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% Check for updates In mammals, global passive demethylation contributes to epigenetic repro-

gramming during early embryonic development. At this stage, the majority of
DNA-methyltransferase 1 (DNMTI) protein is excluded from nucleus, which is
considered the primary cause. However, whether the remaining nuclear
activity of DNMTI1 is regulated by additional mechanisms is unclear. Here, we
report that nuclear DNMT1 abundance is finetuned through proteasomal
degradation in mouse zygotes. We identify a maternal factor, Pramell5, which
targets DNMTI1 for degradation via Cullin-RING E3 ligases. Loss of Pramell5
elevates DNMT1 levels in the zygote pronuclei, impairs zygotic DNA deme-
thylation, and causes a stochastic gain of DNA methylation in early embryos.
Thus, Pramell5 can modulate the residual level of DNMT1 in the nucleus during
zygotic DNA replication, thereby ensuring efficient DNA methylation repro-
gramming in early embryos.

Following fertilization, embryos undergo epigenetic reprogramming
to reset epigenetic information inherited from the parental genome,
which is a pre-requisite for the embryonic gene expression
programs'™. The mammalian genome contains a substantial level of
methylation at CpG dinucleotides, specifically in the form of
5-methylcytidine (SmC). One of the most remarkable features of early
preimplantation embryo development, particularly during the first cell
cleavage, is the widespread loss of DNA methylation*”. This process is
conserved across mammals but exhibits variations in demethylation
kinetics and extent®. The global demethylation process is considered
crucial for the developmental competence of early embryos, as mouse
embryos with hypermethylated genomes exhibited abnormalities® ™,
In mammals, biological processes associated with a global decrease in
DNA methylation are relatively unusual™. To achieve this, early
embryos employ unique regulatory mechanisms that remain partially
understood”.

The current consensus agrees that multiple mechanisms partici-
pate in global demethylation in early embryos. One such mechanism
involves the dioxygenase enzyme TET3, which catalyzes the oxidation
of the SmC, leading to active demethylation®”. In zygotes, both
paternal and maternal pronuclei undergo active demethylation'®2°,
Additionally, in male pronuclei, TET-independent active demethyla-
tion for paternal DNA methylation has been reported, and the fol-
lowing de novo methylation by DNMTI1 and DNMT3A provides the
substrates to TET3”. However, replication-dependent passive deme-
thylation appears to be responsible for the majority of global deme-
thylation, since zygotic DNA demethylation is severely abolished when
DNA replication is inhibited's".

The maintenance of DNA methylation after DNA replication pri-
marily relies on the DNA methyltransferase DNMT1 and its co-factor
UHRF17*, In contrast to somatic cells, DNMT1 and UHRF1 in mouse
early embryos are predominantly localized to the cytoplasm®%,
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Cytoplasmic retention of these factors is widely believed to be
responsible for zygotic passive demethylation process”?’. Supporting
this notion, in recent studies, mouse embryos lacking maternal factor
NLRP14 and PADI6 were shown to exhibit impaired cytoplasmic
retention of UHRF1 and/or DNMT]I, and an increase of DNA methyla-
tion levels***%, However, since NLRP14 loss resulted in pervasive
proteomic dysregulation in oocyte®*, the molecular basis of the
nuclear exclusion of DNMT1 and UHRF], as well as the extent to which
demethylation depends on cytoplasmic exclusion, remains to be
clarified.

Despite that the maintenance factors are predominantly localized
in the cytoplasm, there is evidence that residual activity of main-
tenance methylation machinery functions in the early embryo nuclei.
For example, gamete-inherited methylation patterns at specific geno-
mic regions, such as imprinting control regions and retrotransposable
elements, are maintained by DNMT1 and UHRFI*****’, Additionally,
studies investigating the genomic distribution of DNMT1 during early
embryo development have demonstrated its preferential association
with retroelement regions®. Besides, chromatin modulators, including
Trim28, ZFP57, and ZFP445%*, are involved in the recruitment of
DNMTI for the maintenance of methylation post-fertilization. Thus,
the activity of the maintenance machinery is finely orchestrated in the
nucleus during the global demethylation program, with the molecular
details of this process have yet to be elucidated.

Therefore, we hypothesized that there are unknown regulatory
mechanisms in early embryos that regulate the global DNA demethy-
lation process. This study aims to investigate this hypothesis by
searching for novel regulators of DNA methylation, whose expression
is specific to early embryos. In pursuit of this objective, we have
identified Pramell5, which functions through the ubiquitin-
proteosome system to target DNMTI1 for degradation. Furthermore,
we have revealed that Pramell5 tunes the protein levels of DNMT1
within the embryonic nuclei. Notably, mouse embryos lacking Pra-
mell5 display a stochastic increase in DNA methylation levels across
the genome. These findings unveil a layer of regulation for embryonic
DNA demethylation. We anticipate that these findings will contribute
to our ongoing efforts in understanding the intricate mechanisms
governing mammalian DNA methylation reprogramming.

Results

Screening for factors promoting DNA demethylation

To discover potential regulators of DNA demethylation, we established
aluciferase reporter system using a Gal4-VP16 fusion protein and Gal4-
binding site to drive luciferase expression (Supplementary Fig. 1a). The
reporter was pre-methylated in vitro to prevent Gal4-VP16 binding,
ensuring that the transiently transfected reporter could only be acti-
vated after demethylation. By mixing various ratios of unmethylated
and methylated reporters, we observed that the presence of just 5%
unmethylated reporter led to a significant increase in luciferase signal,
indicating a high sensitivity of our system (Supplementary Fig. 1b, c).
The reporter system was then co-transfected with a cDNA expression
library derived from mouse oocytes, aiming to identify genes whose
overexpression could activate the methylated reporter. We screened
approximately 1.44 x 10° mouse oocyte cDNAs, which corresponds to
approximately 4-fold of the number of mouse genes (Supplementary
Fig. 1d). Consequently, we obtained 72 positive clones, covering a few
candidate genes that are potentially involved in DNA demethylation
regulation.

To verify our primary hits, we utilized another reporter cell line,
B2-17, that we previously developed to monitor DNA demethylation
events*. This reporter cell line contained an enhanced green fluores-
cence protein (EGFP) coding gene driven by a fully methylated CMV
promoter, allowing us to determine demethylation events through an
increase in fluorescence signal (Fig. 1a). By individually overexpressing
the primary hits in B2-17 cells, we confirmed that two factors, Stella and

Pramell5 (Preferentially expressed antigen of melanoma like 15),
robustly activated the methylated EGFP gene (Fig. 1b and Supple-
mentary Fig. le). We previously reported that Stella plays a role in
sequestering UHRF1 from the nucleus and interfering with the main-
tenance of DNA methylation after replication™***. In this study, we
focus on exploring the potential role of Pramell5 in DNA methylation
regulation.

Pramell5 overexpression leads to global DNA demethylation
To investigate the impact of Pramell5 on DNA methylation, we initially
examined the methylation status of CMV promoter in B2-17 cells.
Bisulfite sequencing analysis revealed a marked decrease in methylation
level, from 92.1% to 29.8%, after the expression of Pramell5 for 4 days
(Fig. 1c). This suggests that Pramell5 reactivates the methylated EGFP
reporter through DNA demethylation. Then we performed mass spec-
trometry analysis to quantify the abundance of methylated cytosine
(5mC) in genomic DNA. Consistent with our observations with the EGFP
reporter, the expression of Pramell5 led to a progressive reduction in
global 5mC level (Fig. 1d). Notably, there was a concurrent decrease in
global ShmC level (Fig. 1d), indicating that Pramell5 induces loss of DNA
methylation independent of TET-mediated 5mC oxidation. We further
explored whether Pramell5 impairs DNA methylation maintenance
during DNA replication. The treatment of DNA synthesis inhibitor
aphidicolin almost fully abolished Pramell5-induced global demethyla-
tion (Fig. 1e). These results suggest that Pramell5 likely interferes with
the DNA methylation maintenance machinery, resulting in global pas-
sive demethylation.

Pramell5 interacts with DNMT1 RFTS domain and regulates
DNMT1 protein stability

DNMTI and UHRF1 are two indispensable factors for maintaining DNA
methylation”?, To investigate whether Pramell5 contributes to DNA
methylation loss by affecting DNMT1 or UHRF1, we explored their
potential interaction. Co-immunoprecipitation (Co-IP) analysis revealed
interaction between Pramell5 and DNMTI under a stringent washing
condition (500 mM NaCl). In contrast, no interaction with UHRF1 was
observed, even under a mild washing condition (150 mM NaCl) (Fig. 2a).

