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Fertilization in mammals is accompanied by an intense period of chromatin remodeling and major changes in nu-
clear organization. How the earliest events in embryogenesis, including zygotic genome activation (ZGA) during
maternal-to-zygotic transition, influence such remodeling remains unknown. Here, we have investigated the es-
tablishment of nuclear architecture, focusing on the remodeling of lamina-associated domains (LADs) during this
transition. We report that LADs reorganize gradually in two-cell embryos and that blocking ZGA leads to major
changes in nuclear organization, including altered chromatin and genomic features of LADs and redistribution of
H3K4me3 toward the nuclear lamina. Our data indicate that the rearrangement of LADs is an integral component of
the maternal-to-zygotic transition and that transcription contributes to shaping nuclear organization at the begin-
ning of mammalian development.
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Inmammals, development begins upon fertilization of the
oocyte by the sperm, two highly differentiated cells, and
gives rise to the one-cell embryo, or zygote. After fertiliza-
tion, the chromatin of the two gametes undergoes an in-
tense period of chromatin remodeling, which is essential
to start a new developmental program. As part of this re-
modeling, histone modifications are reset and re-estab-
lished genome-wide with different developmental
kinetics, a process that continues until at least 3.5 d later
at the blastocyst stage (Burton and Torres-Padilla 2014;
Xia and Xie 2020). For example, the oocyte is character-
ized by broad H3K4me3 domains, which are inherited
by the zygote and are largely remodeled during the first
two embryonic cell divisions (Dahl et al. 2016; Liu et al.
2016; Zhang et al. 2016). In addition, heterochromatin
progressively matures and the patterns of H3K27me3
and H3K9me3 emerge gradually during preimplantation
development (Liu et al. 2016; Wang et al. 2018; Burton
et al. 2020). This time window is also characterized by a
robust expression of transposable elements (Peaston
et al. 2004; Fadloun et al. 2013) with H3K4me3 peaks
known to be enriched for repeats in mouse preimplanta-
tion embryos (Zhang et al. 2016).
Early development is initially supported by maternal

transcripts, which are synthesized during oocyte growth

and inherited by the embryo. The embryo transitions
away from the dependence on maternal supplies in a pro-
cess referred to as maternal-to-zygotic transition (MZT)
(Schultz 2002; Li et al. 2013; Vastenhouw et al. 2019).
MZT occurs through several processes, including the acti-
vation of the embryonic genome and the degradation
of maternal transcripts. In mice, embryonic genome acti-
vation, referred to as zygotic genome activation (ZGA),
occurs in two waves: A minor wave of transcriptional ac-
tivation occurs at the late zygote stage, and a major, more
substantial transcriptional wave occurs at the late two-
cell stage (Zeng and Schultz 2005; Abe et al. 2018; Schulz
and Harrison 2019).
The 3D nuclear organization in the early embryo is also

heavily remodeled (Pecori and Torres-Padilla 2023). In
mice, A and B chromatin compartments are initially
not well defined and compartment strength increases
gradually during preimplantation development. Likewise,
topologically associating domains (TADs) also mature
progressively during this period, with TAD boundaries be-
coming progressively insulated as development proceeds
(Du et al. 2017; Flyamer et al. 2017; Ke et al. 2017). Lam-
ina-associated domains (LADs) are genomic regions that
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make contact with the nuclear lamina (van Steensel and
Belmont 2017) and can reshuffle stochastically after mito-
sis (Kind et al. 2013). Interestingly, LADs are rapidly
established after fertilization, and thus LAD formation
precedes consolidation of TADs. In fact, 67% of the
LADs established in zygotes correspond to “constitutive”
LADs (cLADs) (Borsos et al. 2019), which are cell-type-in-
variable LADs (Meuleman et al. 2013). However, LADs
also become rearranged as development progresses, in par-
ticular at the late two-cell stage, where LADs have atypi-
cal features compared with cLADs and LADs in other cell
types (Peric-Hupkes et al. 2010). For example, two-cell
stage LADs are smaller and appear fragmented compared
with the zygote stage and display distinctive genomic fea-
tures, including relatively low CpG density and AT
content (Borsos et al. 2019). Such unusual spatial arrange-
ment is transient, as LADs in the four-cell stage do not
show such features. Almost 42% of the zygotic LADs re-
position to the nuclear interior at the two-cell stage, and
two-cell-specific LADs emerge (Borsos et al. 2019). How-
ever, how such large-scale genome rearrangement is regu-
lated, and whether developmental processes such as ZGA
contribute to these changes in nuclear organization is not
known.

Here, we analyzed the rearrangement of LADs that oc-
curs during MZT and defined the role of zygotic genome
activation in this process. Our work indicates that LAD
reorganization in two-cell embryos is gradual and dynam-
ic. By inhibiting ZGA with two different inhibitors, we
show that transcriptional activity at ZGA contributes to
LAD reorganization. Surprisingly, transcriptional inhibi-
tion of RNA polymerase II results in a redistribution of
H3K4me3 domains to the nuclear periphery, which is ac-
companied by the large-scale repositioning of LADbound-
aries and the sequestration of major ZGA genes at the
nuclear lamina. Our work sheds light onto the molecular
determinants of nuclear organization at the beginning of
mammalian development.

