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Although DNA methylation is a relative-
ly stable epigenetic modification, global
DNA demethylation has been observed

in two stages during embryogenesis. One takes
place in zygotes, when the paternal genome is
preferentially demethylated (1). Despite great ef-
forts in identifying the responsible enzymes, the
identity of the putative DNA demethylase has re-
mained elusive (2). Recent demonstration that the
Tet (ten eleven translocation) family proteins are
capable of converting 5-methylcytosine (5mC) of
DNA to 5-hydroxymethylcytosine (5hmC) raises
the possibility that Tet proteins might be involved
in this process (3, 4).

To address this possibility, we performed im-
munostaining that demonstrated, similar to recently
published results (5, 6), that loss of 5mC staining in
the male pronucleus correlates with the appearance
of 5hmC (fig. S1), indicating the conversion of
5mC to 5hmC at the male pronucleus. Several

possibilities, including base excision repair (BER),
further oxidation, and replication-dependent di-
lution, have been proposed for the fate of 5hmC
(2, 4, 7). Indeed, two recent studies have dem-
onstrated that Tet proteins can oxidize 5mC and
5hmC further to 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC) (8, 9) and that 5caC can
be excised by thymine-DNA glycosylase (TDG)–
mediated BER (8).

To distinguish between these possibilities, we
prepared mitotic chromosome spreads at various
stages of preimplantation embryos. Co-staining
of the chromosome spreads with antibodies against
5mC or 5hmC revealed that, at the one-cell stage,
the two sets of chromosomes are compartmental-
ized, with 5hmC specifically enriched in the sperm-
derivedchromosomesand5mCspecifically enriched
in the egg-derived chromosomes (Fig. 1A). Similar
staining with parthenogenetic one-cell embryos
revealed uniform 5mC staining in the two sets of

chromosomes, with little staining of 5hmC anti-
bodies (fig. S2A). This result is consistent with
previous studies demonstrating relative enrich-
ment of 5hmC in the sperm-derived chromosomes
(5, 6). Similar staining of mitotic chromosomes at
the two-cell stage revealed that only one of the two
sister chromatids of sperm-derived chromosomes
is enriched for 5hmC (Fig. 1B), indicating that the
5hmC mark is not maintained during DNA rep-
lication. Further analysis of the four-cell– and eight-
cell–stage embryo blastomeres revealed that the
chromosomes containing 5hmC are gradually re-
duced (Fig. 1, C and D).

We note that, at the four- and eight-cell stages,
5hmC appears to be present only in part of the chro-
matids, likely because of sister chromatid exchange
(Fig. 1, C and D; note the enlarged images on right
of the panels). Although the exact numbers of
5hmC-positive chromatids vary among individual
blastomeres, the total length of the 5hmC-enriched
part in chromatids in each blastomere is very close
to the theoretical number of 5hmC-positive chro-
matids expected from the original 5hmC-containing
chromatids present in the zygote (table S1).

The above results, together with previous
studies (5, 6), support a model by which Tet3 con-
verts 5mC to 5hmC in the male pronucleus in
zygotes followed by replication-dependent dilution
during preimplantation development (fig. S3).
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Fig. 1. Replication-dependent loss of 5-hmC during mouse preimplantation development. Representative
confocal microscopy images of mitotic chromosome spreads derived from in vitro fertilization mouse
embryos co-stained with 5hmC (red) or 5mC (green) antibodies or DAPI (4´,6´-diamidino-2-phenylindole,
blue) at one-cell (A), two-cell (B), four-cell (C), and eight-cell (D) stages. Shown are the images of
chromosomes from one blastomere at each developmental stage. As a result of sister chromatid exchange,
only part of the sister chromatids stained positively for 5hmC at the four-cell and eight-cell stages (C and D).
The dotted squares represent enlarged paternal (Pat.) or maternal (Mat.) chromosomes.
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Figure S1. Loss of 5mC staining in the paternal pronucleus correlates with increase in 

5hmC staining in zygotes 
(A) Representative confocal microscopy images of mouse zygotes co-stained with 5mC 

(green), 5hmC (red), or DAPI at different times post-insemination. The intensity of 5mC 
and 5hmC is similar in male and female pronuclei 6 hours post-insemination. 
Concomitant with the decrease in the 5mC intensity in male pronuclei, the intensity of 
5hmC increases between 8-12 hours post-insemination.  

