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The nucleosome, composed of a core histone octamer wrapped by 147 bp  
of DNA, is the basic building block of chromatin1. Assembly of genomic 
DNA into nucleosomes not only helps in storing genomic informa-
tion but also creates diverse means for regulating DNA-templated  
processes such as transcription, replication and repair and aids in  
the compartmentalization of heterochromatin and euchromatin2. 
In addition, nucleosomes serve as carriers of epigenetic information 
through post-translational modifications on histones and DNA3,4. 
Although the functions of nucleosomes in the processes mentioned 
above are well documented, the biological consequences of genome-
wide loss of nucleosomes in living eukaryotic cells are unknown.

Nucleosome depletion can be achieved through the depletion of core 
histones. However, it is difficult to realize this in higher eukaryotes 
because each of the core histones is encoded by multiple copies of genes5. 
In addition, histone-gene deletion results in immediate cell lethality6, 
thus preventing analysis of the effects of nucleosome depletion in living  
cells. An alternative that may allow depletion of nucleosomes is the 
inactivation of histone chaperones. However, functional redundancy 
between different histone chaperones renders this approach equally 
challenging7–9. Indeed, loss of histone H3.1 caused by depletion of the 
H3.1 chaperone CAF1 is compensated by histone H3.3 deposition by 
the H3.3-specific chaperone HIRA9. Similarly, although HIRA knockout 
impairs the enrichment of H3.3 within both active and repressed genes in 
cultured cells, nucleosome structures are not dramatically affected, owing 
to the presence of other histone variants and histone chaperones8,9.

Throughout the life cycles of mammals and other animals, fer-
tilization provides one of the best opportunities for understanding 
the biological function of nucleosome assembly, because nucleosome 
assembly occurs de novo after fertilization. The DNA in mature sperm 

is primarily packaged by small and positively charged protamines 
instead of histones10. When a sperm enters an egg, the protamines are 
released, and maternal histones are incorporated into the sperm DNA 
to establish de novo nucleosomes11,12. This naturally occurring proc-
ess may provide a unique opportunity for generating a ND paternal 
pronucleus by blocking the de novo nucleosome assembly process.

Nucleosome assembly can take place in a replication-dependent 
or replication-independent manner. Whereas the canonical histones 
are deposited in a replication-dependent manner, the histone H3 
variant H3.3 is deposited in a replication-independent manner13,14. 
Previous studies have revealed that H3.3 is incorporated into mouse 
paternal DNA immediately after fertilization12,15,16 and that this is 
consistent with the localization of HIRA in the paternal chromatin in 
mouse zygotes12. In addition, it has been shown that HIRA is respon-
sible for H3.3 deposition on paternal DNA in Drosophila17. These 
observations suggest that HIRA is likely to have an important role in  
de novo nucleosome assembly in mouse paternal DNA after fertiliza-
tion, although experimental evidence is lacking.

In this study, we set out to reveal additional functions of nucleo-
some assembly, and we generated ND paternal pronuclei in mouse 
zygotes through depletion of HIRA or H3.3. By investigating the 
consequence of genome-wide loss of nucleosomes, we revealed that 
nucleosome assembly is a prerequisite for functional nuclear-envelope 
(NE) formation and particularly for assembly of the NPC.

RESULTS
HIRA is required for H3.3 deposition in mouse zygotes
To examine whether HIRA is required for H3.3 deposition on mouse 
paternal DNA, we first analyzed the spatial and temporal relationships 
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Packaging of DNA into nucleosomes not only helps to store genetic information but also creates diverse means for regulating 
DNA-templated processes. Attempts to reveal additional functions of the nucleosome have been unsuccessful, owing to cell 
lethality caused by nucleosome deletion. Taking advantage of the mammalian fertilization process, in which sperm DNA 
assembles into nucleosomes de novo, we generated nucleosome-depleted (ND) paternal pronuclei by depleting maternal histone 
H3.3 or its chaperone HIRA in mouse zygotes. We found that the ND pronucleus forms a nuclear envelope devoid of nuclear 
pore complexes (NPCs). Loss of NPCs is accompanied by defective localization of ELYS, a nucleoporin essential for NPC assembly, 
to the nuclear rim. Interestingly, tethering ELYS to the nuclear rim of the ND nucleus rescues NPC assembly. Our study thus 
demonstrates that nucleosome assembly is a prerequisite for NPC assembly during paternal pronuclear formation.
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between HIRA localization and H3.3 deposition. Because an H3.3-
specific antibody was not available, we injected Flag-H3.3 mRNA into 
metaphase II (MII)-stage oocytes and used an anti-Flag antibody to 
monitor the location of H3.3. Immunostaining revealed localization 
of HIRA exclusively to the paternal DNA at 1–2 h post fertilization 
(hpf), concomitantly with the deposition of Flag-H3.3 (Fig. 1a). After 
3 hpf, the signal intensity of HIRA was greatly reduced, thus indicat-
ing that H3.3 deposition takes place immediately after fertilization 
and that the incorporated H3.3 is maintained thereafter. When the 
detection signal intensity was increased, we could detect HIRA signal 
in both pronuclei at 6 hpf, and this may account for the faint H3.3 
signal in the maternal pronucleus. Lamin B1, a marker of the NE, 
was visible in both pronuclei at 4 hpf (Fig. 1a). Thus, the dynamics 
of HIRA and H3.3 is consistent with the potential role of HIRA in the 
asymmetric deposition of H3.3 in mouse zygotes.

To directly demonstrate a role of HIRA in H3.3 deposition, we 
attempted to deplete HIRA by injecting a Hira-specific short inter-
fering RNA (siRNA) into germinal vesicle (GV)-stage oocytes. After 
meiotic maturation for 18 h, we fertilized the MII oocytes in vitro 
and fixed them at 2 hpf (Supplementary Fig. 1a). Despite a substan-
tial reduction of Hira mRNA (Supplementary Fig. 1b), there was 
no significant reduction of HIRA protein (Supplementary Fig. 1c), 
thus indicating that HIRA protein is relatively stable and cannot be 
depleted by siRNA injection at GV stage.

To overcome this problem, we adopted a recently developed proce-
dure (Supplementary Fig. 1d–f) in which siRNA is injected into small 
growing oocytes, and the injected oocytes are then cultured for 12 d 
to the fully grown GV stage (in vitro growth, IVG)18. This system is 
based on the idea that early destruction of target mRNAs can prevent 
accumulation of their protein products during oocyte growth and can 
lead to the depletion of stable maternal proteins. We first evaluated 
the quality of noninjected oocytes after IVG. After meiotic matura-
tion following IVG (Supplementary Fig. 1g), 96% (94/98) of oocytes 
released the first polar body. After in vitro fertilization, 76% (67/88) of 
MII oocytes formed two pronuclei, and 78% (54/69) and 29% (20/69) 
of fertilized oocytes completed the first mitosis and developed to the 
blastocyst stage, respectively.

