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Background: Blastocyst stage embryos require a large pool of methyl groups, but the source is unknown.

Results: Betaine-homocysteine methyltransferase (BHMT), which takes methyl groups from betaine, is highly active in mouse
blastocysts and promotes development of cells that become the fetus.

Conclusion: BHMT contributes to the methyl pool in the blastocyst.

Significance: Betaine and BHMT promote embryo development.

Methyltransferases are an important group of enzymes with
diverse roles that include epigenetic gene regulation. The uni-
versal donor of methyl groups for methyltransferases is S-ad-
enosylmethionine (AdoMet), which in most cells is synthesized
using methyl groups carried by a derivative of folic acid. Another
mechanism for AdoMet synthesis uses betaine as the methyl
donor via the enzyme betaine-homocysteine methyltransferase
(BHMT, EC 2.1.1.5), but it has been considered to be significant
only in liver. Here, we show that mouse preimplantation
embryos contain endogenous betaine; Bhimt mRNA is first
expressed at the morula stage; BHMT is abundant at the blasto-
cyst stage but not other preimplantation stages, and BHMT
activity is similarly detectable in blastocyst homogenates but
not those of two-cell or morula stage embryos. Knockdown of
BHMT protein levels and reduction of enzyme activity using
Bhmt-specific antisense morpholinos or a selective BHMT
inhibitor resulted in decreased development of embryos to the
blastocyst stage in vitro and a reduction in inner cell mass cell
number in blastocysts. The detrimental effects of BHMT knock-
down were fully rescued by the immediate methyl-carrying
product of BHMT, methionine. A physiological role for betaine
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and BHMT in blastocyst viability was further indicated by
increased fetal resorption following embryo transfer of BHMT
knockdown blastocysts versus control. Thus, mouse blastocysts
are unusual in being able to generate AdoMet not only by the
ubiquitous folate-dependent mechanism but also from betaine
metabolized by BHMT, likely a significant pool of methyl groups
in blastocysts.

Preimplantation mammalian embryos develop from fertil-
ized eggs through a series of cleavages until forming the morula,
where cell-cell adhesion and functional gap junctions first
appear. The final stage of mammalian embryogenesis before
implantation in the uterus is the blastocyst, which arises from
the morula through a process that includes formation of the
fluid-filled blastocoel cavity and differentiation of the initial
two cell lineages as follows: the inner cell mass (ICM)” and the
trophectoderm (1). The trophectoderm is a spherical shell of
simple epithelium that encloses the blastocoel and gives rise to
the fetal portion of the placenta. The ICM lies at one pole inside
the blastocoel cavity enclosed by the trophectoderm and is
composed of epiblast progenitors, which are the source of all
tissues of the fetus, and primitive endoderm progenitors that
will give rise to extraembryonic membranes (2, 3).

Atthe blastocyst stage, the embryo transitions from a state of
low to high metabolic activity, which is accompanied by the
expression of genes for components of many biochemical path-
ways (4). One important class of enzymes is the methyltrans-

’ The abbreviations used are: ICM, inner cell mass; BHMT, betaine-homocys-
teine methyltransferase; MT, methyltransferases; AdoMet, S-adenosylme-
thionine; ANOVA, analysis of variance; CBHcy, y-carboxybutyl homocys-
teine; hCG, human chorionic gonadotropin; THF, tetrahydrofolate.
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ferases (MT) that catalyze the transfer of methyl groups to a
vast array of substrates and that are estimated to comprise
about 1% of genes in mammals (5). Examination of gene array
data (4) indicates that the number of established or putative MT
whose mRNAs were detected is ~40 in one-cell embryos and
~60 in blastocysts, implying that an array of MT may function
in preimplantation embryos and require an available methyl
pool.

The universal methyl donor for almost all MT is S-adenosyl-
methionine (AdoMet) (6). AdoMet is synthesized by the meth-
ylation of homocysteine to produce methionine that is then
converted to AdoMet by the addition of adenosine and is stored
to serve as a labile methyl pool (7). In mammals, homocysteine
can be methylated via two pathways. In the pathway operating
in most somatic cells, a methyl group derived from serine is
carried by folic acid (as methyltetrahydrofolate) and transferred
to homocysteine. An alternative pathway utilizes betaine (gly-
cine betaine, N,N,N-trimethylglycine). Here, a methyl group is
transferred directly from betaine to homocysteine by the
enzyme betaine-homocysteine methyltransferase (BHMT; EC
2.1.1.5). The betaine-dependent pathway of AdoMet synthesis
has generally been considered to be restricted to liver and pos-
sibly also kidney in humans but not in rodents (7, 8).