Results

LAD reorganization in two-cell embryos is gradual
and dynamic

To investigate the temporal definition and molecular reg-
ulators of the changes in nuclear organization that occur
during ZGA, we focused on LADs. We previously mapped
LADs inmouse zygotes beforemitosis and in late two-cell
stage embryos, which are separated by ∼24 h. In order to
obtain a better temporal resolution of LADs during devel-
opment, we firstmapped LADs in early two-cell stage em-
bryos using LaminB1-DamID (Borsos et al. 2019), which
corresponds to the end of G1 phase of the second embry-
onic cell cycle, prior to the major ZGA wave (Fig. 1A;
Jukam et al. 2017; Schulz and Harrison 2019). Overall, ge-
nome-wide DamID values correlated equally to zygotes
and to late two-cell stage embryos (Fig. 1B), suggesting
that LADs have intermediate features between the two
stages. In addition, despite their similar correlation, the
range of DamID values in early two-cell stage ismore sim-

ilar to zygote than to late two-cell stage embryos (Fig. 1B).
To investigate this further, we performed principal com-
ponent analysis using the DamID methylation values
(Fig. 1C), which indicated that early two-cell LaminB1-
DamID values indeed separate between late two-cell stage
and zygotes along PC2, while PC1 separates later develop-
mental stages, including eight-cell stage and embryonic
stem (ES) cells (Fig. 1C).

We next defined LADs based on the LaminB1-DamID
values by using a hidden Markov model (HMM) as before
(Meuleman et al. 2013). Visual inspection of LADs con-
firmed the expected fragmented LADprofile characteristic
of late two-cell stage embryos, comparedwith zygotes (Fig.
1D; Borsos et al. 2019). Early two-cell LADs appeared to be
of an intermediate nature, showing both small fragmented
LADs and larger continuous LADs (Fig. 1D). Indeed, the
median LAD length in early two-cell stage embryos was
1.8 Mb (interquartile range 0.9–3.6 Mb), compared with a
median length of 2.25 and 0.9 Mb in zygotes and late
two-cell stage embryos, respectively (Fig. 1E). In addition,
the percentage of the genome located at the nuclear lamina
in early two-cell stage embryos (42.12%) was intermediate
between zygotes (36.40%) and late two-cell stage embryos
(48.34%), potentially suggesting that the genome largely
reorganizes by moving toward the nuclear lamina progres-
sively during this stage (Fig. 1F). The average genomic AT
content was clearly higher in early two-cell LADs com-
pared with inter-LADs (iLADs) and was similar to the zy-
gote (Fig. 1G). On the other hand, the pattern of gene
density between LADs and iLADs in early two-cell embry-
os was more similar to the late two-cell stage embryo, in
contrast to the zygote, in which iLADs displayed a much
higher gene coverage comparedwith LADs (Fig. 1H). Final-
ly, CpG density in early two-cell stage embryos displayed
an intermediate enrichment in iLADs compared with zy-
gotes and late two-cell stage embryos (Fig. 1I). Altogether,
these data indicate that LADs at the two-cell stagemature
gradually during the complete cell cycle with evolving
molecular and genomic features. This suggests that dy-
namic rearrangement of genome–lamina contacts occurs
during interphase progression. The latter is in line with re-
cent work that has demonstrated that LADs evolve over
the cell cycle in human cells in culture (van Schaik et al.
2020).

Repositioning of LADs following mitosis correlates
with gene and TE class expression

To investigate the potential determinants and the dynam-
ics of LAD reorganization upon the first mitosis and dur-
ing the two-cell stage in more detail, we first examined
whether and when LADs dislodge from the nuclear lami-
na (e.g., when they become iLADs) and vice versa. We
found that rearrangement of the genomic regions in
iLADs and LADs occurs both between zygotes and early
two-cell stage embryos and between early and late two-
cell stage embryos (Fig. 2A). For example, 19% of iLADs
become LADs between zygotes and early two-cell stage
and remain LADs at the late two-cell stage (iL-L-L) (Fig.
2A). However, we also found that 21% of zygotic iLADs
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remain iLADs in early two-cell stage embryos but become
associated with the nuclear lamina at the late two-cell
stage (iL-iL-L) (Fig. 2A). Additionally, only a small propor-
tion of the genome (2.2%) behaves as “transient” early
two-cell stage iLADs: These are regions that are LADs in
zygotes and late two-cell stage embryos but dislodge
from the nuclear lamina and are iLADs in early two-cell

stage embryos (L-iL-L) (Fig. 2A). However, in line with
our previous findings (Borsos et al. 2019), around half of
the genome (57%) does not rearrange between zygotes
and two-cell stage embryos—35% remain as LADs and
22% remain as iLADs (L-L-L and iL-iL-iL) (Fig. 2A). These
data indicate that the rearrangements of the genome are
progressive and occur both after the first embryonic
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Figure 1. LAD reorganization in two-cell embryos is gradual and dynamic. (A) Schematic with time line of early development in mouse
embryos and DamID collection time points. (hphCG) Hours post-hCG. (B) Genome-wide scatter plots (100-kb bins) of observed over ex-
pected (OE) Dam-LaminB1 mean scores from three biological replicates. Spearman’s correlation coefficients are indicated. (C ) Principal
component analysis (PCA) of DamID samples. Zygote and late two-cell, eight-cell, and embryonic stem (ES) cell population DamID data
analyzed fromGSE112551 (Borsos et al. 2019). Each data point represents a biological replicate for the corresponding stages as indicated by
the color code. The percentage of variance explained by PC1 and PC2 is indicated in the axis labels. (D) Dam-LaminB1OE value profiles on
chromosome 1. Boxes below the tracks represent LADs called by HMM. (E) Distribution of LAD length. Violin plots show the 25th and
75th percentiles (black lines) andmedian (circles).n indicates the number of LADs called, shown below the violin plots. (F ) The percentage
genomic coverage of LADs and iLADs. (G–I) AverageAT content (G), gene coverage (H), andCpGdensity (I ) (calculated in 100-kb genomic
bins) over LADboundaries of their own developmental stage. Zero and the dotted line represent the position of the LAD/iLADboundary in
the metaplot, and the 1.5-Mb region at the right indicates LAD.