To further investigate the regulation between Pramell5 and
DNMTI, we utilized an HEK293 cell line expressing DNMT1-GFP fusion
protein and doxycycline-inducible Pramell5-mCherry fusion protein.
Upon induction of Pramell5, we observed a significant decrease in
DNMTI-GFP fluorescence signal (Fig. 2b). Moreover, when we inhibited
proteasome activity using MG132, the DNMTI signal was restored
(Fig. 2c). Therefore, Pramell5 likely induce DNA demethylation by
promoting proteasome-dependent degradation of DNMTL.

DNMT1 contains multiple domains, including DMAP1 binding
domain, PCNA binding domain, nucleus localization signal (NLS) motif,
RFTS domain, CXXC domain, BAH1 and BAH2 domain, and the
C-terminal catalytic domain (Fig. 2d)**¢. We expressed several DNMT1
truncations in cell and performed Co-IP experiments to characterize its
corresponding region responsible for the interaction with Pramell5.
We first observed interaction between Pramell5 and the N-terminal
region of DNMT1 (1-609 aa) (Fig. 2e), and then we identified the
DNMTI1 RFTS domain (350-609 aa) as the region that interacts with
Pramell5 (Fig. 2f and Supplementary Fig. 2a).

To determine whether the DNMT1 RFTS domain is essential for
Pramell5-induced DNMT1 degradation, we examined the degradation of
a DNMTI truncation lacking the RFTS domain (A350-609aa). In contrast
to the full-length DNMT1 protein, DNMTI1 lacking the RFTS domain was
resistant to Pramell5-induced degradation (Fig. 2g). In addition, Pra-
mell5 expression led to the degradation of a DNMTI truncation that
only contains the RFTS domain (Fig. 2h and Supplementary Fig. 2b).
Taken together, our results suggest that Pramell5 associates to the RFTS
domain of DNMT], and that the RFTS domain is both sufficient and
necessary for Pramell5-mediated proteasome degradation.
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Fig. 1| Overexpression of Pramell5 leads to global DNA passive demethylation.
a Scheme of B2-17, a DNA demethylation-sensitive cell line**. A CMV promoter-
driven GFP fragment was methylated in vitro by Hapll and then integrated into
HEK293 cells. The clone with a low GFP background and high sensitivity to 5-aza-2’-
deoxycytidine was selected as B2-17. b Left, fluorescence images show the GFP-
activated cells in B2-17 transfected with Pramell5-expressing plasmids. Scale bars
indicate 100 pm. Right, bar graph shows the ratio of GFP-positive cells in B2-17
transfected with Pramell5-expressing plasmids using fluorescence-activated cell
sorting (FACS). Three biological replicates have been performed. ¢ BS-seq shows
the DNA methylation states of CMV promoter in B2-17 cells transfected with

T T -0
2 3 4

Pramel15-mCherry - + - +

mCherry + - + -
Aphidicolin - - +
Pramell5-expressing plasmids. Genomic DNA was extracted 96 h later and followed
by bisulfate sequence of CMV promoter. d Bar graphs show the relative level of
5-methylcytosine (mC) and 5-hydroxymethylcytosine (hmC) in genome of B2-17.
Cells were harvested at 1-4 days following Pramell5 expression, and genomic DNA
was extracted for nucleotide mass spectrum analysis. Normalization was con-
ducted in reference to the SmC level in Day O cells. e Genomic DNA of B2-17 was
extracted for nucleotide mass spectrum analysis following transfection of plasmids
expressing Pramell5-mCherry or mCherry, and cells were treated with 5 M aphi-
dicolin or vehicle for 2 days. For (d and e) each point indicates a biological replicate.
Data are presented as mean value +s.d.

Cullin-RING ligases are involved in Pramell5-mediated DNMT1
degradation

To exam whether ubiquitination is involved in Pramell5-mediated
DNMT1 degradation, we conducted an in vivo ubiquitination assay by
co-transfecting constructs expressing His-tagged ubiquitin. Given that
the full-length DNMT1 protein is large, and it is challenging to detect its
ubiquitination, we used DNMT1(1-609aa) in this assay. The results
showed an increase of ubiquitin levels on DNMT1(1-609aa) when Pra-
mell5 was expressed (Fig. 2i).

To understand the mechanism by which Pramell5 facilitates ubi-
quitination and degradation of DNMTI, we performed anti-Flag affinity
purification experiments using T-Rex-293 cells expressing a
doxycycline-inducible Flag-Pramell5. We identified several proteins
co-purified with Flag-Pramell5, including Cullin 5 (Cul5), Elongin-B
(EloB) and Elongin-C (EloC) (Supplementary Fig. 3a), all of which are
subunits of the Cul5-RING ubiquitin ligases (CRL5) complex*. Simi-
larly, we performed immunoprecipitation experiments using mouse
embryonic stem cells (mES cells) expressing Flag-Pramell5. Label-free
quantitative mass spectrometry analysis revealed the enrichment of
Culs, EloB, EloC, and Rbx2, which is another subunit of the CRL5
complex (Fig. 3a). Other enriched factors are also highly relevant
(Supplementary Fig. 3b). In addition to DNMT1, USP7 is a deubiquiti-
nase of DNMT1*%*°, AMBRAL targets EloC to modulate CRLS complex®,
ARIH2 is an atypical E3 ligase working together with CRLS complex™%,
and PAF15 is involved in DNMT1 recruitment.

Activation of CRL complex relies on the neddylation of Cullin
proteins®. MLN4924 is a small molecule inhibitor of the NeddS8-

activating enzyme E1 (NAE)*. MLN4924 treatment effectively blocked
Pramell5-mediated DNMT1 degradation in mES cells (Fig. 3b), con-
firming the functional role of CRL complexes in mediating Pramel15-
dependent DNMTI degradation.

To examine whether the CRL5 complex is responsible for
Pramell5-mediated DNMT1 degradation, we generated a Cullin5
knockout (Cul5-KO) mES cell line (Fig. 3¢ and Supplementary
Fig. 3c, d). Cullin§5 knockout attenuated, but did not fully abolish,
Pramell5-induced DNMT1 degradation (Fig. 3c). This suggests that
the other members of the CRLs may also participate in Pramell5-
induced DNMT1 degradation. In agreement with this hypothesis, the
remaining Pramell5-induced DNMTI1 degradation activity in Cul5-KO
cells was also inhibited by MLN4924 treatment (Supplemen-
tary Fig. 3e).

In mammals, there are 8 Cullin family proteins: Cull, Cul2, Cul3,
Cu4A, Cul4B, and Cul5, Cul7, and Cul9°**". To determine which Cullin
proteins, in addition to Cul5, can mediate Pramel15-induced DNMT1
degradation, we then co-expressed Pramell5-HA and Flag-tagged
individual Cullin proteins in HEK293 cells and performed anti-Flag
Co-IP experiments. Considering that Cul7 and Cul9 are barely
expressed in mES cells, we focused on the other Cullin proteins. In
addition to Cul5, several other Cullin proteins, including Cull, Cul2,
Cul3, Cul4A, exhibited various degrees of interaction with Pramell5
(Fig. 3d). Since multiple Cullin proteins likely participate in Pramell5-
induced DNMT1 degradation, we adopted an alternative approach to
test their functional relevance. The RING component of CLRs con-
sists of two family members: Rbx1l and Rbx2, responsible for the
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Fig. 2 | Pramell5 interacts with DNMT1 and mediates DNMTI1 degradation via
ubiquitin-proteasome pathway. a Flag-immunoprecipitation from 293FT cells
transfected with Pramell5-HA and DNMT1-Flag (upper) or UHRF1-Flag (lower)
expressing plasmids. b High-content images show DNMTI-GFP level with or without
Pramel15-mCherry induction by doxycycline (Dox) treatment for 48 h (left) and the
boxplot graph shows the statistic results of DMSO group (n=3973) and Dox group
(n =3109) (right). Boxplots show median (center line), 25th to 75th percentiles (hinges).
The whiskers go down to the smallest value and up to the largest. Two-sided t-tests
assuming unequal variances were performed. ¢ Western blotting of DNMTI protein
levels in T-REx293 cells expressing Dox-inducible Pramell5-Flag with or without 5 puM

MG132 treatment. d Schematic representation of DNMTI and its truncations. e, f Flag-
immunoprecipitation from 293FT cells transfected with DNMTL1-Flag or its truncations
and Pramell5-HA expressing plasmids. Asterisk: heavy chain of antibody. g Western
blotting of Flag-DNMT1 and Flag-DNMT1(A350-609aa) protein levels in 293FT cells
with or without Pramel15-HA. h Western blotting of Flag-DNMT1(350-609aa) protein
levels in mES cells expressing Flag-DNMT1(350-609aa) and Dox-inducible Pramell15-HA.
i Flag-immunoprecipitation in 293FT cells transfected with plasmids expressing His-
ubiquitin, Flag-DNMT1(1-609aa), and Pramel15-HA or blank plasmids treated with

