E-06 0.000192863 Ptcd1 0.833547197 0.004330688 | 0.028006496
Chaf1a 0.725605802 0.002458913 0.018299539 Ptch1 1.190570075 9.71E-09 6.16E-07
Champ1 0.784796722 0.000219454 0.00287281 Ptpdc1 0.594542424 0.006845089 | 0.039317141
Chd1 0.75213807 1.80E-05 0.000384662 Ptpn21 0.677110374 0.009489099 | 0.049908859
Chd4 0.682018774 0.000107183 0.001631307 Ptpra 0.558581923 0.007282807 | 0.041156027
Chdh 1.664528639 3.75E-20 1.18E-17 Ptpre 0.676870929 0.000449283 | 0.005031279
Chil1 1.489209785 7.89E-06 0.000194529 Ptprf 0.796883137 7.28E-06 0.000182944
Chml 1.067462105 0.002717888 0.019752389 Ptprg 1.05610829 0.004090867 | 0.026799812
Chmp4b 1.130113915 2.76E-06 8.21E-05 Ptprk 0.839156393 0.000376007 | 0.004355181
Chpt1 0.704954297 0.000495382 0.005444305 Ptprm 1.409213703 5.29E-06 0.000142051
Chst14 0.596654615 0.002264555 0.017191517 Ptprs 0.494928976 0.006535042 | 0.038091861
Chst3 1.598878388 5.26E-11 5.26E-09 Pum1 0.608029771 0.004508614 | 0.028904102
Ckapb 0.979210843 3.75E-05 0.000699635 Purg 1.200623902 6.84E-06 0.000174488
Clasp2 0.740072506 0.000355284 0.004168802 Pwp2 0.502518329 0.008575103 | 0.0464989
Clecnb 1.094122512 2.03E-07 8.87E-06 Pxdn 3.610724435 1.77E-15 3.19E-13
Clcn6é 0.670030558 0.003879982 0.025733109 Pxmp4 0.763856591 0.003928515 | 0.025924792
Clen7 0.613963141 0.008197776 0.045105333 Qsox2 0.467036137 0.009192633 | 0.048825048
Cldn5 8.122916383 4.90E-08 2.57E-06 Rab100s 0.614096909 0.00149482 0.012699586
Clicb 2.894207917 6.80E-17 1.43E-14 Rab11fip4 | 1.043307174 0.000163839 | 0.002280592
Clint1 0.517652145 0.007155875 0.040657501 Rab22a 0.60898322 0.002176808 | 0.016763474
Clip2 0.631715987 0.002114586 0.016372461 Rab23 0.785289945 0.000433194 | 0.004900456
Clock 0.87544434 7.70E-06 0.00019074 Rab3gap1 | 0.700690046 0.002014813 | 0.015808343
Clstn1 0.734036214 0.00418338 0.02731552 Rabba 0.629241234 6.52E-05 0.001094423
Citc 0.88033458 0.00018306 0.002502081 Rab8b 0.63074422 0.004738684 | 0.029998441
Cnot1 1.14378353 6.45E-06 0.00016806 Rabgap1 0.725906535 1.75E-05 0.000375284
Cnst 0.753325595 0.002573748 0.018923201 Rabgap1! 0.629987539 0.000811561 | 0.007985912
Cntn2 0.970390559 2.06E-05 0.000430941 Rabgef1 0.483623641 0.002227472 | 0.016991889
Coab 0.747419221 0.006043689 0.035959666 Rad21 0.591790482 0.000172096 | 0.002376289
Cobl 0.826696657 6.02E-05 0.001031041 Rad51d 0.433001815 0.004736922 | 0.029997331
Cobll1 0.880681009 0.00012467 0.001839687 Ralgds 0.826781603 0.000881905 | 0.00852719
Cog3 0.625444947 0.001998322 0.015706563 Ranbp2 1.190328902 3.48E-07 1.42E-05
Col6a3 1.228076149 0.000455318 0.005085695 Rapgef2 1.097593122 3.14E-07 1.30E-05
Col9a2 0.900782887 0.005954808 0.035587648 Rapgef3 0.489039586 0.007699521 | 0.04296457
Copb1 0.51671084 0.008411839 0.045876799 Rapgefs 0.793850599 0.005591372 | 0.033854486
Copg1 0.767705146 0.001191145 0.010737349 Rasa3 0.727708278 0.000557826 | 0.005947315
Cops2 0.422418993 0.009023425 0.048197177 Rasgrp3 0.45927542 0.003220544 | 0.022417851
Coq8a 0.714131445 7.23E-05 0.001186943 Rassf2 0.801012865 0.000356543 | 0.004178389
Coroic 0.626239561 1.71E-05 0.000369286 Rassf3 0.936671019 0.003185765 | 0.022257101
Coro2b 0.774509948 0.006094146 0.03613477 Rassf4 1.273509229 1.44E-08 8.76E-07
Cox15 0.459468123 0.004121888 0.02696057 Rb1 0.803020272 0.002069124 | 0.016115634




Cpd 1.052385664 0.000244328 0.003126966 Rbicct 0.654106912 0.002368763 | 0.017826308
Cpeb2 0.87029724 0.000457171 0.005098472 Rbak 0.604244296 0.007959483 | 0.044109675
Cpeb3 0.733078453 0.000656038 0.0067544 Rbbpb5 0.573596751 0.005240785 | 0.032237732
Cpeb4 1.025652363 0.00018794 0.002555573 Rbi2 1.309359088 6.30E-09 4.22E-07
Cpm 0.551487323 0.003240967 0.022518465 Rbm15b 1.014380354 1.16E-05 0.000267224
Cpne3 0.827390328 0.004223102 0.027479965 Rbm41 1.031640316 5.89E-06 0.000155412
Cpped1 0.650607105 0.00016077 0.002252231 Rbsn 0.83878672 0.001067454 | 0.009954658
Cpsf6 0.867680997 2.32E-07 9.96E-06 Rc3h2 0.648179539 0.000731079 | 0.007370445
Creb1 0.823123702 0.000328753 0.00394156 Rcan3 0.751011754 0.000879982 | 0.008517303
Creb3I2 0.743434755 0.001260411 0.011196215 Rcbtb1 0.541598113 0.003733851 | 0.025010977
Crebl2 1.354500373 4.87E-10 4.11E-08 Rcc2 1.112543528 0.000354467 | 0.004163293
Crebrf 0.667521247 0.003147554 0.022085456 Rdx 0.561456945 0.00077746 | 0.007712992
Crk 0.782169327 8.99E-05 0.001423473 Recql 0.615037394 0.004786845 | 0.030242556
Cry1 0.964433332 0.003864788 0.025669741 Reps2 1.047115838 0.003037776 | 0.021488736
Crybg3 1.034803325 0.002298203 0.017384129 Rev1 0.795631298 0.001329936 | 0.011676626
Csdet 0.680316749 7.20E-05 0.001183115 Rffl 0.44631653 0.006454157 | 0.037711404
Csnk1d 0.59091304 0.000339144 0.004036019 Rftn1 0.700044874 3.93E-07 1.57E-05
Cstf2 1.027488068 1.04E-07 4.88E-06 Rftn2 0.63315835 0.000998195 | 0.009415613
Ctbs 0.5599284 0.005421292 0.033108009 Rfwd3 0.602200975 0.008166539 | 0.045045837
Ctct 0.501262873 0.009067048 0.048334575 Rix7 1.066877684 0.000466544 | 0.00517856
Ctdp1 0.709579161 0.000147776 0.002107406 Rgs3 0.576943836 0.000538534 | 0.00579392
Cth 2.53994264 1.81E-06 5.85E-05 Rhbdd1 0.961682175 1.34E-05 0.000300879
Ctnnat 0.911312648 1.16E-05 0.000267224 Rhobtb3 0.791029221 0.005512284 | 0.033470815
Ctnnb1 0.719977357 0.000194955 0.002628549 Rhog 0.572231158 0.000602085 | 0.006301888
Ctnnd1 0.508927215 0.007009429 0.04000581 Rhpn2 0.947324123 2.82E-05 0.000554167
Citn 0.540294543 0.005356119 0.032819034 Ric1 0.605030806 0.009463057 | 0.049799603
Cttnbp2nl 1.138445286 1.80E-07 8.00E-06 Ric3 0.494243332 0.009052938 | 0.048274193
Cul3 0.578144358 0.007182867 0.040756781 Ric8b 0.559993234 0.005281855 | 0.032427057
Cul4a 0.672788809 0.000255451 0.003241825 Rimkla 0.562682328 0.006451356 | 0.037711404
Cul4b 0.958983324 2.45E-06 7.43E-05 Rin2 0.671505944 2.80E-05 0.000550413
Culb 0.497022117 0.005828282 0.035008582 Rlim 1.042709452 5.90E-05 0.001015686
Cul7 0.586780889 0.006799984 0.039141318 Rmndba 1.331877679 3.01E-08 1.67E-06
Cxcr4 2.757848797 6.68E-10 5.44E-08 Rnase1 2.54877994 5.02E-05 0.000894366
Cyfip1 0.616571637 0.000147565 0.002106813 Rnf125 0.825824515 0.007133326 | 0.040590384
Cyld 0.596584129 0.004516602 0.028921859 Rnf14 0.490025101 0.001289174 | 0.01140883
Cyp26b1 1.375622617 0.003860321 0.025649083 Rnf141 0.542182812 0.001472276 | 0.012557286
Cyp2d22 1.109276659 0.008479537 0.046166098 Rnf144a 1.31398896 9.71E-08 4.58E-06
Dcaf1 0.982789403 1.23E-07 5.68E-06 Rnf145 0.564678435 0.009036013 | 0.04823715
Dcafb 0.786267968 6.40E-05 0.001080395 Rnf168 1.002043012 1.42E-05 0.000316242
Dcaf7 0.760905445 5.69E-05 0.000984008 Rnf2 0.527452456 0.005847728 | 0.035103079
Dcbld1 0.899483229 0.002177132 0.016763474 Rnf217 2.086845896 0.005574478 | 0.033773831
Dcp1ia 0.522814891 0.003227892 0.022449166 Rnf24 1.273717833 4.22E-07 1.67E-05
Dcint 0.789600416 0.001072535 0.009967619 Rnf38 0.528282728 0.002188748 | 0.016832345
Dcun1d4 0.886474531 1.27E-06 4.26E-05 Rnf43 0.667997526 0.000192115 | 0.002594315
Dadb1 0.713062666 0.000152615 0.002167447 Rnf44 0.891377681 0.001069888 | 0.0099577
Ddx19b 0.672600826 0.003385627 0.023229948 Rngtt 0.666595881 0.000861515 | 0.008364261
Ddx21 0.511243168 0.006275631 0.036978879 Rp2 0.818429093 7.13E-05 0.001173732
Ddx42 0.55573724 0.001334267 0.011687512 Rprdia 0.521607218 0.002063823 | 0.016080973
Ddx59 0.525853969 0.001535052 0.012981041 Rprd1b 0.504045183 0.001701352 | 0.014007253
Dennd2a 0.81559269 0.000183514 0.002506482 Rps6kat 0.942997969 0.000109512 | 0.001660074
Dennd4a 0.967524309 6.60E-05 0.001101518 Rps6kab 0.682756227 0.00165394 | 0.013682462
Denndba 0.624836017 0.002430197 0.018161438 Rps6kc1 0.681519448 0.000764093 | 0.007621975
Dgcr8 0.881113005 0.00014036 0.002020732 Rrm2b 1.064152908 2.83E-06 8.40E-05
Dgkd 0.810629285 0.000201698 0.00270086 Rrn3 0.914782799 0.000302072 | 0.003705636
Dgke 0.913268932 0.000184118 0.002512914 Rmp12 0.72913411 0.000741024 | 0.007441866
Dhx30 0.520974251 0.000444346 0.00498189 Rs1 1.226926409 0.000857137 | 0.008338885
Dhx37 0.54455333 0.001985935 0.015634564 Ril5 1.069610351 0.000995756 | 0.009403807
Dhx38 0.827903754 0.00693225 0.039683879 Rtl6 0.572735198 0.00250482 0.018517248
Dhx40 0.459688207 0.002792383 0.020142432 Ritn4 0.577254986 0.001962765 | 0.015549933
Dhx8 0.56267678 0.00369167 0.02481637 Rubcn 0.882483128 0.001518519 | 0.01286047
Dicer1 0.617835928 0.003466483 0.023647392 Rufy3 0.483950373 0.007729921 | 0.043095715
Dip2a 1.075358455 0.000150717 0.002143477 Rufy4 9.144087157 9.78E-14 1.44E-11
Dip2c 0.862406817 0.000216323 0.002841663 Rusc2 0.658611048 0.000639867 | 0.006623993
Dipk2a 0.898811019 0.000207836 0.002752018 Rwdd3 1.409306851 2.15E-07 9.29E-06
Diras1 0.687195643 0.000147829 0.002107406 Rybp 0.745947349 5.09E-06 0.000137902
Disp3 2.24582536 3.99E-06 0.000112106 Sall1 0.601756828 0.00369696 | 0.024843096
Dixdc1 1.156384299 1.55E-06 5.06E-05 Samd8 1.398480737 2.48E-12 3.08E-10
Dig1 0.577026842 0.005978255 0.035701792 Sart3 0.45317464 0.006455806 | 0.037711404
Dig2 1.367507037 8.97E-08 4.32E-06 Sbf2 0.771401827 6.15E-05 0.001049066
Dik2 3.520534307 1.87E-40 2.08E-37 Sbk1 0.834778152 2.63E-05 0.000523193




