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Oocytes display a maternal-specific gene expression profile, which is switched to a zygotic profile when a haploid 
set of chromatin is passed on to the fertilized egg that develops into an embryo. The mechanism underlying this tran-
scription reprogramming is currently unknown. Here we demonstrate that by the time when transcription is shut down 
in germinal vesicle oocytes, a range of general transcription factors and transcriptional regulators are dissociated from 
the chromatin. The global dissociation of chromatin factors (CFs) disrupts physical contacts between the chromatin and 
CFs and leads to erasure of the maternal transcription program at the functional level. Critical transcription factors and 
regulators remain separated from chromatin for a prolonged period, and become re-associated with chromatin shortly 
after pronuclear formation. This is followed temporally by the re-establishment of nuclear functions such as DNA rep-
lication and transcription. We propose that the maternal transcription program is erased during oogenesis to generate 
a relatively naïve chromatin and the zygotic transcription program is rebuilt de novo after fertilization. This process is 
termed as the “erase-and-rebuild” process, which is used to reset the transcription program, and most likely other nuclear 
processes as well, from a maternal one to that of the embryo. We further show in the accompanying paper (Gao T, et al., 
Cell Res 2007; 17:135-150.) that the same strategy is also employed to reprogram transcriptional profiles in somatic cell 
nuclear transfer and parthenogenesis, suggesting that this model is universally applicable to all forms of transcriptional 
reprogramming during early embryogenesis. Displacement of CFs from chromatin also offers an explanation for the 
phenomenon of transcription silence during the maternal to zygotic transition. 
    Cell Research (2007) 17: 117-134. doi: 10.1038/cr.2007.1; published online 6 February 2007
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Introduction

In mice, transcription ceases in the germinal vesicle 
(GV)  oocytes [1-5]. Once ceased, it remains silent until zy-
gotic genome activation (ZGA) takes place approximately 
9-10 h after fertilization [6-9]. Between the two time points,  
from transcription cessation to resumption, the maternal 

transcription profile is reprogrammed to that of the embryo. 
The molecular mechanism responsible for the reprogram-
ming process underlying both normal development and 
somatic cell nuclear transfer (SCNT) is currently unknown 
[10-13]. Understanding the underlying mechanism is of 
central importance to developmental biology.

Three hypotheses have been proposed previously to 
explain transcription silence during embryogenesis: (1) 
transcription before middle blastula transition might be 
prevented by the rapid cell cycle during early Xenopus 
development [14-16]; (2) inhibitory factors in eggs might 
repress transcription [17-19]; and (3) deficiency [20] in or 
absence [21, 22] of critical transcriptional factors might 
cause transcription silence. These hypotheses, focusing 
mainly on events after fertilization, did not take into account 
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events causing transcription cessation during oogenesis or 
spermatogenesis. 

Several studies examined the expression levels and/or 
functional status of transcription factors or regulators dur-
ing oogenesis, and found that nuclear concentrations of 
several transcription factors, such as SP1 and TATA-box-
binding protein (TBP), decrease during oocyte growth [23]. 
In addition, it was found that the component of the RNA 
polymerase II holoenzyme is dephosphorylated and trans-
located away from active sites [5, 24-27], and members of 
the polycomb group proteins (Ring1B and Rae28/Ph1) are 
dissociated from meiotic chromatin in GV oocytes [28]. 
Although it is conceived that these events could cause a 
deficient transcription in fully grown oocytes [5, 23, 25, 26], 
the scope and the data of the investigations were too limited 
to provide a sufficient explanation for the genome-wide 
transcription inactivation. Nor did these studies explain 
how these events contribute to reprogramming the gene 
expression profile. The issue is further complicated by the 
demonstration that subunits of the RNA polymerase I, 
upstream-binding factor (UBF), and proteins involved in 
rRNA processing and ribosome biogenesis remained as-
sociated with the nucleoli-like body when transcription 
had already been downregulated in surrounding nucleolus 
(SN) oocytes [29]. The primary mechanisms underlying 
transcription inactivation remains to be determined [3].

In eukaryotic cells, mRNA transcription begins with 
the assembly of the preinitiation complex on the promoter 
[30-33]. The pathway leading to gene transcription is also 
regulated in nearly every step by distinct multiprotein 
complexes, many of which bind to specific regulatory 
elements to regulate the generation of transcripts, and to 
modify nucleosomal and higher order chromatin structures. 
The combinatorial function of these chromatin factors 
(CFs) generates enormous specificities that define a given 
transcription profile. We hypothesized that switching from 
the maternal transcription profile to a zygotic one is ac-
companied by a global change in the CF-binding pattern 
on chromatin. One potential mechanism to achieve such 
a change efficiently is to erase the existing transcription 
program to generate a relatively naïve chromatin, onto 
which the zygotic program can be installed subsequently. 
To test this hypothesis, we examined dynamic changes in 
the relationship between chromatin and CFs in GV oocytes 
and early one-cell embryos.

Here we report that a broad range of CFs including es-
sential transcription factors is dissociated from chromatin 
during the first meiotic cycle, which results in erasure of the 
maternal transcription program. Most CFs then re-associate 
with chromatin after fertilization subsequent to pronuclear 
formation. Re-association between chromatin and CFs is 
soon followed by the re-establishment of nuclear func-

tions such as DNA replication [34, 35] and transcription 
[6-9]. Our results provide a new conceptual framework 
for transcription reprogramming. First, disassembly of the 
transcription apparatus and regulatory machinery is the 
primary cause responsible for transcription inactivation 
during oogenesis. Second, transcription reprogramming 
begins in oogenesis, well before fertilization. Oogenesis 
has an important, but not yet fully appreciated, function to 
erase the maternal transcription program so as to prepare 
the chromatin for zygotic development. Third, the maternal 
transcription program is transformed to the zygotic program 
through an across-the-board “erase-and-rebuild” process, 
instead of a restricted chromatin remodeling process, as 
implied by the existing data in the literature. Fourth, tran-
scription silence at the transition point between the two 
generations is, for most part, a phenomenon intrinsically 
related to transcription reprogramming. It represents an 
inert status of the chromatin after the maternal transcription 
program is disassembled and before the zygotic equivalent 
is established. Fifth, the egg contains most, if not all, es-
sential components for assembling the zygotic transcrip-
tion program, and assembles it to the appropriate diploid 
chromatin of distinct origins. Sixth, the “erase-and-rebuild” 
process is also responsible for transcription reprogramming 
in SCNT and parthenogenesis [71]. It thus appears that a 
common strategy is used to build new life cycles in distinct 
forms of reproduction.

