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GENETICS

Dual DNA demethylation mechanisms implement
epigenetic memory driven by the pioneer factor PAX7

Juliette Harris', Alexandre Mayran’, Arthur Gouhier', Yves Gauthier', Nawal Hajj Sleiman?,
Samir Merabet?, Michael Dukatz?, Pavel Bashtrykovs, Albert Jeltsch?, Haig Djambazian4,

Shu-Huang Chen?, Aurelio Balsalobre’, Jacques Drouin'*

Pioneer transcription factors have the unique ability to open chromatin at enhancers to implement new cell fates.
They also provide epigenetic memory through demethylation of enhancer DNA, but the underlying mechanisms
remain unclear. We now show that the pioneer paired box 7 (PAX7) triggers DNA demethylation using two
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replication-dependent mechanisms, including direct PAX7 interaction with the E3 ubiquitin-protein ligase (UHRF1)-DNA
methyltransferase 1 (DNMT1) complex that is responsible for DNA methylation maintenance. PAX7 binds to UHRF1
and prevents its interaction with DNMT1, thus blocking activation of its enzyme activity. The ten-eleven transloca-
tion DNA dioxygenase (TET) DNA demethylases also contribute to the replication-dependent loss of DNA meth-
ylation. Thus, PAX7 hijacks UHRF1 to block activation of DNMT1 after replication, leading to loss of DNA methylation
by dilution, and the process is assisted by the action of TET demethylases.

INTRODUCTION

In mammals, the long-term stability of gene expression and cell
identity is largely ensured by the patterns of DNA methylation at
CpG dinucleotides (I). These patterns provide epigenetic memory
that relies on CpG methylation and demethylation at regulatory
sequences within the globally highly methylated genome. Demeth-
ylated regulatory regions such as promoters and enhancers are as-
sociated with chromatin marks of transcriptional activity and DNA
accessibility. The inverse relationship between DNA methylation
and gene expression was studied extensively, in particular in the
context of CpG-rich promoter regions (2). Distant regulatory re-
gions such as enhancers also exhibit CpG demethylation following
transcriptional activity (3).

In development, regulatory elements involved in implementa-
tion of new cell fates undergo localized DNA methylation changes
(4, 5). Pioneer transcription factors (PFs) act as master regulators of
cell fate specification, and they fulfill this role by opening chromatin
at enhancers that were previously within repressed and inaccessible
chromatin (6). PFs also trigger demethylation of CpGs within their
target sites (7-9), thus implementing long-term epigenetic memory
of their crucial action (10).

Robust mechanisms are in place to ensure the stability of the epig-
enome and its maintenance after DNA replication. These mechanisms
involve the maintenance of chromatin marks associated with either
repressed or active chromatin (11) as well as the maintenance of DNA
methylation. Reprogramming of cell identity by PFs must therefore
counter these maintenance systems to implement a remodeled epig-
enome. Maintenance of CpG methylation is ensured by the E3 ubiq-
uitin-protein ligase (UHRF1)-DNA methyltransferase 1 (DNMT1)
complex that contains the maintenance DNA methyltransferase
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DNMT]1 and its regulatory cofactor UHRF1 (12, 13). Upon DNA
replication, only the matrix strand of DNA remains methylated, lead-
ing to hemimethylated CpGs. Recognition of hemimethylated CpGs by
UHRF1 activates DNMT1 for methylation of cytosines on newly syn-
thesized DNA to maintain the methylation state (14). There is extensive
genomic DNA demethylation during early embryogenesis that results
from blockade of the UHRF1-DNMT1 maintenance system (15), and
it is followed by de novo genome-wide DNA methylation, setting up
long-term CpG methylation patterns (16).

The action of some PFs was associated with recruitment of the
DNA demethylases ten-eleven translocation DNA dioxygenases
(TET1/2/3) (8). TET enzymes lead to DNA demethylation through
successive oxidations of methylcytosine (5mC) into 5-hydroxymeth-
yleytosine (5ShmC), 5-formylcytosine (5fmC), and 5-carboxylcytosine
(5caC) (17). In the present work, we investigated the mechanism used
by the PF paired box 7 (PAX7) for demethylation of its target en-
hancer DNA. We find that PAX7-dependent DNA demethylation
relies on two replication-dependent mechanisms involving blockade
of the UHRF1-DNMT1 methylation maintenance complex together
with the TET demethylases acting after replication.

RESULTS

PAX7 triggers progressive and localized DNA demethylation

The PF PAX7 reprograms AtT-20 cells from a pituitary corticotrope
to melanotrope-like phenotype (18). This results from chromatin
opening and activation of a new enhancer repertoire (9, 19). This
process (Fig. 1A) is accompanied by various epigenetic modifica-
tions at PAX7 target enhancers, such as gain of the active marks
H3K4mel and H3K27ac and loss of the repressive mark H3K9me?2.
As revealed by whole-genome bisulfite sequencing (WGBS), PAX7
also induces localized DNA demethylation (9) at pioneered en-
hancers (Pioneer) from >80 to <40% methylated CpGs (Fig. 1B).
This demethylation contrasts with the maintenance of DNA meth-
ylation patterns at other types of PAX7 targets that include already
active and accessible enhancers where PAX7 acts as a transcription
factor (Constitutive sites) or sites within closed chromatin where PAX7
recruitment does not trigger chromatin remodeling (Resistant sites,
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Fig. 1. PAX7 triggers progressive and localized DNA demethylation. (A) Current scheme for PAX7 pioneer action (6) indicating steps of enhancer chromatin opening
(20). Step 2 is dependent on passage through replication and sensitive to mimosine blockade. (B) Scatter plots representing levels (%) of CpG dinucleotide methylation
derived from WGBS performed on control AtT-20 (Neo) and PAX7-expressing AtT-20 (PAX7) cells. For representation, the 8450 CpGs present within the Pioneer enhancer
subset (n = 876) were used together with subsets of the same number of randomly selected CpGs from the other types of enhancers centered on PAX7 peak summit. Data
are shown for Constitutive, Pioneer, and Resistant enhancers, as defined in (9, 79). (C) Average profiles of normalized ATAC-seq data for Neo (blue) and PAX7 cells (red) at
indicated enhancer subsets. (D) Violin plots showing CpG methylation (%) at Pioneer enhancers derived from ChlIP-bis-seq performed on AtT-20 expressing ER-PAX7 in-
duced with Tam for 30 min (') or 9 days (d) and for 10 days followed by 20 days without Tam. P values from the t test are shown. ns, not significant. (E) Violin plots showing
CpG methylation (%) at Pioneer enhancers derived from ChlIP-bis-seq performed on AtT-20 expressing ER-PAX7 induced with Tam for the indicated times. The data include
CpGs within a +150-bp window around PAX7 peaks (sequencing coverage >10 reads per CpG in all samples) that showed >10% of absolute demethylation be-
tween 30 min and 9 days of Tam treatments. (F) Time course of relative PAX7 recruitment (FlagM2 ChIP-seq), chromatin opening (ATAC-seq), and DNA demethylation [sites
from (D)]. Standard errors of the means are shown as black bars. h, hours. (G to ) Box plots of normalized signals at Pioneer enhancers for H3K4me1 ChIP-seq (G) (+250 bp), ATAC-
seq (H) (50 bp), and 5mC determined by WGBS (I) (150 bp) performed on ER-PAX7 cells treated or not with Tam and/or mimosine (Mim), as indicated. P values were
calculated by the t test.
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Fig. 1B). DNA demethylation accompanies opening of Pioneer en-
hancers, as revealed by the assay for transposon-accessible chroma-
tin sequencing (ATAC-seq) (Fig. 1C). Whereas most Pioneer sites
show global DNA demethylation, not all CpGs located within these
enhancers demonstrate substantial demethylation (fig. S1A).