Using this system, we successfully depleted the HIRA protein in 
zygotes (Fig. 1b). Importantly, the deposition of Flag-H3.3 was pre-
vented by HIRA depletion (Fig. 1b). The defective H3.3 deposition 
was caused by Hira knockdown, because H3.3 deposition was restored 
by co-injection of Hira mRNA that is resistant to Hira siRNA (Fig. 1b).  
Interestingly, protamines were undetectable in the paternal DNA of 
the control and the HIRA-depleted zygotes, but they were readily 
detectable in the unfertilized sperm (Supplementary Fig. 2), thus sug-
gesting that protamine removal is independent of H3.3 incorporation.  

Collectively, these results provide the first evidence, to our knowledge, 
demonstrating the functional conservation of HIRA in depositing 
H3.3 on paternal DNA in vertebrates.

Loss of H3.3 deposition blocks de novo nucleosome assembly
To understand the role of H3.3 deposition, we examined the effect of 
defective H3.3 deposition on subsequent de novo nucleosome assem-
bly of paternal DNA. Immunostaining at 8 hpf, a time corresponding 
to pronucleus stage 3 (PN3 stage), revealed that Flag-H3.3 still failed 
to accumulate in the paternal pronuclei (Fig. 2a). Interestingly, the 
paternal pronuclei of HIRA-depleted zygotes were much smaller than 
control pronuclei (Fig. 2a,e). Importantly, inhibition of H3.3 deposi-
tion also prevented the deposition of other core histones, including H4 
(Fig. 2b), H2A and H2AX (Fig. 2c) and H2B (Fig. 2d), onto paternal 
DNA. This observation is in line with the deposition of H3–H4 tetra
mers preceding that of H2A–H2B dimers during nucleosome assembly 
in vitro19. In control-injected zygotes, in contrast to HIRA-depleted 
zygotes, all the core histones were properly deposited (Fig. 2b–d),  
in agreement with a previous report20. These results demonstrate that 
de novo nucleosome assembly is prevented by HIRA depletion, and 
this allows the generation of ND paternal pronuclei.

To further confirm that the smaller paternal pronucleus is caused 
by lack of H3.3 deposition and not by other unknown functions 
associated with HIRA, we asked whether depletion of H3.3 results 
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Figure 1  HIRA is required for H3.3 deposition on paternal DNA.  
(a) Representative confocal microscopy images of fertilized mouse  
oocytes stained with anti-HIRA, anti-Flag and anti–lamin B1 (yellow) 
antibodies and DAPI (blue) at the indicated times post fertilization. The 
bottom row displays enlarged images of the paternal pronucleus with 
HIRA (green) and Flag-H3.3 (red) channels merged. A total of 11 (1 h),  
7 (1.5 h), 19 (2 h), 20 (3 h), 13 (4 h) and 9 (6 h) zygotes were examined. 
Arrows indicate localization of HIRA to the paternal DNA. P, paternal DNA; 
M, maternal DNA, PB, polar body. Scale bar, 20 µm. (b) Representative 
images of fertilized oocytes stained with anti-HIRA (green), anti-Flag 
(red) and DAPI (blue) at 2 h post fertilization (hpf). Arrows indicate the 
paternal DNA. Scale bar, 20 µm. Graphs at right indicate relative values of 
the HIRA and Flag-H3.3 signal intensity in the paternal DNA. The value of 
control zygotes was set as 1.0. The numbers of zygotes examined in three 
independent experiments are indicated above the bars. *P < 0.01 by  
two-tailed Student’s t test; error bars, s.d.
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in similar defects. To deplete H3.3, we injected a mixture of siRNAs 
targeting H3.3A and H3.3B into GV oocytes. Analysis by reverse 
transcription and quantitative real-time PCR (RT-qPCR) confirmed 
that the mRNAs of both H3.3A and H3.3B, but not of Hira or other 
histones, were efficiently depleted (Supplementary Fig. 3a). After 
meiotic maturation and fertilization, we observed similar defects such 
as smaller paternal pronuclei and failure of histone incorporation 
(Fig. 2b–e). Notably, HIRA still localized to the paternal DNA in 
H3.3-depleted zygotes (Supplementary Fig. 3b), thus indicating that 
HIRA localization is independent of the presence of H3.3. The lack of 
nucleosome assembly in HIRA- or H3.3-depleted zygotes provided us 
with a unique opportunity to explore new functions of nucleosome 
assembly in the paternal pronucleus in vivo.

Nucleosome loss causes the formation of a NE devoid of NPCs
Nuclear expansion requires formation of the NE and protein 
nuclear transport21,22. The smaller size of the ND paternal pronuclei  
(Fig. 2) raised the possibility that NE formation and/or protein 

nuclear transport might be impaired. To 
determine whether a NE is formed around 
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Figure 2  De novo nucleosome assembly of paternal DNA is prevented 
by depletion of HIRA or H3.3. (a,b,d) Representative images of zygotes 
stained with anti-Flag antibody and DAPI at 8 hpf. Flag-H3.3 (a), Flag-H4 
(b) or Flag-H2B (d) mRNA injected at GV stage are shown. The numbers  
of zygotes examined were 23 (control) and 41 (Hira siRNA) in a;  
18 (control), 19 (Hira siRNA) and 11 (H3.3 siRNA) in b; and 16 (control), 
33 (Hira siRNA) and 31 (H3.3 siRNA) in d. Percentages indicate zygotes 
showing the depicted phenotype. P, paternal DNA; M, maternal DNA; 
PB, polar body. Scale bars, 20 µm. (c) Representative images of zygotes 
stained with anti-H2A (green) and anti-H2AX (red) antibodies and DAPI.  
A total of 18 (control), 22 (Hira siRNA) and 20 (H3.3 siRNA) zygotes were 
examined. Scale bar, 20 µm. (e) Relative values of the area of pronuclei 
(paternal/maternal) are shown. The numbers of zygotes quantified in three 
independent experiments are indicated above the bars. *P < 0.01 by  
two-tailed Student’s t test; error bars, s.d.
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Figure 3  Nucleosome depletion causes  
the formation of NEs without NPCs.  
(a) Representative images of the pronuclei 
of 8-hpf zygotes expressing emerin-EGFP or 
LBR-EGFP. A total of 9 and 27 zygotes (emerin-
EGFP) and 13 and 33 zygotes (LBR-EGFP) 
for control and H3.3 siRNA, respectively, 
were examined. Percentages indicate zygotes 
showing the depicted phenotype. Scale bar, 
20 µm. (b) Representative TEM images of the 
paternal pronucleus at 8 hpf. Arrow indicates 
invagination of the inner nuclear membrane.  
N, nucleoplasm; C, cytoplasm. Scale bar,  
1 µm. (c) Representative images of the Dextran 
exclusion assay at 8 hpf. A total of 4 (control) 
and 12 (H3.3 siRNA) zygotes were examined. 
Scale bar, 20 µm. (d) Representative images of 
zygotes expressing EGFP tagged with nuclear 
localization signal (NLS). A total of 31 (control), 
21 (Hira siRNA), 11 (Hira siRNA and Hira 
mRNA co-injected), and 31 (H3.3 siRNA) 
zygotes were examined. P, paternal pronucleus; 
M, maternal pronucleus. Scale bar, 20 µm.  
(e) Representative images of zygotes stained 
with anti-Tet3 antibody. A total of 25 (control), 
14 (Hira siRNA) and 24 (H3.3 siRNA)  
zygotes were examined. Scale bar, 20 µm.  
(f) Representative images of zygotes stained  
with anti-Ran antibody. A total of 23 (control), 
33 (Hira siRNA) and 34 (H3.3 siRNA)  
zygotes were examined. Scale bar, 20 µm.  
(g) Representative images of zygotes stained 
with mAb414. A total of 27 (control),  
21 (Hira siRNA) and 46 (H3.3 siRNA)  
zygotes were examined. Scale bar, 20 µm.
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the ND pronucleus, we analyzed the assembly of NE components. 
Microinjection of mRNA encoding EGFP-tagged emerin or LBR, inte-
gral components of the inner NE23, revealed that NEs surrounding  
ND paternal DNA were indeed visible (Fig. 3a). The NEs appeared 
to intrude into the 4′,6-diamidino-2- 
phenylindole (DAPI)-stained DNA–containing 
regions, but we did not observe this in the 
maternal pronuclei or in both pronuclei of 
control zygotes (Fig. 3a). Detailed analysis 
by transmission electron microscopy (TEM) 
revealed that a double membrane surround-
ing the ND paternal DNA had formed  
(Fig. 3b and Supplementary Fig. 4). 
Consistently with the intrusion observed 
(Fig. 3a), TEM revealed invaginations of 
the inner membrane (Fig. 3b), which we did 
not observe in the control pronuclei. Despite 
the slight morphological difference, the NEs 
seemed to be completely sealed as 70-kDa  
dextrans were excluded from the ND pronuclei  
(Fig. 3c). Thus, the presence of sealed NEs 
suggests that nucleosome assembly is not 
required for NE formation.