Materials and Methods

Mouse strains 
Oocytes were obtained from F1 female mice between Kunming 

white and ICR (Center for Experimental Animals, Chinese Academy 
of Sciences, Shanghai, China). One-cell embryos were produced by 
crossing F1 female to Kunming male mice. To ensure that results 
obtained are not specific to a certain mouse strain, major observa-
tions in oocytes or one-cell embryos were verified on other mouse 
strains, either Kunming white or F1 from DBA and C57 (Beijing, 
China http://www.vitalriver.com.cn).

Collection of GV oocytes and one-cell embryos 
To collect oocytes before ovulation, female F1 mice (5-6 weeks 

old) were injected with pregnant mare serum gonadotropin (PMSG, 
10 IU). Forty eight hours later, ovaries were dissected and punctuated 
with 28-G needles in Hepes-buffered CZB [36], containing 3 mg/ml bo-
vine serum albumin (BSA) to free oocytes. Three-isobutyl-1-methyl 
xanthine (IBMX, 0.2 mM) was added to the medium to inhibit GV 
breakdown. Oocytes were cultured in MEMα (Invitrogen, Carlsbad, 
CA, USA) supplemented with 3 mg/ml BSA, 1 mg/ml Fetuin, 1 ng/ml 
EGF and 100 ng/ml FSH at 37 °C, 5% CO2 for 0.5, 1, 2, or 6 h, 
respectively. 

To collect MII oocytes, F1 female mice were injected with 10 
IU PMSG and followed 48 h later by 10 IU hCG. Oocytes at the 
MII stage were obtained from oviducts 18-20 h post-hCG injection. 
Cumulus cells were removed in 0.5% hyaluronidase (Sigma).
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1Optimized protocol(s) for immunochemical studies of oocytes and one-cell embryos using the antibody.

One-cell embryos were obtained from mated female mice 15-25 h 
post-hCG injection and cultured in CZB medium at 37 °C, 5% CO2 
to desired developmental stages. 

Nuclear transfer into GV oocytes or MII eggs 
A single NIH3T3 cell was inserted under the perivitelline space of 

a GV oocyte. The cell and oocyte were fused with two DC pulses (240 
V/cm, 20 μs, BTX Cell Manipulator 2001) in a solution composed 
of 0.3 M sorbitol, 0.1 mM calcium-acetate, 0.1 mM magnesium 
acetate and 0.5 mg/ml FFA-BSA (Sigma). Immediately after fusion, 
reconstructed GV oocytes were incubated in MEM containing IBMX 
for 1 h and stained with Hoechest 33342 (Sigma). Being in culture 
for 6 to 8 h (5 h before nuclear transfer (nt), 1 h after nt, plus the 
time for nt operation), most oocytes were already in partly-SN (pSN) 
or SN configurations [2, 3]. Reconstructed oocytes were incubated 
in MEMα without IBMX for an additional 2 to 5 or 12 h to obtain 
oocytes at later meiotic stages. Nuclear transfer into intact MII eggs 

was carried out using an established method except that the enucle-
ation step was omitted [37]. 

Classification of GV oocytes and one-cell embryos 
GV oocytes have been classified into the NSN type, pSN type, and 

SN type using criteria established previously [1, 4, 5, 38-41]. 
One-cell embryos before pronuclear formation were classified 

according to meiotic stages of the maternal chromosomes and col-
lectively called “early one-cell embryos”. Embryos after pronuclear 
formation were classified into stages 1-5, according to Adenot et al. 
(1997) [35]. For convenience, one-cell embryos after pronuclear 
formation are collectively termed “later one-cell embryos”.

BrUTP incorporation  
The BrUTP incorporation assay was performed according to a 

published method [42]. 

Table 1 Antibodies used in this study
CF                                   Company         Cat No.   Dilution                Protocol1

TBP
TRF3
TAF1
TAF1
TAF4
TFIIA
TFIIB
Pol II
Pol II
BRF1
AP2α
BRG1
BGR1
SRG3
INI1
YY1
HDAC1
HDAC2
HDAC2
MeCP2
MBD2a,b
HP1α
HP1α
HP1β
HP1β
Topo IIα
Topo IIα
TopoIIβ
Ac- H4

Santa Cruz Biotechnology Inc.
Abgent, USA
Santa Cruz Biotechnology Inc.
Santa Cruz Biotechnology Inc.
BD Biotechnology Inc.
Santa Cruz Biotechnology Inc.
Santa Cruz Biotechnology Inc.
COVANCE Biotechnology Inc.
Santa Cruz Biotechnology Inc.
generated in house
Santa Cruz Biotechnology Inc.
Santa Cruz Biotechnology Inc.
Santa Cruz Biotechnology Inc.
Santa Cruz Biotechnology Inc.
Santa Cruz Biotechnology Inc.
Santa Cruz Biotechnology Inc.
Santa Cruz Biotechnology Inc.
Upstate Biotechnology Inc.
Santa Cruz Biotechnology Inc.
Santa Cruz Biotechnology Inc.
Sigma  Inc.
Santa Cruz Biotechnology Inc.
Upstate Biotechnology Inc.
Santa Cruz Biotechnology Inc.
Chemicon Biotechnology Inc.
Chemicon Biotechnology Inc.
Santa Cruz Biotechnology Inc.
Santa Cruz Biotechnology Inc.
Upstate Biotechnology Inc.

sc-204

sc-17134
sc-46649
612054
sc-12369
sc-225
MMS-126R
sc-5943

sc-184
sc-10768
sc-17796
sc-9746
sc-9751
sc-281
sc-8410
05-814
sc-6296
sc-5755
M7318
sc-28735
05-689
sc-10212
MAB3448
MAB4197
sc-5346
sc-13059
06-598

1:50
1:500
1:50
1:50
1:50
1:50
1:50
1:50
1:50
1:500
1:50
1:50
1:50
1:50
1:50
1:50
1:50
1:50
1:50
1:50
1:50
1:50
1:50
1:50
1:250
1:50
1:50
1:50
1:50

C
A
C
C
C
A
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C,E
C
C
A
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Figure 1 Transcription terminates gradually during chromatin condensation. BrUTP incorporation (green) was very active in small-
size GV oocytes (sNSN) and in a portion of NSN GV oocytes (NSN). It reduced during chromatin (red) condensation and vanished 
eventually in SN GV oocytes. C, control. The third row in each panel contained images merged from the top two rows. Bar=5 µm.