To further study the impact of PAX7 on DNA methylation, we
used AtT-20 cells expressing ER-PAX7, a tamoxifen (Tam)-inducible
chimera that allowed us to define two steps in chromatin opening
(Fig. 1A), a first step that involves changes of histone marks and
a second step that is replication dependent and that may involve
changes in nucleoplasmic compartment (20). This system was used
to show the long-term maintenance of DNA demethylation after re-
moval of PAX7 (Fig. 1D) under conditions previously shown to pre-
serve partial DNA accessibility (9). The system was also used to assess
enhancer demethylation kinetics by chromatin immunoprecipitation
followed by bisulfite sequencing (ChIP-bis-seq). We selected CpGs
within a +£150-base pair (bp) window around PAX7 peak summits to
assess CpG methylation (Fig. 1E and fig. S1B). These analyses show
progressive loss of CpG methylation at Pioneer enhancers (Fig. 1, E
and F) with no change at Constitutive and Resistant enhancers (Fig.
1B). Within this time frame, the half-time for CpG demethylation is
~60 hours compared to the ~35-hour half-time for chromatin open-
ing revealed by ATAC-seq (Fig. 1F). Within a +150-bp window, there
is no correlation between the extent of individual CpG demethyl-
ation or the timing of demethylation and their distance from the
summit of the PAX7 ChIP sequencing (ChIP-seq) peak (fig. S1C) or
between the strength of PAX7 recruitment and extent of demethyl-
ation (fig. S1, D and E).

As we previously showed that step 1 of chromatin opening by
PAX7 (Fig. 1A) results in enhancer priming, whereas full enhancer
activation (step 2) requires passage through replication and cell divi-
sion (20), we used mimosine to block DNA replication and the cell
cycle in G; and determine whether DNA demethylation may proceed
independently of replication. Consistent with enhancer priming in the
presence of mimosine (Fig. 1A), we found partial gains of H3K4mel
and ATAC signals (Fig. 1, G and H) in mimosine-arrested cells. How-
ever, DNA demethylation is entirely blocked in these cells (Fig. 1I),
indicating that it is fully dependent on passage through replication.

PAX7 interacts with UHRF1 and DNMT1
To investigate PAX7-dependent DNA demethylation, we performed
rapid immunoprecipitation mass spectrometry of endogenous pro-
tein (RIME) assays (21) to identify potential protein partners for
PAX7 action. We compared proteins immunoprecipitated with Flag-
PAX?7 in the RIME assay of PAX7 cells with those present in control
(Neo) cells (Fig. 2A) or with those immunoprecipitated with T-box
transcription factor 19 (TPIT) (Fig. 2B and table S1). Because TPIT
is a nonpioneer factor acting with PAX7 at ~70% of the same enhanc-
ers (18, 22), this comparison highlights pioneer-specific proteins and
it notably identified three classes of PAX7-enriched proteins: In addi-
tion to expected chromatin remodeling proteins, many proteins of
the replication complex, in particular lagging but not leading strand
synthesis (fig. S2A), were enriched, together with DNMT1 and
UHRF]I, the DNA methylation maintenance complex (Fig. 2, A and
B). It is noteworthy that putative interactions of UHRF1 and/or
DNMT1 were documented for different PFs but not explored further
(21, 23-25).

While the RIME data indicated enrichment of DNMT1 and UHRF1
with PAX7 (Fig. 2, A and B), it does not test for direct interactions

Harris et al., Sci. Adv. 11, eadu6632 (2025) 16 May 2025

between these proteins. We used in vitro pull-down assays to assess
whether UHRF1 and/or DNMT1 may interact directly with PAX7, and
we show that both UHRF1 and DNMT1 interact with maltose binding
protein (MBP)-PAX7 (Fig. 2C). The recruitment of DNMT1 by UHRF1
involves direct physical interaction between the DNMT1 replication
foci domain (RFD) and/or catalytic domain and the plant homeodo-
main (PHD) and Set and RING finger-associated (SRA) domains
of UHRF1I (26, 27). We used an array of deletion mutants of PAX7,
UHRF1, and DNMT1 to define the domains in each protein that are
involved in their interactions.

PAX7 interacts in vitro with both UHRF1 and DNMT1 via its
PAIRED domain (Fig. 2D), a DNA binding domain (DBD) highly
conserved among PAX proteins (28). This DBD is necessary and
sufficient to bind each partner, as shown with PAX7 constructs 1 to
170 amino acids and APAIRED (Fig. 2D). We constructed a series
of alanine replacement mutants within the PAX7 PAIRED domain
to precisely define residues required for UHRF1 and/or DNMT1
interaction and in the hope of devising a mutant that may dissociate
pioneering action from UHRF1-DNMT1 interaction. The mutants
clearly defined a patch on the PAIRED domain that mediates inter-
action with UHRF1 (fig. S2, B and C, mutant MD11), but unfortu-
nately, this mutant impaired PAX7 binding at its Pioneer sites and,
thus, its pioneering ability.