Dil1 1.362063762 3.48E-05 0.000657956 Scaf8 0.547768713 0.000775926 | 0.007708137
Dmxi1 0.759517876 0.004293964 0.027826124 Scamp1 0.575513659 0.008334756 | 0.04558793
Dnaafb 0.537737968 0.006515814 0.038026684 Sca2 0.79637038 0.002422753 | 0.018137541
Dnah14 1.262440936 0.001890508 0.015077586 Scn3b 1.098729557 0.000782016 | 0.007747617
Dnah8 0.999508357 0.008590376 0.046555011 Scrg1 3.015881015 1.54E-09 1.17E-07
Dnaja4 0.480549165 0.007496903 0.042039143 Scyl2 0.753657642 0.000158484 | 0.002232353
Dnajb14 1.055699042 9.28E-06 0.000224611 Scyl3 0.658652596 2.49E-05 0.000503267
Dnajc11 0.405539171 0.008405294 0.045876799 Sec1411 0.517723148 0.002074061 | 0.016147435
Dnajc16 1.118897401 1.75E-07 7.79E-06 Sec16a 0.688293842 0.00456259 | 0.029147225
Dnajc18 0.594415711 0.003267698 0.022626517 Sec23a 0.557099932 0.001466698 | 0.012522578
Dnajc27 0.603543596 0.001464389 0.012508514 Sec24b 0.65697718 0.000765827 | 0.007627197
Dnajc28 0.812178181 1.54E-05 0.000338088 Sec24c 0.609712438 0.008177868 | 0.04506599
Dnajc3 0.637404495 0.003799523 0.025334176 Sec63 0.790915746 0.000205758 | 0.002740972
Dnajcb 0.643224855 0.000198008 0.002664023 Secisbp2l 0.879030192 1.06E-05 0.000250879
Dnajc6 0.873983139 4.10E-07 1.64E-05 Selll 0.84780499 2.62E-05 0.000521473
Dnm2 0.789914549 0.001293743 0.011443905 Sel113 1.004006499 3.53E-05 0.000665669
Dnmt1 0.891101386 0.001875761 0.014998949 Selenoi 0.754812254 0.000163348 | 0.002277115
Dntt 1.466724135 0.005374971 0.032884694 Selenon 1.053939032 3.67E-05 0.000689324
Dock1 1.108871675 2.12E-07 9.20E-06 Sema3d 1.003170446 7.41E-06 0.000184843
Dock10 0.877667618 0.00046221 0.005145553 Sema3e 0.995591958 0.000382599 | 0.004418005
Dockbd 1.307758036 0.000125557 0.001848447 Sema6d 1.725339456 1.25E-16 2.61E-14
Dop1b 0.797090369 0.006816066 0.039210011 Senp1 0.582488306 0.000978065 | 0.009271996
Dpp8 0.951882099 6.90E-05 0.001143947 Sephs1 0.74122001 0.001505916 | 0.012788111
Dpy1911 0.846317655 0.00267793 0.019522142 Sepsecs 0.683578604 0.000236937 | 0.003055135
Dpy1914 0.699769434 0.001443753 0.012365776 Serinc1 0.533149066 0.009409262 | 0.049585523
Dpysl5 0.957335716 0.000166518 0.002311076 Sestd1 0.687489644 0.00193196 | 0.015350924
Dr1 0.464567313 0.004885877 0.030642912 Setd7 0.741638674 0.001360328 | 0.011822659
Drosha 0.805705301 0.004985673 0.031144805 Setx 0.849255294 9.75E-05 0.001515112
Dscaml1 0.829003579 0.001914545 0.015231749 Sf1 0.660080072 0.003181531 | 0.022246344
Dix4 1.258114213 4.08E-09 2.86E-07 Sf3at 0.564708797 0.003196124 | 0.022302078
Dync1h1 0.83701422 0.001712887 0.014059355 Sf3b2 0.393285244 0.003363408 | 0.023127864
Dync1i1 1.359092294 1.34E-05 0.000300619 Sf3b3 0.629701835 0.001134801 | 0.010377913
Dync1li2 0.946311948 0.000679785 0.006942185 Sfrp1 0.638171649 0.001411388 | 0.012138064
Dyrk1a 0.659810554 0.001397539 0.012046366 Sft2a2 0.926915486 2.61E-05 0.000521338
Dzank1 1.024347913 0.004435591 0.028489968 Sgcb 0.752962823 0.000398712 | 0.004573338
E2f2 0.912757089 0.008245242 0.045271331 Sgms2 1.067579547 0.000969699 | 0.009215802
Eaf1 1.077320969 0.000281687 0.003499316 Sgpp1 0.835871209 6.38E-05 0.00107914
Edem3 1.444191178 1.76E-10 1.65E-08 Sgsm1 0.938056336 0.000135791 | 0.00196845
Edil3 1.078994569 2.29E-05 0.000472639 Sgtb 0.636626034 0.006590049 | 0.038341548
Edrf1 0.783749256 0.007219279 0.040879257 Sh2b2 1.734060229 0.000365442 | 0.004253664
Efs 0.918878524 0.003792506 0.025300797 Sh3bgrl2 0.957947556 6.42E-05 0.001082118
Eftud2 0.505209344 0.002782385 0.020082254 Sh3bpbl 0.811129757 2.91E-07 1.22E-05
Eif2ak1 0.693897153 0.000249837 0.003188839 Sh3kbp1 0.76822793 0.003307197 | 0.022832704
Eif2ak3 1.069699744 7.48E-07 2.71E-05 Sh3rf1 0.968722887 5.78E-05 0.000996912
Eif4b 0.478173826 0.006948833 0.03975599 Sh3tc2 0.571453047 0.00158315 | 0.013294661
Eif4g1 0.835954281 0.00165256 0.01368182 Shisa2 3.621137082 0.000227905 | 0.002960881
Eif4g2 0.946511265 0.000129858 0.001898454 Shoc2 0.840217112 5.13E-05 0.000908028
Eif4g3 0.960850044 0.00314967 0.022092101 Shprh 0.813087649 0.000867776 | 0.008420726
Eif5a2 1.08221465 6.02E-08 3.06E-06 Shroom2 0.9027267 8.93E-06 0.000216893
Elac1 0.849734658 0.001167622 0.010611323 Sime1 0.914230568 0.001332593 | 0.011683675
Elf2 0.44432286 0.00470117 0.029820878 Sipa1l2 1.200317695 3.30E-06 9.59E-05
Elk4 0.821261324 1.37E-05 0.000305252 Sipa1l3 1.005447365 4.49E-05 0.000812301
Ell2 0.567986136 0.005927219 0.035478853 Slain2 0.851694894 0.004229963 | 0.027508679
Elmo1 0.743971768 2.19E-06 6.79E-05 Sic11a2 0.631278766 4.23E-06 0.000118005
Elmod2 1.834642597 1.73E-22 6.55E-20 Slc12a2 0.787369063 0.002936728 | 0.020948288
Elmsan1 0.586270815 0.009040901 0.04824186 Sic16a2 1.024234407 0.00502688 | 0.031309098
Elp1 0.704575802 0.004883592 0.030642912 Sic17a5 0.503969957 0.00693413 | 0.039683879
Emc8 0.468304195 0.004398304 0.028309809 Sic19a1 0.684153076 0.001068604 | 0.0099577
Emilin2 0.888709695 0.00071918 0.007265985 Sic20a2 0.589850099 0.000363164 | 0.00423506
Emi1 0.673908961 0.001508489 0.012804207 Slc22a23 1.018421967 0.002634303 | 0.019263535
Endod1 0.805105345 4.27E-05 0.000777211 Slc25a23 0.550772549 0.000337004 | 0.004019168
Eno1b 3.54279075 2.37E-29 1.49E-26 Slc25a44 0.569948599 0.001770193 | 0.014410832
Eno2 2.068003373 1.55E-17 3.53E-15 Sic27a1 0.781293763 0.000317264 | 0.003837012
Enpp1 0.704199953 0.005471588 0.033299878 Sic30a1 0.893173184 0.000376628 | 0.00435971
Enpp2 0.72873454 0.00125462 0.011153207 Slc30a2 4.038609295 1.30E-13 1.90E-11
Entpd5 0.925266179 1.06E-05 0.000250819 Sic30a4 1.135171833 0.00095394 | 0.009105828
Eny2 0.430532589 0.003631622 0.024499837 Slc30a7 1.216562978 5.63E-07 2.13E-05
Epas1 1.164138548 2.33E-05 0.00047653 Slc33a1 0.55546545 0.00776121 0.043251813
Epb41 1.373068681 0.000518934 0.005647327 Slc35a3 0.514524227 0.00813025 | 0.044898074
Epgb 0.794277488 0.000396578 0.004551623 Slc35¢c1 0.691593057 0.003452842 | 0.023571351