We next asked whether the NE is functional 
for protein transport. To this end, we injected 
mRNA encoding EGFP fused to a classical  

nuclear localization signal (NLS)18. Although 
EGFP-NLS, whose molecular weight is ~29 
kDa, accumulated in both pronuclei of con-
trol zygotes, it failed to localize to the ND 
paternal pronuclei (Fig. 3d). We consistently 
found that nuclear lamin B1, whose assem-
bly requires nuclear transport24, failed to 
be assembled (Fig. 3d). Importantly, both 
defects were rescued by injection of Hira 
mRNA (Fig. 3d). In addition, the endo
genous nuclear protein Tet3, normally local-
ized exclusively in the paternal pronucleus25, 
was no longer localized in ND pronuclei  
(Fig. 3e). Furthermore, the small GTPase 
Ran, a regulatory protein responsible for 
nuclear transport26,27, did not accumulate 
(Fig. 3f). The absence of a nuclear-transport 

system prompted us to examine whether the NPCs were correctly 
assembled. Immunostaining of NPCs with the monoclonal antibody 
mAb414 revealed that NPCs were not assembled around the ND pater-
nal pronuclei, whereas they were readily detectable in the maternal  
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(c) Representative images of zygotes stained 
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pronuclei (Fig. 3g). Taken together, these results demonstrate that a 
NE devoid of NPCs is assembled in the ND paternal pronucleus.

Nucleosome loss prevents enrichment of ELYS to the nuclear rim
To understand the molecular basis by which the lack of nucleosome 
assembly prevents NPC assembly, we focused on ELYS for two rea-
sons. First, it has been shown that ELYS is essential for the initial step 
of postmitotic NPC assembly23,28. Second, ELYS-depleted Xenopus 
egg extracts are capable of assembling NE without NPCs29,30, similarly 
to what we observed in ND paternal pronuclei (Fig. 3). To monitor the 
dynamics of ELYS during paternal pronuclear formation, we micro
injected EGFP-ELYS mRNA. In control zygotes, ELYS was first evenly 
distributed along all decondensed sperm chromatin at 2 hpf (Fig. 4a)  
and became enriched at the rim of the chromatin mass at 3 hpf, 
concomitantly with the appearance of LBR-RFP (NE) and mAb414 
(NPC) signals (Fig. 4a). In contrast, although ELYS localized to the 
decondensed ND paternal DNA at 2 hpf in H3.3-depleted zygotes, 
it failed to be enriched in the nuclear rim at 3–4 hpf (Fig. 4b). As 
a consequence, NPCs failed to be assembled, although NEs were 
assembled (Fig. 4b). In contrast to our observations for the paternal 
pronucleus, H3.3-depletion did not affect the dynamics of ELYS dur-
ing maternal pronuclear formation, in which ELYS localizes to the 
surface of the maternal chromosome mass shortly after fertilization 
(Supplementary Fig. 5). The EGFP-ELYS distribution during mater-
nal pronuclear formation is reminiscent of that in postmitotic somatic 
cells29,31, thus suggesting that EGFP-tagged ELYS behaves similarly to 
endogenous ELYS. At 8 hpf, ELYS localized to the nuclear rim and also 
in the nuclear interior, with a dotted pattern in the maternal pronuclei 
of H3.3-depleted zygotes (Fig. 4c). This result is consistent with the 
ELYS distribution pattern previously observed in somatic cells32. In 
contrast, ELYS failed to localize to the nuclear rim of ND paternal 
pronuclei (Fig. 4c), thus suggesting that nucleosome assembly is a 
prerequisite for the nuclear-rim localization of ELYS.

To further confirm the above observation, we examined the locali-
zation of the Nup107–Nup160 complex, a building block of NPCs, 
whose recruitment to chromatin depends on ELYS28,29. Microinjection 
of mRNA encoding Nup37, a component of the Nup107–Nup160 
complex, fused to EGFP, revealed that Nup37 localized to the nuclear 
rim of control pronuclei, where it merged with the mAb414 signal, 
but it was not detected in the ND pronuclei (Supplementary Fig. 6a). 
Moreover, we found that POM121, a nuclear-pore integral membrane 

protein whose localization also depends on ELYS in vitro33, was unde-
tectable in the ND pronuclei (Supplementary Fig. 6b). These results 
further demonstrate that ELYS fails to localize to the nuclear rim of 
the ND paternal pronucleus.

To gain insight into the mechanism by which nucleosome assembly 
is involved in the localization of ELYS in the nuclear rim, we asked 
whether ELYS could associate with nucleosomes. To this end, we puri-
fied ELYS from HEK293T cells, by using anti-ELYS antibody–coated 
beads (Fig. 5a), and also isolated mononucleosomes from HeLa cells 
(Fig. 5b,c). Incubation of the ELYS-bound beads and the control IgG 
beads, with or without mononucleosomes, and subsequent blotting 
with anti-H2B antibody demonstrated that ELYS associates with 
mononucleosomes (Fig. 5d and Supplementary Fig. 7). Furthermore, 
immunoprecipitation with anti-ELYS antibody from HEK293T cell 
protein extracts and subsequent blotting with anti-H2B and anti-H3 
antibodies revealed that ELYS and nucleosomes interacted in the 
protein extracts (Fig. 5e and Supplementary Fig. 7). Consistently  
with this, anti-H2B antibody coprecipitated ELYS from the cell 
extracts. In combination with our observation that ELYS could not 
properly localize to the nuclear rim in the absence of nucleosomes 
(Fig. 4), these results suggest that ELYS-nucleosome interaction might 
contribute to nuclear-rim localization of ELYS.