UHRF1 requires both PHD and SRA domains to bind PAX7
strongly, as shown by deletions APHD and ASRA and supported by
the PHD-SRA construct (Fig. 2E). The DNMT1 RFD domain is suf-
ficient for strong binding to PAX7 in vitro, as shown by the 291- to
575-amino acid construct (Fig. 2F), and the C-terminal domain of
DNMT1 may also contribute to PAX7 interaction, but this was not
further explored. The interacting domains of each protein are sum-
marized (Fig. 2G) to highlight that the same domains of UHRF1 and
DNMT1 are implicated in binding PAX7 and the other partner
(13, 26, 27). This suggests a model of PAX7 competing the UHRF1-
DNMT1 interaction. We tested this hypothesis in vitro using order-
of-addition pull-down experiments (Fig. 2H). Under conditions
where PAX7 is limiting, addition of UHRF1 first to MBP-PAX7 beads
followed by DNMT1 prevents its recruitment to PAX7 (Fig. 2H),
suggesting that DNMT1 cannot displace UHRF1 from PAX?7. In con-
trast, when DNMT1 was added first followed by UHRF1I, both pro-
teins bound to PAX7, suggesting that prior occupancy by DNMT1
slows UHRF1 access or that the three proteins may form a complex
when DNMTT1 is at its core, given that DNMT1 contains two inter-
acting domains for the other proteins (Fig. 2G). We therefore pro-
pose a model where PAX7 binding to UHRF1 blocks the binding of
both to DNMT1.

PAX7 displaces UHRF1 from DNMT1 and prevents

its activation

To directly assess in cells the model of PAX7 competition of UHRF1-
dependent DNMT1 activation, we first used bimolecular fluores-
cence complementation (BiFC) (29). We set up a fluorescence
complementation system that reveals UHRF1-DNMT1 interaction
by fusing the C terminus of Cerulean (CC) to UHRF1 and the
Cerulean N terminus (CN) to DNMT1. When transfected together
in human embryonic kidney (HEK) 293 cells, blue fluorescence is
observed in nuclei of transfected cells (Fig. 3, A and B). We then
used the same CC-UHRF]1 construct to assess fluorescence comple-
mentation with a PAX7 construct that contains the N terminus of
Venus (VN). The VN fragment can complement with the CC fragment
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Fig. 2. Identification of candidates for DNA demethylation. (A) Scatter plot of protein enrichment determined by RIME (21) after immunoprecipitation using a Flag-M2
antibody in control Neo AtT-20 (blue) or PAX7 AtT-20 cells (red). (B) Same as (A), immunoprecipitation using a Flag-M2 antibody in AtT-20 cells expressing Flag-PAX7 (red)
compared to TPIT immunoprecipitation in AtT-20 cells (green). (C) Pull-down assay of 33S-labeled UHRF1 and DNMT1 binding to MBP-PAX7. MBP-BGAL is used as a control.
(D) UHRF1 and DNMT1 binding to PAX7 was assessed by pull-down assays using indicated MBP-PAX7 chimeras. WT, wild type. (E and F) PAX7 binding to indicated dele-
tions of UHRF1 (E) and DNMT1 (F) was assessed in pull-down assays. (G) Summary of interactions between PAX7, UHRF1, and DNMT1. (H) Order-of-addition pull-down
experiment performed with either MBP-PAX7 or MBP-BGal. 355-labeled UHRF1 or DNMT1 was added first as indicated.

and produce a Venus-like signal (green) upon excitation (30).
Because we could not use a VN construct containing full-length
PAX?7 (fig. S3A) for competitive complementation (Fig. 3A), we
used a VN-PAX735_,73 construct that is sufficient for interaction
with UHRF1 (Figs. 2D and 3C) but not for pioneer activity (31). As
observed in Fig. 3D and quantitated in Fig. 3E, the blue CC-UHRF1/
CN-DNMT1 fluorescence signal is progressively displaced by the

Harris et al., Sci. Adv. 11, eadu6632 (2025) 16 May 2025

green CC-UHRF1/VN-PAX735 573 signal (Fig. 3A) with increasing
amounts of PAX735_,73 until a plateau of green fluorescence is
observed (Fig. 3E). PAX735_,73 thus displaces UHRF1 from DNMT1 in
living cells.

We next tested the effect of PAX7 on UHRF1-dependent activa-
tion of DNMT1 by performing enzyme assays with purified DNMT1
and UHRF1 (26). For competition, we used the high-performance
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liquid chromatography (HPLC)-purified PAX735 573 polypeptide
that includes both DBDs and is sufficient for DNA binding (19). As
previously shown (26), addition of UHRF1 increases the DNA
methylation activity of DNMT1 (Fig. 3F). Addition of increasing
amounts of PAX735_,73 reversed this activation, with complete re-
versal observed at equimolar amounts of PAX735_573 and UHRF1
(Fig. 3F). These data support the hypothesis that PAX7 blocks
DNMT1 activation by UHRF1 through its direct interaction with
UHREFL. 1t is also noteworthy that PAX7 itself stimulates DNMT1
enzymatic activity: This could be explained by its binding to the
DNMT1 RFD domain, because it was previously suggested that any
protein binding to the RFD might cause activation of DNMT1 (32).

Harris et al., Sci. Adv. 11, eadu6632 (2025) 16 May 2025

This domain has an autoinhibitory effect on the DNMT1 catalytic
domain as its binding by UHRF1 directly activates DNMT1 (26),
so the mere binding of PAX7 to the RFD appears sufficient to dein-
hibit DNMT1 enzymatic activity as well. Of note, this effect is lost in
the presence of UHRF1, suggesting that PAX7-UHRF1 binding is
strong and that it prevents the interaction of the two individual pro-
teins with DNMT1.