One key role of MT-mediated methylation during preim-
plantation embryogenesis is in epigenetic gene regulation and
cell fate determination. The best-studied mechanism of epige-
netic regulation is DNA methylation of cytosines. Nearly all
gamete-specific DNA methylation is erased early in preimplan-
tation embryogenesis. Global embryo-specific de novo DNA
remethylation then begins at the blastocyst stage, beginning
preferentially in the ICM (9-12). Methylation of histone tails
on several lysine residues is also an important means of epige-
netic control of gene expression, with histone methylation pat-
terns changing during preimplantation development, including
increased methylation at the blastocyst stage on residues pro-
moting gene expression (13—15). In addition, arginine methyl-
ation on histone H3 reportedly directs embryo blastomeres into
the ICM lineage in blastocysts (16). The establishment of such
epigenetic markers during embryogenesis is vital for subse-
quent fetal development.

The source of methyl groups in preimplantation embryos is
largely unknown. Some of the AdoMet required before the blas-
tocyst stage may be derived from endogenous maternal folate,
but preimplantation embryos do not appear to be capable of
taking up additional folate via transporters (17).® In contrast,
preimplantation mouse embryos can accumulate considerable
amounts of betaine via the SIT1 transporter (encoded by the
Slc6a20a gene) during the one- and two-cell stages (18, 19).
Although betaine may function as an organic osmolyte contrib-
uting to cell volume regulation in fertilized eggs (18, 20),
another possible function was suggested by examination of
gene array data (4), which indicated the presence of a high num-
ber of Bhmt transcripts at the morula stage. Thus, we hypoth-
esized that betaine accumulated by mouse embryos could serve
as a substrate for BHMT during preimplantation embryogene-
sis, contributing to the pool of methyl groups available for MT.

8 M. Kooistra and J. M. Baltz, unpublished data.
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EXPERIMENTAL PROCEDURES

Chemicals and Media—Chemicals and components of cul-
ture media were obtained from Sigma unless otherwise noted,
and those used in media were embryo tested or cell culture
grade. The specific BHMT inhibitor, y-carboxybutyl homocys-
teine (CBHcy; (R,S)-5-(3-amino-3-carboxy-propylsulfanyl)-
pentanoic acid), has been described previously and validated
(21, 22) and was custom-synthesized by Orbiter (Urbana, IL).
CBHcy was added to media from stock solutions in water.
Embryo culture media were based on KSOM and Hepes/KSOM
(45) media, except that glutamine was omitted and polyvinyl
alcohol (1 mg/ml; cold water-soluble, MW 30,000 -70,000) was
substituted for BSA.

Mouse QOocytes and Embryos—Animal protocols were
approved by the Animal Care Committee of the Ottawa Hospi-
tal Research Institute. Oocytes and preimplantation embryos
were obtained from CF1 (Crl:CF1) or 129 (129S2/SvPasCrlf)
female mice (Charles River, St-Constant, Quebec, Canada) as
specified. Growing oocytes were obtained from postnatal day 9
female CF1 neonates, and fully grown oocytes and embryos at
various stages were obtained from 4- to 7-week-old female CF1
mice, as described previously (19, 23). Except in neonates,
superovulation was stimulated with equine chorionic gonado-
tropin (IU intraperitoneally). For mature ovulated eggs and
embryos, ovulation was triggered with human chorionic gonad-
otropin (hCG, 5 IU intraperitoneally) at ~47 h post-equine
chorionic gonadotropin. For embryos, females were caged
overnight individually with BDF1 (B6D2F1/Crl) or 129 strain
males beginning immediately after hCG administration.
Embryos were isolated from the female tract at approximately
the following times after hCG injection (in hours): one-cell
embryos, 24; two-cell, 44; four-cell, 56; eight-cell, 67; morula,
76; early cavitating blastocysts, 89; and blastocysts, 93. After
collection, oocytes and embryos were maintained in KSOM
drops under mineral oil in 5% CO,, air at 37 °C. For some exper-
iments, embryos were cultured from the two-cell stage or eight-
cell stage to blastocyst (72 or 48 h in culture, respectively). For
determining development to blastocysts after culture, photo-
micrographs of the embryos were obtained, and the number of
blastocysts was scored.

Betaine Measurements—Endogenous betaine was deter-
mined in groups of 50 embryos at the stages specified using a
method based on fluorescent derivation of betaine with
phenanthrenacyl triflate and detection by high performance
liquid chromatography, as described previously (19). Embryos
were washed seven times in ice-cold medium, and background
was determined from a similar volume of the final wash drop.
Betaine was quantified by comparison with external standards
and reported as pmol/embryo.