C                    sNSN1                sNSN2                  NSN                    pSN                    SN1                       SN2               

Sources of the antibodies 
The anti-TRF3 antibody and immunogen were generated as previ-

ously described [43]. BRF1 cDNA (full length; GenBank Accession 
No. BC058112) was PCR amplified, and expressed as BRF1-GST 
fusion protein. Affinity-purified peptides were used to immunize 
rabbits. The antibody detected only one band of the expected size in 
mouse embryo lysate in Western blot that could be blocked by puri-
fied immunogen (data not shown). All other antibodies and blocking 
peptides were purchased (Table 1). 

Indirect immune fluorescent assays
Each antibody was tested against several protocols to optimize 

detection condition. A total of five different protocols was employed 
in this study. Table 1 lists protocol(s) optimized for each antibody. Im-
ages shown in the figures represent results using those protocol(s).

In protocol A, experimental samples (oocytes or embryos) were 
washed thrice in PBS, fixed for 1 h in 4% paraformaldehyde (PFA) 
in PBS at RT, permeabilized for 10 min in 0.5% Triton X-100 in 
PBS, washed 3-6 times (5 min each) in 3% BSA/PBS, and incubated 
overnight at 4 °C with primary antibodies, normal serum, or normal 
IgG (controls) diluted in 3% BSA/PBS. On the second day, oocytes 
or embryos were washed thrice, incubated with CY3- or FITC-con-
jugated anti-rabbit/goat/mouse antibody diluted in 3% BSA/PBS for 
1 h, washed thrice, counterstained with Hoechst 33342, mounted on 
glass slides in 50% glycerine-mounting solution, and examined under 
a confocal microscope (Fluoview 1000, Olympus). In protocol B, 
samples were permeabilized in 0.5% Triton-100 in PBS for 10 min 
at RT, and fixed in 4% PFA in PBS at 4 ºC overnight. In protocol 
C, samples were fixed and permeabilized at the same time with 1% 
PFA and 0.2% Triton-100 in PBS overnight at 4 ºC. In protocol 
D, samples were fixed with methanol (pre-chilled in –20 °C) and 
permeabilized in 0.5% Triton X-100 in PBS for 10 min at RT. In 
protocol E, samples were fixed with 70% ethanol for 10 min at RT, 
rehydrated in 0.3% BSA/PBS for 10 min. The rest of the procedure 

was the same as in protocol A.

Specificity of immunochemical detection   
Specificity of antibody labeling was verified using the following 

procedures. (1) Normal goat or rabbit serum (Jackson Immunore-
search Laboratories), or normal mouse IgG (Sigma) were used as 
negative controls for each antibody and included in all experiments. 
NIH3T3 cells, which expressed most CFs in nuclei, were used as 
positive controls. In many cases, CFs were presented in embryos 
of one but not the other stage in the same batch, those embryos 
were used as additional positive or negative controls. (2) Blocking 
peptides were purchased or synthesized for 10 antibodies when the 
immunogene or its sequence was available. 

Blocking peptides  
Each antibody was incubated with the corresponding blocking 

peptide (at a concentration approximately 10 times of the antibody) 
for 1 h at RT before applying the antibody to samples. A positive 
control experiment was carried out in parallel using the same protocol 
without adding in the peptide.

Construction of GFP-CF expression vectors  
Seven GFP-CF fusion proteins were constructed. These included 

GFP-TBP, GFP-TRF3, GFP-TFIIB, GFP-BRF1, GFP-HP1β, GFP-
MeCP2, and GFP-Histone 2B (H2B). Data from immunochemical 
and biochemical analyses demonstrated that these fusion proteins 
behaved similarly to endogenous factors (www.nuclear-reprogram-
ming.com.cn). Expression vectors were tranfected into NIH3T3 cells 
using lipofectamine 2000 (Invitrogen, CA, USA). Only cells with 
very weak fluorescence were used for nuclear transfer.

Cell culture and plasmid transfection  
Murine NIH3T3 embryo fibroblasts and human HeLa cells were 

obtained from the Cell Bank of the Chinese Academy of Sciences 
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Figure 2 Dissociation of GTFs from chromatin during chromatin condensation. TBP (A), TAF1 (B), and TFIIB (C) (green) were 
detected in NSN GV nuclei as signals distributed to the entire nuclear area. During chromatin (red) condensation, most molecules 
of TBP and TFIIB did not co-localize or migrate together with chromatin while most TAF1 molecules remained bound to chromatin 
before GVBD. TAF1 became dissociated from chromatin before MI. C, control. The third row in each panel contained images merged 
from the top two rows. Bar=5 and 10 µm in low and high (*) magnitude, respectively. See Supplementary information I for more 
details with these CFs.

C                      NSN                    pSN                    SN                      Dia                    pro-MI                    MI *               
A

B C                      NSN                    pSN                    SN                      Dia                    pro-MI                    MI *               

C C                  NSN                pSN                 SN1                 SN2                Dia                pro-MI                  MI               
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   NSN1  pSN2      SN2        Dia2  pro-MI2    MI2
Table 2 Subcellular distribution of CFs in meiotic oocytes

TBP
TRF3
TAF1
TAF4
TFIIA
TFIIB
BRF1
AP2α
Pol II
BRG1
SRG3
Inl1
YY1
HP1α
HP1β
MeCP2
MBD2
HDAC1
HDAC2
TopoIIα
TopoIIβ
Ac-H4

+ 273 
+ 5
+ 37
+ 18
+ 20
+ 29
+ 24
+ 8
+ 16
+ 27
+ 15
+ 20
+7
+ 8 
+55
+13
+42
+ 25
+ 21
+ 15
+ 23
+ 39

– 59
– 6
+ 64
– 17
– 26
– 24
– 25
– 12
– 18
± 21
+ 31
± 21
– 9
+ 13
+63
±19
– 53
+ 21
+ 13
+ 30
+ 37
+ 20

– 82
– 14
+ 98
– 42
– 49
– 70
– 63
– 15
– 53
± 64
+ 89
± 52
– 24
+ 25
+199
– 24
– 138
+ 49
+ 43
+ 23
+ 83
+ 91

