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CELL BIOLOGY

DNA dioxygenases Tet2/3 regulate gene promoter
accessibility and chromatin topology in lineage-specific
loci to control epithelial differentiation

Guo-Dong Chen't, Igra Fatima', Qin Xu?, Elena Rozhkova', Michael Y. Fessing?,
Andrei N. Mardaryev3, Andrey A. Sharov', Guo-Liang Xu?*t, Vladimir A. Botchkarev't*

Execution of lineage-specific differentiation programs requires tight coordination between many regulators in-
cluding Ten-eleven translocation (TET) family enzymes, catalyzing 5-methylcytosine oxidation in DNA. Here, by
using Keratin 14—Cre-driven ablation of Tet genes in skin epithelial cells, we demonstrate that ablation of Tet2/
Tet3 results in marked alterations of hair shape and length followed by hair loss. We show that, through DNA
demethylation, Tet2/Tet3 control chromatin accessibility and DIx3 binding and promoter activity of the Krt25
and Krt28 genes regulating hair shape, as well as regulate interactions between the Krt28 gene promoter and
distal enhancer. Moreover, Tet2/Tet3 also control three-dimensional chromatin topology in Keratin type I/l gene
loci via DNA methylation-independent mechanisms. These data demonstrate the essential roles for Tet2/3 in
establishment of lineage-specific gene expression program and control of DIx3/Krt25/Krt28 axis in hair follicle
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epithelial cells and implicate modulation of DNA methylation as a novel approach for hair growth control.

INTRODUCTION

Differentiation of stem cells into specialized cell lineages is accom-
panied by establishment of the distinct patterns of gene activation
and silencing regulated at several levels including signaling mole-
cules, transcription factors, and epigenetic machinery (I-6).
Lineage-specific and functionally related genes frequently form
conserved clusters or loci in the mammalian genomes (7, 8). In
the mouse genome, there are more than 30 such large (more than
0.5 Mbp) lineage-specific gene loci containing at least 10 function-
ally related genes (7-9). Many lineage-specific gene loci belong to
distinct topologically associating domains (TADs), defined as the
chromatin domains with higher frequency of spatial contacts
within the domains compared to the regions across TAD borders
(10). The detailed chromosome conformation capture analysis of
several lineage-specific gene loci revealed the importance of their
proper spatial organization in executing lineage-specific gene ex-
pression programs by establishment of distinct enhancer-promoter
interactions networks within individual TADs, as well as between
neighboring TADs (9, 11).

DNA methylation and subsequent oxidation of 5-methylcyto-
sine (5mC) into 5-hydroxymethylcytosine (5hmC) are key epige-
netic events regulating development and stem cell differentiation
in mammals (12-14). The process of 5mC conversion toward un-
methylated state also includes formation of 5-formylcytosine and
5-carboxycytosine (15). Oxidation of 5-mC is catalyzed by the
Ten-eleven translocation (Tet) family enzymes (Tetl/2/3) and
serve as an important step in DNA demethylation (16). In addition
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to 5-mC oxidation at gene regulatory regions and Cytosine-phos-
phate-Guanine (CpG) islands, Tet proteins are also capable of pos-
itively regulating gene transcription by activating enhancers via
DNA demethylation (14, 17). However, the role of Tet enzymes in
the control of gene expression at the levels of lineage-specific gene
loci occupying individual TADs remains to be explored.

Skin epithelial cells serve as an attractive model for studying
mechanisms controlling differentiation-associated chromatin re-
modeling: Keratinocyte-specific genes are organized in the
genome into three distinct loci [Epidermal Differentiation
Complex (EDC) locus and Keratin type I/II loci] located on
mouse chromosomes 3, 11, and 15, respectively (18-20). Whereas
the 3.1-Mb EDC locus is spread among four neighboring TADs (9),
Keratin type I/II loci are relatively smaller (about 0.9 and 0.7 Mb,
respectively) and belong to individual TADs, harboring more
than 60 epithelial and hair keratin genes (21).

During development, epithelial skin stem cells differentiate and
form epidermis, a stratified self-renewing epithelium, as well as a
number of appendages including hair follicles (HFs) (22). Terminal
differentiation of epidermal cells is accompanied by sequential
changes in expression of the genes encoding epidermal keratins
(Krt1, Krt5, Krt10, and Krt14) in the Keratin type I/1I loci, followed
by the onset of gene expression in EDC locus resulting in a forma-
tion of the epidermal barrier (23, 24). In the HF, terminal keratino-
cyte differentiation is accompanied by activation of the different sets
of genes encoding hair shaft-specific and inner root sheath (IRS)—
specific keratins (Krt25 to Krt28, Krt31 to Krt37, and Krt81 to
Krt86), while expression of epidermal keratin genes is down-regu-
lated (25).

In skin epithelial cells, DNA methylation of the genes activated
during terminal differentiation is progressively decreased (26). In
accordance with this, inactivation of DNMT]I in human epidermis
results in premature onset of expression of terminal differentiation
genes, as well as in decrease of cell proliferation associated with in-
creased expression of cell cycle inhibitors p15/Cyclin-dependent
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kinase 4 inhibitor B (INK4B) and p16/Cyclin-dependent kinase 4
inhibitor A (INK4A) (27). In mouse HF, ablation of Dnmtl gene
leads to decrease of cell proliferation in the hair matrix and
results in hair loss (28). However, the role of Tet enzymes in the
control of lineage-specific gene expression in the Keratin type I/11
loci during terminal differentiation remains to be explored.

Here, we demonstrate that Tet2/3 enzymes play a key role in the
control of gene expression in lineage-specific gene loci via regulat-
ing promoter accessibility and three-dimensional chromatin land-
scape in terminally differentiating HF keratinocytes. These data
highlight the role of Tet-mediated DNA demethylation in establish-
ment of lineage-specific gene expression program in epithelial cells
and implicate modulation of Tet activity as a novel approach for hair
growth control.

RESULTS

Tet2 and Tet3 contribute to 5hmC oxidation at active
promoters and enhancers in skin epithelial cells

To define a relevance of the Tet enzymes to the control of gene ex-
pression in skin epithelial cells, we first used the Cleavage Under
Targets and Tagmentation (CUT&Tag) assay and analyzed the dis-
tribution of 5hmC as the Tetl/2/3-mediated DNA oxidation
product in the genome of primary mouse keratinocytes (Fig. 1, A
and B). We correlated 5ShmC data with the positions of active pro-
moters and enhancers depicted by CUT&Tag analyses of H3K4me3
and H3K27ac/H3K4mel histone marks, respectively. We found
that, in the keratinocyte genome, 5hmC peaks show significant en-
richment at the active gene promoters and enhancers including the
epithelial keratin genes that constitute Keratin type I/II loci (Fig. 1,
A and B).

Next, we used RNA sequencing (RNA-seq) analyses to define ex-
pression of the distinct Tet enzymes in primary mouse keratino-
cytes, as well as in basal epidermal keratinocytes and HF matrix
keratinocytes fluorescence-activated cell sorting (FACS)-sorted
from mouse skin at postnatal day 4.5 (P4.5). Consistent with the
data published previously (29, 30), Tet2 and Tet3 transcripts
showed much higher expression levels compared to TetI in all
three populations of keratinocytes (Fig. 1C and fig. S1, A and B).
In concordance to RNA-seq data, immunofluorescence analyses re-
vealed that Tet2 and Tet3 proteins showed higher expression levels
in the developing skin and HFs compared to Tetl (Fig. 1, D to F).
Tet2 and Tet3 were expressed in the developing epidermis and HF
placodes [embryonic day 18.5 (E18.5)], in HF outer root sheath, and
in differentiating hair matrix keratinocytes and dermal papilla
(Fig. 1, E and F). Differentiating epidermal and hair matrix kerati-
nocytes also contained strong 5ShmC immunofluorescence (Fig. 1G
and fig. S1C), thus implicating Tet2/3 involvement in the control of
terminal differentiation of skin epithelial cells. Double immunovi-
sualization of Tet2 or Tet3 and markers of the keratinocytes of the
IRS and hair shaft (AE13 and AE15) or hair matrix keratinocytes
(Ephrin-B1) revealed colocalization of these proteins in differenti-
ating epithelial cells of the HF (Fig. 1, E and F, and fig. S1D).
However, lack of the detectable levels of Tet2 and Tet3 were seen
in the HF bulge, harboring epithelial stem cells and showing elevat-
ed expression of the stem cell marker Lhx2 (fig. S1E) (31-33).
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Krt14-Cre-mediated Tet1/2/3 ablation leads to alterations

in hair growth

Genetically engineered mice with single or simultaneous ablation of
TetI and Tet2 do not exhibit any visible abnormalities in skin or hair
morphology, while Tet3 knockout mice show neonatal lethality (34—
36). To exclude the potential redundancy in activities of Tet genes
and explore their roles in the control of keratinocyte differentiation,
we crossed Krt14-Cre mice with Tet2//Tet3%/" mice (37, 38) to si-
multaneously ablate Tet2 and Tet3 genes in keratinocytes (Krt14-
Cre/ Tet2"/Tet3"f double knockout or TetDKO mice). In addition,
we crossed Krt14-Cre mice with Tet "/ Tet2"?/Tet3"" mice (39) to
ablate all three Tet genes in the Krt14-expressing cells (Krt14-Cre/
Tet "/ Tet2"F Tet3M triple knockout or TetTKO mice) (Fig. 2, A
and B, and fig. S2A). Because Tet2™"/Tet3"" mice were generated
via targeting the exons 3 or 8 of the Tet2 or Tet3 genes, respectively
(37, 38), while Tet "/ Tet2™/ Tet3"" mice were generated by using
different targeting strategy including the ablation of the exons 9 to
11 of all three Tet genes (39), we used this opportunity to compare
the similarities and differences in the skin phenotypes between
TetTKO mice and two different TetDKO mice (TetDKO mice gen-
erated independently and TetDKOT mice obtained as a part of gen-
eration of the triple knockout TetTKO mice) (fig. S2, A and B).