RT-PCR and Quantitative RT-PCR—RNA was extracted
from three independent sets of oocytes and embryos and from
liver as control (RNeasy Micro Kit, Qiagen, Mississauga,
Ontario, Canada) and reverse-transcribed (Retroscript Kit,
Ambion, Austin, TX). A separate RNA extraction was also done
with three additional sets of two-cell and morula stage embryos.
Primer pairs were designed (OligoPerfect, Invitrogen) using
mouse reference sequences spanning introns and obtained
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from Invitrogen. The Bhmt amplicon was 218 bp (forward
primer, 5'-ATTCCCCTTTGGATTGGAAC-3’; at nucleotides
1060-1079 of NM_016668; reverse, 5-TGTGCATGTC-
CAAACCACTT-3' at nucleotides 1258 -1277). Because no
gene has been identified that has constant transcript levels at all
preimplantation stages, it is not possible to normalize expres-
sion to a reference gene. Therefore, mRNA isolation and
reverse transcription were validated by confirming the
expected expression pattern of the previously established con-
trol genes, peptidylprolyl isomerase A (Ppia) and Histone H2a
family member Z (H2afz), using primer pairs that yield 150- and
202-bp amplicons, respectively (24). These control genes were
chosen because it was previously shown that their expression is
highly stable at a given stage, and their preimplantation expres-
sion patterns have been well documented (24). Conventional
PCRs (Hotstar Taq polymerase, Qiagen; Mastercycler thermo-
cycler, Eppendorf, Hamburg, Germany) contained 0.1 embryo
equivalent of cDNA in 20 ul, starting at 95 °C for 15 min, fol-
lowed by 40 cycles (94 °C, 60 s; 60 °C, 30 s, and 72 °C, 60 s), and
visualized by agarose gel electrophoresis with ethidium bro-
mide. The primers and thermocycle temperatures were identi-
cal for quantitative PCR (FastStart DNA MasterPLUS SYBR
Green I kit on a LightCycler® 480 System, Roche Applied Sci-
ence), except that the cycle times were 60, 10, and 15 s. The
amount of cDNA in oocyte or embryo samples after reverse
transcription was quantified by quantitative PCR using stan-
dard curves constructed with serially diluted PCR products
extracted from gels whose concentration was determined by
absorbance. Conversion to transcript numbers were done
using the calculated molecular weight of amplicons.

Morpholino Treatments—An antisense morpholino
(BhmtMO1, 5'-GTGCCATCTTTCCGGTGTAGTGAGT-3’)
was targeted to the region around the start codon (position
underlined) of Bimt. A control morpholino (GTcCCATgTTT-
gCGGTcTAcCTGAGT), synthesized at the same time, had five
mismatches (lowercase). A second Bhmt antisense morpholino
(BhmtMO2, TAGCTGTTCCCAGCAAAGTCTGTGC) was
also used for confirming selected results. This morpholino tar-
geted a region at 72—48 nucleotides 5’ from the start codon.
Both were designed and supplied by Gene Tools LLC (Philom-
ath, OR). Morpholinos were prepared as 1 mM stocks in water,
and Lipofectin™ (Invitrogen) was used to deliver morpholinos
into embryos (25). Lipofectin (0.625 ul) was pre-mixed with
morpholino stock (20 ul) and allowed to combine for 10 min
before addition of 1.26-fold concentrated KSOM to a final vol-
ume of 100 ul. Final concentrations were 200 uMm morpholino
and 6.25 pl/ml Lipofectin in KSOM. Embryos isolated at the
eight-cell stage were cultured for 48 h to fully expanded blasto-
cysts in 33-ul drops.

BHMT Protein Detection—For immunofluorescence detec-
tion of BHMT in whole-mount embryos, embryos were fixed in
2% formaldehyde in PBS (40 min), permeabilized with 0.1%
Triton X-100 in PBS (40 min), and blocked (1 h) in PBS with 2%
fetal bovine serum and 20 mg/ml BSA. The anti-BHMT anti-
body used has been previously described (8). Embryos were
incubated with primary antibody (1:500 in blocking solution) at
4. °C overnight and then with secondary antibody (goat anti-
rabbit Alexa 488;1:500 in PBS) for 16 h at 4 °C. DNA was stained
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with DAPI where specified. Where specified, whole-mount
fluorescence intensity was quantitated using Image] 1.4
(National Institutes of Health, Bethesda, MD) to draw a perim-
eter enclosing each embryo and determining the average inten-
sity within the enclosed area, expressed in arbitrary units.

For confocal immunofluorescence detection of BHMT,
embryos were treated as for whole-mount, except DNA was
labeled with 10 ug/ml bisbenzimide (Hoechst 33258) for 10
min at room temperature and F-actin-labeled with Alexa 594-
phalloidin 1:20 for 20 min at room temperature, before labeling
with the BHMT and secondary antibodies as above.

Western blot analysis for BHMT was performed using anti-
BHMT primary antibody (1:500 in 5% nonfat dry milk or 1%
BSA as specified, at 4 °C overnight). Secondary antibody was
either horseradish peroxidase goat anti-rabbit secondary
(1:5000-10,000 for 1 h at room temperature) for detection by
ECL (Pierce ECL substrate, Thermo Fisher Scientific, Rockford,
IL) or goat anti-rabbit Alexa 488 (1:1000) for fluorescence
detection. Where specified, the membranes were stripped and
reprobed with anti-GAPDH (Santa Cruz Biotechnology
FL-335, 1:200) as a loading control.