ZGA and nuclear organization in early embryos
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mitosis and along with the progression of the second cell
cycle at the two-cell stage.

Because major ZGA starts during the two-cell stage
(Jukam et al. 2017; Schulz and Harrison 2019), we next
asked whether the genome rearrangements that we ob-
served are associated with the genes activated at ZGA
(major ZGA genes) (Park et al. 2015). We found that

most major ZGA genes (1111 out of 1462 genes) are locat-
ed inside constant iLADs (iL-iL-iL; odds ratio 1.4) (Fig. 2B).
The remainder of major ZGA genes displayed changes as-
sociated with repositioning both from the nuclear interior
(iLADs) to the nuclear lamina (LADs) and toward the nu-
clear interior at the early or late two-cell stage (Fig. 2B).
However, ∼80% of the major ZGA genes (234 out of
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Figure 2. Repositioning of LADs following mitosis correlates with gene and TE class expression. (A) Alluvial plot showing LAD reorga-
nization duringmaternal-to-zygotic transition between zygotes and early and late two-cell stage embryos, respectively. (L) LAD, (iL) inter-
LAD. (B) Pie charts showing distribution of all genes andmajor ZGA genes in groups of reorganizing genomic bins. The color code for the
groups of reorganizing genomic bins is the same as inA. (C ) Enrichment of genomic features (MT2_Mm, LINE-1,major ZGA,minor ZGA,
and all gene coverage) in each group. The average density of all genomic bins was used as expected value. (D,E) Metaplot of minor ZGA
gene density (D) and MT2_Mm enrichment (E) on LAD boundaries of the corresponding developmental stage. Zero and the dotted line
represent the position of the LAD/iLADboundary in themetaplot, and the 1.5-Mb region at the right indicates LAD. (F,G) Gene expression
levels (log2 RPKM) (F ) and log2 fold change of gene expression (G) contained within each of the LAD/iLAD pattern groups comparing zy-
gotes with early and late two-cell embryos. Note that we excluded transcripts from maternal genes. Single-cell RNA-seq data were ana-
lyzed from GSE45719 (Deng et al. 2014). Box plots show median, and the interquartile range and the plots are colored based on mean
values. n indicates the number of genes analyzed in each group.
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290) that are repositioned in two-cell stage embryos be-
come repositioned to the nuclear interior at either the ear-
ly or late two-cell stage (Fig. 2B). Thus, while most major
ZGA genes are located in iLADs in zygotes and two-cell
stage embryos, a proportion of major ZGA genes changes
their association with the nuclear lamina at the early and
late two-cell stage.
We next performed the opposite analysis and asked

whether the genomic regions that become repositioned
with respect to the nuclear lamina between the zygote
and late two-cell stage embryos are enriched in ZGA
genes. Overall, cLADs and iLADs that become LADs in
both two-cell stages are depleted of major ZGA genes
(L-L-L and iL-L-L) (Fig. 2C) but not minor ZGA genes
(Fig. 2C). In addition, the zygotic iLADs that reposition
to the nuclear lamina by the end of G1 phase of two-cell
stage embryos (iL-L-L) are enriched in minor ZGA genes
(odds ratio 1.41) (Fig. 2C). This observation is further sup-
ported by the clear switch of minor ZGA gene density
from outside the LAD boundary to inside LADs in early
two-cell stage embryos (Fig. 2D). Interestingly, we also ob-
served a strong enrichment of MT2_Mm (a MERVL-de-
rived LTR) coverage, but not of LINE-1 elements, in
transient early two-cell stage inter-LADs (L-iL-L) (Fig.
2C). Instead, LINE-1 elements are enriched in regions go-
ing away from the nuclear lamina from the early to the
late two-cell stage (L-iL-iL and L-L-iL) (Fig. 2C), coinciding
with their increase in expression levels (Supplemental Fig.
S1A; Fadloun et al. 2013; Jachowicz et al. 2017). Notably,
MERVL elements shifted their 3D localization complete-
ly at this developmental time: Genomic regions just out-
side the early two-cell stage LAD boundaries became
highly enriched in MERVL (MT2_Mm), in contrast to
both the zygotic and late two-cell stages, which display
neither enrichment nor depletion (Fig. 2E). These data
suggest that MERVL elements move toward the nuclear
interior (iLADs) at the early two-cell stage, where they
are particularly enriched at the LAD–iLAD boundaries.
Considering that MERVL elements are highly and tran-
siently expressed at the early two-cell stage (Ishiuchi
et al. 2015; Kruse et al. 2019; Liu et al. 2020; Sakashita
et al. 2023), these observations establish that the reposi-
tioning of MERVL-containing LADs into iLADs at this
stage is concordant with their transcriptional activation
prior tomajor ZGA. Thus, we next addressed whether lev-
els of gene expression in general are associated with spe-
cific changes of LADs and iLADs that occur during this
time window. Because oocytes carry maternal transcripts
that accumulate during oocyte growth, we removed ma-
ternal genes fromour analysis to avoid the confounding ef-
fects of oocyte-inherited transcripts present in the zygote.
Genes in LADs at the two-cell stage showed the lowest
transcript abundance regardless of whether such LADs
were cLADs or iLADs prior to the two-cell stage (Fig.
2F). Indeed, changes in gene expression occurred in re-
gions of the genome that repositioned into LADs at the
two-cell stage, with a clear reduction in expression from
the zygote to the late two-cell stage but notably also
when compared with the early two-cell stage (Fig. 2G).
Consistent with our observation that most major ZGA