20 pM MGI32. All immunoprecipitation and quantification experiments analyzed by
Western blotting were repeated at least three times independently.

catalytic activity of CRL complexes. Rbx2 is a specific partner with
Cul5, whereas all other Cullin proteins functionally cooperate with
Rbx1 (Fig. 3e)*®. Taking advantage of this feature, we knocked down
RbxI in wild-type and Cul5-KO mES cells. The loss of both Rbx1 and

Culs5 fully abolished Pramell5-induced DNMT1 degradation (Fig. 3f).
The above results clearly support the involvement of multiple
members of Cullin-RING ubiquitin ligase family in Pramell5-induced
DNMT1 degradation.
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The essential motifs of Pramell5 in mediating DNMT1
degradation

Through the identification of conserved amino acid motifs in Pramell5
that mediate its interaction with CRLs components, we discovered two
interesting motifs at the N-terminal: Cul2-box, and Cul5-box, which
mediate the interactions with scaffold proteins Cul2 and Culs,
respectively® (Fig. 4a, b). This likely explains the versatility of Pramel15

in binding to various members of the Cullin family. We also identified a
BC-box motif, which is responsible for anchoring substrate receptor
proteins to Cullins (Fig. 4a, b). In addition, the C-terminal domain of
Pramell5 contains 5 LRR motifs (Fig. 4c), which often function in
protein-protein interactions®®. The domain organization suggests that
the N-terminus of Pramell5 is involved in Cullin association, while the
C-terminus LRR motifs contribute to DNMT1 interaction. Supporting
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Fig. 3 | Cullin-RING E3 ligases are involved in Pramell5 mediated DNMT1
degradation. a Label-free mass-spectrometry analysis of proteins co-
immunoprecipitated with Pramell5-Flag in mES cells from two independent
experiments. Pramell5, DNMTL, and the subunits of CRL5 complex (highlight in
red) are among the top enrichment candidates. b Western blotting of DNMT1
protein levels in mES cells expressing Dox-inducible Pramel15-Flag with or without
2.5 UM MLN4924 treatment. ¢ Western blotting of DNMTI protein levels in mES
cells and Cul5-KO mES cells expressing Dox-inducible Pramell5-Flag. d Flag-
immunoprecipitation from 293FT cells transfected with plasmids expressing

Pramel15-HA and different Flag-tagged Cullin proteins. e Model of Cullin-RING E3
ligase complex. Different Cullin complexes contain different adapters and Cul5
binds to Rbx2, while other Cullin proteins bind to Rbx1. f Western blotting of
DNMT1 protein levels in mES cells and Cul5-KO mES cells expressing Dox-inducible
Pramell5-Flag with or without Rbx1 siRNA transfected (left). Statistics of four bio-
logical replicates (right). Two-sided t-tests assuming unequal variances were per-
formed. Data are presented as mean value + s.d. All immunoprecipitation and
quantification experiments analyzed by Western blotting were repeated at least
three times independently.

this notion, a Pramell5 truncation lacking the LRR domain (delta268-
402) lost its interaction with DNMT1 but still bound to Cullin5 (Fig. 4d).
Conversely, removing the N-terminus, including the CRL-binding
motifs abolished its binding with Cullin5 (Fig. 4d). We note that Pra-
mell5 lacking the N-terminus also lost its association with DNMT1,
potentially due to compromised protein folding (Fig. 4d). Our analysis
suggests that Pramell5 functions as a substrate receptor protein that
delivers DNMTI1 to CRLs.

Next, we aimed to determine whether Pramel15 bridges DNMT1 to
CRLs for degradation. According to this model, mutations in either the
CRL-binding module or the DNMT1-recognition module of Pramell5
should impair DNMT1 degradation. Indeed, Pramell5 mutants with
either a mutated BC-box or Cul2/5-box motif failed to induce DNMT1
degradation (Fig. 4e, f). Meanwhile, these mutants showed impaired
association with Cul5 (Fig. 4g). Similarly, when the conserved residues
in LRR motifs (L/V/F) were mutated to alanine, DNMT1 degradation
was also impaired (Fig. 4h), and the association between DNMT1 and
mutants was abolished (Fig. 4i). Collectively, our results suggest that
Pramell5 serves as a substrate receptor module within the Cullin-RING
E3 ligase complex to target DNMT1 for proteasomal degradation.

No apparent developmental and fertility defects in Pramell5
knockout mice

According to public data®, Pramell5 mRNA is specifically expressed and
translated in oocytes, zygotes, and early two-cell embryos (Fig. 5a). To
gain insight into the physiological function of Pramell5, we generated
Pramell5 knockout mice using a gRNA targeting the first exon of Pra-
mell5 to produce random nucleotide deletion, which resulted in a fra-
meshift and the appearance of a premature stop codon (Supplementary
Fig. 4a, b). The Pramell5 homozygotes knockout mice were born, and
both male and female mutant mice were capable of producing offspring
normally (Supplementary Fig. 4c). Furthermore, the development
rate and dynamics of early embryos derived from Pramell5 KO
oocytes showed no apparent defects (Supplementary Fig. 4d, e).
In addition, the International Mouse Phenotyping Consortium (IMPC)
has also analyzed various phenotypes and observed no significant dif-
ference (https://www.mousephenotype.org/data/genes/MGI:3712553).
These analyses suggest that the loss of Pramell5 minimally impairs early
embryonic development in mice.

Pramell5 regulates DNMT1 protein level in early embryonic
nucleus

Given that ectopic expression of Pramell5 induced significant degra-
dation of DNMTT1 in cultured cells, we investigated whether Pramell5
also regulates DNMT1 and, consequently, DNA methylation in vivo. In
mouse oocytes and early embryos, DNMT1 protein is highly abundant
but predominantly localizes in cytoplasm, with only a small fraction
retained in the nuclei*’>*%? (Supplementary Fig. 5a, b), In contrast to
our observations in cell lines, the loss of Pramell5 hardly affect the
global level of DNMT1 in early mouse embryos, as determined by
immunofluorescence quantification (Supplementary Fig. 5a, c). How-
ever, we observed that the fusion protein Pramell5-mCherry, but not
mCherry alone, exhibited nuclear localization from GV oocytes to the
2-cell stage embryos (Fig. 5b). Consequently, we investigated whether
Pramell5 is more crucial in controlling the nuclear DNMTI level.

To reliably quantify the DNMT1 level in the zygotic pronuclei, we
acquired confocal images of whole embryos using a high-content ima-
ging system and performed 3D-reconstitution (see details in “Methods”,
Fig. 5c). In support with a role of Pramell5 in the regulation of DNMT1
level, our quantitative analysis revealed a significant increase in DNMT1
levels in both male and female pronuclei of Pramell5-deficient zygotes
(Fig. 5d, e). Moreover, the elevated nuclear DNMT1 level in Pramell5-
deficient embryos was consistently detected throughout preimplanta-
tion development until the morula stage (Fig. 5f).

To determine whether Pramell5 degrades nuclear DNMT1
through CRLs, we performed quantitative immunostaining analysis in
zygotes treated with MG132 or MLN4924. Consistent with our obser-
vations in Pramell5 maternal KO (mKO) zygotes, the inhibition of
proteasomes or CRLs in wild-type zygotes also led to an increase of
nuclear DNMT1 levels (Fig. 5g). Importantly, this change did not occur
in Pramell5 mKO zygotes (Fig. 5h). These results support a role of
Pramell5 in regulating nuclear DNMT1 level in the zygotes via the CRL
and proteasome pathway.

To assess the DNMTI level on chromatin, we performed
CUT&RUN of DNMT1 in parthenogenetic 1-cells. Consistent with our
immunostaining quantification, the CUT&RUN signal for chromatin-
bound DNMTI increased in Pramell5-KO 1-cells in a statistically sig-
nificant manner (Fig. 5i). Since DNMTL has preference towards the
H3K9me3-riched regions****, we analyzed the association between
H3K9me3 and the genomic distribution of DNMTIL. Indeed, we found
that the increase of DNMT1 CUT&RUN signal preferentially occurred
on chromatin domains enriched for H3K9me3 (Fig. 5j). Taken together,
our results suggest that Pramell5 regulates nuclear level of DNMT1 in
preimplantation embryos.