BHMT Activity Assay—A previously published BHMT activ-
ity assay (26) was modified to allow its use with very small
samples, by substituting [methyl-*H]betaine for [methyl-
“C]betaine and increasing the reaction period from 2 to 24 h.
The assay is based on detecting the products of transfer of
[*H]methyl groups from [*H]betaine to homocysteine, produc-
ing a mixture of [*H]dimethylglycine and [*H]methionine.
Briefly, embryos (groups of 50 unless otherwise stated) were
subjected to three freeze-thaw cycles with vortexing, and then
50 mm phosphate buffer (pH 7.5) with 100 um B-mercaptoeth-
anol, containing 0.24 um [methyl->H]betaine as donor and 1
mM DL-homocysteine as acceptor, was added to a final volume
of 0.5 ml. BSA (100 ug) was used as a negative control and crude
mouse liver homogenate as positive control and for assay vali-
dation. Samples were allowed to react overnight (24 h) and flash
frozen until assayed. To detect *H-labeled dimethylglycine and
methionine, the reaction mixture was applied to a 2-ml Dowex
1 X 4 (2-400 mesh) column in hydroxide form. Unreacted
[methyl-*H]betaine was eluted by three sequential washes with
30 ml of milliQ water and discarded. [*H]Methionine and
[*H]dimethylglycine reaction products were then eluted by
applying 1 ml of 1.5 M HCI. These reaction products were quan-
tified by scintillation counting of 100 ul of eluent. Where spec-
ified, the BHMT inhibitor CBHcy was added to the reaction
mixture at a 50 M concentration.

Blastocyst Cell Counting and Lineage Determination—Tro-
phectoderm and ICM cells were distinguished by differential
staining, using bisbenzimide (Hoechst 33258) to label all nuclei
and propidium iodide to label only nuclei in permeabilized
cells. Trophectoderm cells were selectively permeabilized and
labeled with propidium iodide by transient exposure to 10%
Triton X-100 and 5 mg/ml propidium iodide for less than 10 s
and then immediately fixed in 100% ethanol containing 5
mg/ml bisbenzimide and incubated overnight at 4°C, as
described previously (27). Conventional fluorescence micros-
copy was used to obtain images of each fluorophore in slightly
compressed blastocysts, and propidium iodide-positive nuclei
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(trophectoderm) and total nuclei (bisbenzimide) were counted
using Image] with Cell Counter Plugin. The number of ICM
cells was taken to be the difference between the two totals for
each blastocyst.

OCT4 (Pou5fl) Western blots were performed as described
above for BHMT, using an OCT4 antibody (mouse monoclonal
C-10, Santa Cruz Biotechnology) at 1:200 dilution, and
re-probed for GAPDH as a loading control. OCT4 and
NANOG immunofluorescence was used for counting ICM
(OCT4-positive nuclei) and epiblast cells (NANOG-positive).
Blastocysts were co-stained for OCT4 (C-10, Santa Cruz Bio-
technology, 1:400) and NANOG (rabbit polyclonal REC-
RCABO0002P-F, Cosmo Bio, Carlsbad, CA, 1:200), using Alexa
594 goat anti-mouse and Alexa 488 goat anti-rabbit secondary
antisera (Invitrogen, 1:400), as described previously (28). Posi-
tive nuclei were counted in slightly compressed blastocysts as
described above.

Embryo Transfer—Embryos were cultured as described and
then transferred into recipients using standard embryo transfer
protocols (29). Embryos for transfer were produced in 129
inbred strain females. Surrogate CD1 females at 8 —10 weeks of
age were mated during their natural estrus cycle with proven
vasectomized males to induce pseudopregnancy. A total of 15
expanded blastocysts were transferred into each surrogate
recipient mother, 7 into the right uterine horn, and 8 into the
left. Recipients were sacrificed on E10.5 to assess fetal develop-
ment and resorptions.

Data Analysis—Graphs were prepared and data analyzed
using Prism 5 (GraphPad, San Diego). Quantitative data were
expressed as the means * S.E. Comparisons between means
were made by ANOVA followed by the Tukey Multiple Com-
parison test (>2 groups were compared) or by Student’s two-
tailed ¢ test (2 groups were compared with equal variances by
F-test), paired t test where appropriate, or Mann-Whitney test
(two groups with unequal variances). Comparisons of two pro-
portions were done using Fisher’s exact test. p < 0.05 was con-
sidered significant.