genes remainwithin iLADs (Fig. 2B), we noted a higher ex-
pression of associated genes in the late two-cell stage em-
bryos (iL-iL-iL) (Fig 2F,G). Thus, our data indicate a
dynamic repositioning of a subset of LADs and iLADs dur-
ing the two-cell stage that correlates with the transcrip-
tional activity of genes contained therein. In addition,
MERVL elements are a unique feature of early two-cell
stage iLADs.

Transcriptional inhibition results in large-scale
alterations in LADs at the two-cell stage

TAD borders are known to be remodeled to a certain ex-
tent by transcriptional activity in cultured cells and in
Drosophila embryos (Li et al. 2015; Hug et al. 2017; Row-
ley et al. 2017). However, the extent to which transcrip-
tional activity remodels nuclear architecture in mouse
embryos is not fully characterized. Thus, to address
directly whether and how transcription during ZGA af-
fects LADs, we performed DamID for LaminB1 in late
two-cell stage embryos after incubationwith two different
RNA polymerase (Pol II) inhibitors: α-amanitin and DRB.
WhileDRB inhibits transcriptional elongation through in-
hibition of RNA Pol II serine 2 phosphorylation (Dubois
et al. 1994), α-amanitin results in full transcriptional inhi-
bition, including via RNA Pol II degradation (Nguyen
et al. 1996; Bensaude 2011; TNakatani, T Schauer, L Alta-
mirano, et al., in prep.). We incubated embryos with either
of the two inhibitors continuously from the early zygote
stage until the late two-cell stage under conditions known
to prevent ZGA (Abe et al. 2018; Liu et al. 2020; T Naka-
tani, T Schauer, L Altamirano, et al., in prep.) and mapped
LADs at this stage (Fig. 3A). PCA revealed that embryos in
which ZGAwas inhibited clustered together regardless of
the inhibitor used and separately from untreated embryos
(Fig. 3B). The samples segregated based on their develop-
mental stage along PC2, and both DRB- and α-amanitin-
treated late two-cell stage embryos separated from un-
treated embryos along PC1 and localized closest to the
early two-cell stage untreated samples along PC2 (Fig.
3B). These observations suggest that while inhibition of
ZGA results in a genome–nuclear lamina interaction pro-
file that is more similar to embryos in which major ZGA
has not yet occurred (early two-cell stage), transcriptional
inhibition leads also to additional profound alterations
(Supplemental Fig. S1B). This suggests that ZGA contrib-
utes to the LAD rearrangement that occurs in late two-
cell stage embryos but is not the sole determinant of
this process. Globally, the genome-wide interactions
with the nuclear lamina were affected to a similar extent
upon the treatment of the two inhibitors (Spearman’s r=
0.76) (Fig. 3C), but we noted slightly a stronger effect
upon DRB treatment compared with α-amanitin treat-
ment when correlated to both untreated early and late
two-cell stage embryos (Fig. 3D,E). This could potentially
be due to the differences in the mode of action of the two
inhibitors (Bensaude 2011).
Visual inspection of DamID methylation levels and

LADs over chromosome tracks revealed that late two-
cell stage embryos treated with both α-amanitin and

ZGA and nuclear organization in early embryos
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DRB contain LADs that are less fragmented than the un-
treated late two-cell stage embryos (Fig. 3F). These data
suggest that transcriptional activity underlies the unusual