Involvement of TET demethylases

Active DNA demethylation is achieved by the TET enzymes (33, 34)
that catalyze the stepwise oxidation of 5mC (successively into 5hmC,
5fC, and finally, 5caC). 5fC and 5caC can be either replaced by the
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base excision repair mechanism, resulting in an unmethylated cyto-
sine, or diluted during replication because UHRF1 and DNMT1 are
less efficient at recognizing these oxidized substrates (14, 35, 36).
PF-induced DNA demethylation is not extensively studied, but
some PFs involve TET enzymes (8, 37-39). It is noteworthy that
5hmC may also be a stable epigenetic mark in specific contexts and
is implicated in several processes such as gene regulation (40-43).
Although we did not identify any TET enzyme in our RIME anal-
yses (Fig. 2, A and B, and table S1), it is possible that the assay is not
sensitive enough to identify TET proteins: We thus compared the
TET1/2/3 mRNA levels from AtT-20 cell RNA sequencing (RNA-
seq) (9) to those of proteins detected in the assay (fig. S4A). This
suggests borderline levels that may or not have been detectable in
RIME. We next performed ChIP-seq against 5hmC in ER-PAX?7 cells
activated with Tam for 48 hours with or without mimosine to assess
accumulation of 5ShmC at Pioneer sites: We observed 5hmC accumu-
lation, but it is replication dependent (Fig. 4A). This may be related
to the greater affinity of TET enzymes for hemimethylated CpGs
generated during replication and enriched after UHRF1-DNMT1
blockage when compared to fully methylated CpGs (44). Because
TET3 has the highest mRNA level in AtT-20 cells (fig. S4B), we per-
formed ChIP-quantitative polymerase chain reaction (QPCR) for this
enzyme at a small subset of Pioneer sites that are rich in CpGs and
where recruitment is detectable. These experiments showed weak
TET3 recruitment at Pioneer sites but not control sites (Fig. 4B). To
assess the time course of TET action, we measured accumulation of
hmC by ChIP-seq. The time course shows accumulation of 5hmC
over a 10-day period with the same half-time as chromatin opening
measured by ATAC-seq (Fig. 4C and fig S4C). This stable accumula-
tion is in contrast to the transient occurrence of 5ShmC observed by
Sardina et al. (8) during the TET2-dependent B cell reprogramming
by the pioneers C/EBPa (CCAAT enhancer binding protein alpha)
and KLF4 (Krueppel-like factor 4). It thus appears that TET enzymes
may be active at PAX7 Pioneer sites but following replication, sug-
gesting an indirect recruitment of these proteins. Under conditions
of reduced UHRF1-DNMT1 activity, hemimethylated CpGs (5mC-
C) may be methylated with a delay. Because hemimethylated CpGs
are highly favored substrates of TET enzymes (45, 46), and because
conversion of 5mC-C to 5hmC-C strongly reduces DNMT1 activity
(14), TET enzymes may serve to enhance DNA demethylation com-
pared to simple dilution achieved by blockade of DNMTT1 activity.
To ascertain this model, we used nanopore sequencing of ge-
nomic DNA at different times following Tam activation of ER-PAX7
(Fig. 4, D to G). The technology allows for direct sequencing of both
strands of CpG dinucleotides within individual unamplified genom-
ic DNA duplexes with the ability to identify C, 5mC, and 5hmC on
each strand: We thus identified CpG dinucleotides bearing unique
patterns of modifications (Fig. 4D). By real-time selection of se-
quenced duplexes from a panel of 4000 genomic loci containing 876
PAX7-pioneered sites (encompassing 2567 CpGs shown in Fig. 1C
to undergo demethylation, >10% loss), we assessed changes in C
methylation patterns over 48 hours following Tam activation of
PAX7 (Fig. 4, F and G). The results show hydroxymethylation of
CpG dinucleotides with particular accumulation of 5hmC-C dinu-
cleotides that would derive from hemimethylated CpGs (5mC-C)
produced at replication and of 5ShmC-5mC dinucleotides generated
by oxidation of methylated CpGs (5mC-5mC) (Fig. 4D); such ac-
cumulation is not seen at control CpGs that do not undergo de-
methylation (Fig. 4E). It is noteworthy that the presence of PAX7 is
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not sufficient to drive cytosine hydroxymethylation because PAX7 is
recruited to Resistant sites that do not show changes in DNA meth-
ylation (Fig. 1B) and show no gain of 5hmC (fig. S4C). Analysis of
sequences flanking CpGs (14, 45, 46) subject to PAX7-dependent
demethylation indicates enrichment for sites of preferred TET
action and of poor DNMT1 substrates, consistent with enhanced
sensitivity to DNMT1 restriction (fig. S4D). It is interesting that a
subset of already partially demethylated Pioneer enhancers (n = 164
of 876) never showed significant (P values > 107%) 5hmC ChIP-seq
peaks during the 10-day test period but nonetheless exhibits similar
CpG demethylation (Fig. 4H). These Pioneer sites may thus rely
solely on blockade of methylation maintenance for PAX7-dependent
demethylation. Collectively, the data support a model of efficient
demethylation driven by both blockade of UHRF1-DNMT1 main-
tenance and recruitment of TET enzymes.

DISCUSSION

The present work uncovered a PF-specific mechanism for blockade
of the DNA methylation maintenance system composed of UHRF1
and DNMT1. Previous work documented blockade of this mecha-
nism on a broad genome-wide scale in early development by re-
pression of UHRF1 expression (47). The involvement of a unique
transcription factor in this mechanism (the UHRF1 association was
detected with PAX7 but not with the associated non-PF TPIT; Fig.
2B) suggests that this may be an important evolutionary mecha-
nism to implement lineage-specific long-term epigenetic memory.
Epigenetic memory as implemented by DNA demethylation could
contribute to establishment of transcriptional memory character-
ized by faster secondary transcriptional responses to transcription
factors or signals or as we discussed previously (6).