Ephab 1.500003654 0.001835602 0.014784141 Slc35e1 0.917979686 1.07E-05 0.000251136
EpmZ2aip1 1.009315522 1.18E-05 0.000271512 Slc35e3 0.566307449 0.004212743 | 0.027431443
Eprs 0.401394794 0.007072484 0.040292697 Sic36a1 1.767894304 3.31E-06 9.60E-05
Eps15 1.16881531 3.55E-07 1.44E-05 Sic36a4 0.974969493 6.31E-06 0.000164912
Erbb3 1.045626589 3.78E-07 1.52E-05 Slc38a10 0.634241001 4.57E-05 0.000824144
Erbb4 0.991635487 3.24E-07 1.34E-05 Slc38a2 1.053912347 2.71E-05 0.000537345
Erbin 1.038952445 6.98E-07 2.56E-05 Slc39a10 0.622072676 0.002560887 | 0.018835975
Erc1 0.617022943 0.008857642 0.047499574 Sic39a14 0.541933563 0.001089506 | 0.010076721
Erlec1 1.255402354 3.21E-09 2.29E-07 Slc39a3 0.439244784 0.007172694 | 0.040740814
Ermp1 0.90909393 0.000282051 0.003499316 Sic39a6 0.737393025 0.000264855 | 0.003331043
Em1 1.121033679 7.68E-08 3.79E-06 Slc39a9 0.901133818 6.13E-06 0.000160655
Ero1l 0.876522496 6.79E-06 0.000173386 Sic44a1 0.670698223 0.002195907 | 0.016873674
Esyt2 0.932633376 8.97E-05 0.001423031 Sic44a2 0.755973274 5.44E-06 0.000145405
Etnk1 1.204577297 7.12E-06 0.000180089 Sic4a2 0.46902593 0.002750974 | 0.019917538
Etvs 1.441569974 5.98E-06 0.000157549 Sic5a11 0.902508946 0.000791273 | 0.00781884
Exoc2 0.659251247 0.000779024 0.007722016 Sic5a3 1.616318766 8.24E-10 6.60E-08
Exoc6 0.644650481 0.002258684 0.017173587 Sic6a1 1.19684599 2.58E-05 0.000516005
Exoc6b 0.910406918 0.000242958 0.003113646 Sic6a6 0.628480128 0.000503617 | 0.005502813
Exti2 0.501909229 0.006042444 0.035959666 Sic8a1 0.624294647 0.001173266 | 0.010647265
ExtI3 0.735428031 0.000279258 0.003477478 Sic9a6 0.812451729 0.000206922 | 0.002748105
Ezh1 0.803666628 1.07E-05 0.000251274 Sic9a8 0.801236964 9.92E-05 0.001533925
F5 5.016017848 8.95E-05 0.001423031 Sico1a4 3.388648171 5.41E-06 0.000144801
Fazh 0.549843879 0.00523677 0.032228714 Sif2 1.228557213 1.36E-06 4.53E-05
Fads1 0.829684054 0.001343642 0.011764177 Simap 0.644008001 0.000715656 | 0.007241989
Fah 0.428783422 0.001620023 0.013492932 Six4 1.24751922 0.003260092 | 0.022598284
Fam117b 1.059544514 1.16E-08 7.25E-07 Smad2 0.609076192 0.005006136 | 0.031190172
Fam120b 0.483549897 0.001979808 0.015619496 Smad3 1.446119765 8.41E-09 5.44E-07
Fam120c 1.241427319 1.17E-05 0.00026942 Smadb 1.007674233 9.33E-06 0.000225623
Fam122b 0.973652308 6.43E-05 0.00108233 Smad9 1.123397312 0.002164118 | 0.016676851
Fam126a 0.785277123 0.000436521 0.004927968 Smarca2 0.795118525 0.001563987 | 0.013174706
Fam129b 0.733033483 0.000403016 0.004616275 Smarcab 0.571062702 0.008904626 | 0.047710925
Fam131b 0.617574993 0.00644664 0.037704469 Smarcal1 0.601809877 0.000230021 | 0.002986327
Fam160b1 0.793226026 4.15E-06 0.00011634 Smarcc1 0.593801167 0.002395608 | 0.017977045
Fam168a 0.644707734 0.002725844 0.019787491 Smarcc2 0.956262848 0.003558589 | 0.024087022
Fam168b 0.968492179 0.008228579 0.045203724 Smc1a 0.6097738 0.00025198 | 0.003211855
Fam171a1 0.741049452 0.001012056 0.009532089 Smcr8 1.178571451 2.57E-05 0.000513914
Fam171b 0.746290432 9.04E-05 0.001428361 Smg7 0.750785434 0.000249542 | 0.003187219
Fam189a2 0.536855416 0.007576438 0.042384552 Smim10I1 0.717386282 7.53E-06 0.000187401
Fam20b 0.791086145 4.28E-06 0.000119237 Smim13 0.933785568 5.63E-07 2.13E-05
Fam210b 0.770997438 0.001333576 0.011686873 Smoc1 1.301923794 2.31E-11 2.54E-09
Fam219b 0.539085664 0.004343868 0.028072525 Smug1 0.542296891 0.001312204 | 0.011558526
Fam32a 0.511710553 0.000188326 0.002557413 Smurf1 0.589930275 0.004633504 | 0.029470768
Fam45a 0.743503574 0.00046576 0.005174879 Smyd3 0.62767989 0.001075906 | 0.009987248
Fam53b 0.632155836 0.000128698 0.001882962 Snap29 0.544969989 0.006521341 | 0.03803056
Fam53c 0.76860034 3.19E-05 0.000612503 Snd1 0.665859761 1.80E-05 0.000384804
Fam8a1 0.901401586 9.08E-05 0.001432656 Snn 1.012860668 5.43E-07 2.07E-05
Fam91a1 1.173750986 3.43E-06 9.82E-05 Snrnp200 0.739140565 9.78E-05 0.001516573
Far1 0.480765208 0.008143672 0.044959061 Sntb1 3.577255899 0.001885586 | 0.01504569
Farp2 0.796327211 0.000209959 0.002773483 Snx13 0.854848039 3.02E-05 0.000585735
Fat1 0.879504731 0.001047636 0.009808547 Snx18 0.585724462 0.005901625 | 0.035359245
Faxc 1.763936744 0.001710644 0.014049574 Snx19 0.894651315 1.53E-06 5.01E-05
Fbin2 3.573122395 0.005066414 0.031480063 Snx25 1.502080168 0.00736733 | 0.041534339
FbxI3 0.541822119 0.002495204 0.018457389 Snx30 0.531535017 0.000604799 | 0.006323292
Fbxo10 0.978210803 0.000453809 0.005075953 Socs4 1.195282793 2.08E-06 6.52E-05
Fbxo21 0.685664199 1.93E-05 0.000410063 Socsb 0.613880754 0.002319794 | 0.017512403
Fbxo32 0.478326872 0.002993612 0.021249811 Socs6 0.591528664 0.002259179 | 0.017173587
Fbxo34 0.645459304 0.000348793 0.004120772 Soga1 0.712660674 9.75E-05 0.001515112
Fbxo38 0.866590102 1.17E-06 3.99E-05 Sorl1 0.582462942 0.008330268 | 0.04558793
Fbxo45 1.15143936 2.78E-05 0.000547229 Sort1 1.248696844 2.02E-06 6.38E-05
Fbxw11 0.943298908 1.96E-05 0.00041533 Sos1 0.936393756 0.001017629 | 0.009579805
Fcho1 7.142669447 1.38E-93 6.52E-90 Sos2 0.843935432 0.001346657 | 0.011774218
Fcho2 0.790522498 0.000157996 0.002228811 Sowahc 0.905291469 0.000304817 | 0.00373425
Fem1ic 0.702450188 1.07E-05 0.000251274 Sox10 0.548649904 0.003222391 | 0.022419159
Fer1l5 1.336359719 0.001753725 0.014313759 Sox12 0.77095447 0.002242531 | 0.017072314
Fgf1 1.378274167 2.81E-10 2.48E-08 Sox13 1.243153035 0.002515685 | 0.018575777
Fgf7 1.3568992 0.00032973 0.003947661 Sp2 0.728439706 6.26E-05 0.001065344
Fgfr2 0.693509167 0.000121399 0.001801898 Sp3 0.625110243 0.001180379 | 0.010692419
Fip1l1 0.801864622 0.000990055 0.009359735 Sp4 0.719454239 0.002306987 | 0.017436617
Fitm2 0.562890826 0.008791419 0.047292028 Spag9 1.231636623 1.58E-05 0.000344367
Finb 1.401355197 5.88E-06 0.000155186 Spast 0.666892326 0.00033191 0.003965925
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Fit1 6.974431481 2.50E-06 7.52E-05 Spata2 0.664743402 4.95E-06 0.000134675
Flywch1 0.65193857 0.000238205 0.003067296 Spcs3 0.615900138 0.006544425 | 0.038123042
Fmr1 0.7610213 6.02E-05 0.001031014 Speccil 1.215356054 0.00020689 | 0.002748105
Fnip2 0.674644352 0.001974024 0.015593386 Spg11 0.880989816 0.001685639 | 0.013896043
Focad 0.741090555 0.000114335 0.001714948 Spin1 0.621616184 0.002830472 | 0.020351622
Folh1 1.16327106 3.84E-10 3.30E-08 Spin4 0.88692541 0.007332528 | 0.041381055
Foxd3 7.529418816 3.54E-05 0.000666412 Spock1 1.433153566 2.52E-05 0.000506275
Foxj2 0.806692672 4.74E-07 1.84E-05 Spop 0.433238437 0.001639396 | 0.013597854
Foxj3 0.746756423 3.94E-05 0.00073154 Sppl3 0.662817983 0.006295348 | 0.037017701
Foxk1 0.704577526 0.006047152 0.035968947 Spred1 1.145335329 0.000139934 | 0.002019223
Foxp4 0.780598962 0.001353004 0.011802372 Spry1 1.059339242 9.77E-05 0.001516573
Foxred2 1.245527059 0.00013538 0.001963994 Sptat 6.505306516 3.35E-05 0.000638044
Frmdb 0.69878293 1.35E-05 0.00030274 Spty2d1 0.771819893 6.95E-05 0.001150673
Frrs1 1.355507311 0.004980487 0.031122695 Srcint 0.565573874 0.007622267 | 0.04261571
Frs2 0.874380797 0.000128001 0.001874202 Srdbat 0.473487971 0.008692278 | 0.046945752
Fryl 0.60294156 0.005507858 0.03345599 Srebf1 0.505215798 0.008341974 | 0.045614211
Frzb 3.103439052 5.03E-05 0.000895121 Srr 0.82280894 0.001766664 | 0.014400709
Fubp3 0.57930863 0.000440306 0.004959766 Ss18 0.786481737 0.001135458 | 0.010378898
Fuca2 0.885231567 4.57E-05 0.000824144 Ss18I1 0.984665301 0.000263436 | 0.003317606
Furin 1.01746079 0.002049884 0.015992143 Ssh1 0.676812062 0.000695167 | 0.00706112
Fut9 1.300964889 0.005699533 0.034366274 Sspn 0.808622308 0.000232768 | 0.003009591
Fxr2 0.567573806 0.000622739 0.006478614 Ssrp1 0.4918462 0.005590635 | 0.033854486
Gaa 0.60679906 0.003704482 0.024875958 St3gal3 0.556592051 0.003517669 | 0.023875945
Gab1 0.858515081 4.42E-06 0.000121889 St6galnac3 | 0.518948494 0.003806783 | 0.02536469
Gab2 1.201973989 8.67E-05 0.001389936 Stag1 0.531193277 0.006140929 | 0.036355147
Gabpa 0.876996494 0.000136039 0.001970534 Stag2 1.134646535 5.56E-08 2.85E-06
Gak 0.750765925 0.000212635 0.002801005 Stam2 0.76323171 0.00038946 | 0.004478674
Gal3st2b 4.579710444 0.001478581 0.012578589 Stat3 0.486598417 0.005713529 | 0.034428702
Gaint1 0.57556155 0.004827078 0.030427369 Staut 0.630531341 0.001880374 | 0.015023127
Galnt10 2.643612428 2.20E-44 2.77E-41 Stk10 2.309040108 7.75E-12 8.99E-10
Galnt11 0.494922826 0.000831313 0.008142124 Stk35 0.660378373 0.001180505 | 0.010692419
Galnt16 0.779752688 2.00E-05 0.000421587 Stk4 0.985083606 1.69E-06 5.46E-05
Gaint6 0.693400512 9.09E-05 0.001432656 Strn 0.84262973 2.43E-05 0.000492873
Galnt7 1.099085699 1.65E-08 9.95E-07 Stt3b 0.792306396 0.000530597 | 0.005731361
Gapvd1 0.550886019 0.009300064 0.049133345 Stx17 0.690525604 5.53E-05 0.000962477
Garem1 0.70388897 0.000545625 0.005856875 Stx1b 1.129980085 3.27E-06 9.54E-05
Gas2 0.484991204 0.006684987 0.038679617 Stxbp1 0.682466404 0.001883769 | 0.015037537
Gecet 0.59160543 0.008326029 0.0455807 Stxbp3 0.45120046 0.005261785 | 0.032335344
Gent 0.777872293 3.63E-05 0.00068125 Suclg2 1.951945239 1.22E-12 1.57E-10
Gent1 1.885259267 0.005424298 0.033108009 Suco 0.920267333 1.02E-08 6.41E-07
Gdap2 0.486289099 0.00260024 0.019095699 Sufu 0.676941463 0.008228642 | 0.045203724
Gdpd4 4.218857779 0.000705209 0.007151587 Sulf2 0.731738706 7.68E-05 0.001247557
Gfrat 0.778824225 0.000747818 0.00749921 Sunt 0.807408506 0.001424193 | 0.012214843
Gid4 1.011076158 0.000272117 0.003408768 Sun2 1.134020539 0.000681425 | 0.00695142
Gk 0.708609893 0.004942483 0.030905641 Surf6 0.560040524 0.003038107 | 0.021488736
Glg1 0.608831936 0.006280089 0.036982094 Susd6 0.924606107 5.39E-05 0.000944762
Gli2 2.295886612 0.003215639 0.022396915 Suv39h1 0.502005487 0.006521759 | 0.03803056
Glo1 0.784818797 0.006003218 0.035809037 Sv2a 0.652211032 0.004865946 | 0.030607107
Glyr1 0.618064482 0.000765385 0.007627197 Svip 0.939546958 4.05E-05 0.000747472
Gnail2 0.65912617 0.007571359 0.042370488 Sybu 0.777082905 0.000440476 | 0.004959766
Gnao1 0.985244499 0.001159425 0.010557136 Sycp1 8.228601025 4.11E-10 3.51E-08
Gnb1 0.868964459 0.000130806 0.001909367 Syde2 0.882575968 0.007293822 | 0.041205951
Gne 0.609119663 0.000760806 0.007605242 Sympk 0.495160075 0.000462684 | 0.005147804
Gng12 0.97309639 0.00014547 0.002084777 Syngr3 1.263290022 7.51E-05 0.00122424
Gng7 0.611753906 0.000118371 0.00176187 Synj1 0.875539053 0.001068997 | 0.0099577
Gnl3l 0.778274529 0.000259132 0.003276509 Synj2 0.617662922 0.000783978 | 0.007758917
Gnptab 1.144703091 0.000386206 0.004451493 Synm 0.729106257 0.000840798 | 0.00820951
Gns 0.991199453 6.37E-06 0.000166146 Synrg 0.837810064 0.000944241 | 0.009037461
Golga3 1.024856523 0.000187733 0.002554873 Tacc1 0.890628871 2.78E-07 1.18E-05
Golph3 0.622243834 0.001948299 0.015454762 Taf1 0.777996287 2.32E-05 0.000475602
Gosr1 0.933207416 6.57E-06 0.000169969 Taf1b 0.811337774 0.006738072 | 0.038879663
Gpalpp1 1.00901314 8.85E-07 3.14E-05 Taf2 0.714777902 0.003601381 | 0.02431318
Gpam 1.081634304 1.55E-07 7.01E-06 Tanc1 1.04378181 7.06E-06 0.00017917
Gpatch2l 0.555389941 0.006080862 0.036083692 Tarbp1 0.735045144 0.000548129 | 0.005872173
Gpatch8 0.721442542 0.00485623 0.030578722 Tax1bp1 0.695148064 6.88E-05 0.001142558
Gpd1l 0.742892275 0.002495377 0.018457389 Tbc1d14 0.528886224 0.002540125 | 0.018726979
Gpkow 0.833812999 9.93E-05 0.001534374 Tbc1d20 0.540918876 0.000140543 | 0.002021829
Gpr107 0.600956613 0.000719066 0.007265985 Tbc1d22a 0.557154618 0.005065278 | 0.031480063
Gpr146 0.59797772 0.00574834 0.034594354 Tbc1d24 0.862085649 0.006386348 | 0.037432912
Gpr75 2.144192764 2.14E-10 2.00E-08 Tbc1d30 1.546155197 5.19E-10 4.36E-08