RNA-seq analyses of primary keratinocytes from wild-type
(WT), TetDKO, and TetTKO mice confirmed ablations of the cor-
responding exons of TetI, Tet2, and Tet3 genes (Fig. 2, A and B). To
confirm the Krt14-Cre—driven ablation of Tet genes in situ, immu-
nofluorescence analyses of 5hmC was performed and revealed a lack
of 5hmC in the epidermal and hair matrix keratinocytes of TetDKO
and TetTKO mice (Fig. 2G and fig. S2). However, 5hmC levels in the
dermis or in the dermal papilla of the HFs were unaltered in
TetDKO and TetTKO mice, thus serving as internal controls for ep-
ithelial-specific Tet1/Tet2/Tet3 ablations (Fig. 2G and fig. S2).

TetDKO and TetTKO newborn mice were smaller compared to
WT littermates (fig. S2D). At P1.5, the number of HFs in the back
skin of TetDKO and TetTKO mice, as well as the rate of their mor-
phogenesis, was quite similar to the corresponding WT controls
(fig. S2, G and H). In contrast to TetDKO mice, the epidermis of
P1.5 TetTKO mice was significantly thinner compared to WT con-
trols (fig. S2, G and H).

During postnatal development, animals of the all three mutant
strains generated (TetDKO, TetDKOT, and TetTKO mice) remained
smaller compared to age-matched WT controls (fig. S2E) and ex-
hibited notable similarities in the skin phenotype including
marked alterations of the hair growth and relatively minor
changes in the epidermis (Fig. 2, C and D, and figs. S2F and S3,
C to E). TetDKO, TetDKOT, and TetTKO mice showed appearance
of sparce and short hairs on the back compared to age-matched WT
mice, followed by hair loss occurring between P20 and P39 (Fig. 2, C
and D, and fig. S2, E and F). TetTKO mice died at about P40 due to
unidentified reasons, while TetDKO mice after P45 to P50 showed
development of cycling alopecia and were completely deprived of
pelage hairs by 7 months of age (Fig. 2C).

Analyses of the hair shafts plucked from TetDKO and TetTKO
mice at about P20 to P24 revealed marked alterations of the hair
length and shape: Compared to WT controls, hairs in TetDKO
and TetTKO mice were significantly shorter and exhibited curly
phenotype with a lack of bending specifying distinct hair types
(guard, awl, auchen, and zigzag) in normal mouse fur (Fig. 2, C,
E, F, H, and I) (40, 41).
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Fig. 1. 5ShmCis enriched at gene promoters and enhancers in keratinocytes, while Tet1/2/3 expressions show dynamic changes in mouse skin and HF during
embryonic and early postnatal development. (A and B) CUT&Tag analyses show enrichment of the normalized 5hmC levels at gene promoters (A) and enhancers (B) in
primary mouse keratinocytes. Specific examples of the tracks (5hmc, H3K4me3, H3K4me1, and H3K27ac) demonstrate 5hmC peaks (highlighted) at the promoter of Krt17
gene [(A) Keratin type | locus] and at the enhancer located between Krt72 and Krt74 genes [(B) Keratin type Il locus] Data are presented as means + SD. ****P < 0.001. FPKM,
fragments per kilobase; IgG, immunoglobulin G. (C) RNA sequencing (RNA-seq) data for Tet1, Tet2, and Tet3 in primary epidermal keratinocytes and fluorescence-activated
cell sorting (FACS)-sorted basal epidermal and hair matrix keratinocytes isolated from mouse skin at postnatal day 2 (P2) to P4. (D to G) Immunofluorescent visualization
of Tet1 (D), Tet2 (E), Tet3 (F), and 5hmC (G) in mouse skin at embryonic day 18.5 (E18.5), P2.5, and P5. Tet2, Tet3, and 5hmC are expressed in differentiating hair shaft
keratinocytes (arrows) and in the dermal papillae (arrowheads). Covisualization of Tet2 or Tet3 and markers of the inner root sheath/hair shaft (AE13 and AE15) show
expressions of the Tet2 (E) and Tet3 (F) in differentiating IRS and hair shaft keratinocytes (arrows). White lines demarcate the epidermal-dermal border and the HF. Sections

are counterstained with 4',6-diamidino-2-phenylindole (DAPI; blue). Scale bars, 25 um.

Histologically, HFs in TetDKO and TetTKO mice showed a
similar size of the hair bulb compared to WT controls (Fig. 2, H
and I) and exhibited a slower catagen-telogen-anagen progression
(Fig. 3A). Hair matrix keratinocytes in TetDKO and TetTKO mice
showed significantly reduced proliferation compared to WT con-
trols (Fig. 3B and fig. S3, A and B). In contrast to WT mice, hair
matrix keratinocytes in TetDKO mice also showed marked down-
regulation of the Krt25, an important component of the HF IRS reg-
ulating hair shape (Fig. 3C) (42). In addition, marked decrease in
expression of another IRS component trichohyalin (depicted by
AE15 antibody) was seen in the HFs of TetDKO mice compared
to WT controls (Fig. 3D). Similarly to the IRS-specific markers, de-
crease in expression of the hair shaft—specific keratins visualized by
the AE13 antibody was seen in TetDKO mice versus the controls
(Fig. 3E and fig. S3B).

However, Krt14 expression was significantly increased in the
hair matrix keratinocytes upon Tet2/Tet3 ablations: In WT HFs,
Krt14 was expressed in the outer root sheath and unilaterally in
the hair matrix keratinocytes, while in TetDKO mice, a strong bilat-
eral Krt14 expression was seen in the hair matrix in addition to the

Chen et al., Sci. Adv. 9, eabo7605 (2023) 11 January 2023

outer root sheath (Fig. 3F). In contrast to the HFs, lack of visible
differences in the Krt14, Krt10, and loricirin expressions was seen
between the epidermis of WT and TetDKO mice (fig. S3, C to E).

Tet2/3-deficient hair matrix keratinocytes show altered
expression of differentiation-related genes

Because TetDKO, TetDKOT, and TetTKO mice showed alterations
of hair structure and shape as a major skin phenotype occurring
upon ablations of Tet genes, we focused on the mechanisms under-
lying the control of hair-specific keratinocyte differentiation.
TetDKO model was used primarily due to a larger size of the
animals and better opportunity to collect a sufficient number of
cells required for analyses, compared to TetTKO mice. Ephrin-
B1* population of hair matrix keratinocytes (43) were FACS-
sorted from the P4.5 control and TetDKO mice for RNA isolation
and RNA-seq analyses (Fig. 4A and fig. S4A). EphB1* keratinocytes
isolated from TetDKO mice did not show any increase in the levels
of Tet1 or EphBI transcripts and proteins compared to WT controls
(fig. $4, C to E), thus supporting a feasibility for using this cell pop-
ulation for further analyses.
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Fig. 2. Skin and hair phenotypes of Tet DKO and Tet TKO mice. (A and B) RNA-seq tracks of Tet1, Tet2, and Tet3 in primary keratinocytes of TetDKO (A, green) and
TetTKO (B, tomato) mice. Lack of the transcripts at the exons 3 and 8 of the Tet2 and Tet3 genes, respectively, is highlighted by red dotted line (A). Lack of the transcripts at
the exons 9 to 11 of the Tet1, Tet2, and Tet3 genes is highlighted by red dotted line (B). Y value is FPKM. (C and D) Images of TetDKO and TetTKO mice at different time
points of postnatal development. Sparse and woolly fur and hair loss developed between P21 and P39 are seen in TetDKO and TetTKO mice. (E and F) Hair shafts of wild-
type (WT), Tet DKO, and Tet TKO mice. Short and curly hair with a lack of bending are seen in both TetDKO and TetTKO mice. Hair shaft lesions and spindle-shaped hair
shafts are seen in TetDKO and TetTKO mice, respectively. (G) Immunofluorescence staining for 5hmC (red) in the HFs of WT, TetDKO, and TetTKO mice. 5hmC signals
decreased significantly in the HF epithelium (green arrows) but not in the HF dermal papilla (yellow arrows) or interfollicular dermis (pink arrows) of TetDKO and TetTKO
mice. Cell nuclei are counterstained by DAPI. (H and 1) Hair bulb diameter (P11), hair shaft length (P24), and thickness (P24) in WT, TetDKO, and TetTKO mice. Decreased
hair shaft length is seen in TetDKO and TetTKO mice. Lack of significant changes in the hair bulb diameter and hair shaft thickness in mutant mice compared to WT
controls. Data are presented as means + SD. ****P < 0.0001; Student's t test. n.s., not significant. Scale bar, 50 um

RNA-seq data revealed >2-fold differences in expression of 522
genes between WT and TetDKO mice with a strong enrichment of
the genes involved in the control of keratinocyte differentiation, HF
development, and cycling (Fig. 4, B to D, and fig. S4B). Vast major-
ity of genes in these categories belong to the Keratin type I/II loci,
and among the genes down-regulated in hair matrix keratinocytes
of TetDKO mice were Krt25 and Krt28 encoding the IRS-specific
keratins regulating hair shape (Fig. 4, B and C, and table SI).