The UHRF1-DNMT!1 interaction leads to reversal of an autoin-
hibitory mechanism in DNMT1 (26). We showed that PAX7 inter-
acts with the UHRF1 domains that overlap the UHRF1 domains
involved in DNMT1 interaction and activation (Fig. 2, D to G) and
that PAX7 competes the UHRF1-DNMT1 interaction in vivo (Fig. 3,
D and E), thus blocking UHRF1-dependent activation of DNMT1
enzyme activity (Fig. 3F). Because the UHRF1-DNMT1 methylation
maintenance system operates after DNA replication and PAX7-
dependent enhancer DNA demethylation is dependent on replica-
tion, we may speculate that PAX7 is retained at the replication fork
through its interaction with the replication machinery as our RIME
data indicated PAX7 association with many proteins of the replica-
tion complex (Fig. 2, A and B, fig. S2A, and table S1). This interac-
tion remains to be explored further, but it would ensure that PAX7
is present at the critical time when the maintenance function of
UHRF1-DNMTT1 is exerted. This blockade would result in dilution
of CpG methylation during successive cell divisions. We found that
PAX7-driven DNA demethylation at Pioneer sites also involves a
replication-dependent oxidation of 5mC residues to 5ShmC (Fig. 4A).
Because hemimethylated CpGs, enriched after replication under
UHRF1-DNMT]1 inhibition, are the highest-affinity substrate for
TET enzymes (44), we observed a significant increase in the 5hmC-
C dinucleotide at Pioneer but not at other sites (Fig. 4, E and F).
Hence, the postreplication action of TET enzymes downstream of
UHRF1-DNMT1 blockage accelerates demethylation of enhancer
CpGs beyond simple dilution (Fig. 4E) through replication cycles as
oxidized cytosines are not efficiently recognized as methylated by the
maintenance system (14, 17). The implication of the TET system in
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Fig. 4. Two mechanisms implement PAX7-driven DNA demethylation. (A) Box plot of normalized signals at PAX7 Pioneer enhancers for 5hmC ChiP-seq (+50 bp) after
0- or 48-hour Tam activation with/without mimosine cell cycle arrest. (B) TET3 recruitment (ChIP-qPCR) at control and PAX7 Pioneer enhancers [from (20)] before/after Tam
activation for 72 hours. (C) Time course of 5hmC enrichment assessed by ChIP-seq (peak +50 bp) at Pioneer enhancers compared to PAX7 recruitment (ChIP-seq), chroma-
tin gain of accessibility (ATAC-seq), and DNA demethylation (WGBS). (D) Modified CpG dinucleotides predicted to occur after DNA replication (left) and following oxida-
tion by TET enzymes (right). (E) Methylation patterns determined by nanopore sequencing of unamplified genomic DNA duplexes at control CpGs that are not
demethylated (<1% change of absolute DNA methylation between Neo and PAX7 cells at PAX7 peak summits +250 bp). (F) Methylation patterns at CpGs within Pioneer
sites (PAX7 summits +250 bp) that show demethylation (>10%) after PAX7 activation. Significant changes compared to Tam at 0 hours (P values <107°) are shown in (E)
and (F) by black lines above relevant bars. P values are provided in table S2. (G) Relative change of occurrence for indicated CpG methylation patterns [(F) above] com-
pared to Tam at 0 hours. (H) Box plots showing CpG methylation (%) before and after PAX7 activation at Pioneer enhancers that are positive (black) or not (pink) for 5ShmC
in ChIP-Seq at any time point assessed in (C). (I) Model for PAX7-driven enhancer DNA demethylation. Blockade of the UHRF1-DNMT1 DNA methylation maintenance
system will lead to progressive CpG demethylation through dilution at each replication cycle (left). A postreplication TET action will lead to partial CoG methylation main-
tenance by hydroxymethylation of hemimethylated CpGs (center) that are poor substrates for UHRF1 and DNMT1 (35, 59). The combined PAX7-dependent blockade of
UHRF1 activation together with TET action would ensure efficient enhancer demethylation (right).
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enhancer demethylation also involves oxidation of 5mC-5mC di-
nucleotides, but it appears nonetheless different compared to the
transient and TET-dependent active mechanism reported for the
action of C/EBPa and KLF4 (8). By acting at replication, the PAX7-
dependent mechanism for DNA demethylation can operate as a
safeguard to ensure the maintenance of the demethylated active
state throughout cell generations of the PAX7-dependent lineage,
such as pituitary melanotropes that maintain PAX7 expression
throughout life.

MATERIALS AND METHODS

Plasmids

Plasmids were either constructed by enzymatic digestion and liga-
tion or using the Gibson assembly method (48). Table S4 provides
source plasmids and primers used for constructions.

Cell culture

AtT-20 cells were grown and selected as previously described (18)
For AtT-20 ER-PAX7 cells, Tam (Sigma-Aldrich, H7904) was used
at a final concentration of 400 nM with 0.1% ethanol, as described
(20). For cells treated for more than 24 hours, the same quantity of
Tam was added every 24 hours. Mimosine (Sigma-Aldrich, M0253)
was added at a final concentration of 200 pM, as validated previ-
ously (20).

Assay for transposase-accessible chromatin (ATAC)

ATAC was performed as described (9, 20, 22). Nuclei (50,000) were
isolated by incubation at 4°C first for 30 min in hypotonic cell lysis
buffer 1 [0.1% (w/v) sodium citrate tribasic dihydrate and 0.1%
(v/v) Triton X-100] followed by 30 min in buffer 2 [10 mM tris-
HCI, pH 7.4, 10 mM NaCl, 3 mM MgCl,, and 0.1% (v/v) IGEPAL
CA-630]. Nucleus pellets were tagmented for 30 min at 37°C
(TDE1 Transposase, Illumina) using the Tagment DNA kit, follow-
ing Illumina’s reccommendations. Tagmented DNA was purified on
a DNA clean-5 column (Zymo Research). Illumina UDP Indexes
were integrated by PCR enrichment (12 cycles), and final libraries
were purified and size selected (L = 1.1; R = 0.6) with KAPA pure
beads (Roche Diagnostics).

Chromatin immunoprecipitation (ChIP)

ChIP-qPCR and ChIP-seq were performed and analyzed as previ-
ously described (20). At least two independent ChIPs were pooled
before library preparation.