Gprasp1 1.260803884 0.000222743 0.002905063 Tbc1dd 0.71881237 7.18E-06 0.000180996
Gprasp2 1.337650952 0.00174942 0.014290963 Tbc1d9b 0.713112007 0.001392733 | 0.012010479
Gramd4 1.081638639 0.000185412 0.002525099 Tbeed1 0.544340668 0.0026573 0.019394186
Grk5 0.860516313 0.006624137 0.038468835 Tbl1x 0.482959807 0.00236892 0.017826308
Grm3 0.734008905 0.000153812 0.002182809 Tbl1xr1 0.822800589 0.001950136 | 0.015462837
Grpel2 0.460974888 0.00438976 0.02828024 Tbl2 0.600512124 0.009516776 | 0.049984891
Gsted 2.435312042 1.01E-28 5.76E-26 Tcaf1 0.843645766 0.001694652 | 0.013964254
Gstm1 0.762528774 1.55E-05 0.000338997 Tcof1 0.679425051 0.008921601 | 0.047774796
Gstmé 0.675038322 0.008092664 0.044720316 Tdrd6 1.095711326 0.007191322 | 0.040760886
Gtf2a1 0.865255401 4.61E-06 0.000126157 Tdrd7 0.66525201 0.000135116 | 0.001961672
Gtf2ird2 0.90418922 0.002533114 0.018689871 Tecpr1 0.448770505 0.003560236 | 0.024087022
Gtf3c1 1.028886878 0.000403188 0.004616275 Tecpr2 1.014116083 0.002405362 | 0.018028772
Gif3c4 1.064895044 0.000126565 0.001858939 Tedc1 0.738947376 0.000882518 | 0.008528748
Gxyit1 0.904403849 0.005098253 0.031576759 Tef 0.582145571 0.000374386 | 0.004339069
Gzf1 0.613848827 0.000440995 0.004959766 Tent2 0.56520728 0.004532224 | 0.02898262
H2-Q1 7.517110871 8.97E-08 4.32E-06 Tent5c 1.116649491 0.008738244 | 0.047125088
H2-Q10 5.276753046 0.000767153 0.007636386 Terf2ip 0.648533158 0.003079944 | 0.021707751
H2-Q4 2.536448671 4.41E-06 0.000121735 Tescl 5.829387401 0.000171786 | 0.00237547
H2-Q5 4.541820938 0.001620323 0.013492932 Tex2 0.934237023 5.60E-07 2.13E-05
Hbs1] 0.518369003 0.001241649 0.011102599 Tfdp2 0.649689117 0.000566067 | 0.006008062
Hcfe1 0.814793168 0.000334326 0.003992269 Tfip11 0.527557368 0.00220318 | 0.016898132
Hdac11 0.708275626 0.001777888 0.014454805 Tgfa 0.883705173 2.26E-06 6.96E-05
Hddc3 2.216521684 5.74E-29 3.39E-26 Tgfbr1 0.970650179 2.86E-06 8.46E-05
Hdhd2 0.892203603 2.42E-05 0.00049094 Tgfbrap1 0.925813014 3.30E-06 9.59E-05
Hdlbp 0.928025292 7.28E-05 0.001193507 Tgoin1 0.64809368 0.007628965 | 0.042632926
Heatr1 0.799434954 0.003985982 0.026271621 Thrap3 0.951585777 6.14E-07 2.28E-05
Heatrba 0.776236069 0.000693274 0.007049464 Thrb 1.483961096 0.000311157 | 0.003784945
Heatr5b 1.126323406 0.000280602 0.003491912 Thsd1 1.21396672 7.20E-07 2.62E-05
Heca 0.637462614 0.004353789 0.028117418 Thipa 0.791754782 9.80E-06 0.000235598
Hecw2 0.908654723 3.75E-05 0.000700337 Timm29 0.696433353 0.000127144 | 0.001865995
Heg1 0.795899671 0.002998645 0.021269925 Tjp1 1.094745906 1.85E-06 5.93E-05
Hgs 0.617974581 0.002515295 0.018575777 Tjp2 1.010392469 6.56E-07 2.41E-05
Hhip 0.88732283 5.36E-05 0.000941569 Tik1 0.774045474 0.002136291 | 0.016489307
Hif1a 0.866968476 4.64E-07 1.82E-05 Ti2 0.624327082 0.000189602 | 0.002567362
Hif1an 0.990525659 7.59E-07 2.75E-05 Tin1 1.173044324 2.85E-07 1.20E-05
Hinfp 0.612447636 0.003403064 0.023307292 Tm9sf3 0.815131864 7.73E-05 0.001253806
Hipk1 0.654374351 0.001869382 0.014966932 Tm9sf4 0.597282955 0.001945065 | 0.015435583
Hipk3 1.29498032 1.05E-09 8.17E-08 Tmc7 0.743021157 3.32E-06 9.60E-05
Hk1 0.723538027 0.00459855 0.029307616 Tmcc2 0.546920137 0.002048468 | 0.015992143
Hmgai1b 3.988283118 5.28E-07 2.02E-05 Tmed8 1.016529658 5.87E-07 2.20E-05
Hmgxb3 1.006842019 0.000282456 0.003501158 Tmem106b | 1.173853636 1.31E-08 8.10E-07
Hmgxb4 0.698227018 0.000362093 0.004227698 Tmem123 | 0.558287784 0.000531864 | 0.005741761
Hnrnph2 0.607140596 0.008960503 0.04795293 Tmem127 | 0.774901134 0.002354639 | 0.017747104
Hnrnpll 0.564283003 0.00851977 0.04630512 Tmem131 1.003971453 0.006982778 | 0.03987778
Hnrnpr 0.482722487 0.003487666 0.023755907 Tmem132b | 0.995776555 4.32E-06 0.000120035
Hnrnpu 0.609759246 0.001344551 0.011765922 Tmem132c | 2.738708069 1.07E-05 0.000251136
Hpsb 0.681208823 0.001176614 0.010672524 Tmem144 | 0.629689361 0.004036427 | 0.026520884
Hr 0.91795243 3.42E-05 0.000647543 Tmem150c | 3.27866125 2.65E-10 2.35E-08
Hs2st1 0.614098752 0.004121148 0.02696057 Tmem151a | 0.534548512 0.000836334 | 0.008182827
Hs6st1 1.006990862 1.43E-06 4.74E-05 Tmem161a | 0.610563803 0.003110114 | 0.021855197
Hsp90b1 0.683479903 0.000667368 0.006837538 Tmem167b | 0.64458639 0.00179736 | 0.014569249
Hspa12a 0.700012838 0.003400743 0.023299838 Tmem168 | 0.630058598 0.006890731 | 0.039531254
Hspa4 0.810325561 4.11E-07 1.64E-05 Tmem170b | 1.013033798 0.001247671 | 0.011123488
Hspa4l 1.100340428 6.59E-06 0.000170092 Tmem181a | 0.563310141 0.005742368 | 0.034569419
Hspa8 0.63026425 0.003870439 0.025689221 Tmem184b | 0.899495383 2.60E-06 7.79E-05
Hspa9 0.807139571 4.33E-05 0.000784609 Tmem201 0.632482587 0.000220214 | 0.002880764
Hspg2 1.66080045 7.95E-12 9.17E-10 Tmem?229a | 0.931721029 0.000307065 | 0.003752068
Hsph1 0.705702554 0.006285278 0.037001127 Tmem245 | 0.636479667 0.005486886 | 0.0333593
Hitra1 1.162565569 0.001368876 0.01185944 Tmem263 | 0.675422794 0.000243154 | 0.003114052
Hunk 0.910827508 3.77E-07 1.52E-05 Tmem30a | 0.784042677 0.000111526 | 0.001681972
Hus1 0.854616374 1.40E-05 0.000312694 Tmem56 0.870891388 0.000103746 | 0.001593103
Hyout 0.67358837 0.002990313 0.021234368 Tmem8b 0.742380337 0.002296378 | 0.017377275
lars2 0.510218881 0.007023537 0.040050053 Tmem94 0.897441966 0.003172149 | 0.022203686
Ibtk 0.900721293 2.30E-05 0.000472639 Tmod2 0.632130572 0.002770986 | 0.020023848
lemt 1.110577287 1.62E-07 7.29E-06 Tmpo 0.600988195 0.004191347 | 0.027339701
Ids 0.629048911 0.002809412 0.020215574 Tmtc2 0.637172173 0.001607505 | 0.013412599
Ifit2 1.144835321 1.15E-06 3.96E-05 Tmtc3 1.195685743 6.28E-05 0.001067668
Ifnar1 0.704650652 0.000281944 0.003499316 Tmx3 0.618466409 0.003918131 | 0.025878558
Ift122 0.705751319 0.003837617 0.025507198 Tmx4 0.937114721 1.25E-06 4.23E-05
Ift140 0.764998581 0.000285613 0.003533335 Tnfrsf19 1.190409752 0.000386926 | 0.004457076
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Ift80 0.877226091 0.000149918 0.002135573 Tnfsf9 0.754135078 0.001317804 | 0.011590277
Igf2r 1.406735556 1.16E-05 0.000267929 Tnks 1.38266153 2.92E-07 1.22E-05
Igsf11 0.710842619 0.001037448 0.0097228 Tnks1bp1 1.309790374 6.17E-08 3.10E-06
lkbkg 0.761784674 0.000178831 0.00245315 Tnks2 0.796068303 0.002939049 | 0.020956942
I112rb1 1.184232065 0.002160366 0.016654728 Tnn 7.176997673 8.17E-13 1.07E-10
I113ra2 2.188866577 0.004618113 0.029405713 Tnpo1 0.974748307 2.83E-05 0.000554563
17rb 0.92680207 2.43E-06 7.41E-05 Tnpo2 0.561267107 0.001808391 | 0.014633568
11rap 0.889898582 3.05E-05 0.000590902 Tns1 1.607693455 1.72E-10 1.62E-08
13ra 3.205091162 2.89E-05 0.000565521 Tns3 0.907804038 0.001710902 | 0.014049574
lI6st 1.006691938 2.03E-05 0.000427697 Tollip 0.721188049 0.000140349 | 0.002020732
13 0.589966154 0.000270033 0.0033849 Tom1/2 0.984396895 2.77E-05 0.000545228
Immt 0.378708781 0.008551723 0.046388347 Tomm70a | 0.588115095 0.001280248 | 0.01135109
Impact 0.497257727 0.000891569 0.008603027 Top2b 1.019140502 8.76E-05 0.001401121
Impg2 3.442905162 0.002495413 0.018457389 Topbp1 0.832473176 0.000553767 | 0.005916811
Inip 0.481651673 0.003427029 0.023412047 Torlaip1 0.708766027 2.38E-05 0.00048459
Ints1 0.803110646 0.00031295 0.003801855 Tox3 2.574174943 5.06E-18 1.21E-15
Ip6k1 0.749965446 0.006930128 0.039683879 Tpd52 0.366220868 0.007816696 | 0.043496909
Ipmk 0.899638037 6.99E-07 2.56E-05 Tppp 1.285705441 7.68E-06 0.000190584
Ipo13 0.461863301 0.001933697 0.015358268 Traf6 0.993190212 4.33E-06 0.000120077
Ipo7 0.667109501 0.003237692 0.022509041 Trappc12 0.586880017 0.005526346 | 0.033503695
Ipo9 0.961121197 8.15E-08 3.96E-06 Trappc8 0.943731812 7.80E-05 0.001262747
Iqcf3 2.840437465 1.18E-06 4.03E-05 Trim17 0.942311457 0.003759205 | 0.025136276
Iqub 2.928871862 0.00339437 0.0232646 Trim25 0.747909817 0.001108613 | 0.010212528
Ireb2 0.775362663 0.001243043 0.011105096 Trim28 0.466717353 0.000949958 | 0.009087581
Irgq 0.7822097 0.008185791 0.04506599 Trim36 0.561631118 0.001063664 | 0.009924204
Irs1 1.00864874 0.004230425 0.027508679 Trim44 1.33604462 3.39E-06 9.74E-05
Isoct 0.571783206 0.004578163 0.029197371 Trip12 0.683795444 0.000362016 | 0.004227698
ltch 0.980800717 1.82E-06 5.85E-05 Tro 1.151911664 0.001360038 | 0.011822659
ltgav 1.183741721 1.07E-05 0.000251136 Trp53bp1 0.84448203 0.008965014 | 0.04795293
Itgb3 0.800102615 5.60E-05 0.000973172 Trp53inp1 0.70639775 0.000132439 | 0.001927243
ltgh4 0.570495394 0.000761701 0.007606143 Trpct 0.640834737 0.003214848 | 0.022396915
ltgh8 1.099831377 2.03E-06 6.41E-05 Tsc2 0.677649099 0.0007877 0.007791675
Itih5 1.901818138 0.002217349 0.016948866 Tspan2 0.577775437 0.008209801 | 0.045139577
ltpk1 0.630242437 0.005982846 0.035701792 Tspyl4 0.807801308 7.10E-06 0.000179995
lvns1abp 0.521989078 0.004571342 0.029163711 Tsr1 0.850062957 0.001818877 | 0.014686986
Jarid2 0.78429608 0.000821868 0.008070533 Ttc17 1.039946667 0.001345086 | 0.011765922
Jmjd4 0.803282549 0.008803663 0.0473175 Ttc37 0.961283372 1.06E-05 0.000249875
Josd1 0.562529013 0.001454326 0.012439423 Ttc7 0.618288221 0.003044452 | 0.021497674
Jpht 0.674905879 0.000521457 0.005661752 Ttc9c 0.529711703 0.008185394 | 0.04506599
Jup 0.635640909 0.003561943 0.024089952 Tti7 0.705513305 0.004595544 | 0.029298334
Kansl1 0.71570517 0.003284091 0.02271545 Tubgcpb 0.58622094 0.004730972 | 0.029979743
Kansl1] 0.469072611 0.004288676 0.027810922 Tubgcp6 0.774740838 0.008644596 | 0.0467273
Kantr 1.196968772 2.73E-05 0.000539469 Tug1 0.626517402 0.000309076 | 0.003766902
Kbtbd8 0.860947273 0.001865966 0.014955827 Tulp4 0.525439258 0.001634193 | 0.013560642
Kcna6 1.005392478 2.30E-05 0.000472905 Tut7 0.578226453 0.002989229 | 0.021234368
Kenh7 1.074243281 1.63E-06 5.29E-05 Twsg1 0.662237575 0.00230079 | 0.017396733
Kcnj10 3.06344049 8.01E-48 1.08E-44 Txndc16 0.610690969 0.00052791 0.00571867
Kcnj2 0.80808241 0.008350428 0.045620851 Txnrd1 0.792609017 0.00047121 0.005224208
Kenmat 2.590728299 0.000612355 0.006381116 Tyro3 0.599391348 0.000298037 | 0.003667839
Kctd20 0.529402873 0.001708789 0.014049574 Ubap2 0.661983374 0.00503856 | 0.031371511
KdmZ2a 0.429687163 0.003316785 0.022882182 Ube2h 0.578176607 0.001448565 | 0.012395759
Kdm3a 0.693312529 0.006328984 0.037142746 Ube2o 0.603077634 0.000490784 | 0.005409493
Kdm4b 0.714646385 0.000989934 0.009359735 Ube3b 0.855336232 1.19E-05 0.000272491
Kdm4c 0.703538267 0.000440851 0.004959766 Ube4a 0.881714153 4.78E-06 0.000130257
Kdm7a 0.769598845 0.000252183 0.003212279 Ube4b 0.445554466 0.009520742 | 0.049991832
Keap1 0.446664882 0.007820885 0.043507414 Ubiad1 0.696190609 0.005831718 | 0.035018095
Khnyn 0.786798461 1.19E-05 0.000271706 Ubgin1 1.021365546 5.86E-06 0.000155043
Khsrp 0.871599274 8.96E-05 0.001423031 Ubr2 0.509910661 0.004997041 | 0.031183647
Kidins220 0.956640628 0.000564607 0.00599818 Ubr3 0.744729261 0.000493803 | 0.005430114
Kif13a 0.964831449 9.12E-05 0.001436071 Uck2 0.614384969 0.00073527 | 0.007408749
Kif13b 1.187257896 6.97E-06 0.000177033 ufi1 0.491246457 0.002261574 | 0.017182286
Kif16b 0.837315243 0.000548881 0.005875143 Ugcg 0.820009764 0.000749379 | 0.007510876
Kifla 0.867904856 8.22E-06 0.000201451 Ugt8a 0.779235511 0.000414061 | 0.004720742
Kif1b 1.199085285 1.35E-06 4.50E-05 Uhmk1 1.453758538 2.75E-08 1.55E-06
Kif3c 0.889282726 2.30E-05 0.00047327 Uhrf1bp1 1.386328404 2.76E-08 1.55E-06