Increase of DNA methylation in Pramell5-deficient embryos

Since Prameli5 knockout led to an elevation of nuclear DNMT1 levels in
zygotes, we further investigated whether this has any consequence on
DNA methylation. We performed DNA methylome profiling using
PBAT® in MII oocytes, zygotes, and 2-cell embryos. While samples
from distinct stages cluster together, Pramell5-KO samples are gen-
erally separated from Pramell5-Het samples, except in MII oocytes
(Supplementary Fig. 6), suggesting that loss of Pramell5 altered the
DNA methylome after fertilization. Indeed, we observed no significant
change of global methylation in Pramell5 KO MII oocytes (Fig. 6a), but
a statistically significant yet modest increase in methylation was
observed in Pramell5-deficient zygotes and 2-cell embryos (Fig. 6b, c).
We differentiated the maternal and paternal reads using SNPs and
observed that such increase occurred in both the maternal and
paternal genomes (Fig. 6d). SNP-based parent-of-origin analysis sacri-
ficed a large number of sequencing reads. To acquire a higher coverage
dataset for further analysis, we generated parthenogenetic embryos
and profiled their DNA methylome. Consistently, we observed a sig-
nificant methylation increase in parthenogenetic 1-cell embryos
derived from Pramell5 KO oocytes (Fig. 6e). Thus, the loss of Pramell5
caused an increase in DNA methylation in zygotes but not in MII
oocytes. DNA methylome of MII oocyte exhibits a bimodal distribu-
tion, in which highly methylated domains are separated by regions
with very low levels of methylation®. We noticed that methylation gains
in maternal genome of 1-cell embryo predominantly occurred on the
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methylated domains in MII oocyte (Fig. 6f), suggesting that Pramell5
regulates the zygotic demethylation process.

The gain in methylation occurred genome-wide, regardless of the
chromosomes or genomic features (Supplementary Fig. 7). Notably,
the gain of DNA methylation level also positively correlated with the
increase of DNMTI level in genome (Fig. 6f). The correlation between
H3K9me3 and DNA methylation has been also reported in early
embryonic development®®®’. In line with the change in DNMT1 geno-
mic distribution (Fig. 5j), we also noticed that the gain in DNA
methylation level positively correlated with the levels of H3K9me3 in
MII oocyte (Fig. 6g, h). To further determine the role of DNMTL in the

Pramell5 loss-induced increase in DNA methylation, we examined
whether the observed increase contained signatures of DNMT1. We
found that genomic regions that have higher CpG di-nucleotide den-
sity were preferentially affected by Pramell5 (Fig. 6i). This trend cor-
responds to the substrate preference of DNMTI, as previous
measurement of maintenance methylation kinetics in replicating
somatic cells revealed a similar pattern (Fig. 6j)°%. Thus, both the initial
methylation status, defined as the percentage of methylated CpG sites
and the CpG density influence how a genomic region responds to
Pramell5 deficiency. Consequently, the number of methylated CpG
sites is clearly positively correlated with methylation gain in Pramell5
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Fig. 4 | Domain organization of Pramell5 and its interaction with Culin5

and DNMTI. a Schema representing the domain organization of Pramell5, con-
taining predicted BC-box, Cul2-box, Cul5-box and LRR motifs. LRR, leucine-rich
repeat. b Multiple sequence alignment of Pramell5 with proteins containing BC and
Cul2 box or BC and Cul5 box motifs, highlighting conserved residues. Identical
amino acids are in black, very similar ones are in dark grey, and similar amino acids
are in light grey. Conserved Pramell5 residues are marked with asterisks.

c Sequence of the predicted Pramell5 LRR motif, with the conserved leucine in LRR
sequence patterns (LXXLXL) highlighted in yellow. X, any amino acid. d HA-
immunoprecipitation from 293FT cells transfected with plasmids expressing
Pramell5-HA and Flag-tagged Cul5. Western blotting shows the association of
DNMT1 and Cul5 with Pramel15, Pramel15(A2-121aa), and Pramell5(A268-402aa).
e Table listing the point mutants of Pramell5 at BC-box, Cul2-box, and Cul5-box.

f Western blotting shows DNMT1 protein levels in 293FT cells expressing Dox-
inducible HA-tagged mutants of Pramell5 as per (e). g Flag-immunoprecipitation
from 293FT cells transfected with plasmids expressing HA-tagged Pramell5 or the
N-terminal mutants and Flag-tagged Cul5. Western blotting shows the association
of Cul5 with Pramell15 and the mutants. h Western blotting of DNMT1 protein levels
in 293FT cells expressing Dox-inducible HA-tagged LRR motifs mutants (L/V/F to A,
according to Fig. 4c) of Pramell5. i Flag-immunoprecipitation from 293FT cells
transfected with plasmids expressing Flag-tagged DNMT1land HA-tagged Pramell5
or the LRRs mutants (L/V/F to A, according to (c)) and cultured with 2.5 uM
MLN4924 to prevent DNMT1 degradation. Western blotting shows the association
of DNMT1 with Pramell5 and the LRRs mutants. All immunoprecipitation and
quantification experiments analyzed by Western blotting were repeated at least
three times independently.

deficient embryo (Fig. 6k). As DNMTI-mediated maintenance methy-
lation activity follows the same rule®®®°, we conclude that the gain in
methylation was driven by increased activity of DNMTIL. Taken toge-
ther, these results collectively support the functional role of DNMT1 in
mediating the elevation of DNA methylation in embryos derived from
Pramell5 KO oocytes.

Discussion

Global loss of DNA methylation is one of the most prominent and
evolutionarily conserved epigenetic reprogramming events during
mammalian preimplantation embryo development. However, unco-
vering the intricate molecular mechanisms governing this process has
been hindered by challenges stemming from limited research materi-
als and the need for unbiased investigative approaches. In our study,
we employed a reverse genetic screen with an oocyte cDNA expression
library to identify novel DNA methylation regulators. Through this
approach, we discovered a proteasomal-dependent mechanism
mediated by maternal factor Pramell5 in mouse early embryos. Pra-
mell5 finely tunes the nuclear abundance of DNMTI1 protein, thereby
regulating the global demethylation process.

DNMTL is primarily located in the cytoplasm of mouse oocytes
and preimplantation embryos, making it initially unexpected to
identify a nuclear regulatory mechanism. However, considering that
mouse early embryos express significant levels of both DNMT1 and
UHRF1°7, the presence of a residual fraction of these factors in the
nucleus, if without additional layers of regulation, may lead to dys-
regulation in the embryo’s methylome. Supporting this notion, while
the overall cellular abundance of DNMT1 remains relatively unchan-
ged in response to Pramell5 loss, a slight increase in DNMT1 protein
within the nucleus has been associated with higher DNA methylation
levels. Therefore, the passive DNA demethylation process in mouse
embryos appears to be sensitive to the nuclear level of DNMT1. Our
findings suggest that mammalian embryos employ at least two
independent strategies to control maintenance activity. These stra-
tegies involve the restriction of nuclear accumulation of main-
tenance factors and fine-tuning their abundance within the
nucleus (Fig. 7).

Although global loss of DNA methylation is a conserved feature
during mammalian embryo development, there is a lack of evidence
suggesting that DNMT1 and UHRF1 exclusively accumulate in the
embryonic cytoplasm of other mammalian species, including
humans™”, We hypothesize that the nuclear regulation of main-
tenance factors may play a more important role in other mammalian
species. Additionally, the intricate management of nuclear main-
tenance factor levels in mammalian embryos may determine inter-
species variation in the kinetics and extent of global demethylation’*.

The Pramell5-deficient embryos exhibited a slight yet significant
gain of DNA methylation. We interpret this finding as each blastomere
within the embryo randomly acquiring additional methylation at dif-
ferent CpG sites. This interpretation is supported by our observation
that statistical changes in different genomic features largely

recapitulated the global trend, along with the binary nature of CpG
methylation status in each allele. Therefore, there is likely significant
inter-blastomere variation in the impact of methylation gain within
individual cleavage-stage embryos. Since not every blastomere is
indispensable, a low-frequency random increase in methylation within
individual blastomeres may not severely impede embryonic develop-
ment. In line with our findings and previous analyses of Tet3 knockout
embryos'®?°, we propose that mouse embryos can tolerate a certain
degree of inefficient demethylation. To gain a comprehensive under-
standing of how global DNA reprogramming regulates embryo devel-
opment, further studies are warranted to decipher the underlying
intricate regulatory mechanisms.

We have identified Pramell5 as a substrate-recognition module for
the Cullin-family E3 ubiquitin ligase. Pramell5 belongs to the PRAME
(Preferentially expressed antigen of melanoma) family, which is highly
amplified in eutherian mammals’. More than thirty PRAME family
members are specifically expressed during gametogenesis and
development’’. However, only a few proteins have been investigated to
date, including Pramel7’®, Gm12794c¢ (also called Pramel19)”’, and
Pramef12 (also called Pramel13)®°-%2, Notably, Prame and Pramel7 have
also been characterized as substrate-recognition receptors of CRL2,
which degrade p14/ARF and UHRF1, respectively’®®. Therefore, it is
appealing to hypothesize that other PRAME family member(s) may
also involve CRL complexes to function, and embryonic DNMT1 could
be targeted by Pramell5 paralogs. The duplication of functionally
redundant genes critical for early embryo development appears to be a
common phenomenon, as exemplified by zygotic genome activation
regulators such as the Dux and Obox family proteins®**®. Further stu-
dies are required to identify the protein targets for each Prame paralog
and determine their functional redundancy during zygotic methylome
reprogramming.