Because it has been shown that Ran-GTP regulates ELYS-chromatin 
association in vitro34 and that RNA interference–mediated depletion 
of Ran-system components causes defective localization of Mel-28, 
a Caenorhabditis elegans ortholog of mammalian ELYS35, we exam-
ined whether the Ran-mediated protein transport system regulates 
the proper localization of ELYS in mouse zygotes. To disrupt the Ran 
system, we overexpressed dominant-negative forms of Ran (RanQ69L 
and RanT24N)36,37. We confirmed that Ran mutants and wild type 
(RanWT) were expressed at a similar level (Supplementary Fig. 8a) 
and that the expression of the mutants inhibited lamin B1 assembly 
and nuclear expansion (Supplementary Fig. 8b), thus indicating that 
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Figure 6  Forced nuclear-rim localization of ELYS results in functional  
NPC formation. (a) Representative images of H3.3-depleted zygotes  
stained with mAb414 (magenta), anti–lamin B1 antibody (yellow) and  
DAPI after EGFP-ELYS or ELYS-emerin-EGFP (green) mRNA injection  
at GV stage. A total of 30 (mAb414) or 40 (lamin B1) EGFP-ELYS and  
16 (mAb414) or 36 (lamin B1) ELYS-emerin-EGFP zygotes were 
examined. Merge shows EGFP and mAb414 channels. Percentages 
indicate zygotes showing the depicted phenotype. P, paternal pronucleus 
(indicated by arrows); M, maternal pronucleus. Scale bar, 20 µm.  
(b) Relative values of the area of pronuclei (paternal/maternal).  
The numbers of zygotes quantified in the experiments with biological 
triplicates are indicated above the bars. *P < 0.01 by two-tailed 
Student’s t test; error bars, s.d. (c) Representative images of the rescued 
zygotes expressing EGFP-NLS. The arrow indicates the rescued paternal 
pronucleus. A total of 16 zygotes were examined. (d) Representative 
images of zygotes stained with anti-Ran antibody. Graph at right indicates 
relative values of the signal intensity (paternal/maternal). The numbers  
of zygotes examined are indicated above the bars. Error bars, s.d.  
(e) Representative images of zygotes stained with anti-Flag antibody.  
Flag-RCC1 mRNA was injected at GV stage. Graph at right indicates 
relative values of the signal intensity (paternal/maternal). The numbers  
of zygotes examined are indicated above the bars. Error bars, s.d.
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these mutants can efficiently block the Ran-mediated transport sys-
tem. Co-injection of EGFP-ELYS mRNA with Ran mRNA revealed 
that ELYS localized to the surface of the maternal chromosome mass 
and the entire paternal chromatin in RanWT zygotes at 2 hpf and that 
this localization pattern did not change in the zygotes expressing the 
Ran mutants (Supplementary Fig. 8c). Importantly, the localization 
of ELYS in the nuclear rim of both pronuclei was also not affected by 
the Ran mutants at 8 hpf (Supplementary Fig. 8d). Notably, NPCs, 
marked by mAb414, could be assembled in zygotes expressing the Ran 
mutants, although we observed a substantial reduction of the signal 
in the RanQ69L mutant (Supplementary Fig. 8d). These results sug-
gest that Ran-mediated nuclear transport is not responsible for the 
localization of ELYS to the nuclear rim in mouse zygotes.

Tethering ELYS to the NE of the ND nucleus rescues NPC assembly
To determine the causal relation between nuclear-rim localization of 
ELYS and NPC assembly, we asked whether the defect of NPC assem-
bly in the ND paternal pronucleus could be rescued by tethering ELYS 
to the nuclear rim. To this end, we fused emerin, an inner-NE protein 
localized in the nuclear rim of the ND pronucleus (Fig. 3a), to the 3′ 
end of ELYS by generating a fusion construct, ELYS-emerin-EGFP. 
After microinjection of the mRNA into H3.3-depleted oocytes and 
subsequent meiotic maturation and fertilization, we confirmed that 
ELYS-emerin-EGFP protein indeed localized to the rim of the ND 
paternal pronuclei, whereas EGFP-ELYS localized only to the nuclear 
interior (Fig. 6a). Importantly, tethering ELYS to the nuclear rim res-
cued NPC assembly marked by mAb414 (Fig. 6a). Surprisingly, lamin 
B1 assembly as well as nuclear expansion was also rescued (Fig. 6a,b), 
thus suggesting recovery of the nuclear-transport system. Indeed, we 
observed EGFP-NLS accumulation in the rescued paternal pronuclei 
(Fig. 6c). Furthermore, the accumulation of both Ran and regula-
tor of chromosome condensation 1 (RCC1) recovered (Fig. 6d,e). In 
contrast, immunostaining with anti-H2A and anti-H2AX antibodies 
(Fig. 7a) or microinjection of Flag-H2B mRNA followed by immuno
staining (Fig. 7b) revealed that the rescued paternal pronuclei were 
still largely devoid of nucleosomes. Taken together, these data not 
only demonstrate that nucleosome assembly is upstream of nuclear-
rim localization of ELYS and NPC assembly but also suggest that the 
defective localization of ELYS to the nuclear rim is the main cause of 
the defective NPC assembly observed in the ND paternal pronuclei.

DISCUSSION
In this study, we generated nucleosome-depleted (ND) paternal 
pronuclei in vivo in mouse zygotes by inhibiting maternal-histone 
incorporation into the paternal DNA. Phenotypic analyses of the ND 
pronuclei revealed that the loss of nucleosome assembly prevents the 
enrichment of ELYS to the nuclear rim and causes formation of the 
nonfunctional small pronucleus surrounded by a NE devoid of NPCs. 
The data presented here, in combination with previous studies, sug-
gest a stepwise model for the formation of the paternal pronucleus 
in mouse zygotes (Fig. 8). After a sperm enters an egg, protamines 
are removed by undefined factors, the paternal DNA is decondensed 