RESULTS

Endogenous Betaine Content of Preimplantation Mouse
Embryos—W e previously showed that betaine could be specif-
ically transported into one- and two-cell embryos in vitro and
that betaine is present in the normal environment of these
embryos, i.e. oviductal fluid (18, 19). Here, we have shown
directly that freshly isolated preimplantation embryos contain
betaine at every stage examined, from fertilized eggs (one-cell
embryos) through blastocysts (Fig. 1). At the blastocyst stage,
however, the total betaine content of embryos was significantly
lower than in one-cell through eight-cell embryos, indicating a
decrease in endogenous betaine content with embryo develop-
ment past the morula stage. Separate measurements on moru-
lae, cavitating blastocysts, and blastocysts, collected indepen-
dently from the first set, confirmed the pattern of ~50%
decrease from morula to expanded blastocyst (data not shown).
Thus, betaine is present in embryos throughout preimplanta-
tion development, and the pool becomes depleted at the blas-
tocyst stage.
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FIGURE 1.Endogenous betaine in preimplantation embryos. Total betaine
was determined at each stage as indicated (¢, one-cell; 2¢, two-cell; 8¢, eight-
cell, M, morula; CB, early cavitating blastocyst; B, fully expanded blastocyst), as
a function of time post-hCG administration to induce ovulation. Individual
measurements (n = 3 for each stage) are shown as black circles,and means (=
S.E.) are shown in gray. Means that do not share the same letter are signifi-
cantly different (ANOVA with Tukey test; p =< 0.05). The one low point at the
morula stage is due to a much higher level of background in the wash drop
than in any other samples, which was subtracted from the paired measure-
ment. The pre-subtraction measurement was similar to the other two.

Expression of BHMT in Preimplantation Embryos—RT-PCR
revealed clear expression of Bimt mRNA beginning around the
four-cell stage and continuing through the blastocyst stage (Fig.
2A). The identities of representative bands were confirmed by
sequencing (data not shown). Quantitative real time PCR
revealed that Bhmt transcription began at the four-cell stage
and peaked at a high level of expression at the morula stage
before decreasing at the blastocyst stage (Fig. 2B). The Ppia
expression pattern was essentially as established previously
(24). Quantitative PCR on a separately collected set of embryos
replicated the increase from very little Bhmt expression in two-
cell embryos to high expression in morulae (Fig. 2C), whereas a
different control gene, H2afz, chosen because it was reported to
have similar expression at these two stages (24), showed no
significant change (Fig. 2C), confirming that Bhmt transcripts
were selectively increased.

BHMT protein was detected by Western blot in blastocysts
but not in two-cell or morula stage embryos (Fig. 3A4). Similarly,
confocal immunofluorescence of whole-mount embryos
showed little staining at the two-cell or morula stages, but
intense staining was evident in blastocysts, particularly within
the cytoplasm of cells in the ICM as indicated by confocal sec-
tions (Fig. 3B). This implied that although Bhmt transcripts are
initiated at the four- to eight-cell stage and peak at the morula
stage, translation of Bhmt transcripts to BHMT protein occurs
in blastocysts.

To confirm that the antiserum used was specific for BHMT
in embryos, we knocked down the expression of BHMT in blas-
tocysts using an antisense morpholino (BhmtMO1) directed
against Bhmt. Blastocysts treated with a control mismatched
morpholino exhibited obvious fluorescence by whole-mount
immunofluorescence, although a reduction in immunofluores-
cence was seen with the morpholino targeted against Bhmt (Fig.
3C). Similarly, Western blots showed that BHMT protein
decreased by ~75% in morpholino-treated blastocysts relative
to control (Fig. 3D). A second, nonoverlapping morpholino
directed against Bhmt (BhmtMO2) also decreased BHMT
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FIGURE 2. Bhmt mRNA expression in oocytes and preimplantation
embryos. A, RT-PCR showing the presence of Bhmt mRNA from the four-cell
through blastocyst stages, with Ppia mRNA as a control. Oocyte stages are as
follows: gO, growing oocyte; GV, germinal vesicle stage; Mll, mature egg. Pre-
implantation embryo stages are indicated similarly to Fig. 1. Liver (L) served as
a positive control. End lanes contained markers (250-bp marker is visible).
Identity of representative bands was confirmed by sequencing. B, quantita-
tive PCR showing Bhmt transcript numbers at each stage of oocyte and pre-
implantation embryo (upper graph), with Ppia as a control (lower graph). Bars
represent mean * S.E. of three independent repeats (Bhmt, ***, p < 0.001
compared with other stages not including liver; ANOVA with Tukey test).
Oocyte and embryo stages are indicated as in A; Windicates quantitative PCR
run with water alone. C, quantitative PCR on different two-cell and morula
samples (n = 3) from those in B, confirming significant increase of Bhmt tran-
scripts at the morula stage (left graph, *, p = 0.02 by t test) but lack of signifi-
cant difference (p = 0.37, NS) in H2afz transcripts (right graph) between the
same samples. M, morula;; B, fully expanded blastocyst.

expression in blastocysts as assessed by Western blot, with
~65% decrease in intensity versus control (Fig. 3D).