– 22
– 2
+ 18
– 20
– 38
– 20
– 12
– 18
– 5
+ 5/– 17
– 10
+ 1/– 17
– 25
+ 9
+ 6/– 12
– 25
– 18
+ 3/– 14
+ 3/– 16
+ 26
+ 12
+ 28

– 31
– 3
+ 24/– 20
– 15
– 66
– 22
– 2
– 8
– 40
– 25
– 28
– 41
– 35
+ 15
+ 12/– 11
– 43
– 23
– 36
+ 4/– 31
+ 30
+ 23
± 11

– 8
– 2
– 32
– 11
– 12
– 11
– 4
– 7
– 17
– 18
– 13
– 12
– 12
+ 14
+ 9
– 21
– 12
– 13
– 29
+ 21
+ 32 
± 9

1Antibody signals are either higher than (+) or the same as (–) nega-
tive controls. 
2Antibody signals on chromatin are higher (+) or lower (–) than 
the cytoplasm, ± the amount bound to chromatin was significantly 
decreased but still detectable.
3The numbers of embryos with the phenotype (all embryos examined 
are included in the table, i.e., when only one number is in the column, 
100% of the embryos had the particular phenotype).

(Shanghai, China), and mouse embryonic stem cell line (D3, ATCC) 
was cultured according to the protocols by the supplier. 

Cumulus cells were obtained from the ovary and used directly for 
SCNT experiments or in immunochemical studies.

Data collection using confocal microscope  
Samples were scanned using an Olympus laser-scanning confocal 

microscope equipped with a CO2 and thermal controller system. To 
scan living cells, laser strength and scanning duration were reduced 
to minimize damage to cells.

Data presentation  
The “Results” section in the main text summarizes the major find-

ings of the study. Detailed descriptions of subcellular distributions 
of each CF are presented in the expanded figure legend under each 
figure. The expanded legends explain procedures used to optimize 
detection conditions and verify specificity of the labeling. Results 

from previous publications were also discussed when such data 
were available. 

Abbreviations used in figures: For GV oocytes: sNSN: small-sized 
oocytes with the NSN configuration; NSN: the NSN configuration; 
pSN: the partial SN configuration; SN: the SN configuration; Dia: 
diakinesis; pro-MI: prometaphase I; MI, metaphase I; MII, metaphase 
II. For fertilized embryos: Ana, 1-cell embryos at anaphase; PN1, 
pronuclear stage 1; PN2/3, pronuclear stage 2 and 3; PN4/5, pronu-
clear stage 4 and 5; 2-cell, embryos at the 2-cell stage. For nt-embryos: 
0 h, within 15 min after nt; 2h: 2 h after nt; A1 h, A4 h, A12 h are 1, 
4, and 12 h after activation; 2-cell, nt-embryos at the 2-cell stage; 
PPN: pseudo-pronuclei; FPN, female pronuclei. 

Results

Transcription cessation is accompanied by an across-the-
board removal of transcription factors and regulators from 
chromatin during the first meiotic cycle 

In mice, transcription silence is temporally correlated 
with the process when chromatin changes from a non-
surrounding nucleolus (NSN) configuration to an SN 
configuration [38-41]. Transcription activity is high in 
NSN oocytes, decreases during chromatin condensation, 
and ceases in SN oocytes [1-5]. This was verified indepen-
dently (Figure 1).

We first wanted to know whether the transcription ma-
chinery was still intact on the chromatin during the period 
when transcription activity was vanishing. In NSN nuclei, 
transcription was active (Figure 1) and the eight general 
transcription factors (GTFs) examined (TBP, TRF3, TAF1, 
TAF4, TFIIA, TFIIB, Pol II, and BRF1) were present 
(NSN; Figure 2 and Supplementary information I-1 to I-
8). Therefore, the transcription machinery must still be on 
the chromatin and functioning at this stage. In partial SN 
(pSN) and SN nuclei, chromatin gradually shrunk. Move-
ment of the chromatin provided an opportunity to examine 
the relationship between GTFs and chromatin. As shown 
in Figure 2, TAF1 was co-localized with DNA during 
chromatin condensation. After germinal vesicle breakdown 
(GVBD), it was detected on chromatin/chromosomes in all 
diakinesis oocytes, and in approximately half of the pro-
MI oocytes, but was absent in MI oocytes (Table 2). These 
results indicated that TAF1 was associated with the DNA 
template during chromatin condensation and was dissoci-
ated progressively after GVBD. In contrast to TAF1, most 
molecules of TBP, TRF3, TAF4, TFIIA, TFIIB, BRF1, and 
Pol II remained distributed throughout the nucleoplasm and 
were not co-localized with chromatin during chromatin 
condensation (Figure 2, Supplementary information I-1 
to I-8, and Table 2). This indicates that a large proportion 
of TBP, TRF3, TAF4, TFIIA, TFIIB, Pol II, and BRF1 
molecules had already dissociated from chromatin when 
chromatin condensation became visible. After GVBD, none 
of the seven GTFs were detected on the chromatin/chro-
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A

B

C

Figure 3 Dissociation of transcription activator and remodeling factors from chromatin during chromatin condensation. AP2α (A), 
BRG1 (B), and SRG3 (C) (green) were detected in NSN GV nuclei as signals distributed to the entire nuclear area. During chro-
matin (red) condensation, most BRG1 and SRG3 molecules were co-localized and migrated together with chromatin while AP2α 
remained distributed throughout the nucleus. All three CFs were dissociated from chromatin after GVBD. C, control. The third row 
in each panel contained images merged from the top two rows. Bar=5 and 10 µm in low and high (*) magnitude, respectively. See 
Supplementary information I for more details with these CFs.

C                      NSN                    pSN                    SN                     Dia *                 pro-MI *                 MI *               

C                      NSN                    pSN                    SN                     Dia                     pro-MI                    MI                

C                      NSN                    pSN                    SN                     Dia *                 pro-MI *                 MI *               
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mosome (Figure 2, Supplementary information I-1 to I-8, 
and Table 2). Results from our immunochemical studies 
indicated that most molecules of the eight GTFs examined 
dissociated from chromatin before metaphase I.