by nucleoplasmin 2 (ref. 38), and H3.3–H4 is deposited by HIRA. 
Protamine removal seems to be independent of histone deposition 
in mice (Supplementary Fig. 2), similarly to that in Drosophila39 
but not to that in Xenopus, in which nucleoplasmin is responsible 
for both the removal of protamine-like proteins and the deposition 
of maternal histones40. Sperm DNA decondensation is also likely to 
be independent of histone deposition, because paternal DNA can be 
normally decondensed in the absence of maternal-histone deposi-
tion in H3.3-depleted zygotes (Fig. 4b). The exclusive targeting 
of HIRA to paternal DNA is independent of the presence of H3.3 
(Supplementary Fig. 3b) and could be explained by the ability of 
HIRA to directly bind to naked DNA9, given that the paternal DNA, 
but not the maternal DNA, may transiently adopt a nucleosome-free 
state after protamine removal. Incorporation of H3.3–H4 appears to 
be a prerequisite for H2A–H2B deposition, because the H2A–H2B 
dimer is not incorporated in the absence of H3.3 or HIRA (Fig. 2c,d). 
During sperm DNA decondensation, ELYS becomes localized to the 
paternal chromatin (Fig. 4a). This initial localization of ELYS to chro-
matin is independent of de novo nucleosome assembly, because ELYS 
can localize to ND paternal DNA (Fig. 4b), possibly as mediated by its 
AT-hook motif with DNA-binding activity30,33. During NE assembly, 
ELYS is enriched around the nuclear rim, and this requires preassem-
bled nucleosomes (Fig. 4a,b). Whether the nuclear-rim localization of 
ELYS requires NE assembly remains to be determined. Enrichment of 
ELYS to the nuclear rim triggers the assembly of NPCs. This enables 
import of nuclear proteins, such as lamin B1 and Tet3, and expansion 
of the nuclear size via the Ran-mediated nuclear-transport system21 
(Fig. 3d–f). However, a defect in de novo nucleosome assembly in the 
paternal pronucleus prevents the enrichment of ELYS to the nuclear 
rim but does not prevent the assembly of the NE. This leads to the 
formation of a NE devoid of NPCs (Fig. 3g), which in turn prevents 
nuclear import and nuclear expansion (Fig. 3d–f). Thus, we propose 
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Figure 7  Core histones are largely absent in the rescued paternal 
pronucleus. (a,b) Representative images of zygotes stained with anti-H2A 
and anti-H2AX antibodies (a) or with anti-Flag antibody (b). Flag-H2B 
mRNA was injected at GV stage. The arrows indicate the rescued paternal 
pronuclei. P, paternal pronucleus; M, maternal pronucleus; PB, polar 
body. Scale bars, 20 µm. Graphs at right indicate relative values of the 
signal intensity (paternal/maternal). The numbers of zygotes examined in 
three independent experiments are indicated above the bars. *P < 0.01 by  
two-tailed Student’s t test. Error bars, s.d.
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that HIRA-mediated de novo nucleosome assembly has a critical role 
in NPC assembly during paternal pronuclear formation (Fig. 8).

The in vivo zygote and the in vitro egg-extract system
Despite the great contribution of the in vitro Xenopus egg-extract sys-
tem in defining many of the molecular events leading to the assembly 
of the NE and NPC, the role of nucleosomes in these processes could 
not be properly addressed because histones present in the extracts are 
spontaneously assembled onto the exogenous DNA, and this makes 
it difficult to distinguish the role of DNA and nucleosomes in the 
processes41,42. Therefore, it has been unclear whether DNA or nucleo-
somes are required for the formation of functional NEs. In our study, 
we successfully generated nucleosome-free DNA in vivo and found 
that a NE without NPCs is formed in the absence of nucleosomes  
(Fig. 3). The presence of a sealed NE suggests that DNA may be  
sufficient, but nucleosome assembly is not required, for NE assem-
bly. This finding is supported by previous studies demonstrating  
that inner-NE proteins including LBR, Man1 and Lap2β can directly 
bind to a naked DNA in vitro43 and that a protein-free DNA is more 
efficient for NE formation than a chromatinized DNA44.

Proper localization of ELYS to the nuclear rim is required for NPC 
assembly (Fig. 4b,c). Although previous studies using Xenopus egg 
extracts reported that ELYS can bind to sperm chromatin that con-
tains both DNA and nucleosomes in vitro29,30,33, it has been unclear 
whether DNA or nucleosomes are responsible for the chromatin 
association of ELYS. The nuclear interior distribution of ELYS in 
the ND pronucleus suggests that, although ELYS might associate 
with DNA, such DNA-ELYS interaction is not sufficient for proper 
localization of ELYS to the nuclear rim and for subsequent recruit-
ment of NPC components such as the Nup107–Nup160 complex 
(Supplementary Fig. 6). Once ELYS is artificially brought to  
the inner NE, functional NPCs can be assembled (Fig. 6), thus  
indicating that accumulation of ELYS at the nuclear rim is critical  
for initiating NPC assembly. We propose, on the basis of these 
observations and the demonstration that ELYS directly interacts  
with nucleosomes (Fig. 5), that nucleosomes might function as 
a scaffold for the accumulation of ELYS at the interface between 
chromatin and the NE. Future studies should reveal the molecular 
details of how ELYS accumulates at the nuclear rim in a nucleosome-
dependent manner.

Potential mechanism regulating ELYS localization
How the location of ELYS is regulated is a fascinating question. Given 
that NE assembly and the localization of ELYS to the rim of the chro-
matin mass occur in a similar time frame during paternal pronuclear 
formation (Fig. 4a), it is possible that the contact between the NE  
and chromatin helps ELYS accumulate at the chromatin-NE inter-
face. ELYS is integrated in NPCs at interphase and is believed to be 
oligomerized with other nucleoporins, including integral membrane 
proteins, to assemble an eight-fold-symmetrical structure23,45,46. 
The integration of ELYS may lead to the apparent enrichment 
of ELYS at the nuclear rim. The important contribution of NE to 
the nuclear-rim localization of ELYS is supported by a study using 
Xenopus egg extracts, in which the absence of membranes prevented 

the oligomerization of ELYS and the Nup107–Nup160 complex 
on the surface of the chromatin mass47. However, it is also known 
that targeting of ELYS to the surface of the chromosome mass dur-
ing anaphase of mitosis is independent of NE assembly, because it 
precedes the NE re-formation23,31,48. This targeting is proposed  
to be achieved by DNA-binding activity, because the ELYS  
C-terminal domain contains an AT-hook motif with DNA-binding  
activity, which can mediate chromatin association in vitro30,33. Thus, 
the mechanism of nuclear-rim localization at interphase may be dif-
ferent from that of chromosome-surface localization at anaphase. 
Owing to the highly compacted chromosome structure, ELYS’s access 
to chromatin might be limited, thus trapping ELYS on the surface of 
the chromosome mass. In support of this notion, we found that ELYS 
localized to the entire paternal chromatin that did not form chromo-
some architecture after sperm DNA decondensation (Fig. 4a), while 
also localizing to the surface of the maternal chromosome mass at 
the same time (Supplementary Fig. 5). Subsequent enrichment of 
ELYS at the paternal nuclear rim might be caused by oligomerization 
of ELYS with other integral nucleoporins. It will be interesting to 
determine whether the contact of the NE is indeed required for the 
nuclear-rim localization of ELYS.

Implication in eukaryotic evolution
We speculate, on the basis of our finding that nucleosome assembly is 
a prerequisite for functional NE formation and the fact that prokary
otes have neither a NE nor nucleosomes and acquired both as they 
evolved into eukaryotes, that acquisition of nucleosome structures 
might precede acquisition of a functional NE during eukaryotic evolu-
tion. Although this hypothesis is difficult to prove, it is consistent with 
the fact that archaea have a tetrasome—a prototype of the octameric 
nucleosomes—but do not have a functional NE49.

