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Figure 6. Monitoring the levels of histone H3 acetylation in living mouse preimplantation embryos. (A and B) Schematic drawing of mouse embryo
imaging. (A) FabLEM perfomed on eggs with in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI). Oocytes were fertilized in vitro,
injected with a mixture of fluorescently labeled Fab and histone H2B-mRFP1l mRNA at anaphase Il-telophase II stage, and then placed on the
imaging system. After the imaging, morula—blastocyst stage embryos were transferred to the uterus of the recipient pseudopregnant mothers. (B)
FabLEM perfomed on embryos with somatic cell nuclear transfer (SCNT). Metaphase II stage oocytes were injected with a mixture of fluorescently
labeled Fab and histone H2B-mRFP1 mRNA, enucleated, and injected with a somatic nucleus derived from a cumulus cell. The reconstructed
embryos were activated with SrCl, and cytochalasin B (£50nM TSA) for 6h. The embryos were further incubated (£50nM TSA) for 3h. (C-F)
Monitoring the levels of histone H3 acetylation. Time-lapse confocal images were acquired for IVF and SCNT (+TSA treated) embryos injected
with FabH3K9ac-488 (C and D; Movie 8 in Supplementary Data), or FabH3K27ac-488 (E and F; Movie 9 in Supplementary Data), and mRNA
encoding H2B-mRFP. Typical images before and after the first division are shown in (C) and (E). The intensity ratio of nucleus to cytoplasm was
measured and the averages (n > 10) are plotted (D and F). Bars, 10 um.
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with more on paternal pronuclei (Figure 6C and Movie 8
in Supplementary Data). The higher level of H3K%ac in
paternal pronuclei may be consistent with the absence of
H3K9 methylation on paternal chromatin in zygotes (5).
The H3KO9ac level was relatively constant throughout
zygotic and two-cell stages in IVF embryos (Figure 6D,
blue symbols). FabH3K27ac was also concentrated
more in paternal pronuclei, but its level was gradually
and substantially decreased in zygotes before the first
mitosis (Figure 6E and F, blue symbols; Movie 9 in
Supplementary Data). This active deacetylation may be
complementary, or prerequisite, to de novo H3K27 methy-
lation on paternal pronuclei in zygotes (5). The distinct be-
haviors of H3K9ac and H3K27ac were directly compared
by injecting two Fabs conjugated with different dyes (i.e.
FabH3K9ac-488 and FabH3K27ac-Cy3) (Supplementary
Figure S7). As seen above, H3K27ac levels decreased in
zygotes. Inhibition of HDACs by TSA caused different
effects on H3K9ac and H3K27ac. In the presence of
TSA, the level of H3K9ac continuously increased during
zygotic and two-cell stages more than in untreated
embryos; in contrast, TSA prevented the decrease of
H3K27ac levels (Supplementary Figure S7). Thus, TSA
treatments induced hyperacetylation of H3K9 and pre-
vented deacetylation of H3K27, suggesting that the acetyl-
ation of these sites is differentially controlled in mouse
preimplantation embryos.

HDAC inhibitors like TSA are known to improve the
efficiency of embryo development after somatic cell nuclear
transfer (SCNT), but the mechanism of HDAC inhibitor’s
effect remains unknown (12). Using FabLEM, H3 acetyl-
ation levels in SCNT embryos and the effect of TSA treat-
ments were measured. Enucleated oocytes were injected
with somatic cell nuclei, treated with or without TSA for
9h during the activation, and then allowed to develop
in TSA-free medium under a confocal microscope
(Figure 6B). The levels of H3K9ac in SCNT embryo
nuclei were similar to that in IVF pronuclei, and became
higher upon TSA treatment (Figure 6C and D). In
contrast, the levels of H3K27ac in SCNT embryo nuclei
were much lower, but increased to the maternal pro-
nuclear level upon TSA treatment (Figure 6E and F).
These results suggest that different levels of H3K27ac
between IVF pronuclei and SCNT embryo nuclei may at
least partially account for their different development
efficiencies.