The path leading to transcription is regulated extensively 
by distinct multiprotein complexes. Sequence-specific tran-
scription factors contact the core transcription machinery 
and activate transcription [44]. ATP-dependent remodeling 
factors use ATP hydrolysis to increase the accessibility of 
nucleosomal DNA, which is a fundamental requirement 
for several steps in transcription [45, 46]. We examined 
the binding status of selective members of these complexes 
during meiosis. These included AP2α (transcription fac-
tor), BRG1 (Smarca4), SRG3 (Smarcc1), INI1 (Smarcb1) 
(remodeling factors), and YY1 (a polycomb group protein 
that acts as a transcriptional repressor, an activator, or an 
initiator element-binding protein [47]). As shown in Fig-
ure 3, Supplementary information I-9 to I-13, and Table 
2, the five CFs were distributed throughout nuclei in NSN 
GV oocytes. During chromatin condensation, while most 
molecules of AP2α, INI1, and YY1 were dissociated from 
chromatin, BRG1 and SRG3 were retained on chroma-
tin. After GVBD, none of the five CFs were detected on 
chromatin/chromosomes. These results indicated that a 
range of transcription regulators was also dissociated from 
chromatin before metaphase I.

A cohort of structural proteins remained bound to chro-
matin during meiosis 

Next, we extended the study to factors that are essential 
for establishing, maintaining, and regulating chromatin 
structure and function. These included HDAC1, HDAC2, 
MeCP2, MBD2, HP1α, HP1β, TOPOIIα, and TOPOIIβ. 
The opposite actions of histone acetytransferase and 
histone deacetylase create specific patterns of hyper- and 
hypo-acetylation that correlate with transcription activa-
tion and repression, respectively [48, 72]. Methyl-binding 
proteins bind specifically to methylated DNA and mediate 
the biological roles of methyl-CpG [49]. Topoisozymer-
ases and heterochromatin-binding proteins are required 
for maintaining the normal chromatin structure [50, 51]. 
Some of them also play critical roles in transcription [52] 
and DNA replication [50, 53]. Acetylated histone 4 (AcH4) 
was used as a positive control. Again, all of these eight 
CFs, together with the positive control, were detected in 
NSN nuclei. During chromatin condensation, HDAC1, 
HDAC2, MeCP2, MBD2, and TOPOIIβ were dissociated 
from chromatin, in most cases partially, while a substan-
tial amount of HP1α, HP1β, TOPOIIα, and AcH4 was 
bound persistently. After GVBD, HDAC1, HDAC2, and 
MBD2 were not detected on chromosomes, a weak signal 
of MeCP2 was seen on chromatin in diakinesis but not in 

later stage oocytes. The amount of HP1β and TOPOIIβ 
bound to chromatin dropped to barely detectable levels in 
later diakinesis, while their signals became more visible 
in some regions of chromosomes in the prometaphase and 
metaphase I. A substantial amount of HP1α and TOPOIIα 
remained on chromatin/chromosomes in all meiotic stages 
and so did AcH4 (Figure 4, Supplementary information 
I-14 to I-22, and Table 2). In summary, while HDAC1, 
HDAC2, MeCP2, and MBD2 were dissociated from DNA 
for a prolonged time, HP1β and TOPOIIβ were dissoci-
ated from chromatin for only a short period of time, and a 
varying amount of HP1α, TOPOIIα, and AcH4 was bound 
persistently to chromatin/chromosomes. This was consis-
tent with the fact that heterochromatin-binding factors, 
topoisomerases, and histones were essential for maintain-
ing the chromatin structure. Even so, the binding patterns 
of some CFs in this group had changed visibly, implying 
that chromatin-binding sites of these CFs could have been 
reorganized during meiosis. HDAC1, HDAC2, MeCP2, 
and MBD2 are directly involved in transcription regula-
tion, and they appear to be dissociated from chromatin for a 
prolonged time. Blocking peptides were available for 11 of 
the used antibodies. Labeling by these antibodies could be 
eliminated respectively by specific peptides corresponding 
to each CFs (Supplementary information I-23).

Therefore, within the sensitive range of immunochemis-
try, we detected a global dissociation of CFs from chroma-
tin. Our data indicated that most molecules of TBP, TRF3, 
TAF1, TAF4, TFIIA, TFIIB, BRF1, Pol II, AP2α, BRG1, 
SRG3, INI1, YY1, MeCP2, MBD2, HDAC1, HDAC2, 
HP1β, and TOPOIIβ were dissociated from chromatin 
during the first meiotic cycle, implying that the maternal 
transcription machinery and regulatory mechanism are 
disassembled.

Exogenous CFs follow the fate of endogenous CFs during 
oogenesis 

To confirm independently the results from our immu-
nochemical assays, we used GFP-CF fusion proteins to 
trace the subcellular distribution of CFs in GV oocytes. 
The fusion protein could be clearly visualized in all phases 
of mitosis [54, 55]. Vectors expressing GFP-coupled TBP, 
TRF3, TFIIB, BRF1, HP1β, MeCP2, and H2B were con-
structed and transfected to NIH3T3 cells. Individual 3T3 
cells expressing one of the seven fusion proteins were 
transplanted into oocytes. Within minutes, fusion proteins 
in transplanted nuclei began to migrate into GV nuclei 
(Supplementary information II-1). GFP-coupled HP1β, 
MeCP2, and H2B targeted the nuclei and were bound 
strictly to chromatin, whereas GFP-coupled TBP, TRF3, 
TFIIB, and BRF1 targeted the nuclei, and were distributed 
evenly throughout the nucleus. The latter did not co-local-
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Figure 4 Subcellular distribution of chromatin structural proteins and modifiers in meiotic oocytes. HDAC2 (A, green) was detected 
on chromatin before but not after GVBD. HP1β (B, green) was either spreading evenly in the nucleoplasm or concentrated in dot-
looking structures in NSN oocytes. It co-localized with chromatin (red) during chromatin condensation. After GVBD, HP1β was not 
detected on chromatin/chromosome in later diakinesis and earlier Pro-M1, but was detected again in later pro-MI and MI phases, 
appearing more concentrated in the centromeres. (C) Ac-H4 was detected on chromatin/chromosome in oocytes of all meiotic phases. 
These results demonstrated that HDAC2 was dissociated from chromatin before GVBD, HP1β became dissociated from chromatin 
after GVBD, and histone 4 remained associated with chromatin/chromosomes in all stages. C, control. The third row in each panel 
represents images merged from the top two rows. Bar=5 or 10 µm in low and high (*) magnitude, respectively. See Supplementary 
information I for more details with these CFs.