In conclusion, our discoveries elucidate a layer of regulation for
DNA methylation reprogramming. While additional studies will be
necessary to determine the significance of Pramell5 and address the
issue of functional redundancy with other known and unknown reg-
ulatory mechanisms, our study sheds a light on our understanding of
the regulation of global DNA methylation reprogramming that occurs
at the beginning of life.

Methods

All experiments in this article comply with all relevant ethical regula-
tions and are approved by the Institutional Committee of the Institute
of Biophysics, Chinese Academy of Sciences. The animal experimental
protocols were approved by the Institutional Animal Care and Use
Committee of the Institute of Biophysics, Chinese Academy of
Sciences.

Cell lines and cell culture

HEK293-derived cell lines were cultured in DMEM (Life Technology)
supplemented with 10% FBS (Hyclone) and 1x penicillin-streptomycin
solution (BBI Life Sciences). TT2 mouse embryonic stem cells®-
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derived cell lines were cultured in DMEM (Gibco) with 10% KnockOut
Serum Replacement (Life Technologies), 1% FBS (Hyclone), 1% non-
essential amino acids (Sigma), 2mM L-glutamine (BBI Life Sciences),
1mM sodium pyruvate (Life Technologies), 0.1 mM (-mercaptoetha-
nol, 1000 U/ml mLIF (Novoprotein) and 1% Penicillin/Streptomycin
(BBI Life Sciences). Mouse ES cells used 0.1% Gelatin pre-coated the
culture dishes. All cells were grown at 37 °C and 5% CO,.

Constitutive and inducible expression cell lines based on HEK293
cells were established using a lentiviral system®. Lentiviral-expressing
vectors, together with packaging vectors pMDL, pRev, and pVSVG
(Invitrogen), were transfected into 293FT cells using VigoFect (Vigor-
ous). Virus-containing supernatant was collected, filtered, and used to
incubate T-Rex-293 cells for doxycycline-inducible Pramell5, or
HEK293 cells for constitutive expression of GFP-DNMTI. Stable
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Fig. 5 | Maternal loss of Pramell5 increased DNMTI1 level in embryonic nucleus.
a Line graph depicting the dynamics of Pramell5 mRNA and ribosome-protected
fragments (RPF) during early development, along with a bar graph showing the
translational efficiency (RFP/mRNA). Source data: GSE165782. b Representative
fluorescence images illustrating Pramell5 localization in GV oocytes, zygotes, and
2 C embryos that were microinjected with Pramell5-mCherry mRNA. These results
were repeated three times independently. ¢ Schematic representation of 3D
reconstruction from images acquired from a high-content imaging analysis system.
d Bar graphs showing relative DNMT1 intensity in the nuclei of zygotes. Zygotes
derived from WT (n =118) and Pramel15-KO (n =118) oocytes were collected 11-12 h
postin vitro fertilization. e Bar graphs showing relative DNMTL1 intensity of the male
(WT, n=58; KO, n=56) and female (WT, n=57; KO, n = 60) pronuclei, which were
defined based on nucleus size. f Bar graphs showing the relative DNMT1 intensity in
nuclei of zygotes (WT, n=49; KO, n =45), 2-cell embryos (2 C) (WT, n=67; KO,
n=57), 4-cell embryos (4 C) (WT, n=73; KO, n="71), 8-cell embryos (8 C) (WT,
n=139; KO, n=124), and morula embryos (WT, n=337; KO, n=185). DNMT1

intensity was normalized to the WT group at each stage. g, h Bar graphs showing
relative DNMT1 intensity in the nuclei of zygotes treated with DMSO (WT, n=107;
KO, n=145), MG132 (WT, n=100; KO, n=127), and MLN4924 (WT, n=126; KO,
n=143). Zygotes were transferred to HTF containing DMSO, 10 uM MG132, and

5 1M MLN4924 respectively 2 h after fertilization and cultured further for an
additional 9 h. For (d-h), each dot (n) in these figures stands for one analyzed
nucleus. Unpaired two-sided t-tests assuming unequal variances were performed.
Data are presented as mean value +s.d. i Genome was divided into 1 Mb bins.
Normalized counts of DNMT1 CUT&RUN represented DNMT1 level. CPM counts per
million. j DNMT1 level represented by the normalized counts in each corresponding
genomic bin. Genomic bins are ranked by read counts of H3K9me3 ChIP-seq in MII
oocytes. For (i, j) Unpaired two-sided Wilcoxon tests were performed. Boxplots
show median (center line), upper and lower quartiles (box limits), The upper
whisker extends to the largest value no further than 1.5x IQR from the hinge. The
lower whisker extends from the hinge to the smallest value at most 1.5 IQR of the
hinge. H3K9me3 ChIP-seq data source: GSM2588560.

transgenic cell lines were selected with puromycin, or fluorescence-
activated cell sorting (FACS). Cell lines were further validated by
Western blotting.

Constitutive and inducible expression cell lines based on TT2
mouse ES cells were established using a piggyBac (PB) transposon
system®, For the inducible Pramell5 cell line, a Tet Response Element-
driven Pramell5 and an rtTA gene, linked with a blasticidin-resistant
gene using a P2A peptide, driven by a constitutive promoter, were
inserted between PB elements. The vectors, along with plasmids
expressing PB transposase (PBase), were transfected into TT2 cells
using VigoFect. For the constitutive expression of Pramell5, a CAG-
promoter-driven PramellS was inserted between PB elements. Poly-
clonal cells with stably integrated transgenes were selected through
blasticidin treatment and validated by Western blotting.

Loci-specific DNA methylation analysis

For loci-specific DNA methylation analysis in cultured cells, purified
genomic DNA was bisulfite-converted using EZ DNA Methylation-
Lightning Kits (Zymo Research) following the manufacturer’s instruc-
tions. The loci of interest were PCR-amplified with TaKaRa Ex Taq
(TaKaRa), and the PCR products were cloned into T-vector using
PEASY-T5 Zero Cloning Kit (TransGen Biotech). Sanger sequencing
results were analyzed using BiQ Analyzer®. Bisulfite sequencing ana-
lysis utilized the following primers: CMV-BS-F1, GGGTTATTAGTTTA-
TAGTTTATATATGGA; CMV-BS-R1, ACCAAAATAAACACCACCCC.

UHPLC-MS/MS for 5mC and 5ShmC

Genomic DNA was purified using Wizard Genomic DNA Purification Kit
(Promega). The DNA was incubated with DNase I, calf intestinal
phosphatase, and snake venom phosphodiesterase I at 37 °C for 24 h,
and the resulting digest was filtered. A UHPLC-MS/MS method
described previously was employed to measure SmC and 5ShmC?°?,
using an Agilent 1290 Rapid Resolution LC system and a reverse-phase
Zorbax SB-C18 2.1 x100 mm column (1.8 um particles). The digested
DNA (5.0-10.0 pl) was injected onto the column, and nucleoside
separation was achieved with a mobile phase consisting of 95% water
(with 0.1% formic acid) and 5.0% methanol at a flow rate of 0.3 ml/min
using isocratic elution. To quantify 5SmC and 5hmC, the stable isotope
internal standard was used. At least 2 biological replicates were
performed.

Generation of Cul5 knockout (KO) cell lines

To generate Cul5-KO cell lines in TT2 mouse ES cells, we used a
homology-independent intron targeting method based on CRISPR/
Cas9 system with a minor modification’’. Briefly, we constructed a
donor plasmid by inserting a fragment containing a splice acceptor
(SA) site, P2A linker, BleoR gene, and polyA terminator into the pUC19
vector (Supplementary Fig. 3c). The insertion sequence was flanked by

two identical sequences that could be targeted by a single-guide RNA
(sgRNA) (GTCGTATTCATCGTGGCCAT). We co-transfected a SpCas9
plasmid, a sgRNA targeting the first intron of Cullin5 (CCGGGAGCC-
GAGCGCATCGA), a sgRNA targeting the flanking sequence, and the
donor plasmid into TT2 mouse ES cells. After 3 days, the population
was screened with zeocin before single cells were sorted into 96-well
plates by flow cytometry. The clonal cell lines were evaluated using
genomic PCR, reverse transcriptional-quantitative PCR (RT-qPCR), and
Western blotting to confirm Cul5 knockout.

Antibodies

Anti-Flag antibody (Abclonal, AEOOS5), anti-HA antibody (CST, 3724),
anti-Lamin B1 antibody (Protech, 12987-1-AP), anti-Cul5 antibody
(Santa Cruz, sc-373822), anti-Rbx1 antibody (Santa Cruz, sc-393640),
anti-H3 antibody (Abmart, MB9211), anti-GAPDH (Abclonal, AC002).
Home-made anti-DNMT1 antibody(N118) and anti-DNMTI anti-
body(M377) were described previously®”.