Additional discussion is in the Supplementary Note.

Methods
Methods and any associated references are available in the online 
version of the paper.
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Figure 8  Stepwise model depicting paternal pronuclear formation after 
fertilization. The left and right pathways indicate molecular steps of 
paternal pronuclear formation in wild-type zygotes and HIRA- or H3.3-
depleted zygotes, respectively. Red dots indicate ELYS. Red nuclear 
membrane (NE) indicates functional NE-containing NPCs. Orange NE 
indicates nonfunctional NE lacking NPCs.
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Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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ONLINE METHODS
Microinjection into MII-stage oocytes. All animal studies were performed in 
accordance with guidelines of the Institutional Animal Care and Use Committee 
at Harvard Medical School. MII-stage oocytes were collected from 3-week-old 
superovulated BDF1 females by injecting 5 I.U. of PMSG (Harbor, UCLA) and 
hCG (Millipore). The cumulus cells were removed by a short incubation in M2 
medium containing 0.3 mg/ml hyaluronidase (Millipore), and oocytes were 
transferred into α-MEM medium (Life Technologies 12571-063) supplemented 
with 5% FBS. For microinjection, MII oocytes were transferred into M2 medium 
(Millipore) and injected with ~10 pl of 50 ng/µl Flag-H3.3 mRNA with a Piezo 
impact-driven micromanipulator (Prime Tech Ltd., Ibaraki, Japan). After injec-
tion, oocytes were incubated in α-MEM for 3 h.

For in vitro fertilization (IVF), MII oocytes were transferred into HTF medium 
supplemented with 10 mg/ml bovine serum albumin (BSA; Sigma-Aldrich) and 
inseminated with activated spermatozoa obtained from the caudal epididymides 
of adult BDF1 male mice. Spermatozoa capacitation was attained by 1 h incuba-
tion in HTF medium. For analysis of preimplantation development, fertilized 
oocytes were cultured in KSOM (Millipore) in a humidified atmosphere of 5% 
CO2/95% air at 37.8 °C.

Microinjection into GV-stage oocytes. Fully grown GV-stage oocytes were 
obtained from BDF1 mice (8–12 weeks old) 44–48 h after injection with 7.5 I.U. 
PMSG. The ovaries were removed and transferred to M2 medium containing 
0.2 mM 3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich). The ovarian fol-
licles were punctured with a 27-gauge needle, and the cumulus cells were gently 
removed from the cumulus–oocyte complexes with a narrow-bore glass pipette. 
The oocytes were then transferred into α-MEM supplemented with 5% FBS,  
10 ng/ml EGF, and IBMX.

One hour after collection of GV oocytes, they were injected with a mixture 
of 2 µM each of the Stealth siRNA specific for H3f3a (Life Technologies, 5′-GC
GAGAAAUUGCUCAGGACUUCAAA-3′) and Silencer Select siRNA specific 
for H3f3b (Life Technologies, s67336) or 4 µM ON-TARGETplus nontargeting 
control siRNA 1 (control siRNA) (Dharmacon, D-001810-01-05) with a Piezo 
impact-driven micromanipulator. Twenty-four hours after injection, oocytes were 
transferred to IBMX-free α-MEM to induce meiotic maturation.

For expression of Flag-tagged histones, 50 ng/µl of Flag-H2B or 250 ng/µl of 
Flag-H4 mRNA was injected into the GV oocytes right before in vitro maturation. 
Similarly, 100 ng/µl of emerin-EGFP or 1,000 ng/µl of LBR-EGFP or LBR-mRFP1 
mRNA was injected for detection of NE. For analysis of Flag-RCC1 or Nup37-
EGFP localization, 0.1 ng/µl or 600 ng/µl of mRNA, respectively, was injected. 
EGFP-ELYS or ELYS-emerin-EGFP was injected at the concentration of 200 ng/µl. 
One hour after injection, they were transferred to IBMX-free α-MEM. After  
in vitro maturation for 16–18 h, MII oocytes were transferred into HTF medium 
and inseminated with capacitated sperm. EGFP-NLS mRNA (300 ng/µl) was 
injected into fertilized oocytes 4 h after insemination. 70-kDa dextran conjugated 
with Texas Red (Molecular Probes, 0.5 mg/ml) was injected 1 h before fixation.

For overexpression of Ran, 1,000 ng/µl RanWT-mRFP1, RanT24N-mRFP1, or 
RanQ69L-mRFP1 mixed with 200 ng/µl EGFP-ELYS mRNA was injected into GV 
oocytes. One hour after injection, they were transferred to IBMX-free α-MEM 
as described above.

Microinjection into growing oocytes and in vitro growth. The collection and 
culture of oocyte–granulosa cell complexes were performed as described previ-
ously with some modifications18. Oocyte–granulosa cell complexes were isolated  
from the ovaries of 12-day-old BDF1 females by mechanical dissection with 
30-gauge needles. They were transferred into α-MEM with GlutaMax (Life 
Technologies, 32571-036) containing 5% FBS, 100 IU/L PMSG, 5 µg/ml insu-
lin (Sigma-Aldrich), 5 µg/ml transferrin (Sigma-Aldrich), and 5 ng/ml sodium 
selenite (Sigma-Aldrich). Complexes meeting with all the morphological criteria 
described elsewhere50 were culled, incubated for 1 h and then transferred into M2 
medium for microinjection. 20 µM of Silencer Select siRNA specific for Hira (Life 
Technologies, s67546) or 20 µM control siRNA was injected into the cytoplasm 
of growing oocytes surrounded by granulosa layers with a Femtojet (Eppendorf) 
(Supplementary Fig. 1e). For rescue experiments, 160 ng/µl of Hira mRNA was 
co-injected with Hira siRNA. After microinjection, oocytes were transferred into 
the medium described above containing 2% polyvinylpyrrolidone (PVP, MW 
360,000, Sigma-Aldrich)51. Five to seven complexes were cultured in a 50 µl-drop 

under mineral oil (Sigma-Aldrich). Half of the medium was exchanged for fresh 
medium every other day (Supplementary Fig. 1f).

After culturing for 12 d, the fully grown oocytes surrounded by cumulus cells 
were collected with a glass pipette and transferred into α-MEM supplemented 
with 5% FBS and 10 ng/ml EGF (Supplementary Fig. 1g). After meiotic matura-
tion for 18 h, MII oocytes were transferred into HTF medium and inseminated 
with capacitated sperm.