On the other hand, together with other genes encoding the IRS-
specific (Krt27, Krt71, and Krt73) and hair shaft—specific keratins
(Krt31, Krt33a, Krt35, Krt81, Krt83, and Krt86), Krt14 gene normal-
ly expressed at high levels in basal epidermal layer and HF outer root
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sheath was also up-regulated in hair matrix keratinocytes of
TetDKO mice (Fig. 4, B and C, and table S1). Down-regulation of
Krt25 and up-regulation of the Krt14 transcripts were consistent
with the immunofluorescence analysis results of Krt25 or K14
protein expressions in the HF matrix of TetDKO mice (Fig. 3, C
and F). In addition to keratin genes, Foxnl and Hoxcl3 genes en-
coding transcription factors controlling keratin gene expression in
the HF were up-regulated in TetDKO mice (Fig. 4, B and C, and
table S1).
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Fig. 3. Alterations in hair matrix keratinocyte proliferation and expression of terminal differentiation markers in TetDKO mice. (A) Alkaline phosphatase staining
of WT and TetDKO HFs at P13, P24, and P29. At P24, early anagen follicles are seen in WT skin, while late catagen HFs are present in TetDKO mice (arrows), suggesting the
delay in catagen-telogen-anagen transition. (B) Immunofluorescence staining for PCNA (red). Significant decrease of % of PCNA* cells in the hair matrix of TetDKO mice
compared to controls. (C) Expression of the IRS-specific Krt25 is significantly (P < 0.01) decreased in the hair matrix keratinocytes of TetDKO mice compared to WT controls
(arrows). Y value, relative fluorescence level. (D) Expression of the trichohyalin depicted by AE15 antibody (green) is markedly decreased in the HF IRS (large arrows)
visualized by anti-GATA3 antibody (red) and hair shaft (small arrows) of TetDKO mice compared to WT controls. (E) Hair keratin expression depicted by AE13 antibody
(green) is decreased in the hair medulla of TetDKO mice (small arrows). Strong AE13 immunofluorescence is seen in the hair cortex (large arrows) and medulla (small
arrow) of the HF in WT mice. (F) Krt14 (green) is expressed in the HF outer root sheath in WT and TetDKO mice (small arrows) and unilaterally (S1) in the WT hair matrix
keratinocytes. In TetDKO mice, Krt14 expression is seen on both sides (S1 and S2) of the hair matrix. Significant increase (P < 0.01) of the S2-Krt14 expression is seen in
TetDKO mice compared to WT controls. Y value, relative fluorescence level. Cell nuclei are counterstained by DAPI (B to F). Data are presented as means + SD. **P < 0.01;
***p < 0.001; ****P < 0.0001; Student’s t test. Scale bars, 25 (A) and 50 um (D to F).

Tet2/Tet3 deficiency is accompanied by global changes in
the DNA methylation, chromatin accessibility, and
transcription factor binding

To assess changes in a global genome methylation status upon Tet2/
3 ablation, whole-genome bisulfite sequencing (WGBS) was per-
formed using DNA isolated from the FACS-sorted hair matrix ker-
atinocytes from P4.5 WT and TetDKO mice. We found that Tet2/3
deficiency was accompanied by appearance of 11,086 differentially
methylated regions (DMRs) showing an increase of DNA methyla-
tion in the genome of hair matrix keratinocytes globally (Fig. 5A
and table S2). Genes that constitute the Keratin type I and II loci
and occupying the corresponding TADs on mouse chromosomes
11 and 15 (TAD 11-085 and 15-082, respectively) (44) also
showed an increase of DNA methylation upon Tet2/3 abla-
tion (Fig. 5A).

Because an increase of DNA methylation at regulatory elements
is associated with decrease of chromatin accessibility, while the gene
body methylation correlates with active transcription (45), we cor-
related the WGBS data with Assay for Transposase-Accessible
Chromatin with high-throughput sequencing (ATAC-seq) data
and found 1645 DMR (>40%) regions with decreased chromatin
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accessibility in TetDKO mice (Fig. 5B and fig. S5A). However, we
also found an increase of chromatin accessibility in 3027 regions
with increased DNA methylation upon Tet2/Tet3 ablations
(Fig. 5B). Similar changes were seen in the Keratin type I/II gene
loci (Fig. 5B).

Although vast majority of the DMRs and regions exhibiting
changes in the ATAC-seq status in TetDKO mice were associated
with introns and intergenic regions, several hundreds of such
regions showed associations with gene promoters (DMRs: 298;
ATAC-seq changed regions: 215) and enhancers (375 and 263, re-
spectively) globally (Fig. 5B). Associations between the DMRs,
regions with changed chromatin accessibility, gene promoters and
enhancers were also seen in the Keratin type I/II gene loci (Fig. 5B).
Further analyses showed an increase of the DNA methylation
within the regions containing the repressed ATAC-seq peaks,
while only relatively minor changes in the DNA methylation
status were seen among the ATAC-seq peaks increased or un-
changed upon the Tet2/Tet3 ablation (Fig. 5C and fig. S5, B and C).

Next, we performed the motif analyses of the genomic regions
with significantly reduced chromatin accessibility in the TetDKO
mice and found the enrichments of the binding sites for DIx3 and
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Fig. 4. Alterations of gene expression in hair matrix keratinocytes of TetDKO mice. (A) Ephrin-B1-expressing population of hair matrix keratinocytes are sorted from
dorsal skin of WT and TetDKO mice at P4.5. Workflow of the RNA-seq, CUT&Tag, and other deep sequencing assays. (B) Volcano plot is obtained from the RNA-seq data of
WT and Tet DKO hair matrix keratinocytes. Two hundred genes are down-regulated (green) and 322 genes are up-regulated (red) in TetDKO mice compared to WT
controls. Significantly changed genes related to skin development including HF are indicated. Cutoff: abs(log,FC) > 1 and P < 0.05. (C) Heatmap of significantly
changed genes related to skin development/differentiation/hair growth in TetDKO mice compared to WT mice. (D) Gene ontology (GO) enrichment analysis of all sig-
nificantly changed genes in TetDKO versus WT mice. Top 30 significantly enriched GO terms are shown with gene ratio, count, and adjusted P values.

Lhx2 transcription factors (Fig. 5D). The motif analyses of the
ATAC-seq peaks that were increased in TetDKO mice as well as
of the Pol2Ser5 peaks decreased in hair matrix keratinocytes of
TetDKO mice also showed the enrichment for the DIx3 motifs
(fig. S5, D and E). In contrast to DIx3 motifs, Lefl motifs only
showed enrichment among the ATAC-seq increased peaks in
TetDKO mice (fig. S5D).

DIx3 and Lefl transcription factors are crucial regulators of hair
matrix keratinocyte differentiation and hair keratin gene expression
(46, 47), while Lhx2 is also expressed in hair matrix keratinocytes
(fig. S1E) (48). Despite the fact that the DIx3 and LefI transcript
levels and proteins were not affected by the Tet2/Tet3 ablation
(fig. S5F), hair matrix keratinocytes of TetDKO mice showed pre-
dominance of the regions with decreased 5ShmC content and DIx3
binding (240 and 686, respectively) over the regions with increased
5hmC and DIx3 binding (12 and 124, respectively) (fig. S5G).
However, a number of the Pol2Ser5 and Lefl peaks that show in-
crease in TetDKO mice (4606 and 1238, respectively) was higher
than the number of the corresponding regions with the decreased
Pol2Ser5 and Lefl binding (207 and 406, respectively).

Majority of the DIx3 and Lef1 peaks at the DMRs and the regions
exhibiting changes in the ATAC-seq status in TetDKO mice were
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associated with the introns and intergenic regions, as well as with
gene promoters and enhancers (fig. S5H). Global analyses of the
DIx3- and Lefl-enriched peaks revealed more than 1700 overlapped
DIx3/Lefl peaks in hair matrix keratinocytes of WT and TetDKO
(fig. S5I). Using the Homer findMotifs tool, we identified DIx3
motifs within the Lefl-enriched peaks and Lefl motifs within the
Dlx3-enriched peaks in both WT and TetDKO samples. DIx3
binding to gene promoters and enhancers decreased in TetDKO
mice, while Lefl binding is increased in both promoter and enhanc-
er regions (fig. S5]). These data suggested the links between DNA
methylation and chromatin accessibility at gene promoters and en-
hancers for DIx3 and Lefl transcription factors and suggest their
distinct yet partially overlapping roles in the regulation of gene ex-
pression in hair matrix keratinocytes.