C                     NSN                   pSN                     SN                    Dia *                 pro-MI *                MI *               

C                  NSN                pSN                   SN                  Dia               pro-MI              pro-MI                MI

C                      NSN                   pSN                      SN                      Dia                   pro-MI                    MI               
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ize or move together with chromatin. After GVBD, TBP, 
TRF3, TFIIB, BRF1, and HP1β were not associated with 
chromatin, while MeCP2 and H2B remained bound (Figure 
5, Supplementary information II and Table 3). These results 
indicated that the environment in pSN or SN GV nuclei pro-
moted association between chromatin and HP1β, MeCP2, 
and H2B; but not TBP, TRF3, TFIIB, and BRF1. Thus, data 
from the fusion protein study are consistent overall with 
results from antibody staining except in two circumstances. 
First, MeCP2 was detected on the chromatin/chromosome 
in the later meiotic phases in the fusion protein assay but 
not in the immunochemical assay. It is possible that a low 
amount of MeCP2 may retain on chromatin, which could 
be detected by the fusion protein assay but not by the im-
munochemistry assay (see Supplementary information II-7 
for more discussion). Second, a minute amount of HP1β 
was seen on the centromeres in prometaphase and meta-
phase chromosomes by the immunochemical assay but not 
by the fusion protein assay. The reason for this discrepancy 
is not clear at this time. 

Figure 5 GFP-TBP, GFP-HP1β, and GFP-H2B targeted to different 
subnuclear domains during chromatin condensation. All three GFP-
CFs (green) moved from the NIH3T3 nuclei (indicated by an arrow 
head if it was in the field) into GV nuclei within seconds to minutes 
after transplantation. During chromatin condensation, GFP-TBP (A) 
distributed evenly throughout GV nuclei, while HP1β (B) and H2B 
(C) targeted to chromatin (red). After GVBD, both GFP-TBP and 
GFP-HP1β redistributed to the cytoplasm of oocytes. In contrast, 
GFP-H2B remained on chromatin/chromosomes in all meiotic 
phases. The third rows are overlaid images of the top two rows. 
Bar= 5 µm. See Supplementary iniformation II for more details 
with these CFs.

CNSN/pSN              SN                 pro-MI                    MI                        NSN/pSN              SN                  pro-MI                  MI

NSN/pSN              SN                  pro-MI                   MI    

    NSN/pSN            SN         Dia/pro-MI         pro-MI/MI
TBP
TRF3
TFIIB
BRF1
HP1b
MeCP2
H2B

– 2
– 5
– 6
– 2
+ 2
± 7
+ 3

– 13
– 8
– 5
– 8
+ 3
+ 12
+ 5

– 3
– 3
– 5
– 10
– 3
+ 2
+ 3

– 9
– 4
– 29
– 4
– 14
+ 8
+ 8

1The total numbers of embryos with the phenotype (all embryos 
examined are included) are shown. + and –: the GFP-CF fusion 
protein was or was not co-localized with chromatin, respectively. ±: 
the signal was positive but barely above the background.

Table 3 Subcellular distribution of GFP-CF fusion proteins in 
meiotic oocytes1
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MII                     MII *                  Ana                     PN1                 PN2/3                  PN4/5                  2-cell              

MII                          Ana                        PN1                        PN2/3                     PN4/5                     2-cell              

MII                          Ana                        PN1                        PN2/3                     PN4/5                      2-cell              
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D

E

F

MII                     Ana                     PN1                    PN1                   PN2/3                  PN4/5                 2-cell              

MII                           Ana                         PN1                      PN2/3                     PN4/5                      2-cell              

MII                      MII *                   Ana                    PN1                  PN2/3                  PN4/5                 2-cell              
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Many CFs critical for transcription remained undetectable 
on chromosomes before pronuclear formation 

Antibody staining of fertilized one-cell embryos re-
vealed that most CFs considered, including TBP, TAF1, 
TAF4, TFIIA, TFIIB, Pol II, BRF1, AP2α, BRG1, SRG3, 
INI1, YY1, HDAC1, HDAC2, MeCP2, MBD2, remained 
undetectable on chromosomes before the completion of 
meiosis in one-cell embryos (Figure 6, Supplementary in-
formation III, and Table 4). These results, together with the 
fact that transcription remains silent at the time, suggested 
that the transcription apparatus and other multiprotein regu-
latory complexes had not been assembled onto chromatin 
yet. Meanwhile, HP1α, HP1β, TOPOIIα, TOPOIIβ, and 
AcH4 were observed to be associated with chromosomes, 
on either a portion or the entire body of them. 

Several CFs were detected to be associated with struc-
tures located in the vicinity of condensed chromosomes in 
later meiotic phases. These included TBP, TAF1, TFIIB, 
YY1, MBD2, and TOPOIIβ (Figure 6 and Supplementary 
information III). The labeling of these subcellular structures 
in one-cell embryos was specific and could be blocked 
respectively by CF-specific peptides (Supplementary 
information III-23 and data not shown). The identities of 
these structures were not analyzed, but their location and 
morphology suggested that they could be either remnant 
of nuclei or components of the spindle. Being bound to 
structures in the vicinity of chromosomes might facilitate 

the entry of those CFs into pronuclei.
 

Reloading of CFs onto chromatin before the first cell divi-
sion 

Approximately 4 to 5 h after fertilization, pronuclei be-
gin to emerge in a proportion of the embryos. HP1α, HP1β, 
TOPOIIα, TOPOIIβ, and AcH4, which were on chromatin 
before pronuclear formation, continued to be positive in 
pronuclei of all stages. The other 16 CFs examined (TBP, 
TAF1, TAF4, TFIIA, TFIIB, Pol II, BRF1, AP2α, BRG1, 
SRG3, INI1, YY1, HDAC1, HDAC2, MECP2, and MBD2) 
became detectable in nuclei shortly after pronuclear for-
mation, in the PN1, PN2, or PN3 stage. All 21 CFs were 
present thereafter in the nuclei in PN4, PN5, 2-cell (Figure 
6, Supplementary information III, and Table 4) [23, 43, 56, 
57], and other pre-implantation stages (data not shown). 
Quantitative assays for TBP [23], TRF3 [43], TAF1 [56], 
SRG3 [57] in previous experiments indicated that nuclear 
concentrations of these CFs increased steadily and reached 
significantly high levels before ZGA. 