spatial arrangement of LAD patterns in late two-cell stage
embryos, characterized by small fragmented LADs (Bor-
sos et al. 2019). To further investigate this, we asked
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Figure 3. Transcriptional inhibition results in large-scale alterations in two-cell LADs. (A) Schematic representation of the experimental
design for late two-cell DamID upon inhibition of minor and major waves of ZGA with either α-amanitin or DRB. (hphCG) Hours post-
hCG. (B) Principal component analysis (PCA) of DamID samples. Each data point represents a biological replicate for the corresponding
condition as indicated by the color code. The percentage of variance explained by PC1 and PC2 is indicated in the axis labels. (C–E) Ge-
nome-wide scatter plot of mean OE values. Spearman’s correlation coefficients are indicated. (F ) Dam-LaminB1 OE mean value profiles
and called LADs on chromosome 1 in control (WT) early and late two-cell embryos along with α-amanitin- or DRB-treated late two-cell
embryos. (G) Average log2 normalized counts calculated on 100-kb genomic bins for zygotes and early and late two-cell stage embryos
analyzed from GSE45719 (Deng et al. 2014) plotted over late two-cell stage LAD boundaries. Zero and the dotted line represent the posi-
tion of the LAD/iLAD boundary in the metaplot, and the 1.5-Mb region at the right indicates LAD. (H) Violin plots showing size distri-
bution of LADs. The number of LADs is indicated below. (I ) The percentage of genome coverage of LADs and inter-LADs. (J,K) Average
Dam-LaminB1 DamID signal over untreated early (J) and late (K ) two-cell stage LAD boundaries.
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whether the edges of fragmented LADs are defined by the
transcriptional activity, based on RNA-seq, centered over
LAD boundaries at the late two-cell stage. Indeed, we
found that transcript levels at the late two-cell stage are
highest in the proximity of these boundaries compared
with the surrounding genomic regions and in comparison
with either zygotes or early two-cell stage embryos (Fig.
3G). These analyses suggest that higher transcriptional ac-
tivity characterizes LAD boundaries at the late two-cell
stage. Consistent with a potential role for ZGA in LAD
fragmentation, the number of LADs was lower in DRB-
and α-amanitin-treated embryos comparedwith untreated
late two-cell stage embryos, while themedian LAD length
was higher (2 and 1.6 Mb vs. 0.9 Mb, respectively) (Fig.
3H). This resulted in an increased percentage of genome
localized into LADs upon DRB and α-amanitin treatment
(Fig. 3I). Thus, transcriptional inhibition during ZGA
leads to the association of a larger portion of the embryon-
ic genome with the nuclear lamina. Careful examination
of LADs on chromosome plots (Fig. 3F) suggested that al-
though the number of LADs after transcriptional inhibi-
tion was intermediate between the number of LADs in
untreated early and late two-cell stage embryos (Fig.
3H), some changes in the positioning of the LAD boundar-
ies appeared in embryos treatedwithDRB and α-amanitin.
To further investigate this, we plotted the DamID scores
of DRB- and α-amanitin-treated two-cell embryos over
the early and late two-cell stage boundaries of control em-
bryos. These analyses indicate that treatment with DRB
and α-amanitin results in a complete remodeling of
wild-type LAD boundaries (Fig. 3J,K).

Atypical features of lamina-associated chromatin emerge
upon inhibition of ZGA

To further understand the role of transcription in regulat-
ing nuclear organization, we next investigated inmore de-
tail the impact of ZGA inhibition on LAD and iLAD
rearrangement at the two-cell stage. For this, we first com-
pared LADs and iLADs in α-amanitin-treated embryos
with the LADs and iLADs in zygotes and late two-cell
stage embryos. While α-amanitin treatment did not affect
the repositioning of some genomic regions that typically
move toward the nuclear lamina at the two-cell stage
(iL-L-L) (Fig. 4A), 36% of zygotic iLADs relocated to the
nuclear lamina upon α-amanitin treatment (iL-L-iL) (Fig.
4A). This indicates that α-amanitin treatment precludes
the formation of a subset of LADs and iLADs that normal-
ly form at the two-cell stage. Interestingly, “de novo
LADs” formed in two-cell embryos treated with α-amani-
tin are enriched in major ZGA genes (iL-L-iL contain 939
out of 1462major ZGA genes; odds ratio 1.71) (Fig 4B). We
obtained similar results with DRB-treated embryos (Sup-
plemental Fig. S1C,D). We found that major ZGA genes
are enriched in proximity to zygotic iLAD boundaries
(Fig. 4C; Supplemental Fig. S1E), suggesting that regions
inside iLADs transform into LADs by transcriptional inhi-
bition. Indeed, we observed that zygotic iLADs, which are
enriched for major ZGA genes, become LADs upon α-am-
anitin or DRB treatment (Fig. 4D; Supplemental Fig. S1E,

F). Consequently, major ZGA genes became enriched in-
side of LAD boundaries in embryos treated with α-amani-
tin and with DRB, which was not the case in untreated
late two-cell stage embryos (Fig. 4C). Thus, we conclude
that major ZGA genes relocate to the nuclear lamina
upon transcriptional inhibition.
The rearrangement of the genome with respect to the

nuclear lamina upon transcriptional inhibition was ac-
companied by a change in the genomic features of LADs
and iLADs. Namely, while LADs are typically character-
ized by higher AT content compared with iLADs (Meule-
man et al. 2013), LADs in α-amanitin- and DRB-treated
embryos have lower AT content than iLADs, and this ef-
fect is particularly visible close to the LAD boundaries
(Fig. 4E). We next investigated the distribution of LINE-1
and SINE B2 elements since they are known to be en-
riched in LADs and iLADs, respectively, in differentiated
cells (Meuleman et al. 2013; Lenain et al. 2017). We found
that, in contrast to the controls, LADs become depleted in
LINE-1 elements and enriched in SINE B2 elements upon
transcriptional inhibition (Fig. 4F; Supplemental Fig.
S1G). This was surprising, as it suggested that LINE-1 el-
ements become repositioned toward the nuclear interior
in spite of their transcriptional silencing (Supplemental
Fig. S1H).We confirmed these observations by performing
DNA-FISH for LINE-1, which showed a global visual re-
distribution of LINE-1 toward the nuclear interior in
two-cell stage embryos upon transcriptional inhibition
(Supplemental Fig. S1I), validating the DamID data.
Thus, the relocalization of LINE-1 elements into iLADs
occurs in the absence of transcription.
We also analyzed the levels of H3K4me3, which we pre-