On day 1, 20 pl of Dynabeads-Protein A (Invitrogen, no. 10001D)
and 20 pl of Dynabeads-Protein G (Invitrogen, no. 10003D) were
coupled with the indicated antibody overnight at 4°C in ChIP Dilu-
tion Buffer (1% Triton X-100, 0 mM tris, pH 8, 150 mM NaCl,
and 2 mM EDTA). On day 2, cells were cross-linked at 1% formal-
dehyde at room temperature for 10 min, and the reaction was
quenched for 5 min with 125 mM glycine in phosphate-buffered
saline (PBS). Cells were then incubated for 5 min in buffer A (10 mM
tris-HCL, pH 8, 0.25% Triton X-100, 10 mM EDTA, and 0.5 mM
EGTA) followed by 30 min on ice in buffer B (10 mM tris-HCI,
pH 8,200 mM NaCl, 1 mM EDTA, and 0.5 mM EGTA). To generate
fragments between 100 and 500 bp, sonication was performed using
Covaris E220 in the sonication buffer (10 mM tris-HCL, pH 8, 140 mM
NaCl, 0.5% Triton X-100, 0.5% SDS, 1 mM EDTA, and 0.5 mM
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EGTA). Chromatin was then incubated overnight at 4°C with the
antibody-coupled magnetic beads.

On day 3, beads were washed four times (1: 1% Triton X-100,
0.1% SDS, 150 mM NaCl, 20 mM tris-HCI, pH 8, and 2 mM EDTA;
2: 1% Triton X-100, 0.1% SDS, 500 mM NaCl, 20 mM tris-HCI, pH 8,
and 2 mM EDTA; 3: 1% NP-40, 250 mM LiCl, 10 mM tris-HCI,
pH 8, and 1 mM EDTA; 4: 50 mM NaCl, 10 mM tris-HCI, pH 8,
and 1 mM EDTA). Cross-linking was then reversed overnight
at 65°C in elution buffer (50 mM tris-HCl, pH 8, 1% SDS, and
2 mM EDTA).

On day 4, DNA was incubated for 15 min at room temperature
with ribonuclease A (0.1 mg/ml) followed by 1 hour at 65°C with
proteinase K (0.8 mg/ml). DNA fragments were then purified using
the QIAquick PCR Purification Kit (Qiagen, no. 28106). The librar-
ies and flow cells were prepared by the IRCM Molecular Biology
Core Facility according to Illumina’s recommendations. Size distri-
bution and the molarity of immunoprecipitated and input samples
were evaluated on a 2100 Bioanalyzer (Agilent Technologies). ChIP-
seq libraries were prepared using the KAPA HyperPrep library kit
(Roche Diagnostics).

ChIP-seq and ATAC-seq analysis

Paired-end reads were first trimmed for adapter content and aligned
to the mouse mm10/GRCm38 reference genome using Bowtie 2.4
(--no-unal --no-mixed --no-discordant) (49). Bam files were created,
and duplicated reads were removed using view (-b) and markdup (-r)
from SAMtools 1.12 (50). Reads from multiple biological replicates
were merged (if applicable). Coverage tracks were created using
bamCoverage (-bs 10 -e 150 --normalizeUsing BPM) from deep-
Tools 3.5 (51). Peaks were called using callpeak (-f BAMPE -p le-3/
le-5 —g mm --min-length 100 -max-gap 50) from MACS 2.2.7.1 (52).
Local signals were normalized relative to control loci (constitutively
active enhancers and random genomic loci).

ChlIP-bis-seq and WGBS

CHIP-bis-seq was performed like ChIP-seq. Six (24-hour ER-PAX7
Tam, 48-hour Tam, and 96-hour Tam) or 12 (9-day ER-PAX7 Tam,
30-min Tam, and 10-day Tam followed by no Tam for 20 days) inde-
pendent ChIPs were pooled before bisulfite conversion and library
preparation. For the 10-day Tam sample followed by the 20-day no-
Tam sample, cells were treated with Tam for 30 min at the end of the
experiment to allow ChIP. For WGBS, genomic DNA was extracted
from 1,000,000 AtT-20Neo, AtT-20PAX7, and AtT-20 ER-PAX7
(untreated, 60-hour mimosine + 48-hour Tam, and 48-hour Tam)
cells with the Qiagen DNeasy Blood & Tissue kit (Qiagen, no.
69504). Bisulfite conversion was done with the EZ DNA Methylation-
Lightning kit (Zymo Research).

ChIP-bis-seq and WGBS analysis

Paired-end reads were first trimmed for adapter content and aligned
to the mouse mm10/GRCm38 reference genome using Bismark 0.22
(--non_directional) (53). Bam files were created, and duplicated reads
were removed using view (-b) and markdup (-r) from SAMtools
1.12 (50). Coverage tracks were created using bamCoverage (-bs
10 -e 150 -normalizeUsing BPM) from deepTools 3.5 (5I). Peaks
were called using callpeak (-f BAMPE -p le-3/1le-5 -g mm -min-
length 100 —-max-gap 50) from MACS 2.2.7.1 (52). Cytosine methylation
was called using Bismark during alignment. CpG methylation was
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extracted from bam files, and CpGs with a minimum coverage of 10
reads were used for analysis.

Library quality controls and sequencing (for all libraries)

The DNA libraries and sequencing flow cells were prepared by the
IRCM Molecular Biology Core Facility. Library size distribution
was assessed on a 2100 Bioanalyzer (Agilent Technologies). Nor-
malization of the sample quantities was done after quantification of
the ligation products by qQPCR. Equimolar libraries were sequenced
at Centre dexpertise et de services Génome Québec in paired-end
reads (see table S3). Table S3 provides information on each library,
including antibodies, sequencing depth, read length, and sequenc-
ing instrument.

Pull-down and order-of-addition assays

MBP proteins were expressed in Escherichia coli after IPTG induc-
tion, purified on amylose beads, and used as described (22). 358.-
labeled proteins were produced using either T7 TnT Coupled
Reticulocyte Lysate Systems (L4610), T3 TnT Coupled Reticulocyte
Lysate Systems (L4950), or TnT T7 Quick for PCR DNA (L5540) kits
from Promega, following the manufacturer’s protocols. Quantities of
all **S-labeled and MBP proteins were assessed before pull-down as-
says to ensure that similar amounts were used. >°S-labeled proteins
were incubated for 4 hours with MBP proteins, followed by migra-
tion on 6 to 10% polyacrylamide gels. Gels were stained using Coo-
massie blue to confirm similar MBP protein loading before being
dried and exposed to a low-energy autoradiography film. Order-
of-addition pull-down assays were performed in the same way as
pull-down assays, with a minor variation. **S-labeled proteins were
incubated for either 4 hours (first protein introduced) or 2 hours
(second protein introduced).