Thus, our immunochemical analyses suggested that 
the cytoplasm of early one-cell embryos did not favor 
the association between chromatin and transcription fac-
tors or regulators. To further confirm this, NIH3T3 cells 
expressing GFP-TBP or GFP-HP1β were transplanted to 
intact MII eggs. As expected, GFP-HP1β migrated out of 
NIH3T3 nucleus and were bound to maternal chromo-

G MII                     MII *                     Ana                     PN1                   PN2/3                 PN4/5                 2-cell              

Figure 6 Re-association between CFs and chromatin/pronuclei after fertilization. TFIIB (A) and AP2α (B), BRG1 (C), SRG3 (D), 
HDAC2 (E) became detected on chromatin during pronuclear formation. TFIIB was also detected on structures in the vicinity of 
chromosomes and AP2α, on the sperm chromatin, before meiosis was completed. Signals of the five CFs were co-localized with 
chromatin in nuclei of all stages, indicating that these CFs became re-associated with chromatin after entering the nuclei. HP1β (F) 
and AcH4 (G) were detected on the meiotic chromosomes and pronuclei of all stages examined. Bar=10 and 5 µm in low or high 
(*) magnitude, respectively. See Supplementary information III for more details with these CFs.
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      MII Anaphase   PN1    PN2/PN3   PN4/PN5  2-cell
TBP2

TAF12

TAF4
TFIIA
TFIIB2,3

Pol II
BRF1
AP2α3

BRG1
SRG33

INI13

YY12

HDAC1
HDAC22,3

MECP23,4

MBD2a,b2

HP1α3

HP1β3

TOPIIα3

TOPIIβ2,3

Ac-H43

–1 415

– 40
– 31
– 48
– 57
– 59
– 44
– 22
– 50
– 72
– 88
– 20
– 70
– 12
– 41
– 32
+ 44
+ 22
+ 28
+ 33
+25/–4

– 35
– 35
– 29
– 15
– 41
– 34
– 35
– 16
– 34
– 34
– 43
– 25
– 48
– 20
– 20
– 10
+ 22
+ 19
+11/–10
+10/–2
+ 22

– 21
– 44
– 22
– 25
– 24
– 19
– 25
+1/–18
– 23
+8/–14
+2/–17
– 19
– 19
+6/–23
+6/–23
– 12
+ 11
+ 33
+6/–13
+ 40
+ 11

+57/–20
+44/–49
+25/–12
+22/–17
+39/–13
+14/–39
+23/–42
+29/–36
+37/–7
+ 42
+32/–7
+31/–7
+32/–14
+ 66
+ 39
+41/–1
+ 37
+ 45
+61/–9
+ 74
+ 39

+ 38
+ 17
+ 12
+ 27
+ 19
+ 11
+ 11
+ 12
+ 24
+ 23
+ 18
+ 24
+ 32
+ 24
+ 8
+ 8
+ 19
+ 18
+ 12
+ 30
+ 18

+ 21
+ 13
+ 14
+ 16
+ 11
+ 24
+ 35
+ 14
+ 16
+ 10
+ 10
+ 20
+ 11
+ 10
+ 13
+ 10
+ 12
+ 12
+ 14
+ 11
+ 33

1+ and –: signal was or was not detected on chromosomes or PNs, 
respectively. 
2Signal is also on structures in the vicinity of chromosomes. 
3Signal is also on the sperm chromatin in anaphase. 
4Signal is in the centromeric region of chromosomes in MII eggs. 
5The numbers of embryos with the phenotype (all embryos examined 
are included in the table, i.e., when only one number is in the column, 
100% of the embryos had the particular phenotype).

somes in anaphase, telophase, and PNs of all stages while 
GFP-TBP remained unbound to maternal  chromatin until 
pronuclei were clearly formed (Figure 7). Results from the 
fusion protein study confirmed that the cytoplasm of early 
one-cell embryos does not promote chromatin binding of 
the transcription factor TBP and it became re-associated 
with chromatin after pronuclear formation. It was noticed 
that both maternal and somatic chromatin transformed 
into PNs, and GFP-TBP and GFP-HP1β entered all of 
them indiscriminately (Figure 7). The result indicated that 
binding of CFs to chromatin in one-cell embryos was not 
influenced by the individual developmental background 
of the chromatin. 

Discussion

Table 4 A summary in subcellular distribution of CFs in fertilized 
one-cell embryos

In this study, we show that a broad range of CFs essential 
for transcription activation and regulation was dissociated 
from chromatin during the first meiotic cycle, remained 
physically separated from chromatin for a prolonged time, 
and became re-associated with chromatin after pronuclear 
formation.

In agreement with the previous study [29], we found that 
a substantial amount of TAF1, BRG1, and SRG3 remained 
bound to chromatin in the SN stage in addition to members 
of the Pol I transcription complex. It is also entirely possible 
that even those CFs judged as “dissociated” in this assay 
may have residual amounts left on condensed chromatin. 
However, it has been well documented that the wholeness 
(intactness) of the transcription machinery and regulatory 
mechanism is essential for an active transcription program. 
The absence of even a single essential transcription or 
regulatory factor can inactivate transcription. For example, 
deletion of TBP eliminates completely transcription medi-
ated by both Pol I and Pol III [73], and deletion of maternal 
BRG1 diminishes ZGA [10]. Therefore, dissociation of 
most molecules of TBP, TRF3, TAF4, TFIIB, BRF1, Pol 
II, AP2α, INI1, etc. from chromatin is likely sufficient to 
prevent the formation of an intact transcription apparatus. 
It is likely that the list of CFs being displaced during 
meiosis extends far beyond those examined so far. In ad-
dition, changes in chemical modifications and functional 
status of critical transcription factors [5, 24-27] could 
prompt disassembly of the transcription apparatus. When 
contacts between chromatin and a broad range of critical 
transcription factors and regulatory factors are disrupted, 
transcription cannot occur. Based on these observations, we 
propose that a genome-wide CF dissociation that leads to 
disassembly of the transcription machinery and regulatory 
mechanism is the primary cause of transcription inactiva-
tion in oocytes. 