viously showedwas involved in LAD establishment in zy-
gotes (Borsos et al. 2019). We found that levels of
H3K4me3 anticorrelate with LaminB1-DamID methyla-
tion levels in control two-cell stage embryos (Fig. 4G), in
agreement with our previous observations (Borsos et al.
2019). Because of the known association of H3K4me3
with transcriptional activation (Santos-Rosa et al. 2002),
we next asked whether H3K4me3 levels are affected
upon inhibition of ZGAandwhether those potential alter-
ations relate to the LAD rearrangements that we observed
upon transcriptional inhibition. For this, we first reana-
lyzed publicly available data sets of H3K4me3 from late
two-cell stage embryos incubated with α-amanitin (Zhang
et al. 2016). Remarkably, visual inspection of H3K4me3
levels across chromosome tracks suggested that α-amani-
tin treatment led to a redistribution of H3K4me3-marked
regions, which highly corresponded to LaminB1-DamID
methylation levels (Fig. 4H). Indeed, genome-wide analy-
sis of H3K4me3 enrichment across all LADs and iLADs
indicates that while H3K4me3 levels are higher in iLADs
in control two-cell stage embryos (Fig. 4I), treatment with
α-amanitin and DRB led to a complete reversion of this
pattern, with H3K4me3 accumulation at LADs and deple-
tion in iLADs (Fig. 4H,J). These observations suggest that
inhibition of ZGA leads to a distribution of the genomic
regions that contain H3K4me3 toward the nuclear lami-
na. We further confirmed this by performing immunos-
taining for H3K4me3 in late two-cell stage embryos
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following DRB and α-amanitin treatment (Fig. 4K). These
experiments revealed a drastic change in the localization
of H3K4me3: While H3K4me3 is distributed throughout
the nucleoplasm in control embryos, it becomes strongly
enriched in the nuclear periphery, forming a clear rim
around the nucleus in embryos treated with DRB and
α-amanitin (Fig. 4K; Supplemental Fig. S2A). We also ob-
served an apparent enrichment of H3K4me3 around the
nucleolus precursors (NLBs) after transcriptional inhibi-
tion (Fig. 4K; Supplemental Fig. S2A), reflecting the
known overlap between LADs and nucleolus-associated
domains (NADs) (Bizhanova et al. 2020; Bersaglieri et al.
2022). Analysis of additional histone modifications by
immunostaining indicated that other marks typically
linked with active transcription, such as H3K9ac, dis-
played behavior similar to that of H3K4me3 and became
visually enriched at the nuclear periphery (Supplemental
Fig. S2B). However, a classical repressive histone modifi-
cation, H3K9me3, did not show this behavior (Supple-
mental Fig. S2C). Overall, we conclude that inhibition of
RNA polymerase II activity in early embryos leads to
the rearrangement ofH3K4me3-enriched regions and, per-
haps more globally, of regions marked by active histone
modifications toward the nuclear periphery and the re-
modeling of LAD boundaries. The mechanism behind
this remodeling and whether this may reflect chromatin
condensation changes upon global transcriptional inhibi-
tion remain to be established. Thus, inhibition of ZGA
leads to a change in the genomic and chromatin features
of LADs.
Previous work has shown that remodeling of H3K4me3

broad domains to a more canonical pattern after fertiliza-
tion requires transcriptional activation at ZGA (Zhang
et al. 2016). In addition, H3K4me3 broad domains have
been postulated to be inhibitory for transcription (Dahl
et al. 2016). Thus, we hypothesize that the impaired re-
modeling of H3K4me3 upon transcriptional inhibition of
ZGA results in the sequestration of these domains to
the nuclear lamina, in keeping with their transcriptional
silent state. While TAD borders are remodeled by tran-
scriptional activity in cultured cells and in Drosophila
embryos (Li et al. 2015; Rowley et al. 2017), in mouse
embryos transcription does not appear to be necessary to
consolidate TAD borders and compartments in preim-
plantation embryos (Du et al. 2017; Ke et al. 2017). How-
ever, we found that inhibiting ZGA leads to a drastic
remodeling of genome–lamina interactions and of LAD
boundaries. To further investigate the relationship be-
tween LADs and compartments upon transcriptional in-
hibition, we analyzed DamID values in A and B
compartments in control embryos at the two-cell stage.
DamID-LaminB1 values are higher in the B compartments
at the two-cell stage in control embryos, as expected (Fig.
4L). However, this pattern is reversed upon α-amanitin
and DRB treatment, primarily due to an increase of
DamID values within the A compartments but also due
to a reduction in lamina interactions of the B compart-
ment regions (Fig. 4L). Indeed, the A compartment regions
move toward intermediate Dam-LaminB1 values ge-
nome-wide, resulting in a global positive correlation be-

tween compartment score and OE values in α-amanitin-
and DRB-treated embryos (Fig. 4M). Thus, the A compart-
ment regions gain lamina interactions upon transcription-
al inhibition, and overall, compartments display an
altered pattern of genome–nuclear lamina interactions
upon transcriptional inhibition.