(B) Quantification of the relative levels of 5mC and 5hmC between male and female 
pronuclei at different time post-insemination. Shown is the ratio of the signal strength 
between male and female. The signal strength is quantified using AxioVision software. 
The experiments were repeated for twice with 8-11 zygotes quantified for each stage. 
Bars represent standard deviation. Note the decrease of 5mC correlates with increase of 
5hmC in male pronucleus. 
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Figure S2. Parthenogenetic embryos contain very little 5hmC 

Representative confocal microscopy images of mitotic chromosome spreads derived from 
parthenogenetic embryos co-stained with 5hmC (red), 5mC (green) antibodies or DAPI 
(blue) at 1-cell (A), 2-cell (B), 4-cell (C), and 8-cell (D) stages. Shown are the images of 
chromosomes from one blastomere at each developmental stage. 
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Figure S3. Diagrammatic illustration of the 5mC and 5hmC state of the paternal and 
maternal derived chromosomes during preimplantation development 
The numbers below each chromosome represent the theoretical number of chromosomes 
at the mitotic phase of each developmental stage. After fertilization, 5mC in paternal 
genome, but not in maternal genome, is converted to 5hmC by Tet3, leading to the 
establishment of asymmetric parental 5mC and 5hmC levels. Since newly synthesized 
DNA does not contain 5mC or 5hmC, the number of chromosomes enriched for 5mC or 
5hmC reduced to half after each cell cycle. Thus, asymmetric distribution of 5mC and 
5hmC established in zygotes gradually disappears during preimplantation development. 
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Table 1. Total numbers of 5hmC positive chromatids in each blastomere  
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Materials and Methods 

 

Collection and culture of preimplantation embryos. All animal studies were performed in 

accordance with guidelines of the Institutional Animal Care & Use Committee at the University 

of North Carolina at Chapel Hill. MII-stage oocytes were collected from 3-week old 

superovulated BDF1 females by injecting 7.5 I.U. of PMSG (Harbor, UCLA) and hCG (Sigma-

Aldrich) and transferred to HTF medium supplemented with 10 mg/mL bovine serum albumin 

(BSA; Sigma-Aldrich). Oocytes were inseminated with spermatozoa obtained from the caudal 

epididymides of adult BDF1 male mice. The spermatozoa had been activated for insemination by 

incubation for 2 h in the HTF medium before they were used. Six hours after insemination, the 

fertilized oocytes were washed and cultured in KSOM in a humidified atmosphere of 5% 

CO2/95% air at 37°C.  

For generation of parthenogenetic embryos, MII-stage oocytes were collected from oviducts and 

incubated briefly in M2 media containing 0.3 mg/ml hyaluronidase (Sigma-Aldrich). After 

incubation in KSOM for 1 h, oocytes were treated with 10 mM Sr2+ for 90 min in Ca2+-free 

KSOM containing 2.5 µg/ml cytochalasin B (CB; Sigma-Aldrich) and then incubated in KSOM 

with CB for 4 h to prevent 2nd polar body emission. After formation of pronuclei, they were 

washed and cultured in KSOM. 

 

Whole mount immunostaining. Zygotes were fixed in 3.7% paraformaldehyde (PFA) in PBS 

for 20 min, washed with PBS containing 10 mg/mL BSA (PBS/BSA), permeabilized with 0.5% 

Triton X-100 for 15 min. The cells were denatured with 4N HCl for 10 min and neutralized with 

100 mM Tris-HCl (pH8.5) for 20 min, and then incubated with a primary antibody diluted in 

PBS/BSA, anti-5mC (1/500: BI-MECY-0500, Eurogentec) and anti-5hmC (1/500: Active Motif) 

for 1 h at room temperature. After washing with PBS/BSA, the cells were incubated with a 1:250 
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dilution of fluorescein isothiocyanate-conjugated anti-mouse IgG (Jackson Immuno-Research, 

West Grove, PA) and rhodamine-conjugated anti-rabbit IgG (Jackson Immuno-Research) for 1 h. 

The oocytes were then mounted on a glass slide in Vectashield anti-bleaching solution (Vector 

Laboratories, Burlingame, CA) containing 3 !g/mL 4’,6-diamidino-2-phenylindole (DAPI).  

 

Mitotic chromosome spread and immunocytochemistry. Mitotic phase of 1-cell, 2-cell, 4-cell, 

and 8-cell stage embryos were collected at 14-15, 35-37, 48-50, and 62-70 hours, respectively, 

after fertilization or activation. To prepare chromosome spreads, zona pellucida was first 

removed by treatment with acidic tyrode’s solution (Sigma-Aldrich), and then the embryos were 

put on a glass slide dipped in a solution of 1% PFA in DW (pH9.2) containing 0.15% Triton X-

100 and 3mM dithiothreitol (Sigma-Aldrich) (1). The slide was then incubated for overnight in 

4°C. After fixation, the slide was washed in 0.4% Photoflo (Kodak) in DW and dried for 30 min 

at room temperature. Subsequent immunostaining was performed as follows. The samples were 

washed with PBS containing 0.1% Tween-20 (PBST) and treated with 0.5% Triton for 15 min. 

After washing with PBST, they were denatured with 4N HCl for 10 min, neutralized with 100 

mM Tris-HCl (pH8.5) for 20 min, and incubated in 3% BSA in PBS for overnight at 4°C. The 

conditions for incubation with antibodies are described above, except that 1st Abs were diluted in 

3% BSA in PBS. 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 using Axiovision software (Carl Zeiss). Due to sister 

chromatid exchange, the chromatid is not entirely stained positively for 5hmC in some 

chromatids. In this case, the positively stained portion was divided by the entire chromatid: if 

only a quarter of the chromatid was stained positively, it was counted as 0.25 chromatid.  
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