Immunoprecipitation (IP)

Harvested cells were washed twice with cold PBS. When starting with
cells that reached near confluency in a 3.5cm cell culture dish, the
pelleted cells were resuspended in 110 pl of IP buffer (20 mM HEPES-
NaOH pH 7.9, 150 mM NacCl, 5mM EDTA, and 5% glycerol) supplied
with 1% NP-40 and 1x protease inhibitor cocktail. For IP experiments
involving DNMT1 or UHRF]I, the lysis buffer was supplemented with
Cryonase Cold-Active Nuclease (Takara). Following 30 min incubation
on ice, the lysates were cleared by centrifugation at 13,000 x g for
30 min at 4 °C. A portion of the supernatants were saved as input, while
the remaining lysates were diluted to ten-fold volume using IP buffer.
The lysates were then incubated with 10 pl of pre-balanced affinity
agarose beads (anti-HA or anti-FLAG beads as indicated in figures)
overnight at 4 °C. Subsequently, the beads were washed five times with
Wash Buffer (20 mM HEPES-NaOH pH 7.9, 0.1% Triton X-100, 5mM
EDTA, and 150 mM or 500 mM NaCl as indicated in figures). After
careful removal of the Wash Buffer, the beads were boiled with 1x
Laemmli sample buffer for further analysis by Western blotting. For
silver staining or label-free quantitative mass spectrum, elution was
carried out by incubating the beads with 500 ug/ml FLAG peptide
solution.

Western blotting

Harvested cells were lysed and boiled in WCL buffer (10 mM HEPES-
NaOH pH 7.9, 2.5 mM EDTA, 1% SDS) for 30 min. After centrifugation,
the supernatants containing the whole cell lysate were collected. The
concentration of the lysate was determined with Detergent compatible
Bradford kit (Beyotime). The proteins were then separated by elec-
trophoresis on SDS polyacrylamide gradient gels and electroblotted
onto PVDF membranes. Blocking was performed with 5% (w/v) fat-free
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Fig. 6 | Maternal loss of Pramell5 increased DNA methylation level. a-c Global
DNA methylation levels in MII oocytes, zygotes, and 2-cell embryos derived from
WT or Pramell5-Het and Pramel15-KO oocytes. d Bar graph shows zygotic global
DNA methylation levels in paternal and maternal genomes of zygotes, splitting by
single nucleotide polymorphisms (SNPs) of DBA/2J and C57BL/), respectively. Two-
sided t-tests assuming unequal variances were performed. Data are presented as
mean value + s.d. e Global DNA methylation levels in parthenogenetic 1-cell
embryos derived from Pramel15-Het and Pramel15-KO oocytes. f Boxplots show
differences in mean CpG methylation of 1-Mb bins between parthenogenetic 1-cells
derived from Pramell5 Het and KO oocytes. Genomic bins are ranked by increase of
DNMTI1 CUT&RUN signal. For (a-c, e, f), Unpaired two-sided Wilcoxon tests were
performed. Boxplots show median (center line), upper and lower quartiles (box
limits), The upper whisker extends to the largest value no further than 1.5x IQR
from the hinge. The lower whisker extends from the hinge to the smallest value at
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most 1.5x IQR of the hinge. g, Bar graph shows differences in mean CpG methyla-
tion of 1-Mb bins between parthenogenetic 1-cells derived from Pramell5 Het and
KO oocytes. Genomic bins are ranked by read counts of H3K9me3 ChIP-seq in MII
oocytes. h Genome browser view of the difference of CpG methylation and
H3K9me3 density in parthenogenetic 1-cells derived from Pramell5 Het and KO
oocytes. H3K9me3 ChiIP-seq data source: GSM2588560. i Correlation of CpG
methylation changes and CpG number of 1-kb bins grouped by methylation levels
in MII oocytes j, The efficiency of DNA methylation maintenance during DNA
replication in 1-kb bins with varying CpG density. Replication-coupled (0 min) and
5 min after replication are shown. Data source: GSE131098. k Bar graph shows
differences in mean CpG methylation (mCG%yo — mCG%he) of 1-kb bins in par-
thenogenetic 1-cells, ranked by mean of total methylated CpG number for 1kb bins
in MIl oocytes.

milk in TBST (10 mM Tris-HCI pH 7.5, 500 mM NaCl, 0.1% Tween-20).
The primary antibody was diluted in the blocking solution and incu-
bation was performed overnight at 4 °C. The membranes were washed
three times with TBST for 10 min each, followed by incubation with
HRP-coupled secondary antibodies for 1 h at room temperature. After
three washes with TBST, the membranes were developed using
Immobilon Western HRP substrate (Millipore). The signal was

captured by X-ray films. All Western blot results were repeated at least
three times independently.

In vivo ubiquitin assay

HEK293 cells were transfected with plasmids expressing His-Ub and
Flag-DNMTI1(1-609aa), with or without Pramel15-HA as indicated. 40 h
after transfection, MG132 (20 pM) was added into the culture medium.

Nature Communications | (2024)15:7310

n


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51614-0

jaatatamint
aadasasn

Passive demethylation Active demetylation Maintenance methylation

JARRRRSANY CTET3D

C

Hemi-5mC
Ful-5mC -~ Cytoskeleton

5hmC

Tty

Poly-ubiquitin chain
Proteasome degradation

CRL

'E2" Pramelts

./

Proteasomes
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gramming in zygotes. To safeguard DNA methylation reprogramming in zygotes,
DNMT1 and UHRFI are regulated by multiple layers. NLRP14 has recently identified
as a factor regulating UHRF1 cytoplasmic retention**, and DNMT1 is restricted in
the cytoplasm by PADI6*. Meanwhile, DNMTT1 is actively exported from the
nucleus®. Factors involving nucleus exportation and cytoplasmic retention of
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DNMT1 are still unknown. In nucleus, TET3 is involved in DNA reprogramming by
actively demethylating some regions®. On the other hand, DNA methylation is
retained at some regions, such as imprinted regions, during the reprogramming,
which relies on DNMT1/UHRF1 in the nucleus?**>*, To prevent excess DNMT1 from
impairing DNA demethylation, Pramell5 target DNMT1 degradation via the
ubiquitin-proteasome system (UPS) by Cullin-RING E3 ligases recruitment.

Cells were harvested after 8 h of MG132 treatment. The cells were
washed twice with cold PBS and then lysed in denaturing lysis buffer
(20 mM Tris-HCI 8.0,150 mM NaCl, 5 mM EDTA, 0.1% Triton-X 100, 10%
glycerol, and 1% SDS) by boiling at 100 °C for 30 min. Following cen-
trifugation at 13,000 x g for 20 min, the supernatant was diluted with
10-fold volume of SDS-free denaturing lysis buffer. Immunoprecipita-
tion was performed with anti-Flag M2-affinity Beads (Sigma) at 4 °C
overnight. After extensive wash with Wash Buffer (20 mM Tris-HCI 8.0,
150 mM NaCl, 5mM EDTA, 0.1% Triton-X 100), the immunoprecipi-
tated proteins were eluted with 0.1 M glycine.

LC-MS/MS analysis for protein

After silver staining or Coomassie brilliant blue G-250 staining, the
proteins were excised from the gel and subjected to in-gel digestion.
The peptides were analyzed by nanoLC-MS/MS experiments on a Q
Exactive (Thermo Scientific) equipped with an Easy n-LC 1000 HPLC
system (Thermo Scientific).

The peptides were loaded onto a 100 pm id x 2 cm fused silica
trap column packed in-house with reversed phase silica (Reprosil-Pur
C18 AQ, 5 um, Dr. Maisch GmbH) and then separated on a 75 pum id x
20 cm C18 column packed with reversed phase silica (Reprosil-Pur C18
AQ, 3 um, Dr. Maisch GmbH). The peptides bound on the column were
eluted with a 78 min linear gradient. The solvent A consisted of 0.1%
formic acid in water solution and the solvent B consisted of 0.1% formic
acid in acetonitrile solution. The segmented gradient was 4-8% B,
8 min; 8-22% B, 50 min; 22-32% B, 12 min; 32-90% B, 1 min; 90% B,
7 min at a flow rate of 300 nl/min.

The MS analysis was performed with Q Exactive mass spectro-
meter (Thermo Scientific). With the data-dependent acquisition
mode, the MS data were acquired at a high resolution 70,000 (m/z
200) across the mass range of 300-1600 m/z. The target value was
3.00E+ 06 with a maximum injection time of 60 ms. The top 20
precursor ions were selected from each MS full scan with isolation
width of 2 m/z for fragmentation in the HCD collision cell with nor-
malized collision energy of 27%. Subsequently, MS/MS spectra were

acquired at resolution 17,500 at m/z 200. The target value was
5.00E + 04 with a maximum injection time of 80 ms. The dynamic
exclusion time was 40 s. For nanoelectrospray ion source setting, the
spray voltage was 2.0kV; the heated capillary temperature
was 320 °C.