Discussion

Altogether, our data provide novel temporal resolution to
the rearrangement of LADs during the maternal-to-zygot-
ic transition and demonstrate that inhibition of transcrip-
tion during ZGA leads to major changes in LAD
organization. Whether a complete transcriptional inhibi-
tion in cells in culture also affects LADs has not been in-
vestigated and will be interesting to address in the future.
It is intriguing that before the major wave of ZGA, in zy-
gotes, LADs show genomic features that are more similar
to constitutive LADs across cultured cell types, including
LINE-1 enrichment at the nuclear periphery (Fig. 4F; Sup-
plemental Fig. S2D). However, transcriptional inhibition
during ZGA leads to unusual features of LADs. LINE-1-
enriched genomic regions relocalize toward the nuclear
interior, andH3K4me3-marked chromatin starts associat-
ing with the nuclear lamina in late two-cell embryos,
which is strikingly different from cultured cells or prema-
jor ZGA wild-type zygotes (Supplemental Fig. S2D). This
suggests that during maternal-to-zygotic transition, the
naturally evolvingmolecular characteristics of embryonic
nuclear organization—in this case of LADs—are depen-
dent on ZGA. From a broader perspective, this implies
that the nuclear rearrangement of LADs is an integral
component of MZT. The remodeling of nuclear organiza-
tion after fertilization is considered to be a major event of
epigenetic reprogramming occurring at these stages and is
not restricted to mice but occurs in other mammals and
vertebrates (Pecori and Torres-Padilla 2023). Our results
indicate that transcription contributes to the remodeling
of one of the pillars of nuclear organization; that is, LAD
rearrangement. Interestingly, unlike TADs, LADs are
globally unaffected upon inhibition of replication in both
zygotes and two-cell stage embryos (Borsos et al. 2019).
In contrast, transcriptional inhibition does not affect
TAD consolidation (Du et al. 2017; Ke et al. 2017), and
thus the contribution of ZGA toward the different pillars
of nuclear organizationmay differ, as well as their depend-
ency toward the differentDNAand chromatin-related pro-
cesses. Future work will determine whether and how
other chromatin processes affect nuclear organization.
Our work sheds light onto the molecular mechanisms

that occur during fundamental developmental process
and how they shape the epigenomic landscape in early
mammalian embryogenesis.

Materials and methods

Embryo collection, culture, and manipulation

All experiments were approved by the government of Upper Ba-
varia. Mice housed in Helmholtz Zentrum München were
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maintained and bred in accordance with institutional guidelines.
To obtain embryos, 5- to 8-wk-old F1 (C57BL/6J ×CBA/H) female
mice were mated with DBA/2J males. To induce ovulation, fe-
males were injected with 10 IU of pregnant mare serum gonado-
tropin (PMSG; Ceva) and then 46–48 h later with human
chorionic gonadotrophin (hCG; MSD Animal Health). Collected
embryos were cultured in KSOM drops under paraffin oil (Sigma)
at 37°Cwith 5%CO2 as previously described. ForDamID in early
two-cell embryos, zygotes (18 h post-hCG) were isolated and in-
jected with 250 ng/μL Tir1, 50 ng/μL membrane-eGFP, and
10 ng/μL AID-Dam-LaminB1 and cultured inmedium containing
500 μMauxin. Auxinwas removed just aftermitosis for 4–6 h, and
early two-cell embryos were collected at 34–36 h post-hCG. For
DamID in transcription-inhibited late two-cell embryos, zygotes
(18 h post-hCG) were injected with 250 ng/μL Tir1, 50 ng/μL
membrane-eGFP, and 10 ng/μL AID-Dam-LaminB1-coding
mRNA and cultured in KSOM containing 500 μM auxin and ei-
ther 0.1 mg/mL α-amanitin (BioChemica) or 100 μM DRB (Santa
Cruz Biotechnology). To allow methylation of LADs in the
late two-cell stage, auxin was washed out from 42 to 48 h post-
hCG, and embryos were cultured in KSOM containing either
0.1mg/mL α-amanitin or 100 μMDRB. For immunofluorescence,
zygotes (18 h post-hCG)were isolated and cultured in KSOMcon-
taining 0.1 mg/mL α-amanitin or 100 μM DRB until 48 h post-
hCG.

DamID sample processing and library preparation

The zona pellucidawas removed by treatmentwith 0.5%pronase
in M2 at 37°C. Polar bodies were separated from the embryos by
gentle pipetting after trypsin treatment and discarded. For each
replicate, a pool of 10–20 blastomeres (five to 10 two-cell embry-
os) was collected in 2 μL of DamID buffer (10 mMTRIS acetate at
pH 7.5, 10 mM magnesium acetate, 50 mM potassium acetate)
and stored at −80°C until downstream processing. All experi-
ments were performed in three independent biological replicates.
Sample processing and library preparation were done as described
previously (Borsos et al. 2019; Pal et al. 2021).

DamID sequencing and analysis

Sampleswere sequenced using IlluminaHiSeq4000 orHiSeq2500
platforms in 150-bp PE mode, but only read1 was used for down-
stream analysis. For preprocessing of reads, the first six random
bases were discarded using trimmomatic (version 0.39). Subse-
quently, the reads were demultiplexed according to DamID in-
dexes using a Fastx barcode splitter, and the additional 15 bp of
adaptors was trimmed using trimmomatic. The preprocessed
reads starting with GATC were then mapped to mm10 using
bowtie2 (version 2.3.5) with default parameters. Reads aligning
to the genomewith a quality score <30were discarded using sam-
tools (version 1.3). Duplicates were removed using picard (version
2.21.1) to finally obtain unique GATC reads. The computation of
OE (observed/expected) values per 100-kb bin was carried out as
described previously (Kind et al. 2015). LaminB1-DamID data
from zygotes and late two-cell stage embryos were obtained
from our previous study (GSE112551; Borsos et al. 2019). For
data visualization and LAD calling, the OE mean signal of all
three replicates was used. To distinguish LADs from inter-
LADs, a two-state hidden Markov model (HMM) (Filion et al.
2010) was applied to nonzero OE mean values.