Hypermethylation of the Krt25 and Krt28 gene promoters
upon Tet2/3 deficiency is accompanied by decreased
chromatin accessibility and DIx3 binding

Because hair phenotype in TetDKO and TetTKO mice resembled
the wooly hair syndrome in humans associated with mutations in
the Krt25 gene and characterized by the appearance of short,
curly hairs in affected individuals (42), we focused further analyses
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Fig. 5. Integrated analysis of DNA methylation, chromatin accessibility, and transcription factor binding sites in hair matrix keratinocytes upon Tet2/3 ablation.
(A) Pie plots of the WGBS DMRs, ATAC-seq peaks, and their distribution among different genomic regions in the whole-genome or within Keratin type I and Il gene loci
(TAD 11-085 and TAD 15-082, respectively) in the TetDKO in comparison to the control mice. DMR cutoff: abs(DMR) > 40%; ATAC-seq cutoff: abs(log,FC) > 1 and P < 0.05.
3'UTR, 3' untranslated region. (B) Distribution of DMRs and the increased or decreased regions of the chromatin accessibility in the TetDKO in comparison to the control
mice in the indicated genomic elements. (C) Increase of DNA methylation in the regions with significantly repressed ATAC-seq peaks in TetDKO mice (replicate 1, green;
replicate 2, light green) compared to WT mice (replicate 1, blue; replicate 2, light blue). (D) Motif analyses of the significantly reduced regions of chromatin accessibility in
the TetDKO mice in comparison to the controls show enrichments for DIx3 and Lhx2 transcription factor binding sites. (E) Tracks of the RNA-seq, WGBS, ATAC-seq, and
CUT&Tag assays in the region of the Keratin type | locus of hair matrix keratinocytes harboring Krt25 and Krt28 genes (blue, WT mice; green, TetDKO mice). DMRs (absolute
changes of DNA methylation, >40%), ATAC-seq, DIx3, and Lef1 peaks are highlighted. Y axis values: (RNA-seq: FPKM; ATAC-seq, IgG, Pol2Ser5, DIx3, and Lef1: coverage
count; methylation and DMR: percentage). (F) Region-specific bisulfite sequencing of the Krt25, Krt27, and Hoxc13 gene promoter regions using DNA isolated from the
TetDKO and control mouse epidermal and hair matrix keratinocytes. Black circles, methylated cytosine; blank circles, unmethylated cytosine.

on the Krt25-Krt27-Krt28 gene cluster at the Keratin type I locus
encoding the IRS-specific keratins (25). We correlated changes in
the DNA methylation status at gene promoters in this cluster
with ATAC-seq data documenting chromatin and gene promoter
accessibility (Fig. 5E). Decreased transcription of Krt25 and Krt28
genes in TetDKO mice was found to be associated with increase of
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DNA methylation at the promoter regions of these genes and mark-
edly reduced ATAC-seq signals/chromatin accessibility (Fig. 5E).
In contrast to Krt25 and Krt28, transcription of the neighboring
Krt27 gene increased in TetDKO mice, while its promoter methyl-
ation status and ATAC-seq signals were not changed (Fig. 5E). In
WT mice, region-specific bisulfite sequencing of hair matrix
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keratinocytes showed demethylation of the Krt25 promoter, which
remained methylated in epidermal keratinocytes (Fig. 5F). Signifi-
cant increase of the DNA methylation status at the Krt25 promoter
was seen in hair matrix keratinocytes of TetDKO mice, while lack of
differences in the methylation status of the Krt27 or Hoxcl3 gene
promoters was seen between these two keratinocyte populations
in both WT and TetDKO mice (Fig. 5F).

Krt25 gene promoter showed conservation of the DIx3 binding
sites among different species including mice and humans (fig. S5K).
Correlation of the WGBS, ATAC-seq, RNA-seq, and CUT&TAG-
seq data for DIx3, Lefl, and Pol2Ser5 data revealed marked decrease
of the DIx3 and Pol2Ser5 presence at the Krt25 and Krt28 gene pro-
moters in hair matrix keratinocytes of TetDKO mice (Fig. 5E). Lefl
binding to Krt28 gene promoter (but not to Krt25 promoter) also
decreased in TetDKO mice, while Lefl binding to Krt27 promoter
increased and associated with the increase of Pol2Ser5 binding and
gene transcription (Fig. 5E). These data suggest a possibility that
Krt27 gene expression in hair matrix keratinocytes is controlled
by Lefl in a DNA methylation-independent manner.

Hi-C analyses reveal rewiring of the chromatin interaction
networks within Keratin type I/l loci upon Tet2/3 ablation
Because gene promoters frequently interact with their distal regula-
tory elements including enhancers, silencers, insulators, and locus
control regions in a three-dimensional nuclear space, we performed
Hi-C chromosome conformation capture analyses to define the
spatial chromatin interaction networks within the Keratin type I
and II gene loci, as well as within the corresponding TADs on
mouse chromosomes 11 and 15, respectively. We compared Hi-C
data generated from the FACS-sorted hair matrix keratinocytes of
WT and TetDKO mice and correlated with CUT&Tag-seq data
for CCCTC-binding factor (CTCF), H3K27ac/H3K4mel peaks
for active enhancers, and with H3K27me3 peaks for Polycomb-de-
pendent gene silencing (Fig. 6 and figs. S6, A to C, and S7). FACS-
sorted basal epidermal keratinocytes of WT mice were used as con-
trols of specificity of the Hi-C interactions depicted in hair matrix
keratinocytes.

In WT mice, Hi-C chromatin interaction network within TAD
11-085 harboring Keratin type I locus depicted at a 5-kb resolution
included 12 loops linking (i) gene promoters and intergenic
regions/introns (8 loops), (ii) gene promoters and enhancers (3
loops), and (iii) two different intergenic regions (1 loop) (Fig. 6A
and table S4). Within TAD 15-082 harboring Keratin type II
locus, 19 chromatin loops included interactions between (i) enhanc-
ers and intergenic regions (9 loops), (ii) two different intergenic
regions (8 loops), and (iii) the introns and intergenic regions (2
loops) (fig. S6 and table S4). In both TADs, chromatin interaction
networks included only spatial contacts within the domains, while
no contacts with neighboring TADs were seen across the TAD
borders (Fig. 6A, fig. S6, and table S4). Comparative analyses of
the Hi-C interactions between hair matrix and basal epidermal ker-
atinocytes of WT mice revealed the presence of 5 and 6 common
interactions, as well as 7 and 13 unique chromatin interactions in
the Keratin type I and II loci, respectively (table S4).

However, a substantial rewiring of the chromatin interaction
networks within both TADs was seen in TetDKO mice. Hi-C anal-
yses revealed 13 newly formed chromatin interactions within TAD
11-085, while one of such interactions linked an intron of the Ccr7
gene with intergenic region of the neighboring TAD 11-084 (Fig. 6A
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and table S4). Within TAD 15-082, seven new chromatin interac-
tions were detected, including interactions between enhancers
and intergenic regions (four chromatin interactions), as well as
between different intergenic regions (three chromatin interactions)
(fig. S6 and table S4).

In WT mice, Hi-C analyses of the Keratin type I locus revealed
interactions between Krt28 promoter and active enhancer located in
the intergenic region between Krt20 and Krt23 genes (loop L1),
which, in turn, interacted with two enhancers located at the
central part of the TAD (loop L2) and closely to the TAD border
(loop L4) (Fig. 6, A to C). Most likely, these interactions were an-
chored by CTCF, whose peaks were present at the Krt28 gene pro-
moter, as well as within the corresponding enhancers (Fig. 6, A, D,
and E).

However, in TetDKO mice, increase of the Krt28 promoter
methylation was accompanied by a decrease of the CTCF occupancy
at the promoter region and a shift of the corresponding chromatin
loop (L1) by about 70 kb to a region outside of the Krt28 promoter
(Fig. 6, C and D). In addition, Tet2/Tet3 ablation was accompanied
by the disappearance of the loop L2 linking an enhancer located
between the Krt20 and Krt23 genes with enhancer at the central
part of the TAD as well as by the appearance of two newly
formed loops linking the regulatory region of the Krt14 gene with
two enhancers located between the Krt20 and Krt23 genes (loop L3)
and at the TAD flanking region (loop L5) (Fig. 6, A, C, and E, and
fig. S7B).