Whole-mount immunostaining. Zygotes were fixed in 3.7% paraformaldehyde 
(PFA) in PBS (for anti-HIRA, anti-Tet3, anti-protamine 2 antibodies, and for 
EGFP-NLS) or 3.7% PFA/PBS containing 0.2% Triton X-100 (for the others) 
for 20 min and then washed with PBS containing 10 mg/mL BSA (PBS/BSA). 
After permeabilization with 0.5% Triton X-100 for 15 min (for the samples fixed 
without 0.2% Triton), zygotes were washed in PBS/BSA and treated with the fol-
lowing primary antibodies overnight at 4 °C: mouse anti-HIRA (1:100, Active 
Motif, 39557), mouse anti-Flag M2 (1:200, Sigma-Aldrich, F3165), rabbit anti-
Flag (1:2,000, Sigma-Aldrich, F7425), goat anti–lamin B1 (1:500, Santa Cruz 
Biotechnology, sc-6217), mouse anti-H2A20 (1:2,000, MBL, D210-3), rabbit anti-
H2AX20 (1:2,000, Abcam, ab11175), mouse anti-protamine 2 (1:100, Briar Patch 
Biosciences), rabbit anti-Tet3 (ref. 25; 1:4,000, a gift from G.L. Xu), mAb414 
(1:2,000, Abcam, ab24609), rabbit anti-POM121 (1:1,000, GeneTex, 102128) or 
mouse anti-Ran (1:10,000, BD transduction laboratories, 610340). Validation of 
the antibodies for mouse antigens can be found on the manufacturer’s websites. 
When using anti-Tet3 antibody, zygotes were incubated with primary-antibody 
solution for 2 h at room temperature. After washing with PBS/BSA for 30 min, 
samples were incubated with a 1:250 dilution of fluorescein isothiocyanate– 
conjugated anti-mouse IgG (Jackson Immuno-Research), Alexa Fluor 568 donkey 
anti-rabbit IgG (Life Technologies), Alexa Fluor 568 donkey anti-mouse IgG 
(Life Technologies), Alexa Fluor 647 donkey anti-mouse IgG (Life Technologies), 
and/or Alexa Fluor 647 donkey anti-goat IgG (Life Technologies) for 1 h. The 
oocytes were then mounted on a glass slide in Vectashield anti-bleaching solution 
with 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories). Fluorescence 
was detected under a laser-scanning confocal microscope with a spinning disk 
(CSU-10, Yokogawa) and an EM-CCD camera (ImagEM, Hamamatsu). All 
images were acquired and analyzed with Axiovision (Carl Zeiss).

The fluorescence signal intensity was quantified with Axiovision. Briefly, 
the signal intensity within each parental pronucleus was determined, and the 
cytoplasmic signal was subtracted as background. Then, the relative intensity of 
the paternal and maternal signal was calculated. The area of pronuclei was also 
quantified with Axiovision.

Immunostaining for surface spread. Surface-spread samples for fertilized 
oocytes and sperm were prepared as described previously52. Briefly, fertilized 
oocytes with zona pellucida removed by treatment with acidic Tyrode’s solution 
(Sigma-Aldrich) were put on a glass slide dipped in a solution of 1% PFA in DW, 
pH 9.2, containing 0.15% Triton X-100 and 3 mM dithiothreitol. After fixing over-
night in a humid chamber, the slide was washed in 0.4% Photoflo (Kodak) in DW 
and dried for 30 min at room temperature. The samples were washed with 0.1% 
Tween-20/PBS, treated with 0.5% Triton X-100 for 15 min, and then incubated  
with rabbit anti-H2AX (1:2,000, Abcam, ab11175), mouse anti-protamine 2 
(1:100, Briar Patch Biosciences), and/or human anti-Crest53 antibodies (1:500, 
Antibodies Inc. 15-235) overnight. After washing with PBS/BSA for 30 min, 
samples were incubated with Alexa Fluor 568 donkey anti-rabbit IgG and Alexa 
Fluor 647 donkey anti-human IgG (Life Technologies) for 1 h.

Reverse transcription and real-time PCR analysis. RNA extraction and reverse 
transcription were performed with the SuperScript III CellsDirect cDNA Synthesis 
Kit (Life Technologies) according to the manufacturer’s instructions. Real-time 
quantitative PCR reactions were performed on an ABI Viia7 real-time PCR 
detection system (Applied Biosystems) with SYBR Green (Applied Biosystems). 
Relative gene expression levels were analyzed with comparative Ct methods, where 
Ct is the threshold cycle number, and normalized to GAPDH. Primer sequences 
are as follows: Gapdh-F, 5′-CATGGCCTTCCGTGTTCCTA-3′; Gapdh-R, 5′-GC 
CTGCTTACCACCTTCTT-3′; Hira-F, 5′-AAGGAGGCCATGTGTCTGTC-
3′; Hira-R, 5′-GTCTCCCACTCCTTCCCTTC-3′; H3f3a-F, 5′-GTGGTAAA 
GCACCCAGGAAA-3′; H3f3a-R, 5′-TGCGGATCAGAAGTTCAGTG-3′;  
H3f3b-F, 5′-CTGCCATTCCAGAGATTGGT-3′, H3f3b-R, 5′-GGGCATGAT 
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GGTGACTCTCT-3′. For multicopy histone genes, primers were designed in 
common sequences among all (H2B, H3.1, and H3.2)15 or most (H4) of genes. 
H2B-F, 5′-GCCGCAAGGAGAGCTACTC-3′; H2B-R, 5′-CGCTTGTTGTA 
ATGCGCCAG-3′; H3.1-F, 5′-TGCAGGAGGCCTGTGA-3′; H3.1-R, 5′-TG 
GATGTCCTTGGGCATG-3′; H3.2-F, 5′-TGCAGGAGGCGAGCGA-3′; H3.2-R,  
5′-TGGATGTCCTTGGGCATG-3′; H4-F, 5′-AAGCGCATCTCCGGCCTC 
AT-3′; H4-R, 5′-GTCTTGCGCTTGGCGTGCTC-3′.

Plasmid construction and mRNA preparation. To make the Flag-H3.3  
construct, H3.3B (H3F3B) gene was amplified from pcDNA3.1-H3.3-EGFP-
poly(A)83 plasmid54 and cloned into pcDNA3.1-Flag-poly(A)83 plasmid, which 
was produced in this study. The H3.3 gene was inserted between the Flag tag and 
the poly(A). Hira cDNA was amplified from mouse ES-cell cDNA and cloned into 
the pcDNA3.1-poly(A)83 plasmid. Eight silent mutations were introduced into 
the siRNA 19-nucleotide targeting sequence with the PrimeSTAR mutagenesis 
basal kit (TAKARA). Primers for mutagenesis are as follows. 5′-GAcaGgtcacT
cAAGGTATGGAGGACGCTG-3′ and 5′- CTTgAgtgacCtgTCATCAGCTTGA
GAGGCA-3′.