Kl 1.496371842 0.000634174 0.006579472 Uhrf1bp1l 0.501780205 0.003087 0.021741268
Kic3 3.103024139 0.000636028 0.00659147 Ulk1 0.607329334 0.004733351 | 0.029984766
Klhdc10 0.833381436 4.07E-05 0.000749203 Ulk2 0.983371311 0.000189507 | 0.002567362
Kihl11 0.959973952 0.001164249 0.01059086 Unc119b 0.515560842 0.009456699 | 0.049780002
Kihi2 0.703742448 0.001297196 0.011451557 Urb2 0.962299444 0.000823767 | 0.008080779
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Kihi22 0.57903702 0.001872851 0.014982015 Uri1 0.645663686 0.000309849 | 0.003773885
Kihi24 0.941100021 2.93E-05 0.000570976 Uso1 0.608058035 0.007187901 | 0.040756781
KiIhi33 4.118835345 1.99E-08 1.17E-06 Usp10 0.801796893 7.16E-06 0.000180687
Kihl4 0.649664511 0.001041368 0.009754701 Usp11 0.544867529 0.005910654 | 0.035402122
Kihi42 0.869105899 0.00709542 0.040400828 Usp22 0.70101686 1.71E-05 0.000368643
Kihi7 0.474727398 0.007492437 0.042026568 Usp25 0.519166729 0.006705247 | 0.038784973
Kirg2 1.338366524 1.78E-05 0.000380861 Usp30 0.407321758 0.00714732 0.040633318
Kpnat 0.807578955 0.001983584 0.015626048 Usp31 0.900556412 0.001247478 | 0.011123488
Kpna4 0.442777058 0.003886508 0.025750672 Usp32 0.859396458 0.000571434 | 0.006046607
Kpna6 0.65469381 0.00108291 0.010034435 Usp33 1.040573429 4.73E-05 0.000848783
Krr1 0.601703081 0.000202659 0.002707323 Usp38 0.646736142 0.003246678 | 0.022530083
Ktn1 0.896716291 3.25E-05 0.000621051 Usp42 0.628331463 0.000320623 | 0.003867727
L3mbti2 0.513870317 0.008348413 0.045620851 Usp45 0.920460901 0.009446797 | 0.049769453
Lamc1 1.018692793 0.000105417 0.001610918 Usp46 0.615559512 0.002030961 | 0.015897001
Larp4b 0.62421853 0.001983945 0.015626048 Usp47 1.006001315 5.27E-06 0.000141793
Lars 0.552723062 0.000302089 0.003705636 Uspb54 1.259022932 0.000659693 | 0.006777265
Lats1 0.975327603 3.53E-06 0.000100698 Uspénl 0.925346391 2.88E-06 8.50E-05
Lats2 1.057465727 5.00E-05 0.000891741 Usp8 0.877423726 0.00172205 | 0.01411618
Lcorl 0.617704749 0.001867496 0.014958171 Usp9x 1.316166515 6.04E-08 3.06E-06
Ldir 0.995593503 8.67E-05 0.001389936 Utp15 0.558970347 0.001626293 | 0.0135167
Ldlrad3 0.686402012 0.000825989 0.008094179 Vepip1 0.624356009 0.003916951 | 0.025878558
Lemd3 0.865326227 1.67E-05 0.000361932 Vegfb 0.444869321 0.007095739 | 0.040400828
Lepr 3.250941388 0.009171298 0.048739119 Vezf1 0.923330753 1.03E-06 3.60E-05
Leproti1 1.300130278 1.13E-18 3.01E-16 Vkorc1l1 0.785810849 7.67E-05 0.001246948
Lgals8 0.441064003 0.004371975 0.028205954 Vps11 0.592800688 0.000300014 | 0.003687362
Lgalsl 0.758039037 0.002733351 0.019826756 Vps33a 0.806642356 2.27E-06 6.99E-05
Lgr4 0.898636789 0.003537157 0.023973786 Vps37a 0.651839325 0.001597198 | 0.013363702
Lhfpl4 0.87800476 0.000443615 0.004979609 Vps39 0.707095821 0.002799396 | 0.020174224
Lig3 0.776170549 0.000330733 0.003954364 Vps4b 0.509050889 0.003040414 | 0.021490559
Lin52 0.593890497 0.00181807 0.014686739 Vps8 0.838855136 0.004617192 | 0.029405713
Lin54 0.692169883 3.12E-05 0.000599806 Vwa1 1.066275797 0.000426451 | 0.004844477
Lin7c 0.829852157 3.34E-06 9.64E-05 Wac 0.765881424 5.14E-05 0.000908932
Lingo3 1.266520204 0.001243103 0.011105096 Wars 0.601683811 0.002923426 | 0.02087704
Ligi1 0.473775624 0.008622855 0.046650781 Wasf1 0.478554971 0.002126011 | 0.016416661
Lmbrd1 0.71338414 0.000351499 0.004147773 Wasf3 0.875686474 0.001892812 | 0.015084246
Lmtk2 1.166359146 3.07E-06 9.01E-05 Washc2 0.607890686 0.002468202 | 0.018354216
Lonrf1 0.654580303 0.009053167 0.048274193 Washcb 0.67044008 0.002457703 | 0.018299539
Lpgat1 0.548722477 0.0067259 0.038833137 Wbp1l 0.784011782 0.001240228 | 0.011095141
Lpin1 0.667819625 0.00034479 0.004083688 Wadfy1 2.504503797 2.40E-35 2.16E-32
Lpin2 0.890027047 0.000253241 0.003220807 Wadfy2 1.13434275 0.000646414 | 0.006677136
Lratd2 1.979103448 3.34E-10 2.91E-08 Wadr11 0.790548511 0.001401082 | 0.012065897
Lrch1 0.986595853 1.02E-05 0.00024338 Wdr19 0.872828417 0.008410657 | 0.045876799
Lrp6 1.024756278 9.44E-05 0.001473248 Wdr25 0.623765327 0.005112113 | 0.031652235
Lrpprc 0.589721819 0.003881135 0.025733109 Wdr37 0.608513334 0.000366727 | 0.004265999
Lrret 0.642070631 0.00220891 0.01690487 Wdr43 0.443441707 0.00513865 | 0.031788944
Lrrc47 0.531149862 0.00185902 0.014917039 Wdr46 0.508761494 0.008283929 | 0.045401888
Lrrc58 0.701211473 0.002887479 0.02066718 Wdr47 0.604493843 0.006798713 | 0.039141318
Lrrc59 0.497510788 0.003987536 0.026272707 Wdr48 0.804004067 9.97E-05 0.001536168
Lrrc66 5.533913209 4.64E-08 2.46E-06 wadr7 1.072312556 7.41E-06 0.000184843
Lrrc8d 0.878395021 0.000768644 0.007647201 Wdr81 0.76856601 4.92E-05 0.000877798
Lrrn1 0.841240621 4.32E-05 0.000783627 Wipf1 0.842791084 0.003041171 | 0.021490559
Lrrn3 1.193849338 0.0004655 0.005174879 Wipi2 0.538282061 0.000384636 | 0.004436107
Lrtm2 0.829794334 0.001386104 0.011964169 Wiz 0.525621891 0.003299234 | 0.022788388
Lsm14a 0.686872678 2.47E-05 0.000499516 Wnk3 1.31475849 0.001129311 | 0.010347733
Lsm14b 0.576118523 0.001197357 0.010782652 Wwp2 0.525015358 0.007220856 | 0.040879257
Ltbp2 3.990384793 0.0048844 0.030642912 Xkr8 1.077750664 2.10E-07 9.11E-06
Ltn1 0.522134716 0.005300203 0.032518575 Xpo1 0.860201119 0.000381478 | 0.004410447
Lurap1 0.778644324 0.004384953 0.028270383 Xpo7 1.069442598 3.39E-06 9.74E-05
Luzp1 0.831311802 0.006541869 0.038119897 Xpot 0.954004526 1.45E-05 0.000321373
Luzp2 1.792506622 3.98E-12 4.85E-10 Yes1 0.834424581 0.000277293 | 0.003461903
Lysmd3 0.674057812 0.001830098 0.014752384 Yipf6 1.086756882 7.59E-06 0.000188476
Maco1 0.606149565 0.003177613 0.022230357 Ypel2 0.435377506 0.001231771 | 0.011029923
Magt1 0.771589739 0.00077332 0.007689674 Ythdf3 0.961389388 1.47E-05 0.000325351
Man2a2 1.322806912 2.78E-07 1.18E-05 Ywhag 0.608394044 0.002864927 | 0.020529079
Man2b1 0.936193475 5.53E-09 3.78E-07 Zbtb1 0.532696926 0.00504477 | 0.031399832
Manba 0.671115863 0.001075957 0.009987248 Zbtb11 0.526965635 0.00794135 | 0.044022092
Manea 0.740496913 0.001478569 0.012578589 Zbtb14 0.590927799 0.002046916 | 0.015988784
Map2k4 0.481197303 0.000657662 0.006763758 Zbtb18 0.58008297 0.003679 0.024748802
Map3k11 0.665597804 1.89E-05 0.000403278 Zbtb34 1.038052307 0.00023418 | 0.003025766
Map3k13 1.133031947 2.39E-06 7.31E-05 Zbtb38 0.529405565 0.000868578 | 0.008424184
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Map3k4 0.524022369 0.001623258 0.013505475 Zbtb41 1.349482376 9.09E-10 7.13E-08
Map3k7 0.859537666 0.002409502 0.018052645 Zbtb44 1.050390608 2.51E-05 0.000505917
Map4k5 0.825936615 5.23E-05 0.00092192 Zbtb6 0.820521618 0.000674414 | 0.006892398
Map6d1 0.706168698 5.76E-05 0.000994211 Zcche24 1.066563028 9.95E-06 0.000238151
Mapk14 0.455377626 0.002948412 0.02099994 Zdhhc17 0.658544581 0.001217051 | 0.010913618
Mapk8ip3 0.924271033 4.19E-05 0.000766337 Zdhhc18 0.953559317 0.001966335 | 0.015561168
Mapk9 0.617022397 0.008059717 0.044573676 Zdhhc2 1.686208323 6.97E-15 1.19E-12
Marchf8 0.835803903 4.52E-06 0.000124212 Zdhhc21 0.673657273 0.000473618 | 0.005242273
Marveld2 2.091179646 0.005628453 0.034024512 Zdhhc3 0.835015915 1.72E-05 0.000369426
Mast4 0.59697851 0.005091918 0.031558203 Zdhhcb 0.749413036 8.21E-05 0.001322259
Matn2 0.725274331 5.96E-05 0.0010241 Zdhhc8 0.427311612 0.003578131 | 0.024190775
Matr3 0.613563034 0.000156477 0.002210675 Zeb2 0.797191646 0.002392868 | 0.017963613