The rewiring of spatial chromatin contacts including a signifi-
cant reduction in the frequency of enhancer-promoter interactions
for Krt28 gene and appearance of additional enhancer-promoter
contacts for Krt14 gene suggest that such interactions may contrib-
ute to up-regulation of Krt14 gene and protein expressions in hair
matrix keratinocytes of TetDKO mice (Figs. 3F and 4, B and C).
Correlation of the Hi-C and ATAC-seq data revealed an increased
chromatin accessibility of the Krt14 gene regulatory region associ-
ated with increase of the Lef1 binding in TetDKO mice (Fig. 6E and
tig. S7B). However, appearance of new chromatin loops within
Keratin type I locus in TetDKO mice was not accompanied by
changes in the DNA methylation status of gene promoters, CTCF
binding, or Polycomb-dependent H3K27me3 occupancy (Fig. 6, A,
D, and E, and fig. S7, A and B), thus suggesting that the effects of
Tet2/Tet3 on new chromatin loop formation are probably DNA
methylation and Polycomb independent.

In contrast to Keratin type I locus, comparison of the Hi-C data
between WT and Tet2/Tet3-deficient mice revealed less extensive
rewiring of the chromatin interaction network in the Keratin type
II locus and corresponding TAD 15-082 (figs. S6 and S7C). Tet2/
Tet3 ablation was accompanied by appearance of newly formed
chromatin loop in the vicinity of Krt84 gene up-regulated in
TetDKO mice, which link this region to the enhancer located in
the central part of the TAD between the Krt74 and Krt72 genes
(fig. S6, A to C). However, increase of expression of other keratin
genes in the Keratin type II locus, such as Krt6a/6b, Krt71, Krt73,
Krt81, Krt83, Krt86, and Krt87, in TetDKO mice was not associated
with changes in the chromatin interaction networks in the locus,
thus suggesting that other mechanisms are involved in the control
of their expression.

Unexpectedly, in TetDKO mice, we also found an increase of
Lefl binding and chromatin accessibility at several genes encoding
other hair-specific keratins and some epidermal keratins, such as
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Fig. 6. Hi-C and CUT&Tag assay profiles in the Keratin type | locus and corresponding TAD 11-085. (A) Heatmap of the Hi-C chromatin interactions correlated with
tracks of CTCF, H3K27ac, H3K4me1, H3K4me3, and H3K27me3 within TAD 11-085 and neighboring regions in hair matrix keratinocytes of WT (blue) and TetDKO (green)
mice. Hi-C interactions: WT unique (red), TetDKO unique (green), and WT/TetDKO common (black). Dashed rectangles indicate unique and common Hi-C chromatin loops
[L1 to L5; for details, see (B) and (C)] in the region between the Krt25 and Krt14 genes. Hi-C resolution: 5 kb. CUT&Tag y axis value: FPKM. CUT&Tag highlighted regions:
Krt25 and Krt28 promoters (pink), CTCF anchors (yellow), and superenhancer region at the flanking part of the TAD (blue). (B) Details of the regions at the Hi-C heatmap
showing chromatin loops L1 to L5 within Keratin type I locus in WT and TetDKO mice [see (A)]. (C) CTCF tracks and details of chromatin interaction loops L1 to L5. L1 loop
insets: In TetDKO mice, CTCF peak disappears at the Krt28 promoter, while left anchor of the L1 loop is shifted from the Krt28 promoter to the neighboring intergenic
region. L4 loop: Right anchor of the L4 loop is shifted to the Krt14 regulatory region in TetDKO mice compared to WT controls. L3 and L5 loops: Newly formed chromatin
interaction loops (L3 and L5) are seen in TetDKO mice. L5 links superenhancer located at the flanking part of Keratin type | locus to the Krt14 regulatory region in TetDKO
mice. (D) WGBS, ATAC-seq, and CUT&Tag track details for the L1 loop region. Highlighted regions: Krt28 promoter (pink) and enhancer located between the Krt20 and

Krt23 genes (blue). (E) WGBS, ATAC-seq, and CUT&Tag track details for the L3 to
promoter (pink) and superenhancer (blue).

Krt14, as well as at the superenhancer located in the flanking region
of the Keratin type I locus (Fig. 6E and fig. S7B). Because chromatin
accessibility at the regions with enhanced Lefl binding was also in-
creased (Fig. 6E and fig. S7B), these data suggest a DNA methyla-
tion—independent regulatory mechanism for these genes within
Keratin type I locus.

5-Aza-2'-deoxycytidine treatment reverses the effects of
Tet2/3 ablation on Krt25 and Krt28 gene expression in hair
matrix keratinocytes

To test whether the methylation status of the promoters and expres-
sions of the Krt25 and Krt28 genes in TetDKO mice can be restored,

Chen et al., Sci. Adv. 9, eabo7605 (2023) 11 January 2023

L5 loop region harboring Krt14 and superenhancer (S.E.). Highlighted regions: Krt14

we used DNA methylation inhibitor 5-aza-2'-deoxycytidine (5-aza)
to treat TetDKO mice. 5-aza was injected subcutaneously at P2.5,
and hair matrix keratinocytes were harvested, FACS-sorted at
P4.5, and processed for RNA-seq, ATAC-seq, and CUT&Tag
assays (Fig. 7A).

As expected, 5-aza treatment resulted in a marked decrease of the
5-mC and 5hmC immunofluorescence in the epidermis of WT mice
(Fig. 7B). Globally, 5-aza treatment resulted in changes of the
Pol2Ser5 occupancy in hair matrix keratinocytes—1117 regions
showed decreased and 475 regions exhibited increased Pol2Ser5 oc-
cupancy in TetDKO mice after treatment compared to 5-aza—
treated WT mice (fig. S8A). In TetDKO mice treated with 5-aza,
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Fig. 7. Gene expression, chromatin accessibility and transcription factor binding analysis after 5-aza treatment in hair matrix keratinocytes of WT and TetDKO
mice. (A) Scheme of the experiment with 5-aza treatment. sc., subcutaneous. (B) Immunofluorescence staining for 5mC (green) and 5hmC (red) in the skin with and
without 5-aza treatment. Scale bar, 25 um. (C) Volcano plot obtained from RNA-seq analyses of hair matrix keratinocytes of WT and TetDKO mice after 5-aza treatment.
Down-regulated (green) and up-regulated (red) genes are highlighted. Significantly changed genes related to the skin and HF development are labeled (black). Cutoff:
abs(log,FC) > 1 and P < 0.05. (D) Heatmap of significantly changed genes related to the skin and HF development after 5-aza treatment. (E) Expression levels of the Krt14,
Krt25, and Krt28 genes in hair matrix keratinocytes of TetDKO mice treated by control or 5-aza. Data are presented as means + SD. *P < 0.05, ***P < 0.001; Student's t test. (F
and G) Tracks of the RNA-seq, ATAC-seq, and CUT&Tag assay data in the region of the Keratin type | locus harboring hair and epidermal keratin genes in hair matrix
keratinocytes of WT and TetDKO mice after 5-aza treatment. Promoters of Krt25 and Krt28 are highlighted with pink color, while Krt27 gene is highlighted with blue color
(F). Promoters of Krt35 and Krt14 genes are highlighted with blue and green colors, respectively (G).

RNA-seq analyses of hair matrix keratinocytes revealed changes in
expression of 302 genes (186 genes up-regulated and 114 genes
down-regulated) compared to the 5-aza—treated WT mice (Fig. 7,
C and D, and fig. S8B).

Among the genes down-regulated in hair matrix keratinocytes
and showing >25% increase of DNA methylation at their regulatory
regions upon Tet2/Tet3 ablation (Fig. 4B and table S1), we found 36
genes whose expression was significantly increased in TetDKO mice
after 5-aza treatment (table S5). These genes encoded cell adhesion
molecules and associated receptors (Adgrf4 and Dscamll), growth

Chen et al., Sci. Adv. 9, eabo7605 (2023) 11 January 2023

factor receptors and signaling components (Map3kl5, P2rx7,
Ptpro, and Scube2), metabolic and proteolytic enzymes (Adhé6b,
Chst8, Dio2, Klk11, Padi4, Pipox, St8sia2, and Trib2), components
of the cytoskeleton/HF keratins (Krt25 and Krt28), and regulators of
transcription and nucleosome assembly (Hist1h2ac, Hist1h2bn, and
Stat5a) (table S5).

At the levels of Keratin type I/1I loci, 5-aza treatment of TetDKO
mice caused distinct changes in gene expression, which can be
grouped into three categories depending on their response to 5-
aza: (i) genes up-regulated after 5-aza treatment (Krt7, Krt17,
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Krt25, Krt26, Krt28, Krt36, Krt42, Krt75, and Krt90), (ii) genes
down-regulated after 5-aza treatment (Krtl, Krt6b, Krt10, Krtl15,
Krt16, Krt27, Krt31, Krt32, Krt33a, Krt33b, Krt77, Krt81, Krt83,
Krt86, and Krt87), and (iii) genes which expression remaining un-
changed (29 genes) (fig. S8, C and D).