Immunofluorescence

Embryos were fixed in 4% PFA for 20 min at room temperature
and permeabilized in PBS containing 0.5% Triton-X for 20 min.

Embryos were kept in blocking buffer (3% BSA in PBS) for
4–5 h and then incubated overnight in primary antibody
(H3K4me3, 1:250 [Diagenode C15410003]; H3K9ac, 1:250
[Abcam ab4441]; and H3K9me3, 1:100 [Active Motif 39286]) di-
luted in blocking buffer. After overnight incubation, samples
were washed three times in PBS and stained with secondary anti-
bodies conjugated with Alexa fluor 555 or Alexa fluor 647 in
blocking buffer for 2–3 h. After three washes in PBS, embryos
weremounted in 3Dusing VectaShield (Vector Laboratories) con-
tainingDAPI. Confocal imagingwas performedusing a 63× oil ob-
jective in a Leica SP8 confocal microscope.

Whole-mount DNA-FISH

LINE-1 DNA-FISHwas performed as previously described (Jacho-
wicz et al. 2017). LINE-1 probes (L1spa) were labeled with home-
made TAMRA-dATP with a nick translation kit (Roche) and
purified with a QIAquick PCR purification kit (Qiagen). Confocal
imaging was performed using a 63× oil objective in a Leica SP8
confocal microscope.

Image analysis

Image analysis was performed with ImageJ software’s plot profile
function. Example lines for obtaining intensity profiles were
drawnmanually, avoidingNLBs. The results were then processed
and plotted using R (version 4.1.2). Intensity values were
smoothed using the rollmean function with k =21 from the zoo
package (version 1.8–12). Smoothed values were minimum/max-
imum-scaled such that the final values ranged between 0 and 1.

RNA-seq analysis

The RNA-seq data set for wild-type zygotes and early and late
two-cell stage embryos was obtained from GEO with accession
numberGSE45719 (Deng et al. 2014), processed expression values
(RPKM)were downloaded, and themean RPKM for each develop-
mental stage was calculated. DBTMEE maternal RNA genes
(Park et al. 2015) were excluded from RPKM and log2 fold change
analysis of RNA-seq data. Formetaplot analysis of RNA-seq data,
readswere aligned to theGRCm38 reference genome using STAR
(version 2.7.6a), and mapped reads were counted in 100-kb geno-
mic bins using the GenomicAlignments (version 1.30.0) and
GenomicRanges (version 1.46.1) R packages. Read counts were
normalized to the total number of reads and multiplied by 1 mil-
lion. Metaplots at LAD boundaries were generated on the log2
normalized counts using custom R scripts. RNA-seq data for α-
amanitin and control two-cell stage embryos were obtained
from GEO with accession number GSE72784 (Dahl et al. 2016).

Analysis of transposable elements and ZGA genes

TE annotation for the mm10 genome was obtained from the
Hammell laboratory repository (https://labshare.cshl.edu/shares/
mhammelllab/www-data/TEtranscripts/TE_GTF/mm10_rmsk_
TE.gtf.gz). A list ofminor andmajorZGAgeneswas considered ac-
cording to DBTMEE (Park et al. 2015) classification. TE and ZGA
genedensitywas calculatedusing thebedtools (version2.31.0) cov-
erage function in100-kbgenomicbins (same resolutionasDamID).
Metaplots onLADboundarieswere generatedusing deepTools. For
enrichment analysis of TEs and ZGA genes in reorganizing geno-
micbins, the average densityof all genomicbinswasusedas the ex-
pected value. TE expression analysis from RNA-seq data was
performed using TEtranscripts (version 2.2.3, https://github.com/
mhammell-laboratory/TEtranscripts). Briefly, reads were aligned
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to theGRCm38referencegenomeusingSTAR(version2.7.6a)with
parameters ‐‐outFilterMultimapNmax 100 and ‐‐winAnchorMul-
timapNmax 100. Reads were counted at genes and TEs using
TEcount with parameters ‐‐mode multi and ‐‐stranded no. Read
countswerenormalizedbyanormalization factor thatwasthetotal
sum of the reads per sample divided by the mean total sum of all
samples.After log2 transformation, themedianof all LINE-1 family
elements was taken for each sample and visualized as a dot plot.

Hi-C data analysis

Hi-C compartment coordinates and scores were obtained from
GEO with accession number GSE82185 (Du et al. 2017) and ana-
lyzed as described in Borsos et al. (2019).

Analysis of H3K4me3 data sets

H3K4me3 ChIP-seq data sets were downloaded from GEO with
accession number GSE71434 (Zhang et al. 2016). After trimming,
reads were aligned to the GRCm38 reference genome using bow-
tie2 (version 2.3.5). Reads were filtered by mapping quality score
using samtools (version 1.3)with parameter -q 12. Read pairswere
read into R using the readGAlignmentPairs function from the
GenomicAlignment package (version 1.30.0) and were filtered
for unique fragments. Fragments were counted in 50-kb consecu-
tive genomic bins, normalized by the sum of the fragments
counts, and multiplied by 1 million. Metaplots on LAD boundar-
ies were generated using deepTools.

Data availability

DamID data sets generated in this study have been deposited in
GEO under accession number GSE241483.
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