Max 0.507811289 0.000572493 0.006052483 Zer1 0.615520764 0.000669772 | 0.006858455
Mb21d2 0.531913069 0.006653876 0.038594115 Zip105 0.58799026 0.00849935 | 0.046242688
Mbdb5 0.601227449 0.008767314 0.047229564 Zfp106 1.357994383 3.83E-05 0.000712099
Mbni1 0.686797243 0.000710171 0.007191402 Zfp110 0.478364045 0.002235555 | 0.017032931
Mboat4 5.648176288 0.006718373 0.038815083 Zfp12 0.608237802 0.009108772 | 0.048474976
Mbtps1 0.813472831 7.43E-05 0.001213504 Zfp143 0.705580888 5.21E-05 0.000918938
Mcm3 0.587867979 0.005114782 0.031658393 Zfp146 0.893548898 1.41E-06 4.69E-05
Mcm4 0.898068044 0.000595939 0.006251405 Zip148 0.585552391 0.001703672 | 0.014017681
Mcm7 0.620575111 0.001561713 0.013161418 Zfp174 1.14817077 0.007455005 | 0.041878739
Mcm9 0.696788263 0.002581062 0.018969603 Zip180 0.798789173 0.002672434 | 0.01948959
Mdc1 1.68917181 3.81E-09 2.70E-07 Zfp189 0.539163785 0.007838683 | 0.04356796
Me1 0.625260224 0.009361239 0.049373744 Zfp2 0.697995909 1.22E-05 0.000277637
Mecp2 0.478041933 0.006904586 0.039586711 Zfp251 0.679901355 3.38E-05 0.00064124
Med14 0.639493479 0.000763627 0.007621351 Zfp26 0.646035643 0.003284765 | 0.02271545
Med20 0.533495226 0.00157181 0.01322882 Zfp260 0.484115695 0.003698507 | 0.024844661
Med24 0.691316717 0.005921125 0.035453602 Zfp275 1.014304252 6.28E-05 0.001067668
Mef2a 0.650554261 0.001286516 0.011392293 Zfp282 0.424735359 0.007835765 | 0.04356796
Mef2b 2.106651093 7.73E-07 2.80E-05 Zfp292 0.881178453 0.002314597 | 0.017480154
Megf10 1.245268668 6.73E-07 2.47E-05 Zfp316 0.769459177 0.000632016 | 0.006560675
Mex3c 0.754376077 0.001514843 0.012846606 Zfp317 0.471625769 0.003590735 | 0.024258639
Mfapia 0.596336015 0.001986681 0.015634564 Zip319 0.860337673 9.83E-06 0.000235952
Mfap3i 1.382859886 1.64E-06 5.32E-05 Zfp334 1.052422169 3.80E-07 1.53E-05
Mfhas1 1.530074965 2.59E-06 7.76E-05 Zfp354c 0.775596402 0.004987592 | 0.031146496
Mfn1 0.391255165 0.007447909 0.041857353 Zfp365 0.789633692 0.001744118 | 0.014259975
Mfn2 0.552295316 0.001182062 0.010701394 Zfp37 0.666738706 6.55E-05 0.001095028
Mfsd1 0.432939083 0.006716445 0.038815083 Zfp39 1.373994034 1.57E-08 9.53E-07
Mfsd2a 0.674589004 0.003891854 0.025777059 Zfp397 0.627864282 0.004774967 | 0.030177603
Mfsd4a 1.315007109 1.58E-05 0.000343514 Zfp398 0.567703444 0.009031349 | 0.048225875
Mfsd6 1.170038641 0.000500768 0.005481193 Zfp41 0.586087187 0.008594441 | 0.046563689
Mgat3 0.833323665 2.03E-05 0.000427697 Zip422 0.606420908 0.00294641 0.020993588
Mgat4a 0.942424178 0.003253986 0.022564232 Zfp438 0.621579596 0.002853496 | 0.020485999
Mgrn1 0.382211585 0.009515236 0.049984891 Zfp449 0.586761389 0.005632317 | 0.034036982
Mib1 0.969004458 0.001096952 0.010129793 Zfp46 0.503430343 0.009494879 | 0.049923324
Mid1ip1 0.743296657 0.00016268 0.002271159 Zfp507 0.723159891 0.000273881 | 0.003428591
Mid2 0.850410062 0.009322417 0.049223922 Zfp51 0.77574753 0.003152409 | 0.022103109
Miga1 0.75933645 7.14E-06 0.000180341 Zfp516 1.140962813 0.001877043 | 0.015002853
Mkrn1 0.481232616 0.008505755 0.046242688 Zfp518a 0.843957447 9.81E-05 0.001520618
Miec 0.962925917 1.47E-05 0.00032511 Zfp526 1.528419049 8.85E-10 6.97E-08
Milt1 0.61402085 0.006290571 0.037009232 Zip553 0.611931017 0.001050209 | 0.00981805
Mmp17 2.105605854 0.001248693 0.011123488 Zfp568 1.040403778 2.02E-06 6.38E-05
Mnt 0.868402509 0.000567705 0.006015323 Zp592 0.866753743 0.000161435 | 0.002257111
Mob1a 0.757388002 1.44E-05 0.00032014 Zfp605 0.701719287 0.002989896 | 0.021234368
Mob1b 0.985404631 2.45E-05 0.000496033 Zfp619 1.004012127 0.001026775 | 0.009646685
Mon1b 1.124150876 2.94E-07 1.22E-05 Zfp629 0.976079223 0.00026983 | 0.0033846
Mon2 0.785721626 0.000730909 0.007370445 Zip638 0.908525041 0.000292216 | 0.003604625
Morc2a 0.720908134 0.006735574 0.038877116 Zfp646 0.963119433 0.000312323 | 0.003796688
Morc4 1.110349463 8.98E-05 0.001423031 Zfp651 0.779555478 0.000308403 | 0.003763553
Mpp2 0.698913754 0.001210086 0.010866629 Zfp654 0.946312429 4.29E-05 0.00077869
Mppb 0.58665258 0.002780451 0.02007629 Zfp658 1.266045967 4.15E-08 2.22E-06
Mras 0.689407375 0.003293759 0.022764875 Zip664 0.695538594 0.000516702 | 0.005626274
Mrs2 1.139726298 0.00010497 0.001605372 Zfp667 0.78024074 0.003201036 | 0.022319876
Msh6 0.782921017 0.000289521 0.003577001 Zfp687 0.517547308 0.000535058 | 0.005769657
Msi2 0.881385831 4.19E-08 2.23E-06 Zfp709 0.819952941 0.002084098 | 0.016195163
Mtcl1 1.12340402 0.001421925 0.012202314 Zfp738 0.590588095 0.005228419 | 0.032203588
Mthfd1 0.723569959 0.000305069 0.003734923 Zip74 0.990248834 0.000188055 | 0.002555573
Mtmr1 0.693354655 0.000519361 0.005648723 Zp758 0.747035253 0.009220556 | 0.048890929
Mitmr10 1.203395709 8.70E-09 5.57E-07 Zfp84 1.086191456 1.49E-05 0.000329049
Mtmr3 0.995533485 2.99E-08 1.66E-06 Zfp874a 0.602092461 0.000203148 | 0.002711935
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Mtmr4 0.812348998 0.001820032 0.014690033 Zip91 0.625054636 0.000211932 | 0.002793689
Mtmr6 0.636966781 0.009186615 0.048806797 Zfp933 1.352761898 8.47E-10 6.73E-08
Mtmr9 0.62231432 0.006203515 0.036633876 Zfp943 0.527813954 0.002208215 | 0.01690487
Mtor 0.748592671 0.000655819 0.0067544 Zip953 0.867619616 0.001906639 | 0.015181636
Mitrex 0.75981622 0.00139274 0.012010479 Zfp955b 0.560194647 0.002471652 | 0.018365425
Mturn 1.228648765 7.83E-06 0.000193456 Zfp960 1.574405535 0.000877611 | 0.008499731
Mtus1 0.832543119 0.002369998 0.017827326 Zfp979 1.622243211 0.001107061 | 0.010203202
Mxd1 0.486586727 0.000537955 0.005790984 Zfp992 3.974343692 2.81E-12 3.45E-10
Mxi1 0.516856898 0.003369209 0.023150913 Zfx 0.744334256 0.000641617 | 0.006634899
Myh14 0.778467727 0.00309463 0.021786885 Zfyvel 0.478671111 0.006830571 | 0.039269548
Myh3 2.269862668 0.000140678 0.002022237 Zfyve26 0.766179081 2.47E-05 0.000499516
Myh9 0.892953583 3.84E-05 0.000714159 Zfyve27 0.469254717 0.001432483 | 0.012280373
Myo18a 0.837037062 0.000453644 0.005075953 Zhx1 1.010792441 0.001353351 | 0.011802372
Myo1le 0.912610495 0.002909548 0.02079569 Zik1 0.954791517 0.002546946 | 0.018762638
Myo6 0.645779715 0.000154296 0.002186394 Zkscan1 1.110999075 2.74E-08 1.55E-06
Myorg 0.691042804 0.008093329 0.044720316 Zkscan17 0.626678843 0.00226243 | 0.017182286
Myrf 0.865370512 7.22E-06 0.000181667 Zkscanb 0.579790523 0.001668962 | 0.013788628
N4bp2 0.676485261 0.007532815 0.042215475 Zkscan8 1.037881533 1.33E-07 6.08E-06
Naa15 0.615593222 0.000525493 0.005696481 Zmiz1 0.788524659 0.007860986 | 0.043666243
Naa30 0.70811594 0.000194001 0.002617555 Zmym?2 0.702016667 0.001534122 | 0.012980981
Nab1 0.924806095 0.000330547 0.003954364 Zmym4 0.708902681 0.000674546 | 0.006892398
Nacad 0.749871723 0.004398556 0.028309809 Znfx1 0.907479835 1.84E-05 0.000392443
Nacc1 0.855424148 6.52E-06 0.00016901 Zpld1 7.352414438 5.52E-06 0.000146844
Nacc2 0.621977738 0.003976657 0.026219307 Zranb3 0.736608283 0.004093057 | 0.026799812
Nadk 0.579630972 0.002668385 0.019467576 Zrsr1 3.008359648 4.42E-49 7.60E-46
Nalcn 0.734565348 0.004278798 0.027766067 Zswim4 0.553749786 0.009223506 | 0.048892858
Nbas 0.986273116 2.36E-10 2.14E-08 Zswimb 0.792789322 0.001975936 | 0.015595458
Nbr1 1.017684202 3.56E-07 1.45E-05 Zyg11b 1.017152454 4.65E-07 1.82E-05
Ncam1 0.655126993 0.000110482 0.001673425 Zzz3 0.965643376 0.003248626 | 0.022535331