BHMT Activity—A BHMT activity assay adapted for very
small samples was first validated using dilutions of mouse liver
homogenate. The generation of labeled products increased
with increasing total liver protein, saturating at high protein
levels (Fig. 4A), with an essentially linear region at lower protein
concentrations (Fig. 44, inset). The appearance of labeled prod-
uct was nearly entirely inhibited by inclusion of the highly selec-
tive BHMT inhibitor, CBHcy (21), in the reaction. BHMT activ-
ity was apparent in blastocysts, increasing linearly with the
number of embryos at least up to 75 (Fig. 4B), and lying well
within the linear range of the assay as established with liver
protein. Groups of 50 blastocysts were thus used in subsequent
experiments.

BHMT activity was detected in homogenates of in vivo-de-
veloped blastocysts, although, in contrast, essentially no activity
was detected with equal numbers of morulae (Fig. 4C), consis-
tent with the BHMT protein expression pattern (see above). In
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FIGURE 3. BHMT protein expression and localization in preimplantation
embryos. A, Western blot of 200 embryos at the blastocyst (B), two-cell (2¢),
and morula (M) stages, and 0.5 mg of liver homogenate (L). BHMT band is ~45
kDa. B, confocal immunofluorescence detection of BHMT. BHMT immunoflu-
orescence in confocal sections of a two-cell embryo (2c), a morula (M), and
two blastocysts (B) are shown in green, with appreciable signal evident only at
the blastocyst stage. DNA (blue) was labeled with bisbenzimide (Hoechst
33258) and F-actin (red) with phalloidin. The same settings and image adjust-
ments were used for each example. C, knockdown of BHMT with morpholino
(MO). Representative whole-mount conventional immunofluorescence
images of BHMT, following culture with BhomtMO1 antisense or control (mis-
matched) morpholino, are shown at top (contrast and intensity were adjusted
equally in both images for optimal viewing). Panel at bottom shows the fluo-
rescence intensity in arbitrary units normalized to the mean fluorescence in
the control group for each of fourindependent repeats (5-9 per repeat, totals,
22 control; 27 BhmtMO1 antisense). *, p = 0.027 for paired t test between
means of four repeats in each treatment. The fluorescence images shown
were chosen to have the approximately same measured intensities as the
overall mean fluorescence for each group. D, quantitation of BHMT knock-
down by Western. Bands from representative gels following culture with
Bhmt-specific morpholinos are shown at the top. The upper set shows an
example with BhmtMO1 morpholino probed for BHMT above and GAPDH
below (59 blastocysts per lane). The lower set is with BhmtMO2 morpholino
(73 blastocysts per lane). For both, the control is at left (mismatched control
morpholino for BhmtMO?1 or Lipofectin alone for BhmtM0O2), and morpho-
lino-treated at right, as indicated by labels at bottom. The graph below shows
the mean density of BHMT bands for BhmtMO1-treated blastocysts, each nor-
malized to GAPDH in the same sample. **, p = 0.007 by t test, n = 3 (two
Westerns with 59 blastocysts in each lane and one with 64 in each lane). Only
the one Western shown was done for BhmtMO2 to confirm knockdown (den-
sity normalized to GAPDH was decreased by 65%), and thus no statistical
analysis was performed.

Control MO Bhmt MO1

the presence of the BHMT inhibitor CBHcy, activity in blasto-
cysthomogenate was not significantly different from the appar-
ent activity in an assay containing only BSA instead of homo-
genate (Fig. 4D). Blastocysts that had been cultured from the
eight-cell stage in the presence of antisense morpholino
(BhmtMO1) directed against Bhmt exhibited a significantly
reduced activity (Fig. 4D). The knockdown of BHMT activity by
the Bhmt antisense morpholino was ~60-70% (if the level
obtained in the presence of CBHcy or with BSA alone is
assumed to represent background), paralleling the decrease in
BHMT protein levels indicated by Western blots (above). The
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FIGURE 4. BHMT activity in blastocysts. A, validation of BHMT assay with
liver homogenate. Activity is indicated in counts/min of *H eluted from col-
umn, taken to indicate total dimethylglycine and methionine produced. The
assay was run in parallel with no inhibitor (squares) or CBHcy (50 um, triangles)
added. The inset shows the pseudolinear region on an expanded scale. The
line was fit by linear regression (r* = 0.999). Each point is the mean of three
independent repeats. The error bars (S.E.) are not visible because they lie
within the symbols. B, BHMT activity assay of blastocysts, as a function of
blastocyst number (0, 10, 25, 50, and 75). The line was fit by linear regression
(r* = 0.956). Error bars (S.E.) lie within the symbols. C, comparison of BHMT
activity between blastocysts and morulae. Bars indicate the means = S.E. of
three repeats (50 morulae or blastocysts each per repeat). ***, p = 0.0002 by t
test. D, effect of morpholino (BhmtMO1) on BHMT activity. Bars (mean = S.E.)
that do not share the same letter are significantly different (by ANOVA
with Tukey test; n = 3-5 repeats for each group). Measured activity was not
significantly different between blastocysts that had developed in vivo and
those cultured from the eight-cell stage in the presence of control morpho-
lino (Con). The BHMT inhibitor CBHcy decreased measured activity in blasto-
cysts to a level not significantly different from the BSA control (p < 0.001, a
versus c). Activity in blastocysts cultured in the presence of Bhmt-specific mor-
pholino BhmtMO1 was significantly decreased (p < 0.001, a versus b) to a level
not significantly different from that with CBHcy.