Approximately by the end of the first meiotic cycle, a 
majority of critical transcription factors and regulators are 
dissociated from the chromatin. The maternal transcription 
program no longer exists. Most CFs remain undetectable 
on chromatin after fertilization by the current assay and 
become detectable in pronuclei around the PN3 stage, at 
a time when the formation of the pronuclear envelopes is 
completed [58]. In previous studies, kinetochore proteins 
[59], SP1, TBP [23], TAF1 [56], UBF, RPA53/PAF53, 
RPA116 [29], Ring1B, Ph1 [28], and SRG3 [57] are found 
to enter pronuclei at a similar time. Re-association between 
chromatin and CFs is followed temporally by DNA rep-
lication [34, 35], and at the end of replication, ZGA takes 
place [34]. Quantitative analyses of SP1, TBP [23], TAF1 
[56], and SRG3 [57] in one-cell embryos have revealed that 
nuclear concentrations of these CFs increase steadily during 
pronuclear formation and migration, and reach significant 
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15 min                              2 h                             A2ha                             A2hb                                 A4h

15 min                 2ha                      2hb                    A2ha                   A2hb                  A4ha                    A4hb

Figure 7 Subcellular distribution of GFP-HP1β and GFP-TBP in intact MII oocytes. An NIH3T3 expressing either GFP-HP1β (A) 
or GFP-TBP (B) (green) was transplanted into intact MII eggs. GFP-HP1β was not seen on maternal chromosomes (arrow heads) 
shortly after nt (15 min) and became associated with chromosomes at 2 h after nt (2 h) and remained associated thereafter (A2 h and 
A4 h). In the parallel experiment, GFP-TBP was not associated with maternal chromatin until pronuclear formation. Note that both 
the maternal chromatin and somatic nuclei formed pronuclei in some embryos and GFP-HP1β and GFP-TBP entered them non-dis-
criminately. Blue, Hoechest 33342 staining (top row). 15 min and 2 h indicate times after transplantation. A2 h, A4 h indicate hours 
after chemical activation of reconstructed embryos. Bar = 10 µm.

high levels by ZGA. The fact that ZGA does not take place 
immediately after re-association between chromatin and 
CFs, but approximately 4 to 5 h later, may be explained 
by the possibilities that on-going DNA replication may 
prevent transcription, and that transcription is not able to 

take place before all essential CFs have reached threshold 
levels and a functional basal transcription machine and 
regulatory mechanism are assembled. Based on these 
observations and analyses, we conclude that transcription 
status of the chromatin correlates in general with dynamic 
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changes in its relationship with CFs. Transcription ceases 
when chromatin loses contact with a vast number of CFs 
and resumes after pronuclei/chromatin regains most CFs 
over threshold levels. Transcription silence in oocytes and 
early embryos, for most part, reflects the inert status of 
the chromatin after the maternal transcription program is 
removed and before the zygotic equivalent is re-installed. 
The period of transcription silence is further extended by 
the first DNA replication. 

Transcription silence is observed at the transition point 
of two generations across diverse species [60], and even 
the timings for transcription cessation and reactivation are 
also conserved. For example, transcription ceases during 
the first meiotic cycle in both Caenorhabditis elegans [61, 
62] and mouse [1-5]. Major ZGA occurs after fertilization 
in blastomeres, after a few (most mammals) or up to 12 
divisions (Xenopus and flies). If this transcription silence 
is for most part a result of the inert status of the chromatin 
after disassembly of the parental transcription program and 
before the assembly of the zygotic equivalent as proposed 
above, it implies that the “erase-and-rebuild” process is an 
evolutionary conserved mechanism widely used for build-
ing up new life cycles.

Transcription also ceases during mitosis and most tran-
scription factors are dissociated from mitotic chromosomes 
[63-66]. While transcription silence during mitosis and 
meiosis shares many similarities, they differ in at least 
one fundamental aspect. The gene expression pattern and 
phenotype of the cell are generally maintained after mitosis, 
but they are changed after meiosis. Two mechanisms may 
potentially lead to the switch in transcription profiles dur-
ing meiosis. First, erasure of the maternal transcriptional 
program during meiosis may be more thorough than that 
during mitosis, which could be achieved through varying 
the type and amount of CFs being displaced, and through 
additional reprogramming processes, such as global de-
methylation [67-69] and deacetylation [70], which occur 
during oogenesis. The combinatorial effect of all these 
processes can lead to functional erasure of the maternal 
epigenetic program. Indeed, although a haploid set of 
maternal chromatin is passed on to the zygote, it never 
encodes for maternal-specific traits after meiosis. Second, 
mature oocytes contain most (if not all) components needed 
for assembling a zygotic transcription program [71], while 
the cytoplasm of somatic cells may contain components 
for re-assembling the transcription program specific for a 
certain differentiation stage. 

Oogenesis is a special period when several processes 
take place aiming to eliminate epigenetic information 
installed in the maternal chromatin. In parallel to CF dis-
sociation that clear memories carried on by peptide factors, 
genome-wide demethylation [67-69] and a global histone 
deacetylation [70] remove memories maintained through 

covalent modifications. We suggest that the convergent 
effect of these, and most likely other, reprogramming 
processes serves to erase the maternal-specific epigenetic 
program, so as to create a relatively naïve chromatin that 
can be critical for building the program for the next life 
cycle. We propose that this is an important function of oo-
genesis, which has not been fully appreciated previously. It 
is also worth noting that binding of multiprotein complexes 
to chromatin is fundamental not only to transcription but 
also to all known nuclear processes, e.g. DNA replication, 
recombination, and repair. It is likely that the “erase-and-
rebuild” process reprograms not only the transcription 
profile but also other nuclear processes. The demonstration 
that the frequency of DNA replication origins of a somatic 
nucleus is reset to that of embryonic cells by egg extract 
[53] provides evidence supporting the speculation.

In summary, we propose that the maternal chromatin is 
reprogrammed to the zygotic chromatin using an across-
the-board “erase-and-rebuild” process that takes place in 
two phases. First, a genome-wide CF displacement disrupts 
contacts between chromatin and CFs and erases the exist-
ing transcription program and other epigenetic information 
from the maternal chromatin. This, in combination with 
other reprogramming processes [67-70], will transform 
the maternal chromatin into a relatively naïve status, 
providing a base for building a new life cycle. Second, 
most CFs are loaded to chromatin shortly after pronuclear 
formation. This marks the beginning of an active period 
to assemble a zygotic developmental program. The mature 
oocyte contains most, if not all, necessary factors for the 
assembling process.
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