Supplementary Table 1. List of 1,726 gene transcripts upregulated in adult OLs compared to adult OPCs
(log2Foldchange in aOLs compared to aOPCs reported the second column, cut-off pvalue < 0.01 and
gvalue < 0.05) and with at least one hyper-hydroxymethylated CpG at the promoter or gene region. Solute

carrier family members genes are highlighted (bold typo, grey background cell).
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Supplementary Table 2

Gene Forward primer Reverse primer

Abtb2 ACCGAGTCCATGGAAATCCC CAGGGCATCTAGCTGGAACA
Adam17 CTGCTTCCAAAAGGGCTCATA AGGTTCAGCTCGTCTCTTCA
App GAACTTGCCCAAAGCTGACAA ATTGGCTGCTTCCTGTTCCA
Celsr2 AGCAATGACTGGGACAGCTA TGGGTTCAGGTCACACACA
Chd4 GCAGACAGCAGTCTTCCTCTA GACAGAGGAGCGCTCACTAA
Clic5 ACGGACTCAGCGACAACTAA ACAGTTGCCAATGCTTTCCC
Cpd TGATAACCCAGGTGTCCATGAA AGCTCTCTTCCAACCACTTCA
CSPG4 GCAGAGGAGGTCTTGGTGAA GAGGACATCTCGTGCTCATACA
Dig2 GGTCCCTTCGAACCAATCAGAA CCACTGTCCTTGCTCTTGTCA
Dnmt1 AGCCATTGGCCTGGAGATTA GCAGCCTCCTCTTTTGCTTTA
Dnmt3a CGCCAGAAGTGCAGAAACA AATGAAGAGTGGGTGCTCCA
EIf1 CCAGAGCAGCGCAAGAGAAA TTGGTGTAGTCGTCGGGGAA
Enpp6 AGCCAGGAGGAAAGTCTACA GGCAGTAAGTTGGTCTGACA
Ezh1 TCTGGGGACAAAGACATGCA GCTCATCTGTTGGCAGCTTTA
Gapdh CAAGGTCATCCCAGAGCTGAA CAGATCCACGACGGACACA
Gnptab AGAACACAACCGAACCGACAA AGCATGGGCACCTTAATGCA
Gpr17 CCCAGTCTCCTGTCCTTTCC GTAGGGCTGCCTCCAGAC
Gpr37 CCTGCAAGATCGTGCCCTATA ACAGTGCACATAAGGTGAAGGTA
Hdac1 CCGAAGAGAGTGGGGATGAAG TCACAGGCAATGCGTTTGTC
Heg1 GCCCGGTTATATCCGAACTACA CAGGGCAAAGGTGGTTTTCA
Hes5 AAGAGCCTGCACCAGGACTA GTGCAGGGTCAGGAACTGTAC
Hipk3 CGGTTGTGGAGATGCTTTTCA GTTTACCATGTGCTGCAGGAA
Id2 ACCCTGAACACGGACATCA TCGACATAAGCTCAGAAGGGAA
Id4 CACTCACCGCGCTCAAC CGGCAGAGAATGCTGTCAC
Igf2r TCAACGATTCTGCTCAAGGAC CAGGCATTGCACCACAGATA
1117rb TGGCAGCTGGGATCTACCTAA GGCAGGAGCATGGTGGAAATA
Kcna6 CTAGCATCCCAGAGGAGCAA TCGGGTACTCTTTGGATGCA
Lpin1 CTCTCTTGTCCAACGTCAGCTA ATCATTGGGGCCGTTCTTCA
Mag CAGAGAGCCACTGCCTTCAA CTGCACAGTGTGACTCCAGAA
Mbp CCCTCACAGCGATCCAAGTA CTCTGTGCCTTGGGAGGAA
Mfsd6 TTCTCCTCTTTGCCCTGATCC TGGGATCCTTTCTGCCAACA
Mobp CAGGCTCTCCAAGAACCAGAA TCACGCTTGGAGTTGAGGAA
Mog ACACCTGCTTCTTCAGAGACC CCGGGGTTGACCCAATAGAA
Mtmr10 AAGTACCCGGTGGTTAGAGTAC GAGACGCTGGCTTTCAAGAA
Myrf GCTGGAGAATTCCATGCCTA ACAGGGATGTGGTAGGTGAA
Ncoa2 GTGTCATCGACAAGGATGCA CCTTCCAGGTTCACAACGAA
Ndrg1 ACATGAACCCGAGCAACCTA CATTGGCCGCTCAATCTCC
Ndrg2 CAAGCTGACAGAGGCTTTCAA ATAGGCGAGTCATGCAGGAA
NKX2-2 CCAGCCTCATCCGTCTCA CGGGCACGTTTCATCTTGTA
Olig1 CTGTATGAGCTGGTGGGTTACA GAGAAGGGATGCGGTGGAA
Olig2 CTGGCGCGAAACTACATCC CCCCGTAGATCTCGCTCAC
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Opalin GATCCAGCGAAGAAGAACCA TGGGATTGTCATAGAGTTCTGAAA
Pcdh1 GAAGCCGAGCTGTCTGAGAA GCACCTTGGTCTGAGTCGTTA
Pcdh9 TTAAGTTGGTGCCCCTCTCA CTGCATTCATTCCGGTGTCA
Pcdhb11 TGGCCACCTGATGGATGTTA CTCACCAGTCCTAGAGTCTCC
Pcdhb15 | TGCTGCTGTTCGTTGGAGTA GTGTTCTTCAGGCACAAAGCA
Pcdhb2 CAATGCCCCGGTGTTTTCAA AGTAGCAACCTGGGATCCAAC
Pcdhb20 GGTGTGTTTCACAGGAGGTAC ATCAGGGTCATGGAGCTGAA
Pcdhb22 | TCGCTCACCAATCCAATCCC TCCAGAGTCTCGGTCTCGAA
Pcdhga12 | GAATGACAACGTCCCCGAAA GTGCTAGCTCCACTCCAGTA
Pcdhga4 | ATCCTGGCTGATCTGGTCAA ACAGCTACCACCAGGTACAA
Pcdhgad | AGCCACTGTCACACTCACTA CAGTGTGTTGTGGTTGCCTA
Pcdhga8 | TGCAGACATGCTCATTAACCA CTTGAGAGAAACGCCAGTCA
Pcdhgb1 GTGTTCAGCCAGGACACTTAC GCTGTCACTTGCAGCACTAA
Pcdhgb4 | TGAGCAGAACCCGGAATACA AGGTGACACTTGAGCTGGAA
Pcdhgb8 | GTGAGTGTCGCTGAGGAGAA GGTCTCTGGGCTTGAGAGAAA
Pdgfra CAAAGGGAGGACGTTCAAGAC TGCGTCCATCTCCAGATTCA
Pja2 TGGCACTAGAAGAGCGCTTA ATTGGCCACCTCAACGTCTA
Pip1 TGTGGACATGAAGCTCTCAC AGAGGCAGTTCCATAGATGACA
Ptpre CGATCCGAAAGTTCTGCATCC GTGAAGTGCAGCTGTGAGAC
Scd1 AGGCCTGTACGGGATCATAC AGCGCTGGTCATGTAGTAGAA
Sft2d2 GAAGCGCATGTTTGAGCCTA CAGAACACAGGGTAAGTGCAAA
Shroom2 | AAGTCCCCTTACCCAGAGTCA AATTGGTGGCCAAGGACACA
Sic12a2 AGGAGCATTCAAGCACAGCTA CCATATACAGAGCACTGGACACA
Slc12a6 GCATATGCGGCTGTCCAAAA ATGCTGGTCAAGCGTAGCA
Slc22a23 | CGCACTGGTCTCATCCAAAA AGCGATATGGACTTTCCAGGTA
Sic27a1 GACCACCGGGCTTCCTA CTGTAGGAATGGTGGCCAAA
Slc30a2 ACTGGTGGCAGCCTATATCA CCCAAGACCAGGATGGAGAA
Slc30a7 CGGATTGGCAGCTTCTGTTA AGCCAGGACTTCTGCTCTAA
Sic35e1 CCATTCTGGGTGTCTTCCTGTA GTCTGACGTGGAGATGGGAA
Slc38a2 TTGCAGGCCACGCTATTTCA CGGGATGGCAGACAAAGGAA
Slc39a9 GCCCAGCAGTTCCAAAATCA TGCTGCTCCCAAAGCTACA
Sicba3 CGCTACGAGTTGGCTTTGATT GTTGCAGCTAAGTCTAGTGAAGC
Sic6a1 CTACCTGATTGGCCTGTCTAACA TGCCGCTGGCAGAGTAATAA
Sic9a6 ACGCTGTTCACCTTCCAGAA TGGCAGCTCTTCCCAAGAAA
Sox10 ACCAGTACCCTCACCTCCA GCGCTTGTCACTTTCGTTCA
Sox5 CTCTGTCCCGGCAGCATTA TCTTGGATTGCCTTGGTGACA
Sox6 TCTGGACTCAGCCCTTTACA CATCTTTGCTCCAGGTGACA
Tcf712 GCACCGTAGGACAAATCCC TCCTGTCGTGATTGGGTACA
Tet1 AGATGGCTCCAGTTGCTTATCA ACGCCCCTCTTCATTTCCAA
Tet2 CTACATGGAGCTGAGCCAAA TTGGAGCAATGACAGTAGCC
Tet3 ACGCCAGAGAAGATCAAGCA GACAATCCACCCTTCAGAGACA
Thrap3 GAGGAAATGAACAAGAAGCAGCTAA AGGTTCCCGTGGACTTTTCA
Tmed8 TGGCTTCTGCTTCTGATCCA CCTTACTCGCTGGAGATACCA
Uhrfibp1 | TGGGACTCTGGCAGTTTCTAC CCTGATGGGGTTGGTCTTCA
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Usp6nl TGGGCTCTTCTTCTTGAGATCC ACCCCGTGCTCTGTGTTTTA

Wdr33 CAGGCACATAAGGAGGCGATTA CCGTCATCAGAGCATGTAGCA
Wdr81 CGCCTGCTGACATCTTGTTA CATTCAGTGGAGGGGTGTCA

Yipf6 CCTGTGGGGCCCATTGATAC CCGCCATCATTCTTCCCATCA

Yy1 CAAGAACAATAGCTTGCCCTCA GGTGTGCAGATGCTTTCTCA
Zbtb41 ATCCCGGTTTGCACGGTTA TGAACTGACGACCACATATATCACA
Zdhhc2 CTGCCTTTTCATTGCTGCTACC TTGGCTTGAGTATCAGGCAGAC
Zfp319 GGAATAAAGAGGCGGCAGAGAA CAGGGTCCTGGCAATGCTAA
Zfp507 GGAACCACAGACGAGTCCATAA GCTGCACACATACCCACAC

Zfp84 CCTGGATAGTGGAGCAAGCA AGGCAAGAACTACCAACTCTTTCTA
Znfx1 CGGCTGGTAAAAGTGAACATCC CAAAAGGCGGGCGATTTCA

Supplementary Table 2. List of primers used for the Biomark study.

Supplementary Table 3
Gene Forward primer Reverse primer
Gapdh ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC
Pja2 GCCTTGCCATCACTTCTTTC GCAGATGCGTCAATAACTGC
Sic12a2 TTCCGCGTGAACTTCGTGG TTGGTGTGGGTGTCATAGTAGT
Tet1 GAAGATAGTGTTCAGGGGGAAG TACACGCTCACGAACCAAAC
Wdr33 TGATCTGGTCCCACCAATAG TGACCAATCGTCTTCCTTCC

Supplementary Table 3. List of primers used for qRT-PCR.
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Supplementary Figure 1. Age-dependent decline of myelin repair after lesion.

(a) Representative confocal image of coronal spinal cord sections from young adult (P60) mice stained
for Fluoromyelin (green) and DAPI (blue) as nuclear counterstain. Unlesioned normal white matter
(NWM) is shown as comparison for the 21 days post lesion (21dpl) recovery after lysolecithin injection.
The white dotted line indicates the average lesion size after lysolecithin injection. Scale bar = 100um. (b)
Quantification of Fluoromyelin intensity measured at the lesion side at several time points after injection
(7dpl, 14dpl and 21dpl). Measurements are expressed as percentage, relative to the levels of intensity
detected in the unlesioned white matter (NWM). Data represent average Fluoromyelin intensity measures
in at least 4 sections/mouse in n=4 mice. Error bars represent SEM (***p < 0.001, One-way ANOVA for
time). (¢) Representative confocal image of coronal spinal cord sections from older mice (P540) mice
stained for Fluoromyelin (green) and DAPI (blue) as nuclear counterstain. White dotted line identifies
lesion site. Scale bar = 100pm. (d) Quantification of Fluoromyelin intensity measured at the lesion side
in at least 4 sections/mouse in n=5 mice, at the indicated time points after injection. Values expressed as
percentage, relative to the levels of intensity detected in the unlesioned white matter (NWM). Error bars
represent SEM (ns, One-way ANOVA for time). (e) Confocal images of coronal spinal cord sections from
young and old mice stained for 5hmC (green) in OLIG2+ (red). Representative stainings in unlesioned
(NWM) and lesioned areas after 14 days from injection (14dpl) are shown. White arrowheads indicate
OLIG2+ cells with high 5hmC immunoreactivity. Scale bar = 50um. (f) Quantification of the density of
OLIG2+ cells per mm? in unlesioned and lesioned areas of the spinal cord of young and old mice. Data
represent average number of OLIG2+ cells per mm? + SEM for n=4 young and n=5 old mice (ns, Two-
way ANOVA, for age and time after lesion). (g) Quantification of the number of proliferating OLIG2+ cells
identified by KI67 immunoreactivity at the indicated time points after lesion. Data are expressed as
percentages in lesioned areas, compared to levels in NWM in young and old mice. The dotted line refers
to the percentage of proliferating cells in unlesioned white matter at each age and serves as reference.
Error bars represent SEM and values represent the average of 3 sections/mouse for n=4 young and n=5
old mice (**p < 0.01 and ***p < 0.001, One-way ANOVA, factor time).
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Supplementary Figure 2. Age-dependent decline of TET1 expression in OLIG2+ cells in the adult
spinal cord during myelin repair after lysolecithin-induced demyelination.

(a) Representative confocal image of coronal spinal cord sections from young adult (P60) mice stained
for TET1 (green) and OLIG2 (red). White arrowheads indicate co-labeled cells. Scale bar = 50um. (b)
Data represent the average percentage of TET1 expressing OLIG2+ cells relative to the total population
of OLIG2+ cells, in lesioned areas of the spinal cord at 7dpl, 14dpl and 21dpl in young mice. Dotted line
refers to the percentage of OLIG2+ cells expressing TET1 in unlesioned tracts. Error bars represent
SEM, 3 sections/mouse, n=4 mice (ns, One-way ANOVA, factor time after lesion). (c) Representative
confocal image of coronal spinal cord sections from old adult (P540) mice stained for TET1 (green) and
OLIG2 (red). White arrowheads indicate co-labeled cells in unlesioned (NWM) and lesioned (14dpl) spinal
cord. Scale bar = 50um. (d) Data represent the average percentage of TET1 expressing OLIG2+ cells
relative to the total population of OLIG2+ cells at the indicated time points in old mice. Dotted line refers
to the percentage of OLIG2+ cells expressing TET1 in unlesioned tracts. The average was calculated by
counting 3 sections/mouse in n=5 mice. Error bar represent SEM (ns, One-way ANOVA, factor time after
lesion). (e) Representative confocal image of coronal spinal cord sections from young adult (P60) mice
stained for TET2 (green) and OLIG2 (red). White arrowheads indicate co-labeled cells. Scale bar = 50um.
(F) Data represent the average percentage of TET2 expressing OLIG2+ cells relative to the total
population of OLIG2+ cells, in lesioned areas of the spinal cord at 7dpl, 14dpl and 21dpl in young mice.
Dotted line refers to the percentage of OLIG2+ cells expressing TET2 in unlesioned tracts. Error bars
represent SEM, 3 sections/mouse, n=4 mice (ns, One-way ANOVA, factor time after lesion). (g)
Representative confocal image of coronal spinal cord sections from old mice (P540) stained for TET2
(green) and OLIG2 (red). Scale bar = 50um. (h) Data represent the average percentage of TET2
expressing OLIG2+ cells relative to the total population of OLIG2+ cells, in lesioned areas of the spinal
cord at 7dpl, 14dpl and 21dpl in old mice. Dotted line refers to the percentage of OLIG2+ cells expressing
TET2 in unlesioned tracts. The average was calculated by counting 3 sections/mouse in n=5 mice. Error
bar represent SEM (ns, One-way ANOVA, factor time after lesion).
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Supplementary Figure 3. Ablation of Tet2 during development is compatible with normal
myelination in the adult central nervous system.