The raw data from Q Exactive were analyzed with Proteome Dis-
covery version 2.2.0.388 using Sequest HT search engine for protein
identification and Percolator for FDR (false discovery rate) analysis.

Two biological replicates, containing one or two technical repli-
cates, were performed.

RNA isolation and quantitative real-time PCR

Total RNA from cell lines and tissues was extracted using the Total RNA
Extraction kit (Genstone Biotech) following the manufacturer’s
instructions. Reverse transcription was performed using HiScript Il Q
RT SuperMix for qPCR (+gDNA wiper) (Vazyme). Real-time PCRs were
performed on a 7500 Fast Real-Time PCR system (Thermo Fisher Sci-
entific), using the Taq Pro Universal SYBR qPCR Master Mix (Vazyme).
Primers of qPCR: GGAAGGTGAAGGTCGGAGT and GACAAGCTTCC
CGTTCTCAG for Gapdh; CGCCAGGAATCTGTAACAAAACA and CAGT
ACACGAGCCTGTGCTT for Cullins.

RNAi

siRNAs were synthesized by the Biological Resource Center of the
National Institute of Biological Sciences, Beijing. To knockdown Rbx1,
siRNAs (5-UCCAUAAUGUGGUUCCUGCAGAUGG-3') were transfected
with RNAIMAX (Invitrogen) at a final concentration of 10 nM following
the manufacturer’s instructions. The cells were harvested 72 h post-
transfection for following experiments.

Mice

All animal experiments were performed in accordance with the insti-
tutional guides for the care and use of laboratory animals and were
reviewed and approved by the institutional biomedical research ethics
committee of the Institute of Biophysics of the Chinese Academy of
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Sciences. All mice used in this research were euthanized by CO2
asphyxiation.

To generate Pramell5 knockout mice, mRNA encoding CRISPR-
Cas9 and gRNA targeting the first exon of Pramell5 (5-CTGTTGAAGCA
AGCCTACGA-3’), were injected into the zygotes of C57BL/6) mouse. At
the F1 generation, mutant mouse strains carried premature stop
codons were selected for further experiments. Genotyping was per-
formed by using specific PCR primers: 5-GATGGTTACCATCGTAGGC-
3’ and 5-ACCTGGAGTGGAATGAGCAG-3' for distinguishing WT and
KO alleles, and 5-CTCCACCACATCCTTGTACCC-3' and 5-CAAG
CCCTTACTCACACTCCAA-3 for distinguishing wild-type, hetero-
zygotes and homozygotes. For SNP analysis, sperms of DBA/2) male
mice were used for in vitro fertilization.

WT and Ptamell5-KO mice were bred separately in the same
facility in standard cages in a specific pathogen-free facility, main-
tained on a 12 h light/dark cycle, and given unrestricted access to food
and water.

Oocyte collection

GV oocytes were collected from the ovaries of superovulated 3- to 8-
week-old female mice. The mice were sacrificed 48 h after intraper-
itoneal injection with 5 IU of pregnant mare serum gonadotropin
(PMSG) (San-Sheng Pharmaceutical). The ovaries were isolated and
transferred to M2 medium containing 0.2 mM IBMX (Sigma). Inflated
follicles were punctured with a 27-gauge needle to release the
cumulus-oocyte complexes (COCs). The adhering cumulus cells were
removed by gentle pipetting.

To collect MII oocytes, female mice (3- to 10-week-old) were
superovulated by injecting 5 IU of PMSG, followed by injection of 5 IU
human chorionic gonadotropin (hCG) (San-Sheng Pharmaceutical)
48 h later. Mll oocytes were released from the cumulus cells by treating
them with 0.1% hyaluronidase (Sigma) in M2 medium. Cumulus cells
adhered to the zona pellucida were removed by gently pipetting.

In vitro fertilization, parthenogenesis, and development
The procedure of in vitro fertilization was carried out as previously
described”. Briefly, the sperm was isolated from dissected epididymis
and capacitated for 1h in YTH medium supplemented with 0.75 mM
methyl-B-cyclodextrin (MBCD). COCs were collected and incubated
with capacitated sperm for 3-4 h, before being washed and transferred
to HTF medium. Zygotes with two pronuclei were selected at 12 to 14 h
post insemination (hpi) and cultured in KSOM* medium (Millipore).
Embryos at different development stages were collected at specific
time points: early 2-cell embryos at 19-20 hpi, late 2-cell embryos at
34-36 hpi, 4-cell embryos at 42-44 hpi, 8-cell embryos at 56-58 hpi,
early blastocysts at 74-76 hpi, and late blastocysts at 88-90 hpi.
Parthenogenesis was carried out as described previously®*. Briefly,
MII oocytes were collected 14 h post-hCG injection. Parthenogenesis
activation was initiated in Ca**-free M16 medium supplied with 10 mM
SrCl,. Oocytes were transferred to HTF medium at 2.5-3 h post acti-
vation (hpa). At 12 hpa, oocytes with one pronucleus were collected as
pseudo-zygotes.

Immunofluorescence

For immunofluorescence in cultured cells, cells were cultured on poly-
D-lysine coated coverslips. Following washing twice with PBS, cells
were fixed with 4% PFA for 15 min at room temperature. After three
washes with PBS containing 0.1% Triton X-100 and 0.1 M glycine, cells
were permeabilized with PBS containing 0.5% Triton X-100 for 15 min
at room temperature. Following incubation in Blocking Buffer (PBS
containing 3% BSA and 0.1% Triton X-100) for 1 h at room temperature,
the samples were incubated with primary antibodies diluted in
Blocking Buffer at room temperature for 2 h or at 4 °C overnight. After
extensive wash with PBS containing 0.1% Triton X-100 (PBST) for 3
times, the samples were incubated with fluorophore-conjugated

secondary antibodies diluted in Blocking Buffer for 1h at room tem-
perature. Cells were then washed three times with PBST, and stained
with DAPI (Sigma).

For immunofluorescence in oocytes and whole embryos, the
procedure was slightly modified: firstly, staining was performed in a
U-bottom 96-well plate and the samples were transferred by mouth
pipetting. Secondly, the blocking, primary antibody, and secondary
antibody incubation steps were all performed at 4 °C overnight to
ensure efficient antibody penetration and buffer exchange.

In vitro transcription

For microinjection, Pramell5-mCherry mRNA was produced using
MMESSAGE mMACHINE™ T7 Transcription Kit (Invitrogen). The tem-
plate DNA was prepared by PCR with the primer pairs containing T7
promoter at 5’ end (5-TAATACGACTCACTATAGGGAGAATGAGCAGC
AAGCCCTTACT-3’, 5-TCACTTGTACAGCTCGTCCATGC-3'). Following
instructions of the kit to perform in vitro transcription, the mRNA
products were recovered by lithium chloride precipitation. The RNA
pellet was resuspended in RNase-free H,O and determined con-
centration for further application or store at —80 °C.

Image acquisition and quantification

The fluorescent images were captured with Opera Phenix high
throughput and high content imaging analysis system (PerkinElmer
Life Sciences), and the raw data was processed and quantified with
Harmony High-Content Imaging and Analysis Software. In some cases,
fluorescent images were acquired with an LSM700 confocal micro-
scope (Carl Zeiss), and the raw images were processed with ZEN
software. Bright-field images of embryos were captured using an 1X73
microscope (Olympus). The processed data were analyzed in Graph-
Pad Prism 10 Software.

For confocal image acquisition of oocyte and embryo samples,
the mid-section of a nucleus was manually determined based on
maximal area. For oocytes stained with anti-DNMT], the Z layer that
was both closed to mid-section and contained DAPI-dense pericentric
heterochromatin was chosen.

To quantify signal intensity in culture cells and embryos, multiple
layers of images were captured with the Opera Phenix high throughput
and high connotation imaging analysis system. To quantify the inten-
sity of DNMTT1 in nuclei of embryos, the images were captured at 1 pm
intervals to reconstruct the 3D model of the whole embryos. The
nuclear regions were defined by H3 immunofluorescent signal because
DAPI or Hoechst tends to condense on heterochromatin, which makes
it hard to define the entire nucleus accurately.