To create the emerin-EGFP, LBR-EGFP, and LBR-mRFP1 constructs, the 
full-length mouse emerin gene or N-terminal domain of LBR55 was amplified 
from mouse ES-cell cDNA and cloned into the pcDNA3.1-EGFP-poly(A)83  
vector or pcDNA3.1-mRFP1-poly(A)83 plasmid54. The emerin or LBR gene was 
inserted at the 5′ end of EGFP. Similarly, full-length mouse ELYS cDNA was 
amplified and cloned into pcDNA3.1-EGFP-poly(A)83 to make an EGFP-ELYS 
construct. The ELYS gene was inserted into the 5′ end of emerin-EGFP to make 
the ELYS-emerin-EGFP construct with the In-fusion HD cloning Kit (Clontech). 
Full-length mouse Ran cDNA was amplified from mouse ES-cell cDNA and 
cloned into pcDNA3.1-mRFP1-poly(A)83 plasmid to make a RanWT-mRFP1 
construct. Point mutations for T24N and Q69L in the Ran gene were introduced 
with the PrimeSTAR mutagenesis basal kit. All constructs were verified by  
DNA sequencing.

mRNA was synthesized from linearized constructs by in vitro transcription 
with a mMESSAGE mMACHINE T7 or Sp6 Kit (Life Technologies) or mMES-
SAGE mMACHINE T7 Ultra Kit (Life Technologies) according to the manu-
facturer’s instructions. The synthesized mRNA was purified by lithium chloride 
precipitation and diluted with nuclease-free water.

Transmission electron microcopy. Sample preparation was performed by fol-
lowing the protocol of the Harvard Medical School EM facility. Briefly, zygotes 
were fixed overnight at 4 °C in 2.5% glutaraldehyde, 1.25% paraformaldehyde 
and 0.03% picric acid in 0.1 M sodium cacodylate buffer, pH 7.4. Samples were 
washed in 0.1 M cacodylate buffer, fixed with 1% osmium tetroxide (OsO4)/1.5% 
potassium ferrocyanide (K4[Fe(CN)6]) for 2 h, washed in water three times and 
incubated in 1% aqueous uranyl acetate for 1 h. This was followed by two washes 
in water and subsequent dehydration in grades of alcohol (10 min each with 50%, 
70%, 90%; 2 × 10 min with 100%). The samples were then put in propylene oxide 
for 1 h and infiltrated overnight in a 1:1 mixture of propylene oxide and Spurr’s 
resin (EMS). On the following day, the samples were embedded in Spurr’s and 
polymerized at 60 °C for 48 h.

Ultra-thin sections (about 60 nm) were cut on a Reichert Ultracut-S micro-
tome, picked up on to copper grids, stained with lead citrate and examined in a 
JEOL 1200EX transmission electron microscope. Images were recorded with an 
AMT 2,000 CCD camera.

Immunoprecipitation. The cell lysate was prepared as described previously with 
some modifications56. 1 × 107 HEK293T cells were lysed with 70 µl of high-salt 
buffer (10 mM Tris-HCl, pH 7.4, 400 mM NaCl, 1% Triton X-100, 2 mM EGTA, 
1 mM MgCl2, 1 mM DTT, and protease-inhibitor cocktail EDTA-free (Roche 
05892791001) containing benzonase nuclease (1:500, Millipore)) for 30 min at 
4 °C. The sample was then sonicated briefly and centrifuged at 15,000 r.p.m. for 
15 min. The supernatant was diluted with 190 µl of nonsalt buffer (10 mM Tris-
HCl, pH 7.4, 2 mM EDTA, 1 mM DTT, and protease-inhibitor cocktail (Roche 
11697498001)). After centrifugation at 15,000 r.p.m. for 15 min, the supernatant 
was incubated for 1 h at 4 °C with Dynabeads Protein A (Life Technologies) 
bound with 2 µg of rabbit anti-ELYS29 (a gift from I. Mattaj), rabbit anti-H2B 
antibody (Abcam, ab1790; validation on the manufacturer’s website), or rab-
bit IgG (Santa Cruz, sc-2027). After five washes with mixed buffer (high-salt 

buffer/nonsalt buffer 1: 2.75), the proteins were eluted with SDS sample buffer. 
Five percent of the cell extract was loaded as the input. Twenty-nine percent of the 
precipitate was loaded for blotting with histone antibodies. Seven or 29 percent 
of the precipitate by ELYS- or H2B-specific antibody, respectively, was loaded for 
blotting with ELYS antibody.

Immunoblotting. For the analysis of immunoprecipitation, the proteins were sep-
arated by SDS-PAGE on 5% or 15% polyacrylamide gel and electrically transferred 
to nitrocellulose membrane (Bio-Rad). The membranes were blocked for 60 min 
at room temperature in Odyssey blocking buffer (LI-COR Biosciences). They were 
then incubated with rabbit anti-ELYS29 (1:2,500) or rabbit anti-H2B (1:20,000, 
Abcam ab1790) and mouse anti-H3 (1:1,000, Millipore, 05-499) antibodies 
(validation on the manufacturers’ websites) in Odyssey blocking buffer over-
night at 4 °C. After washing with Tris-buffered saline containing 0.1% Tween-20  
(TBST), the membranes were incubated with IRDye 800CW goat anti-mouse 
or/and IRDye 680RD goat anti-rabbit secondary antibody (1:5,000, LI-COR 
Biosciences) in TBS-T containing 0.5% BSA for 1 h at room temperature. The 
membranes were washed in TBS-T, and the fluorescence signal was detected with 
a LI-COR Odyssey Imager (LI-COR Biosciences). The original images of blots 
can be found in Supplementary Figure 7a,b.

For the analysis of Ran expression, MII oocytes were collected into 1× SDS 
sample buffer and heated at 95 °C for 5 min. The proteins were separated by  
SDS-PAGE on a 10% polyacrylamide gel and transferred to nitrocellulose  
membrane. The membranes were blocked in TBS-T containing 5% BSA and then 
incubated with mouse anti-Ran (1:2,000, BD transduction laboratories, 610340) 
or mouse anti–α-tubulin (1:4,000, Sigma-Aldrich, T6199) antibodies (validation 
on the manufacturers’ websites) in TBS-T/1% BSA overnight at 4 °C.

In vitro binding assay. Mononucleosomes were purified from HeLa cells as 
described previously57. The purification of mononucleosomes was confirmed by 
Coomassie brilliant blue staining following SDS-PAGE and by ethidium bromide 
staining following phenol-chloroform extraction of DNA.

For purification of ELYS, rabbit anti-ELYS antibody or rabbit IgG was cross-
linked with Dynabeads Protein A by treatment with 20 mM dimethyl pime-
limidate (Sigma-Aldrich) in 200 mM sodium borate, pH 9.0, for 30 min at room 
temperature. The cross-linked beads were incubated with HEK293T cell extracts 
prepared as described above. After pulldown of ELYS, the beads were washed 
four times with 1 M NaCl for 5 min each to remove most binding proteins. For 
checking the quality of protein purification, a small aliquot of beads was boiled 
in SDS sample buffer, the proteins were separated by 7% Next gel (Amresco), and 
the gel was silver stained (Pierce). The rest of the beads were then washed with the 
mixed buffer described above and incubated with the mixed buffer containing 
mononucleosomes for 30 min at 4 °C. After three washes with the mixed buffer, 
the proteins were eluted with SDS sample buffer. Ten percent of the nucleosome 
solution was loaded as the input. Seventeen or 33 percent of the precipitate was 
loaded for blotting with anti-ELYS or anti-H2B antibody, respectively. The origi-
nal images of blots can be found in Supplementary Fig. 7c–e.

Statistical analysis. Data were analyzed by two-tailed Student’s t test. A value of 
P <0.01 was considered statistically significant.
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