Genes up-regulated in TetDKO mice after 5-aza treatment in-
cluded Krt25 and Krt28: Similar to untreated mice, Krt25 and
Krt28 were down-regulated in hair matrix keratinocytes of the
control group of TetDKO mice compared to WT control group
(Fig. 7E). However, the transcript levels of the Krt25 and Krt28 sig-
nificantly increased in TetDKO mice after 5-aza treatment, almost
reaching the expression levels of these genes seen in the 5-aza—
treated WT mice (Fig. 7E). Increase of Krt25 and Krt28 expressions
in TetDKO mice after 5-aza treatment was accompanied by an in-
crease of the DIx3 DNA binding affinity and chromatin accessibility
to Krt25 and Krt28 promoters to the level seen in WT controls
(Fig. 7F). DNA binding of the Lef1 to the Krt25 and Krt28 gene pro-
moters was also increased in TetDKO mice after 5-aza treatment
compared to WT controls (Fig. 7F).

Group of genes down-regulated in TetDKO mice after 5-aza
treatment included many genes whose expression levels were
higher in untreated TetDKO versus WT mice (Figs. 4, B and C,
and 7, C and D). Unexpectedly, 5-aza—induced down-regulation
of some of these genes (Krt27 and Krt35) in TetDKO mice was
also associated with increase of the Lefl occupancy at their promot-
ers (Fig. 7, F and G). These data suggested a complex effect of Lefl
on the expression of keratin genes, possibly dependent on the Lefl
interaction partners at the gene regulatory machinery stimulating or
inhibiting gene transcription.

Last, a group of genes showing a resistance in their expression to
the 5-aza treatment included Krt14, which transcript levels re-
mained higher in TetDKO mice compared to WT mice treated by
5-aza (Fig. 7E). Similar to untreated TetDKO mice, the chromatin
accessibility and Lefl binding to Krt14 promoter in TetDKO mice
remained higher than in WT mice after 5-aza treatment (Fig. 7G).
Thus, these data confirmed that, in contrast to Krt25 and Krt28
genes, the effects of Tet2/Tet3 ablation on the expression of Krt14
gene were most likely DNA methylation independent.

DISCUSSION
Execution of lineage-specific differentiation program in multipo-
tent progenitor cells requires a high degree of coordination

-

Tet2/3\>
Krt25 Promoter 171 S I
demethylation
—
Tet2/3
Krt28 Promoter 177 ot
demethylation

between the distinct levels of chromatin organization, and different
classes of epigenetic regulators operate in concert to achieve a
proper effect on DNA methylation and chromatin states during
gene activation or silencing in differentiating cells (2, 4, 6, 16, 20,
49). Here, we demonstrate that, at the levels of lineage-specific
gene loci occupying individual TADs in the genome, Tet enzymes
regulate execution of hair-specific differentiation program via at
least three distinct mechanisms:

1) DNA methylation—-dependent control of chromatin accessi-
bility and DIx3 binding and promoter activity of the Krt25 and
Krt28 genes regulating hair shape;

2) DNA methylation—-dependent regulation of interactions
between the Krt28 gene promoter and enhancer localized in the in-
tergenic region of the corresponding TAD;

3) DNA methylation-independent rewiring of the chromatin in-
teraction networks within TADs harboring Keratin type I and II
gene loci occurring upon Tet2/Tet3 deficiency and resulting in al-
terations of hair-specific gene expression program.

Our data reveal a list of genes whose DNA methylation status of
regulatory regions and gene expression change can be explained by
Tet-mediated DNA demethylation (Fig. 8). Group of these genes
include Krt25 and Krt28, and we show here that Tet2/3 regulate
DNA methylation status of the Krt25 and Krt28 promoters and
their accessibility for DIx3 transcription factor (Fig. 4). Hair pheno-
type seen in TetDKO mice is quite consistent with the data showing
that mutation in the KRT25 gene is associated with the wooly hair
syndrome and appearance of short, curly hairs in affected human
individuals (42). Mutations of the Krt25 gene in mice also result
in a wavy coat phenotype (50). DIx3 transcription factor play key
roles in the control of IRS-specific keratinocyte differentiation, reg-
ulation of hair shape, and directly controls expression of Krt25 (46,
51), while heterozygous DLX3 mutations are also associated with
formation of kinky/curly, sparse hairs, and hair loss (52). Thus,
our data demonstrate the essential roles for Tet2/3 in the control
of DIx3/Krt25/Krt28 axis in hair matrix keratinocytes via regulating
gene promoter methylation and chromatin accessibility (Fig. 8).

However, there are a number of genes in hair matrix keratino-
cytes, whose changes in expression in TetDKO mice cannot be ex-
plained by the DNA methylation changes. One of these genes is
Krt27 located between Krt25 and Krt28 in a 60-kb region of the
Keratin type I locus. Krt27 is functionally related to Krt25 and
Krt28, while its mutation results in curly hair phenotype in mice
(50). Our data demonstrate that, despite a strong functional

? C,5fC, 5caC
! 5mC, 5hmC
Lef1

Promoter

Fig. 8. Models for Tet2/3-dependent regulation of Krt25 and Krt28 genes in hair matrix keratinocytes. Krt25 is activated by Tet2/3 through DNA demethylation, with
increased chromatin accessibility and DIx3 binding. Krt28 is also activated by Tet2/3, which relies not only on the increase chromatin accessibility and DIx3/Lef1 binding
but also on CTCF-mediated promoter-enhancer interaction in a DNA methylation—dependent manner.
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relevance to Krt25 and Krt28 genes, Krt27 expression in hair matrix
is regulated in DNA methylation—independent manner: In contrast
to Krt25 and Krt28, Krt27 is up-regulated in TetDKO mice, while 5-
aza treatment result in down-regulation of Krt27 expression. These
data suggest that transcription of the Krt25, Krt27, and Krt28 genes
is regulated quite differently, possibly via recruitment of the distinct
sets of transcription factors for each gene promoter and/or via in-
volvement of the distinct epigenetic mechanisms. However, these
data are consistent with a current view on the catalytic activity—de-
pendent and independent modes of Tet functions in the control of
gene expression (14, 16, 53-55).

We demonstrate here that, in addition to direct effect on the
Krt25 and Krt28 gene promoters, Tet2/3 regulate composition of
the chromatin interaction networks within Keratin type I and II
gene loci including enhancer-promoter interactions (Fig. 6). By
using Hi-C analyses, we show a substantial rewiring of the chroma-
tin interaction networks in these loci upon Tet2/3 ablation includ-
ing changes in the existing chromatin loops and formation of new
loops linking gene promoters and enhancers (Fig. 6 and table S4).
However, we understand that captured Hi-C analyzes are required
to generate a detailed high-resolution map of changes in the chro-
matin interaction networks within Keratin type I/II gene loci upon
Tet2/Tet3 ablation, as well as the impact of the distinct chromatin
interactions on gene expression needs to be validated in functional
assays.

Changes in Hi-C chromatin interactions can be due the loss of
5hmC or increase of 5mC, while DNA demethylation (to unmodi-
fied C) and oxidation of 5mC to 5hmC may also play different roles.
The effects of Tet2/3 on enhancer-promoter networks appears to be
quite distinct: On one hand, Tet2/3-dependent demethylation of the
Krt28 promoter is associated with the binding of CTCF at the pro-
moter region and interaction of the promoter with distal enhancer
localized in the intergenic region of the corresponding TAD on
chromosome 11 (Fig. 8). On the other hand, Tet2/3 might repress
interactions of a number of keratin gene promoters including Krt14
with superenhancer localized at the flanking region of Keratin type I
locus, presumably via interaction with other regulators of gene ex-
pression and chromatin accessibility.

Catalytic activity—independent functions of Tet genes have been
demonstrated in different models and contexts including embryon-
ic and hematopoietic stem cells (54, 55). Recent data demonstrate
that noncatalytic activity of Tet1 is mediated via protein-protein in-
teractions of Tetl with Sin3a that promotes Ezh2 recruitment to the
promoters of bivalent genes and their repression (54). Our data
showing lack of changes in the histone H3K27me3 chromatin
status within Keratin type I/II loci of hair matrix keratinocytes
upon Tet2/3 ablation suggest that Tet2/3 interactions with Poly-
comb group proteins in repressing gene transcription and/or en-
hancer activity are rather unlikely. Thus, additional analyses are
required to fully uncover the Tet2/3 interaction network with dis-
tinct transcriptional repressors and/or chromatin regulators to
inhibit expression of the genes (such as Krt14 gene) normally
down-regulated in hair matrix keratinocytes and markedly up-reg-
ulated upon Tet2/3 gene ablation.

Our data also suggest distinct but yet overlapping roles for DIx3
and Lefl transcription factors in the control of keratin gene expres-
sion in hair matrix keratinocytes. There are more than 1700 over-
lapped DIx3/Lefl-enriched peaks in hair matrix keratinocytes, while
DIx3 motifs are present within the Lefl-enriched peaks and vice
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versa. We show that the regions with decreased 5ShmC content
and DIx3 binding predominate over the regions with increased
5hmC and DIx3 binding in hair matrix keratinocytes of TetDKO
mice (fig. S5G). However, in contrast to DIx3, a number of the
Pol2Ser5 and Lefl binding regions increased in TetDKO mice,
while enhanced Lefl binding is associated with increase of chroma-
tin accessibility at several genes encoding other hair-specific kera-
tins (for example, Krt27) and some epidermal keratins, such as
Krt14 (Fig. 6E and fig. S7B). These data are consistent with a
recent report demonstrating a role for Lefl in the formation and
maintenance of open chromatin structure in T cells (56) and
suggest a similar role for Lefl in regulation of chromatin accessibil-
ity and expression of hair keratin genes.