CUT&RUN

CUT&RUN of DNMTI in parthenogenetic 1-cells was performed
according to the protocol previously described’”® with some mod-
ifications. Briefly, cumulus cell-free MIl oocytes were activated in Ca**-
free M16 medium containing 10 mM SrCl, and 5 pg/ml cytochalasin B.
The parthenogenetic 1-cells were moved to KSOM medium 8 h post
activation. The zona pellucida (ZP) was remove by 0.1% pronase E
(Sigma, 107433). The ZP-free cells were incubated with Ab buffer
(20 mM HEPES, pH 7.5,150 mM NaCl, 0.5 mM spermidine, 2 mM EDTA,
0.02% Digitonin, and 1x protease inhibitor cocktail) containing DNMT1
antibody (M377) at 4 °C overnight. Following washing with Dig-wash
buffer (20 mM HEPES, pH 7.5,150 mM Nacl, 0.5 mM spermidine, 0.02%
Digitonin, and 1x protease inhibitor cocktail) twice, the cells were
incubated with Dig-wash buffer containing 500 ng/pl of pA-MNase
(Vazyme, S701-01) at 4 °C for 3 h. Following washing with Dig-wash
buffer twice, the 1-cells were moved into 1.5 ml tubes and incubated
with activated Con-A beads at room temperature for 10 min. Removing
the supernatant on magnetic stand, 21 pl of cold Reaction buffer (Dig-
wash buffer with 2mM CaCl,) was added and incubated on ice for
30 min. Then, 7pl of cold 4x STOP buffer (80 mM EGTA, 0.02%
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Digitonin, 100 pg/ml RNase A) was added and mixed. The tubes were
incubated at 37 °C for 30 min and then placed on magnetic stand. The
supernatant was transferred into a 0.2 mL MAXYMum Recovery Thin
Wall PCR tube (Axygen) and performed library construction by VAHTS
Universal Pro DNA Library Prep Kit for Illlumina (Vazyme, ND608) fol-
lowing the manufacturer’s instructions.

Whole-genome DNA methylation analysis

For whole-genome DNA methylation analysis in oocytes or embryos,
PBAT libraries were generated according to the protocol previously
described® with some modifications. Briefly, 20-50 of oocytes or
embryonic cells were collected into a 0.2 mL MAXYMum Recovery
Thin Wall PCR tube. Cell was lysed in 20 pl of lysis buffer (10 mM Tris-
HCI, pH 8.0, 1 mM EDTA, 0.3% Triton X-100, 1 mg/ml Qiagen Protease),
and incubated at 50 °C for 60 min, followed by 75 °C for 15 min. To
evaluate the bisulfite conversion rate, 0.5 pg of unmethylated ADNA
was also added to the lysate. Bisulfite conversion was carried out using
EZ DNA Methylation-Lightning Kits. The converted DNA was eluted
with 20 pl of ddH,O into a 1.5ml DNA LoBind Tube (Eppendorf).
A mixture containing 2.5pl of 10x BLUE buffer, 1pl of 10 mM
dNTPs, and 1pl of 10 uM Biotin-PBAT-F (5-biotin-ACACTCTTTCCCT
ACACGACGCTCTTCCGATCTNNNN-3’) was added to the eluted DNA.
The mixture was incubated at 75 °C for precisely 3 min and then cooled
ice immediately. 1 pl of Klenow 3'-5" exo- Fragments (50 U/pl, Tiangen)
was added to the mixture on ice, and biotin-tagged strands were syn-
thesized by following process: Incubate at 4 °C for 5 min then raise to
20 °C at arate of 1°C every 15 s, incubate at 20 °C for 5 min, then raise
to 37°C at a rate of 1°C every 15, and incubate at 37 °C for 60 min.
Three cycles of synthesis by replenishing the reaction components
were recommended to improve coverage. Excess primers were
digested by exonuclease I (NEB) and the DNA was purified using 0.8x
VAHTS DNA Clean Beads (Vazyme). Biotin-tagged DNA strands were
captured by Dynabeads M280 (Invitrogen, streptavidin-coupled). The
Dynabeads were then washed with 0.1 M NaOH and 10 mM Tris-HCI pH
8.0 twice. Second DNA strands were synthesized directly on M280
beads using Klenow fragments with random primers (5-AGAC
GTGTGCTCTTCCGATCTNNNN-3’). The beads were washed with
10 mM Tris-HCI pH 8.0 and directly subjected to PCR amplification.
Final library was amplified with 2x KAPA HiFi HotStart ReadyMix for 15
PCR cycles. PCR products were purified with 0.8x VAHTS DNA Clean
Beads. PBAT libraries were sequenced using Illumina NovaSeq 6000
platform.

Data processing

Each WGBS library was sequenced in 100-bp paired-end reads, with
average data amount of 48G bp per sample. All samples were prepared
with 2 or 3 biological replicates (Supplementary Table 1). Sequencing
quality of raw reads was first assessed by FastQC (v0.12.1) and then
filtered low-quality and adapter sequences with Trim_galore (v0.6.10)
(trimming parameters: -clip R2 3 -three_prime_clip R1 4 -three_
prime_clip_R2 4). Trimmed read pairs were aligned to GRCm38/mm10
assembly of the mouse genome using BitmapperBS (v1.0.2.3). Mapped
reads were then deduplicated and sorted with Sambamba (1.0.0).
Methylation information was then extracted from deduplicated reads
using MethylDackel (v0.6.1). For allelic assignment of sequencing
reads to their parental origin, SNPsplit (v0.6.0) was used based on the
SNP information of DBA/2J (Supplementary Tables 2, 3). After con-
sistency check among replicates, methylation information of repli-
cates was merged for higher depth and clarity (C/T counts of each CpG
site were added up).

For genomic segment analysis, the genome is divided into con-
tinuous intervals of 1 kb or 1 Mb. It is required that at least one CpG site
is covered every 200 bp average. The methylation level of each bin is
calculated as the ratio of C/(C +T) for all CpG sites within the interval.
When comparing KO and Het samples, bins that are covered by both

samples are selected for comparison. The total methylation level of
each interval in MIl oocytes is the sum of methylation levels for all CpG
sites within the interval. The reads number of H3K9me3 within each
interval are sorted from low to high, and then evenly divided into the
desired number of groups according to their ranks. In the analysis
related to the number of CpG sites, a limit is set so that the number of
CpGs in a1-kb interval does not exceed 30 (which includes over 90% of
the sites), to avoid regions with low methylation in CpG islands. The
above analysis was performed with custom R scripts, which are avail-
able upon request.

For the CUT&RUN data analysis, each library was sequenced with
150-base pair paired-end reads. The initial quality of these raw reads
was evaluated using FastQC (version 0.12.1). After assessment, low-
quality sequences and adapter sequences were filtered out using Trim
Galore (version 0.6.10). Following trimming, the paired reads were
aligned to the mouse reference genome (mm10) using Bowtie2 with its
default parameters. Duplicate reads were identified and removed to
ensure data accuracy. The mouse genome was segmented into
1-megabase (1-Mb) bins, and the reads aligning to each bin were
counted. These counts were then normalized to a total sequencing
depth of 1 million read pairs to standardize the signal across samples.
The normalized counts represent the DNMT1 signal in each corre-
sponding genomic region.

Statistics & reproducibility

The WGBS and CUT&RUN data were analyzed in R v.3.4.0. The other
statistical analyses were performed with GraphPad Prism 10. No
statistical method was used to predetermine sample size. At least two
biological replicates were used in each experiment unless otherwise
stated. In bar plot, data are presented as mean + s.d. In box plots, the
center line represents the median, the box limits show the upper and
lower quartiles and the whiskers represent 1.5x the interquartile
range. Unpaired two-sided ¢-tests or unpaired two-sided Wilcoxon
tests were used to calculate the P values indicated in the figure
legends, for assessment of the statistical significance of differences
between groups. P values <0.05 were regarded as statistical sig-
nificance. When analyzing DNMTI1 levels in the nucleus by immuno-
fluorescence, if the nuclear volume defined by the H3 signal was too
large or too small compared to the population, the sample was
omitted from subsequent analyses to avoid the effect of abnormal
values (Fig. 5d-h, Supplementary Fig. 5c). The Investigators were
not blinded to allocation during experiments and outcome
assessment.

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

Data availability

The raw sequence data of WGBS and CUT&RUN generated in this
paper have been deposited in the Genome Sequence Archive in
National Genomics Data Center, China National Center for Bioinfor-
mation / Beijing Institute of Genomics, Chinese Academy of Sciences
under GSA accession code CRA013324. The H3K9me3 ChIP-seq data
was adopted from NCBI GEO database under the accession of
GSM2588560%”. The Hammer-seq data was adopted from NCBI GEO
database under the accession of GSE131098°®, The mass spectrometry
proteomics data generated in this study have been deposited in the
ProteomeXchange Consortium via the iProX partner repository” %
with the dataset identifier PXD052998. Source data are provided with
this paper.

Code availability
Custom codes used for data analysis in this paper can be found on
Figshare [https://doi.org/10.6084/m9.figshare.26493205].
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