Bimolecular fluorescence complementation (BiFC)

Cell culture

HEK-293 cells were obtained from the American Type Culture Col-
lection through LGC Standards Sarl (FR). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM-GlutaMAX-I, Gibco
by Life Technologies) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum, 1% (v/v) penicillin-streptomycin [5000 U peni-
cillin and streptomycin (5 mg/ml)], and 5 pl of 100 mM sodium
pyruvate (Gibco by Life Technologies), incubating at 37°C, in an
atmosphere of 5% CO,. In a six-well plate, 350,000 HEK-293 cells
were seeded in each coverslip-containing well in 2 ml of culture
media and incubated at 37°C in an atmosphere of 5% CO, for 16 to
24 hours or until cells reach a confluence of 60 to 80%.
Transfection

A four-plasmid transfection system is used in the BiFC assay for
each PAX7 construct condition. In a 1.5-ml Eppendorf, 1 pl of
each VN/CC/CN/mCherry-containing plasmid solution was add-
ed into 200 pl of jetPRIME buffer. The solution is then vortexed
and spun down. Of note, an empty vector was used for compensa-
tion when needed. A ratio of 1:2 (plasmid DNA:jetPRIME re-
agent) was added to the mix followed by a brief vortex and
spin-down. The transfection solution was incubated for 20 min at
room temperature. Gently, 200 pl of transfection mix was added to
a HEK-293-containing well and distributed evenly. The plates
were incubated for 20 hours at 37°C and 5% CO,, followed by flu-
orescence confocal imaging.
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Microscopy and imaging

All the fluorescence microscopy images of cells were captured us-
ing confocal Zeiss LSM780. Images were recorded at a resolution
of 1024 by 1024 pixels using a 20X objective and a pinhole of 1.0
Airy unit. All samples were imaged using identical settings, with
argon as a laser source (488/561/633), using the 561-, 488-, and
633 nm laser lines for the excitation of mCherry, VN/CC, and CC/
CN BiFCs, respectively. The detector gain was set at 700, and laser
power was set at 2.0% (mCherry detection), 3.0% (VN/CC BiFC
detection), or 10.0% (CC/CN Cerulean detection). A z axis was
used to define the first and last sections. For each slide, at least
three images were captured from different areas, ensuring that
each image includes at least 100 cells. The experiment was per-
formed in triplicates. Contrasts of all images were modified in the
same way for figures.

Quantitative bicolor BiFC

All the images were quantified using Fiji software after several
parameters were set up, choosing the Hyperstack and colorized
in the Bio-formats Import options of the tool. Then, using the
z-projection function, the maximum intensity projection was se-
lected. For each condition, three fields were used, and in each
field, different values for five cells were measured: the mCherry
mean value, VN/CC mean value, and CC/CN mean value. The
final normalized VN/CC value and final normalized CC/CN
value were calculated by dividing with the mCherry fluorescence
mean value.

Enzyme essays

The HPLC-purified PAX755 573 polypeptide was obtained from (19).
Mouse DNMT1 and UHRF1 were purified as described (26). Radio-
active DNA methylation assays of an oligonucleotide containing one
hemimethylated CpG site were conducted as described.

Nanopore DNA sequencing

Genomic DNA was extracted from 1,000,000 AtT-20 ER-PAX7
cells treated with Tam for 0, 12, 36, or 48 hours with the Qiagen
DNeasy Blood & Tissue kit. Long-read sequencing used the Pro-
methION P24 with R10 chemistry flow cells together with the li-
brary preparation kit SQK-LSK-114 following the manufacturer’s
recommendations. The DNA was initially sheared to 8 kb to in-
crease the sequencing yield using gTubes (Covaris), and the shear-
ing parameters were 6600 rpm for 1 min with 60 ng/pl in 150 pl.
Sequencing runs were set up with high-accuracy basecalling and
adaptive sampling with a bed file of 4000 sites encompassing
PAX7-bound regions +16 kb (total size, 31 kb) with the mm10/
GrCm38 reference. Each library was sequenced on one flow cell
over 3 days. After the adaptive sampling runs, the pod5 raw files
were rebasecalled with Dorado (0.5.3) in superaccuracy (SUP) and
duplex mode. For basecalling, the pod files were split by the chan-
nel to increase the duplex calling processing speed (pod5 subset/
see split_by_channel). The unaligned bam was then aligned with
the Dorado aligner followed by modkit (0.2.6) to extract the
double-stranded methylation calls in bed format. From the bed
files, CpGs in a +250-bp window of PAX7 peak summits with at
least three duplex reads in all samples were used for analysis. Pro-
portion of each CpG modification pattern was then assessed by
locus, and these proportions were averaged to calculate the mean
proportions and SEM.
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RIME and analysis

RIME experiments were performed as described (21). Each sample
was done in triplicates (Tpit on AtT-Neo) or quadruplicates (FlagM2
on AtT-PAX7 and AtT-Neo).

On day 1, 20 pl of Dynabeads-Protein A (Invitrogen, no. 10001D)
and 20 pl of Dynabeads-Protein G (Invitrogen, no. 10003D) were
incubated with either FlagM2 (Sigma-Aldrich, F3165) or Tpit (54)
antibody in ChIP dilution buffer (1% Triton X-100, 10 mM tris, pH 8,
150 mM NaCl, and 2 mM EDTA) overnight at 4°C. On day 2, cells
were cross-linked for 10 min at 1% formaldehyde at room tempera-
ture. Cross-linking was quenched with 200 mM glycine in PBS
for 5 min. Cells were washed and harvested in cold PBS and then
washed two additional times with PBS. Cells were then incubated
for 10 min at 4°C in 10 ml of LB1 [50 mM Hepes-KOH (pH 7.5), 140 mM
NaCl, 1 mM EDTA, 10% (v/v) glycerol, 0.5% (v/v) NP-40/IGEPAL
CA-630, and 0.25% (v/v) Triton X-100]. Pellets were then incubated
for 5 min at 4°C in 10 ml of LB2 [10 mM tris-HCI (pH 8.0), 200 mM
NaCl, 1 mM EDTA, and 0.5 mM EGTA] and resuspended in 970 pl
of LB3 [10 mM tris-HCI (pH 8.0), 100 mM NaCl, 1 mM EDTA,
0.5 mM EGTA, 0.1% (w/v) sodium deoxycholate, and 0.5% (v/v)
N-lauroylsarcosine] for sonication. Sonication was performed using
Covaris E220, and 1 ml of LB3 and 100 pl of 10% Triton X-100 were
added. Lysates were centrifuged for 10 min at 10,000 rpm at 4°C and
then incubated with magnetic beads overnight at 4°C.