However, additional analyses are required to check whether DIx3
also play a role in the control of chromatin remodeling in hair
matrix keratinocytes via interaction with distinct components of
epigenetic machinery or via direct control of their expression, a
function demonstrated previously for p63 transcription factor (20,
49). Furthermore, it is still unclear whether Tet2/Tet3 are capable of
interacting with Lefl and other transcription factors (such as Foxnl1,
Hoxc13, and Lhx2) at the promoters of the hair and epidermal
keratin genes, and whether Tet2/Tet3 ablation somehow promote
their accessibility to gene promoters. Also, the potential role of
Tet genes in the control of hair cycle-associated changes of the
DNA methylation status in epithelial stem cells during transition
from the quiescent to active state (26) needs to be carefully investi-
gated by using stem cell-specific Cre drivers for Tet gene ablation.

In conclusion, these data demonstrate an essential role for Tet2/3
in the control of hair keratin gene expression, enhancer-promoter
interactions, and three-dimensional chromatin organization in
lineage-specific gene loci required for hair shaft formation. Trans-
lation of these data to human skin and analyses of the roles of Tet-
dependent DNA demethylation in the control of human hair
growth and potential contribution of TET proteins to pathogenesis
of hair growth abnormalities including different forms of hair loss
may promote development on novel therapeutic interventions
based on modulation of DNA methylation dynamics in the HF
and skin.

MATERIALS AND METHODS

Mice and tissue collection

Mice were kept and breeding in Animal Science Center of Boston
University under the conditions of 12/12-hour light/dark cycles, a
temperature of ~22°C, and humidity of ~50%, following the proto-
cols and approval of Institutional Animal Care and Use Committee.
Tet2 floxed/floxed (f1/fl) mice (37) were obtained from The Jackson
Laboratory, and Tet3 fl/fl mice were obtained from W. Reik (Babra-
ham Institute, Cambridge, UK) (38). TetI fl/fl, Tet2 fl/fl, and Tet3 fl/
fl mice were generated in G.-L.X.'s laboratory (39). Krt14-Cre mice
were obtained from The Jackson Laboratory (stock no. 018964) and
used to simultaneously ablate Tet2 and Tet3 genes (TetDKO mice)
or all three Tet genes (TetTKO mice) in keratinocytes. Genotyping
of mice was performed using polymerase chain reaction (PCR), as
recommended by the supplier. Skin samples were collected from
mice at distinct days of embryonic and postnatal development
(E18.5 and PO0.5 to P56), as described before (57).
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Fluorescence-activated cell sorting

Whole back skin was isolated from mice at P4.5 and incubated with
0.5% of Dispase II (Roche, #45147700) at 4°C overnight in 1x
Hanks' balanced salt solution (Sigma-Aldrich, #H2387) without
Ca?* and Mg**. Epidermis and dermis were cut into small pieces
and digested with Accutase (Gibco, #2310194) containing 0.1% of
Liberase DH (Roche, #05401054001) at 37°C and centrifuged at 800
rpm for 20 min. Cells were filtered with a 70-pm nylon mesh and
stained with CD140a-Allophycocyanin (APC) (1:150; Invitrogen,
#2213095), CD31-APC (1:150; Invitrogen, #219898), CD207-APC
(1:150; BioLegend, #B301300), CD117-APC (1:150; Invitrogen,
#2162256), a6-integrin-Phycoerythrin (PE) (1:500; Invitrogen,
#2196653), and Scal-Fluorescein isothyocyanate (FITC) (1:300;
eBioscience, #E00760-1633) antibodies for 30 min on ice and
washed by using 1% fetal bovine serum (FBS), followed by staining
with anti-Ephrin-B1 antibodies (1:25; R&D Systems, #BAF473),
streptavidin-APC/fire—Alexa Fluor 750 (1:250; BioLegend,
#405250), and LEAVE/DEAD Fixable Violet Dead Cell Stain Kit
(1:1000; Life Technologies, #1.34955) for 30 min on ice intercepted
by 1% FBS washing between each staining. Hair matrix keratino-
cytes were separated from other skin cell populations based on
their Ephrin-B1* staining (43).

Immunohistochemistry and immunohistomorphometry
Skin samples and embryos were embedded into Tissue-Tek optimal
cutting temperature (O.C.T.) medium and stored at —80°C before
cutting. For immunohistochemistry staining, 10-um cryosections
were fixed with 4% paraformaldehyde at room temperature for
10 min, and followed by the antigen retrieval procedure at pH 6.0
(95°C for 20 min). Sections were immunostained with primary an-
tibody at 4°C overnight and secondary antibody at 37°C for 40 min.
Last, the stained slides are embedded with 4',6-diamidino-2-phe-
nylindole (DAPI) medium. The following primary antibodies
against corresponding antigens were used: Tetl (1:100; ABclonal,
#A1506), Tet2 (1:100; Millipore, #ABE364), Tet2 (1:100; Millipore,
#MABE1132), Tet3 (1:150; ABclonal, #A13453), Tet3 (1:50; Active
Motif, #61744), 5hmC (1:500; Active Motif, #39769), 5mC (1:200;
EpiGentek, #A-1014), Ki67 (1:200; Abcam, #ab15580), Krtl0
(1:500; BioLegend, #905401), Krtl4 (1:1000; Covance,
#142028001), Krt14-FITC (1:50; Covance, #142028001), Krt25
(1:200; LC Sciences, #lc-375059), loricrin (1:1000; Covance,
#147332002), pan-cytokeratin AE13 Alexa Fluor 488 (1:100; Santa
Cruz Biotechnology, #SC-57012), proliferating cell nuclear antigen
(PCNA) (1:200; BioLegend, #307904), trichohyalin AE15 Alexa
Fluor 488 (1:200; Santa Cruz Biotechnology, #SC-80607 AF488),
GATA binding protein 3 (GATA3) (1:50; Santa Cruz Biotechnology,
#sc-268), Lhx2 (1:200; Invitrogen, #PA5-78287), and Ephrin-B1
(1:50; R&D Systems, #SC-80607 AF488).

Alkaline phosphatase staining on 10-um freshly cut cryosections
was performed, as described previously (58). After phosphate-buft-
ered saline washing, sections were counterstained with hematoxylin
and embedded with glycerol gelatin.

For histomorphometry analysis, every 10th cryosection of dorsal
skin from TetDKO, TetTKO, and WT mice was used to exclude the
repetitive evaluation of the same HF. The epidermal thickness and
the number of HFs per millimeter of epidermal length were calcu-
lated using sections from dorsal skin of TetDKO, TetTKO, and WT
mice at P1.5 (n = 3 to 5 per each experimental group). Keratinocyte
proliferation was assessed by the calculation of the percentage of
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PCNA™ cells in the hair matrix and by quantification of Ki67"
cells per hair bulb in 40 to 60 HFs of WT (n = 3 to 5) and
TetDKO mice (1 = 3 to 5) at P4.5 to P11.5. The hair bulb diameter
was measured across the widest part of the bulb (Auber line). To-
gether, HFs in 50 to 60 microscopic fields from distinct time points
were analyzed and compared with a corresponding number of HF
from the appropriate age-matched WT mice. Quantification of im-
munofluorescence intensity or CTCF was determined in 40 to 60
HFs of WT (n = 3 to 5) and TetDKO mice (n = 3 to 5) using
Image] software, as described previously (2). Data were pooled,
the means + SD were calculated, and statistical analysis was per-
formed using an unpaired Student's ¢ test.

For the assessment of the hair shaft length and width, hairs were
plucked from the back skin of TetDKO, TetTKO, and WT mice
(n + 4 to 5 per each mouse strain) in the telogen phase of the hair
cycle (P20 to P23). Four hair types were distinguished in WT mice
on the basis of their hair length, number of kinks, and medulla
width (41). Hair shaft length and width of about 50 plucked hair
shafts per animal were measured using Image] software (2). Data
were pooled, the means + SD were calculated, and statistical analysis
was performed using an unpaired Student's  test.