Blastocysts Morulae

activity measured for blastocysts that had been cultured with
control mismatched morpholino was indistinguishable from
that of in vivo-developed blastocysts.

Effect of BHMT Knockdown on Blastocyst Development and
Cell Lineage Allocation—Fewer eight-cell embryos developed
to the blastocyst stage at 72 h when BHMT expression and
activity were suppressed with the BhmtMO1 antisense mor-
pholino compared with the mismatched morpholino control
(control morpholino, 511/572 embryos = 89.3% versus
BhmtMO1, 409/601 = 68.1%, in 43 paired cultures; p < 0.0001
by Fisher’s exact test). The second antisense morpholino,
BhmtMO2, similarly decreased development to blastocysts
(Lipofectin alone, 100/109 embryos = 91.7% versus BhmtMO?2,
76/109 = 69.7%, in eight paired cultures, p < 0.0001). The
majority of embryos, however, progressed to blastocysts with
either morpholino.

Because perturbations to preimplantation embryo develop-
ment can result in changes in the number of cells and their
lineage allocations even when blastocysts develop, we used dif-
ferential staining to determine the numbers of trophectoderm
versus ICM cells in the blastocysts that developed under each
condition. Knocking down the expression of BHMT with
BhmtMO1 antisense morpholino did not significantly affect the
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numbers of trophectoderm cells relative to control morpholino
or untreated controls. However, the number of ICM cells was
significantly decreased in BhmtMO1 antisense morpholino-
treated embryos (Fig. 54), by about 40%. The number of ICM
cells was also decreased by BhimtMO2 treatment (Fig. 5B), again
not affecting trophectoderm cell number (data not shown).

To assess the effects of decreased BHMT activity independ-
ently from morpholino treatment, we also cultured embryos
from the two-cell stage to blastocysts in the presence of the
BHMT inhibitor CBHcy (500 uMm added to the medium). The
number of embryos reaching the blastocyst stage was decreased
in the presence of CBHcy (control, 58/64 = 90.6%; CBHcy,
45/64 = 70.3% embryos; in five paired cultures, p = 0.007 by
Fisher’s exact test). CBHcy treatment also significantly
decreased the numbers of ICM cells in blastocysts (Fig. 5C) by
about 20%.

As a further indication that ICM was decreased, we used
Western blots to quantify OCT4 (Pou5fl), which is expressed
only in the ICM in blastocysts (30), with the assumption that a
decrease in the number of OCT4-expressing ICM cells should
be reflected by a decrease in total OCT4 per blastocyst. OCT4
protein content was decreased in blastocysts in which BHMT
expression was decreased with BhmtMO1 antisense morpho-
lino compared with control morpholino (Fig. 5D), consistent
with the presence of fewer OCT4-positive ICM cells. OCT4
expression also trended toward a decrease (by ~20%) in
CBHcy-treated blastocysts, although this decrease did not
reach significance (mean expression relative to control =
80.8 £ 9.6, n =5, p = 0.1 by paired ¢ test).

We also used immunofluorescence to quantify the numbers
of OCT4-positive (ICM), and NANOG-positive (epiblast sub-
set of ICM) nuclei in blastocysts. The number of OCT4-positive
nuclei was significantly decreased in blastocysts in which
BHMT had been knocked down using BhmtMO2 (Fig. 5E). The
number of NANOG-positive cells showed a trend toward
decreasing, although this did not quite reach significance. Sim-
ilar results were obtained in embryos cultured with the BHMT
inhibitor, CBHcy, where OCT4-positive cells were reduced
from a mean of 20.0 = 0.7 in control to 18.1 = 0.6 in CBHcy
(p = 0.03, ¢ test), and NANOG-positive cells decreased from
12.0 = 0.5 to 10.0 = 0.4 (p = 0.002; 55 and 54 embryos in
control and CBHcy groups, respectively).