(a) Photograph of young adult wild type (Olig1**;Tet2"") and Tet2 mutant (Olig1°®*; Tet2"") mice at P60
reveals no difference in body size. (b) Kaplan—-Meier survival curve and (c¢) body weight for Olig1™*; Tet2™
(n=16) and Olig1°®*;Tet2"" (n=10) mice. Error bars represent SEM. (d) Quantification of the percentage
of OLIG2+ cells expressing TET1, TET2 or TET3 in the corpus callosum of P60 controls (Olig1*™*; Tet2™)
and mutant (Olig1°®*; Tet2"") mice. TET2 in oligodendroglial cells, without increased expression of TET1
or TET3. Data represent the percentage of TET-expressing OLIG2+ cells quantified in 3 sections/mouse
in n=7 control mice and n=5 Tet2 mutants. Error bars represent SEM (p=0.5762 for TET1, ***p=0.0004
for TET2, p=0.9300 for TET3, Student’s t-test two-tailed). (e) Representative confocal images of P60
coronal spinal cord sections from controls and mutant mice stained for OLIG2 (green), CC1 (red), MBP
(white), DAPI (blue) as nuclear counterstain. Scale bar = 500um. (f) Quantification of OLIG2+ and CC1+
cell density in the white matter spinal cord of controls and mutant mice at P60. Data represent average
numbers of OLIG2+ and CC1+ cells per mm? quantified in n=3 control mice and n=5 Tet2 mutants. Error
bars represent SEM. (p=0.3788 for OLIG2 and p=0.5677 for CC1, Student’s test two-tailed). (g)
Quantification of the average MBP+ area, relative to the total white matter area of coronal spinal cord
sections. Error bars represent SEM for n=3 control mice and n=5 Tetf2 mutants (p=0.5512, Student’s t-
test two-tailed). (h) Representative confocal images of P60 corpus callosum in coronal brain sections
from mice of the two genotypes, stained for OLIG2 (green), CC1 (red) and MBP (white). DAPI (blue) as
nuclear counterstain. Scale bar = 500um. (i) Quantification of OLIG2+ and CC1+ cell density in the corpus
callosum of controls and mutant mice at P60 Data represent average numbers of OLIG2+ and CC1+
cells per mm? quantified in n=3 control mice and n=5 Tet2 mutants. Error bars represent SEM (p=0.2043
for OLIG2, p=0.1082 for CC1, Student’s t-test two-tailed). (j) Quantification of the average MBP+ stained
area in the corpus callosum relative to the entire extent of the corpus callosum in each section. Error bars
represent SEM for n=3 control mice and n=5 Tef2 mutants (p=0.7161, Student’s t-test two-tailed).
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Supplementary Figure 4. Cell-specificity of Tet7 ablation in Olig7°®; Tet1”" adult mice.

(a) Representative confocal images of P60 coronal spinal cord sections from control (Olig1**; Tet1™) or
Tet1 mutant (Olig1°®*; Tet1" ) mice, stained for TET1 (green) and OLIG2 (red). DAPI (blue) as nuclear
counterstain. White arrowheads indicate co-labeled cells. Scale bar = 50um. (b) Representative confocal
images of P60 coronal spinal cord sections from control (Olig1**; Tet2"") or Tet2 mutant (Olig1®*; Tet2"")
mice, stained for TET2 (green), OLIG2 (red) and DAPI (blue). White arrowheads indicate co-labeled cells.
Scale bar = 50pum. (¢) Representative confocal images of P60 coronal spinal cord sections from control
(Olig1**;Tet1™) or Tet1 mutant (Olig1°®*;Tet1"" ) mice, stained for TET1 (green) and the neuronal
marker ISLET1 (red). White arrowheads indicate co-labeled cells. Scale bar = 50um. (d) Bar graphs
representing the percentage of ISLET1+ cells relative to total number of DAPI+ nuclei (left) and the
percentage of TET1 expressing ISLET1+ cells in mice of the two genotypes (right). Error bar represent
SEM for n=4 control mice and n=3 Tet1 mutants (p=0.7223, p=0.6685, Student’s t-test two-tailed). (e)
Representative confocal images of P60 coronal sections from control (Olig1**; Tet1") or Tet1 mutant
(Olig1°®*; Tet1™ ) mice, stained for TET1 (green), GFAP (red) and DAPI (blue). White arrowheads
indicate co-labeled cells. Scale bar = 50um. (f) Bar graphs represent the average intensity of GFAP+ per
area in mice of the two genotypes (left) and the number of TET1 expressing cells per given GFAP+ area
in controls and mutants (right). Error bar represent SEM for n=3 control mice and n=4 Tet1 mutants
(p=0.4448, p>0.9999, Student’s t-test two-tailed).
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Supplementary Figure 5. Ablation of Tet? during development is compatible with normal
myelination in the adult central nervous system.

(a) Representative high-magnification confocal micrograph of the ventral portion of the spinal cord in
coronal sections from postnatal day 14 (P14) controls (Olig1™*; Tet1”) and Tet1 mutant (Olig1°®*; Tet1""
mice stained for OLIG2 (green), CC1 (red), MBP (white), DAPI (blue). Scale bar = 100um. (b)
Quantification of OLIG2+ and CC1+ cell density in mice of the indicated genotypes at the P14
developmental time point. Data represent average numbers of OLIG2+ or CC1+ cells per mm?. Error
bars represent SEM for n=4 mice (p=0.4507 for OLIG2, p=0.9815 for CC1, Student’s t-test two-tailed).
(c) Quantification of MBP+ area in the same section, referred as percentage of the total white matter
(WM) region in the spinal cord. Error bar represent SEM for n=4 mice (p=0.0596, Student’s t-test two-
tailed). (d) Representative electron micrographs of myelinated axons in the P14 ventral white matter
spinal cord from Olig7*™*;Tet1" and Olig1°®*;Tet1". Scale bar = 5um. (e) Percentage of myelinated
axons referred to the total number of axons per measured area. Error bars represent SEM for n=4 mice
(p=0.2680, Student’s t-test two-tailed). (f) Scatter plot of the g-ratio calculated in the spinal cord of P14
control (black circles) and Tet? mutants (red circles) and referred by axonal diameter. Quantification in
80-195 axons per mouse, for n=4 mice (non-linear regression, p=0.0662, comparison of slopes with sum-
of-squares F Test). (g) Representative electron micrographs of myelinated axons in the P14 optic nerve
from mice of the indicated genotype. Scale bar = 5um. (h) Percentage of myelinated axons referred to
the total number of axons per measured area. Error bars represent SEM for n=4 control mice and n=3
Tet1 mutants (p=0.4832, Student’s t-test two-tailed). (i) Scatter plot of the g-ratio calculated in the optic
nerve of control (black circles) and Tet? mutant (red circles) mice and referred by axonal diameter.
Quantification in 93-170 axons for mouse and n=4 control mice and n=3 Tet1 mutants (non-linear
regression, p=0.4335, comparison of slopes with sum-of-squares F Test).
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Supplementary Figure 6. Defective myelin repair in the spinal cord of adult mice with either
constitutive or inducible ablation of Tet7 in the oligodendrocyte lineage.

(a) Quantification of MBP* areas in the spinal cord of control (Olig7**;Tet1™ and Olig1**; Tet2"), Tet1
(Olig1°®*; Tet1™ ) and Tet2 mutant (Olig1°®*;Tet2") mice at 14 days post lesion. Data expressed as
percentage of MBP+ area relative to the unlesioned white matter (NWM) area. Error bars represent SEM
for n=3 control mice, n=4 Tet1 mutants and n=5 control and Tet2 mutants (**p=0.0075 for Tet1 mutants,
p=0.9388 for Tet2 mutants, Student’s t-test two-tailed). (b) Quantification of the percentage of
proliferating OLIG2+ cells identified by KI67 immunoreactivity in an average of 3 spinal cord
sections/mouse from 3 mice for each of the indicated genotypes at 4dpl and 14dpl. Dotted line refers to
the percentage of proliferating OLIG2+ cells in unlesioned tracts (normal white matter, NWM). Error bars
represent SEM for n=3 control mice and n=4 Tet7 mutants (ns, Two-way ANOVA, for age and time after
lesion). (¢) Quantification of the percentage of OLIG2+ cells relative to total DAPI+ nuclei (left) and of the
percentage of CC1+ cells relative to total OLIG2+ cells (right) in sections of the spinal cord from mice of
the indicated genotypes, stained 14 days after lesion. Error bars represent SEM for n=3 control mice and
n=4 Tet1 mutants (p=0.9931 for OLIG2, p=0.9405 for CC1, Student’s t-test two-tailed). (d) Quantification
of TET1 expressing OLIG2+ cells in unlesioned controls (Pdgfra-creER™**;Tet1™) and inducible
(Pdgfra-creER(VT9*; Tet1"") mutant spinal cords, after tamoxifen induction. Data represent the average
percentage of TET1 expressing cells relative to total OLIG2+ cells (left) and to DAPI+ nuclei (right). Error
bars represent SEM for n=3 control mice and n=5 inducible Tet1 mutants (***p < 0.0001 for OLIG2+ cells,
p=0.1845 for DAPI+ cells, Student’s t-test two-tailed). (e) Quantification of TET1 expressing OLIG2+ cells
in lesioned controls (Pdgfra-creERV**;Tet1™) and inducible mutant (Pdgfra-creER9": Tet1™) spinal
cords, stained 14 days post lesion. Data represent average percentage of OLIG2+ cells relative to total
DAPI+ nuclei (left) and of CC1+ cells relative to total OLIG2+ cells. Error bars represent SEM for n=3
control mice and n=>5 inducible Tet7 mutants (p=0.5478 for OLIG2, p=0.7003 for CC1, Student’s t-test
two-tailed). (f) Percentage of MBP+ area relative to total white matter (WM) in lesioned spinal cord
assessed at 14dpl in mice of the indicated genotype, after tamoxifen induction. Error bars represent SEM
for n=3 control mice and n=5 inducible Tet? mutants (***p < 0.0001, Student’s t-test two-tailed). (g)
Quantification of OLIG2+ cells also expressing SLC12A2 in lesioned spinal cord at the 14dpl time point
in controls and inducible knockout mice, after tamoxifen gavage. Dotted line refers to the percentage of
SLC12A2 expressing OLIG2+ cells in unlesioned tracts (NWM). Error bars: SEM for n=3 control mice
and n=5 inducible Tet7 mutants (***p=0.0001, Student’s t-test two-tailed).
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Supplementary Figure 7. Characterization of cells sorted from adult reporter mice.

(a) Adult (P60) Pdgfra-H2BEGFP reporter mice were used to perform a Percoll gradient isolation, in order
to discard blood vessels and meninges and enrich for oligodendroglial lineage cells prior to fluorescence
activated cell-sorting. (b) Immunofluorescence of sorted P60 Pdgfra-H2BEGFP cells (green), stained for
the progenitor markers PDGFRa (red) or NG2 (red) 12 hours after plating. DAPI (blue) as nuclear
counterstain. Scale bar = 100um. Quantification from three independent experiments confirms that the
majority of the sorted cells express the PDGFRa and NG2 markers. (¢) Heatmap of the relative
expression levels of the indicated cell-specific transcripts in three independent preparation of cells sorted
from young adults (aOPC) or from P540 old mice (0OPC). Note the high expression of oligodendroglial
lineage markers. (d) Adult (P60) Plp-EGFP reporter mice were used to perform a Percoll gradient
isolation, in order to discard blood vessels and meninges and enrich for oligodendroglial lineage cells
prior to fluorescence activated cell-sorting. (e) Immunocytochemistry of sorted P60 Plp-EGFP cells
(green), stained for the mature markers MBP (red) and MOG (red). DAPI (blue) as nuclear counterstain.
Scale bar = 100um. Quantification from three independent experiments confirms that the majority of the
Plp-EGFP sorted cells are mature OL, with high levels of MBP and MOG, and lacking the progenitor
markers PDGFRa and NG2. (f) Heatmap of the relative expression levels of the indicated cell-specific
transcripts in three independent preparation of P60 OL sorted from adult Plp-EGFP mice (aOL),
identifying the enriched expression of myelin markers.
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Supplementary Figure 8. Quality control of Reduced Representation Hydroxymethylation
Profiling of adult progenitors and oligodendrocytes sorted from reporter mice.

(a) Average number of CpGs detected in each of the 6 independent biological samples identified by the
by RRHP analysis. White bar graph refers to the number of CpGs in the aOPC samples prepared from
sorted Pdgfra-H2BEGFP cells. Gray bar graph refers to number of CpGs in aOL sorted from Plp-EGFP
mice. Error bars represent SEM for n=3 Pdgfra-H2BEGFP and n=3 Plp-EGFP replicates (p=0.0576,
Student’s t-test two-tailed). (b) Histograms showing the overall CpG hydroxymethylation coverage in
each sample of aOPCs (pdgfra2mn1, mn2, mn3) and aOLs (plp2mn1, mn2, mn3). As expected, the
shape of the curve reflecting the overall distribution differs between aOPCs and aOLs, with the latter
showing higher levels of DNA hydroxymethylation. (¢) Correlation plot between gene size and number of
hyper-hydroxymethylated CpGs at gene body regions. All the differentially expressed genes (up- and
down-regulated) are shown (gray). Three examples of TET1-target genes are shown: Sic12a2 (red),
Slc9ab (pink) and Sic22a23 (orange) in the enlargement of hyper-hydroxymethylated CpGs for genes
under 200,000bp. Linear regression curve is in grey.
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Supplementary Figure 9. Uncropped western blot gels.

(a-c) Full western blot of protein extract from P60 spinal cord of control (n=3) and Tet1 mutants (n=3)
stained for CNPase (a), GAPDH (b) and MBP (¢). Molecular weight indicated on the left.
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