DISCUSSION

This study demonstrates that FabLEM can be used to
monitor the concentration of epigenetic histone modifica-
tions such as histone H3 acetylation and methylation in
living somatic cells and preimplantation embryos. Under
appropriate conditions, FabLEM did not affect cell
growth and mouse embryo development. This implies
the method does not disturb normal cell metabolism, pre-
sumably because monovalent Fabs only bind their targets
transiently, so other cellular proteins maintain access to
their binding sites. Fab-based live cell imaging was also
used to visualize endogenous proteins in Drosophila
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embryos, apparently without disturbing the nuclear div-
isions (31,32).

In this study, we used fully characterized and highly
specific  mAbs (11,13) for FabLEM. In general,
high-specific antibodies must be used for FabLEM
because there is no blocking reagent that could suppress
non-specific binding, unlike immunostaining for fixed
cells.  Although Fab  prepared from  antigen
affinity-purified polyclonal antibody may suffice for
FabLEM, the preparation is likely to contain various frag-
ments with different affinities due to its polyclonal nature.
Considering the importance of Fab affinity as described
below, monoclonal antibodies are recommended for better
control of FabLEM experiments.

Fab affinity is an important factor for the quality,
versatility and interpretation of FabLEM

Whereas all methyl-specific Fabs we tested were adequate
for live-imaging in cultured cells, only acetyl- and
phospho-specific Fabs were successful for imaging in
preimplantation embryos [this study and (10)]. This
could be explained by the different affinities of Fabs,
because all methyl-specific Fabs exhibit much shorter
FRAP recoveries (~1 s) than acetyl- and phospho-specific
Fabs (>8s); the residence time of Fabs does not appear to
represent the turnover of the modification as H3K9
methylation is more stable than acetylation (33). Since
the cytoplasmic volume of preimplantation embryos
(~270pl; calculated from its diameter 80pum) is more
than 50-fold larger than that of HeLa cells [~5pl; (10)],
imaging with sufficient contrast may require higgh affinity
Fabs. As a rule of thumb, mAbs with Kp ~10"° M can be
adequate for FabLEM, but high affinity ones with
10~"'—107">M will yield higher contrast images and gen-
erally be more versatile (contingent on the abundance of
the endogenous target).

Some limitations of the FabLEM technique should be
considered. First, the time resolution of FabLEM depends
on the binding time of Fab. For example, changes in less
than a few seconds cannot be followed using a high
affinity Fab, like FabH3K%9ac with 7,y ~7.3s
(Supplementary Figure S5). Second, it is also possible
that the turnover of modification is influenced by Fab
binding and so the balance of modification—
demodification may be disturbed, even though such a
change may not significantly affect biological function of
cells and embryos. This issue can be addressed by using
two Fabs with the same specificity but with different
affinities, since lower affinity Fabs should have better
temporal resolution and should minimize blocking
effects (at the cost of enhanced signal-to-noise).

Fabs repeatedly bind and unbind their target modifica-
tions in nuclei. As unbound Fabs can diffuse into the
cytoplasm, the ratio of nuclear and cytoplasmic Fab in-
tensity is correlated with that of bound and unbound frac-
tions. Since the nucleus:cytoplasm ratio depends on both
Fab affinity and the abundance of target modification, the
degree of changes among different Fabs cannot be directly
compared. The intensity measurements, for example,
revealed that after the addition of TSA the level of
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H3K9me2 was reduced much more clearly than that of
H3K9mel. This does not necessarily mean, however,
that H3K9me2 is changed more significantly, because
the dynamic range of FabH3K9mel is lowered by the
presence of a larger unbound fraction. Similarly, it is
also difficult to conclude which state of H3K4 methylation
(di or tri) is more increased in TSA. These types of more
quantitiative comparisons will require knowledge of the
absolute amount of each modification as well as further
biophysical characterization of Fabs in living cells.