On day 3, beads were washed 10 times with radioimmunoprecipi-
tation assay buffer [50 mM Hepes (pH 7.6), 1 mM EDTA, 0.7% (w/v)
sodium deoxycholate, 1% (v/v) NP-40, and 0.5 M LiCl] and then four
times with ammonium hydrogen carbonate buffer (100 mM AMBIC,
no. A6141, dissolved in HPLC-quality water). Last, beads were sus-
pended in 50 pl of AMBIC buffer and sample preparation was per-
formed by the IRCM Mass Spectrometry and Proteomics facility.
On-bead digestion
The on-bead proteins were first incubated for 10 min in 4 M urea/
50 mM ammonium Bicarbonate and then diluted to 2 M urea/50 mM
ammonium bicarbonate. On-bead trypsin digestion was performed
overnight at 37°C. The samples were then reduced with 13 mM dithio-
threitol at 37°C and, after cooling for 10 min, alkylated with 23 mM
iodoacetamide at room temperature for 20 min in the dark. The su-
pernatant was acidified with trifluoroacetic acid for desalting and
removal of residual detergents by MCX (Waters Oasis MCX 96-well
Elution Plate) following the manufacturer’ instructions. After elution
in 10% ammonium hydroxide/90% methanol, samples were dried and
reconstituted under agitation for 15 min in 150 pl of 2% acetonitrile-
1% formic acid.

LC-MS/MS analysis

The following procedures were previously described in (55). The
liquid chromatography column was a PicoFrit fused silica capillary
column (15-cm by 75-pm inside diameter; New Objective, Woburn,
MA), self-packed with C-18 reverse-phase material (Jupiter 5-pm
particles, 300-A pore size; Phenomenex, Torrance, CA) using a
high-pressure packing cell. This column was installed on the Easy-
nLC II system (Proxeon Biosystems, Odense, Denmark) and cou-
pled to the Q Exactive (Thermo Fisher Scientific, Bremen, Germany)
equipped with a Proxeon Nanoelectrospray Flex ion source. The
buffers used for chromatography were 0.2% formic acid (buffer A)
and 100% acetonitrile/0.2% formic acid (buffer B). Peptides were
loaded on-column at a flow rate of 600 nl/min and eluted with a
two-slope gradient at a flow rate of 250 nl/min. Solvent B first in-
creased from 1 to 40% in 52 min and then from 40 to 80% B in 18 min.
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Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
data were acquired using a data-dependent top 16 method com-
bined with a dynamic exclusion window of 7 s. The mass resolution
for full MS scan was set to 60,000 (at #/z 400), and lock masses were
used to improve mass accuracy. The mass range was from 360 to
1800 m/z for MS scanning with a target value at 1 x 10°, the maxi-
munm ion fill time at 100 ms, the intensity threshold at 1.0 x 10*, and
the underfill ratio at 0.5%. The data-dependent MS2 scan events
were acquired at a resolution of 17,500 with the maximum ion fill
time at 50 ms and the target value at 1 x 10°. The normalized col-
lision energy used was at 27, and the capillary temperature was
250°C. Nanospray and S-lens voltages were set to 1.3 to 1.7 kV and
50 V, respectively.

Protein identification

Protein database searches were performed using Mascot 2.3 (Matrix
Science) against Mus musculus. The mass tolerance for precursor ions
was set to 10 parts per million, and that for fragment ions was set to
0.5 Da. The enzyme specified was trypsin, and one missed cleavage was
allowed. Cysteine carbamidomethylation was specified as fixed modi-
fication and methionine oxidation as variable modification. Scaffold
(version Scaffold_5.3.1, Proteome Software Inc., Portland, OR) was
used to validate MS/MS-based peptide and protein identifications. Pep-
tide identifications were accepted if they could be established at greater
than 95.0% probability by the Peptide Prophet algorithm (56) with
Scaffold delta-mass correction. Protein identifications were accepted
if they could be established at greater than 99.0% probability and con-
tained at least two identified peptides. Protein probabilities were
assigned by the Protein Prophet algorithm (57). Proteins that contained
similar peptides and could not be differentiated on the basis of MS/MS
analysis alone were grouped to satisfy the principles of parsimony. For
each identified protein, a variation coefficient was calculated (standard
deviation/mean) for the AtT-PAX7 samples. Proteins with a variation
coefficient <0.75 were selected for further analysis and figures.

RNA-seq and analysis

For each biological RNA-seq duplicate, RNA was extracted from
1,000,000 cells in culture using the Qiagen RNeasy Plus Mini kit
(Qiagen, no. 74134). Ribosomal depletion, library preparation, and
flow cell preparation for sequencing were performed by the IRCM
Molecular Biology Core Facility according to Illumina’s recommen-
dations. RNA libraries were prepared from total RNA. Ribosomal
RNA was depleted using the KAPA RiboErase Kit (HMR), and librar-
ies were prepared with the KAPA RNA HyperPrep Kit (Roche Diag-
nostics). Paired-end reads were first trimmed for adapter content and
aligned to the mouse mm10/GRCm38 reference genome using Hisat
2.2 (--no-unal --no-mixed --no-discordant) (58). Bam files were cre-
ated using view (-b) from SAMtools 1.12 (50). Coverage tracks were
created using bamCoverage (-bs 10 -e 150 --normalizeUsing BPM)
from deepTools 3.5 (51). Gene expression was assessed by integrating
reads mapped to exons over transcript length and normalized across
samples with the median-of-ratio method. Expression levels were
then averaged between replicates and used for plotting.
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