RNA sequencing

Total RNA was isolated from primary keratinocytes (1 million cells)
with TRIzol Reagent (Thermo Fisher Scientific, #15596026) and
eluted in 50 ul of deoxyribonuclease (DNase)/ ribonuclease
(RNase)—free water. Total RNA was isolated from sorted hair
matrix keratinocytes (100 to 200 thousand cells) with the RNeasy
Micro Kit (QIAGEN, #74004) according to the manufacturer's pro-
tocol and eluted in 12 ul of DNase/RNase-free water. Integrity of
RNA was assessed on 2100 Bioanalyzer Instrument (Agilent Tech-
nologies Inc.), and only samples with RNA integrity number (RIN)
factor above 7.5 were used for next-generation sequencing (NGS)
library preparation. For RNA-seq, approximately 10 pg of the
total RNA was used to remove ribosomal RNA according to the
manuscript of the Epicentre Ribo-Zero Gold Kit (Illumina, San
Diego, USA). Following purification, the ribo-minus RNA fractions
is fragmented into small pieces using divalent cations under elevat-
ed temperature. Then, the cleaved RNA fragments were reverse-
transcribed to create the final cDNA library in accordance with a
strand-specific library preparation by deoxyUridine Triphosphate
(dUTP) method. The Zymo-Seq RiboFree Total RNA Library Kit
(Zymo, #R3000) was used for cDNA synthesis and stranded
library preparation. The average insert size for the paired-end librar-
ies was 300 + 50 bp. The paired-end 2 x 150 bp sequencing was per-
formed on an Illumina HiSeq 4000 platform.

Whole-genome bisulfite sequencing

Genomic DNA was isolated from 400,000 sorted native or formal-
dehyde fixed cells with lysis buffer [100 mM tris-HCI (pH 8.8), 5
mM EDTA, 200 mM NaCl, 0.2% SDS, and proteinase K (0.4 mg/
ml)] at 55°C for 4 hours, sheared to the length of 300 to 500 bp,
and eluted in 20 pl of double-distilled water (ddH,0). DNA meth-
ylation conversion was performed with an EZ DNA Methylation-
Gold kit (Zymo, #5005). Briefly, 20 ul of sheared genomic DNA
was converted with 130 pl of the CT Conversion Reagent. The con-
verted genomic DNA binds to Zymo-Spin IC Column and was pro-
ceeded for desulphonation with 200 pl of M-Desulphonation buffer
and eluted in 17 pl of low Tris EDTA (TE) buffer. Bisulfite
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sequencing DNA libraries were prepared by using the ACCEL-NGS
Methyl-Seq DNA Library kit (Swift Biosciences, #30024 and
#x6024) with 7 to 9 cycles’ PCR amplification, as the manual de-
scribed. Paired-end sequencing was performed in the Illumina
NovaSeq 6000 system (2 x 150 bp) for WGBS.

ATAC-seq

For the analyses of chromatin accessibility, an ATAC-seq kit (Active
Motif, #81286) was used, as described previously (59). About
100,000 sorted cells were suspended in 100 pl of ice-cold ATAC
lysis buffer for nuclei extraction, and nuclei were incubated in 50
ul of Tagmentation Master Mix for DNA tagmentation. After puri-
fication, the DNA was amplified with NEBNext High-Fidelity 2x
PCR Master Mix [New England Biolabs (NEB), #M0541], as well
as with unique i5 and i7 index primers for 10 cycles to prepare
DNA library. Paired-end sequencing is performed in the Illumina
NextSeq500 Midoutput PE75 System (2 x 75 bp).

CUT&Tag sequencing

CUT&Tag assay was carried out with the CUTANA CUT&Tag kit
(EpiCypher) according to the manufacturer’s protocol. Briefly,
nuclei of 100,000 sorted hair matrix keratinocytes were isolated
with nuclear extraction buffer [20 mM Hepes-KOH (pH 7.9), 10
mM KCl, 0.1% Triton X-100, 20% glycerol, 0.5 mM spermidine,
and 1x cOmplete Protease Inhibitor Cocktail] and attached to con-
canavalin A linked magnetic beads activated with bead activation
buffer [20 mM Hepes-KOH (pH 7.9), 10 mM KCl, 1 mM CaCl,,
and 1 mM MnCl,]. Beads with attaching nuclei were incubated
with 0.5 pug of primary antibody in the Digitonin150 buffer [20
mM Hepes (pH 7.5), 150 mM NaCl, 0.5 mM spermidine, 0.01%
digitonin, and 1x cOmplete Protease Inhibitor Cocktail] containing
2 mM EDTA at 4°C with gentle shaking for overnight and followed
by incubation with 0.5 pg of secondary antibodies in Digitonin150
buffer at room temperature for 30 min. After washing twice with
Digitonin150 buffer, beads were incubated with 2.5 pl of pAG-
Tn5 in Wash300 Buffer [20 mM Hepes (pH 7.5), 300 mM NaCl,
0.5 mM spermidine, and 1x cOmplete Protease Inhibitor Cocktail ]
containing 0.01% digitonin at room temperature for 1 hour. Beads
with attaching nuclei were washed with Wash300 buffer containing
digitonin and incubated in Wash300 buffer containing 10 mM
MgCl, at 37°C for 1 hour to perform chromatin tagmentation.
Beads were washed with tris(hydroxymethyl)methylamino]propa-
nesulfonic acid (TAPS) buffer [10 mM TAPS (pH 8.5) and 0.2
mM EDTA], and the DNA was released in 5 ul of SDS release
buffer [10 mM TAPS (pH 8.5) and 0.1% SDS] at 55°C for 1 hour
and quenched with 15 pl of 0.67% Triton X-100. DNA libraries
were amplified for 18 to 21 cycles with 25 pl of NEBNext High-Fi-
delity 2x PCR Master Mix (NEB, #M0541) and 2.5 pl of unique i5
and i7 index primers for Illumina. Paired-end sequencing was per-
formed in Illumina NextSeq2000 P2 PE50 system (2 x 50 bp). An-
tibodies used were against 5ShmC (Active Motif, #39769), DIx3
(Abcam, #ab66390), Lefl (Cell Signaling, #2230), Pol2Ser5
(Abcam, #ab5408), CTCF (Diagenode, #C15410210), H3K4mel
(Diagenode, #C1541094), H3K4me3 (Abcam, #abl12209),
H3K27ac (Abcam, #ab4729), and H3K27me3 (Millipore, #07-449).

Hi-C sequencing
Hi-C analyses were carried out with the Hi-C Kit (Arima Genomics,
San Diego, CA) according to the manufacturer’s protocol. A 1.3 M
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sorted hair matrix keratinocytes obtained from 8 to 10 control and
TetDKO mice at P4.5 were fixed with formaldehyde in a final con-
centration to 2% at room temperature for 10 min for DNA cross-
linking and quenched with glycine in a final concentration to 300
mM and then suspended in 20 pl of lysis buffer. FACS-sorted basal
epidermal keratinocytes of WT mice were used as controls of spe-
cificity of the Hi-C interactions depicted in hair matrix keratino-
cytes. Cross-linked DNA of the cells was digested with Arima
rescriction enzyme (RE) cocktail. The ends of DNA fragments
were repaired, then labeled with biotin, and religated again.
Biotin-labeled DNA was sheared to 300 to 500 bp and enriched
with enrichment beads. DNA libraries were prepared by using the
Swift Biosciences Accel-NGS 2S Plus DNA Library Kit with a 5 to 7
cycles’ amplification. DNA libraries of the samples for paired-end
sequencing were performed in the Illumina NovaSeq 6000 system
(2 x 150 bp). Juicer platform (version 1.6) was used for generation
of the Hi-C maps from Fastq raw data files, data analysis, and loop
calling (60).

Statistics, data analyses, and reproducibility

Quantitative data were presented as means + SD from at least two
independent replicates except Hi-C and CUT&Tag sequencing
assays. Statistically significant differences between different groups
were compared with a two-way unpaired Student's ¢ test [P < 0.05
and absolute (fold change (FC) > 1 if applicable]. TetDKO,
TetTKO, and corresponding WT control mice were from the
same litter (except samples used for Hi-C analyses), which was con-
firmed by genotyping. All samples were included during the analy-
sis, and investigators were blinded to allocate or pick up samples
during performing all assays.

All the programs and pipeline used in current project are open-
access versions. Online resources are the following: MACS2 version
2.2.7 (https://github.com/macs3-project/ MACS/releases), R x64
4.0.3 (https://cloud.r-project.org/), Bowtie2 version 2.4.2 (http://
bowtie-bio.sourceforge.net/bowtie2/index.shtml), STAR version
2.7.9a (https://github.com/alexdobin/STAR), Hisat2 version 2.2.0
(http://daehwankimlab.github.io/hisat2), Bismark version 0.23.0
(www.bioinformatics.babraham.ac.uk/projects/bismark), Juicer
version 1.6 (https://github.com/aidenlab/juicer/archive/1.6.tar.gz),
Samtools version 1.10 (www.htslib.org), Bedtools version 2.30.0
(http://bedtools.readthedocs.io/en/latest/), deepTools version 3.5.1
(http://deeptools.readthedocs.io), HTSeq version 0.11.0 (http://
htseq.readthedocs.io), Homer version 4.10 (http://homer.ucsd.
edu/homer/index.html), pyGenomeTracks version 3.6 (https://
github.com/deeptools/pyGenomeTracks), DEseq2 version 1.34.0
(https://bioconductor.org/packages/release/bioc/html/DESeq2.
html), and DiffBind version 3.4.0 (https://bioconductor.org/
packages/release/bioc/html/DiffBind.html).

Supplementary Materials
This PDF file includes:
Figs. S1 to S8

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S5

View/request a protocol for this paper from Bio-protocol.
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