FabLEM for visualizing modification sites

As discussed above, Fabs with a wide range of epitope
binding affinities can be used to monitor changes in
target modification levels. Visualization of the modifica-
tion sites, however, depends not only on the Fab affinity
but also on the distribution and concentration of the
modification. When a specific modification is massively
enriched in large foci, Fabs can be concentrated locally,
even if their affinity is not very high. In this case, the foci
can be detected under a conventional wide-field micro-
scope, like FabH3K27me3 on inactive X chromosomes.
If the modification is scattered at numerous small foci
throughout the nucleus, however, a high affinity Fab
combined with a high resolution system (like confocal or
deconvolution microscopy) is required. This is exemplified
by H3K4me3 and H3K27ac, both of which exhibit a
number of small foci in fixed and immunolabeled nuclei
(Supplementary Figure S2). In FabLEM using a confocal
microscope, FabH3K4me3 distributed diffusely, whereas
FabH3K?27ac is concentrated in foci, reflecting the differ-
ences in their affinity.

A role for H3K27 acetylation in mouse embryo
development

We applied FabLEM to monitor the changes of H3K9
and H3K27 acetylation in mouse preimplantation
embryos. During embryo development, DNA methylation
and histone modifications change drastically (5,7). After
fertilization, sperm chromatin is decondensed by replacing
protamines with maternal histones in egg cytoplasm. The
newly assembled histones in paternal pronuclei are gener-
ally associated with acetylation without methylation, in
contrast to histones in maternal pronuclei in which repres-
sive methylation marks are inherited from oocytes.
Indeed, FabLEM revealed both H3K9 and H3K27 acetyl-
ation levels are higher in paternal pronuclei. While the
H3K9ac level remains relatively constant throughout
zygote and two-cell stages, H3K27ac in paternal pronuclei
is substantially reduced in zygotes. Furthermore, the
H3K27ac level in somatic nuclei transferred into oocytes
is much lower than pronuclei in zygotes, but is increased
by histone deacetylase inhibitor treatments, which are
known to increase the cloning efficiency of SCNT
embryos (12). These data suggest that a high level of
H3K27ac is important for normal embryo development,
by antagonizing the methylation on the same lysine
residue (34-36). Lower acetylation levels observed in
transferred somatic cell nuclei might establish an
abnormal epigenetic landscape, which in turn might

cause aberrant gene expression profiles. Increased levels
of H3K27ac by TSA may thus be a factor that contributes
to the normal development of SCNT embryos. Indeed, the
global level of transcription in two-cell SCNT embryos
was shown to increase upon TSA treatment (37). In
contrast, H3K9ac does not appear to have much antag-
onistic effect on methylation in zygotes, since H3K9mel
and H3K9me2 are observed in paternal pronuclei before
the first division (5,34) despite the constant levels of
H3K9ac.

Concluding remarks and future prospects

Besides FabLEM, real-time measurements of protein
modification levels in living cells can also be achieved
using FRET-based sensors (2,8,9). Although a direct com-
parison of these two methods has yet to be made,
FabLEM generally has the following advantages: (i) en-
dogenous modifications can be monitored; (ii) standard
single-color filter sets can be used for fluorescence
imaging; (iii) many antibodies are available for simultan-
eous detection of different modifications in the same cells;
and (iv) no genetic or recombinant material is introduced,
so imaged cells and embryos can act as donors for repro-
duction studies, although long-term experiments might be
hampered by dilution of Fabs upon cell division. The re-
quirement of protein loading into living cells might be
considered a drawback of FabLEM as microinjection is
tedious and other methods are not as standard as
DNA-mediated expression systems; however, many
different techniques and reagents have been developed
for protein delivery into cells and tissues (38), pos-
sibly making it much easier to use FabLEM in the
future. Alternatively, the expression of GFP-fused
antigen-binding fragments, like single-chain Fabs,
single-chain variable fragments, or chromobodies,
might complement the limitations of protein-based
methods (39).

In conclusion, we anticipate FabLEM will be a
powerful tool for monitoring the dynamic changes of epi-
genetic modifications during the cell and developmental
cycles and in response to stimuli and small chemicals.
The method can be used to visualize any endogenous
protein modification, providing a novel strategy to under-
stand the dynamic nature of cell regulation and test the
response of patient cells to potentially therapeutic drugs.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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