If the decreases in ICM cell number were due to decreased
BHMT activity, then the decreases should be rescued by the
provision of the immediate product of BHMT, methionine.
Exogenous methionine should be effective because it can be
taken up by blastocysts and transported into the trophecto-
derm and ICM (31), and exogenous methionine provided to
embryos in vitro can be converted to intracellular AdoMet (32).
Methionine (0.2 mMm), when added to the medium, rescued the
development of embryos cultured from the eight-cell stage to
blastocysts from the effects of BHMT knockdown by
BhmtMO1 morpholino (Fig. 5F). Methionine also restored the
number of ICM cells when BHMT was knocked down by anti-
sense morpholino to the levels that developed with the control
morpholino (Fig. 5G).
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FIGURE 5. Effect of perturbing BHMT on blastocyst cell allocation. A, effect
of BHMT knockdown by BhmtMO1 on blastocyst cell allocation. The top panel
shows mean trophectoderm (TE) cell numbers and the bottom panel shows
ICM cell numbers for embryos with no morpholino treatment (no MO), control
morpholino (Ctrl MO), and Bhmt-specific morpholino (BhmtMO1). The num-
bers of blastocysts assessed were 29 for no morpholino treatment, 59 for
control morpholino, and 65 for BhomtMO1, from at least four independent
cultures in each condition. For trophectoderm, NS indicates no significant
difference among groups by ANOVA (p = 0.19). For ICM, p < 0.001 for a versus
b by ANOVA with Tukey test. B, effect of BhmtMO2 on ICM cell numbers. The
mean ICM cell numbers are shown for control (Lipofectin only) and BhmtMO2
morpholino-treated blastocysts. The number of blastocysts assessed were 35
for morpholino and 50 for control from three separate cultures. ***, p <
0.0001 by t test. Trophectoderm cell numbers were not significantly different
(p = 0.25; data not shown). C, effect of BHMT inhibitor, CBHcy on blastocyst
cell allocation. The top panel shows trophectoderm (TE) cell numbers and the
bottom panel shows ICM cell numbers for embryos cultured with no addition
(control) or CBHcy (500 um), as indicated at bottom. The numbers of blasto-
cysts assessed were 37 for control and 43 for CBHcy, from three independent
cultures for both treatments. For trophectoderm, NS indicates no significant
difference among groups (p = 0.28), and for ICM, ***, p < 0.0001, by t test.
D, effect of BHMT knockdown on OCT4 expression. The top panel shows an
example of Western blot probed for OCT4 (upper panel) and GAPDH (lower
panel) of blastocysts with control or Bhmt-specific morpholino BhmtMOT1,
quantified in the bottom panel as OCT4 normalized in each sample to GAPDH,
relative to the expression for the control morpholino in the same experiment
setarbitrarily to 100. The bars represent the means = S.E. for five independent
repeats. Within each repeat, equal numbers of blastocysts were loaded in
each lane (22-30). **, p = 0.006 by paired t test. In two repeats, embryos
cultured with no morpholino were included (data not shown) and had rela-
tive band densities of 96 and 144, similar to control morpholino. E, effect of
BHMT knockdown on numbers of OCT4- and NANOG-positive cells. Panels
show mean numbers of OCT4-positive (left panel) and NANOG-positive (right
panel) nuclei in control (Lipofectin only) and BhmtMO2 morpholino-treated
blastocysts. The numbers of blastocysts assessed for OCT4 and NANOG were
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FIGURE 6. Effect of BHMT knockdown in blastocysts on fetal development
on E10.5. A, fetal development on E10.5 after transfer of blastocysts in which
BHMT had been knocked down by specific antisense morpholino (BhmtMO1)
compared with control morpholino. Pregnancies (fetuses or resorption sites)
were found in 12 recipients in the control morpholino group and 14 in the
BhmtMO1 morpholino group. Numbers of fetuses and resorptions were
pooled for each group and analyzed in a 2 X 2 table, as recommended (33).
The control group had 70 fetuses and 12 resorption sites, and the Bhmt mor-
pholino group had 60 fetuses and 49 resorption sites, shown as percentages
of the total. The difference was highly significant (p < 0.0001) by Fisher’s
exact test. B, alternative analysis by frequency of resorptions in each recipient.
For this analysis by recipient, only those recipients that had five or more
implantations (fetuses + resorptions) were included (8 out of 12 control mor-
pholino recipients, 12 out of 14 BhmtMO1 morpholino). The means (horizon-
tal gray lines) were significantly different (p = 0.0032 by Mann-Whitney test,
used because variances were significantly different by F test, p = 0.007).

Effect of BHMT Knockdown in Blastocysts on Subsequent
Fetal Development—Embryos were cultured from the eight-cell
to blastocyst stages with BimtMO1 antisense or control mis-
matched morpholinos, and cohorts of 15 of the resulting blas-
tocysts were transferred to pseudopregnant recipients. Uterine
horns were excised on E10.5; resorption sites and fetuses were
counted, and the fetuses were removed for further analysis.
Pregnancies were established (i.e. at least one fetus or resorp-
tion on E10.5) in 14 and 12 recipients for the BhmtMO1 anti-
sense and control groups, respectively.

The numbers of fetuses and resorption sites were determined
for each pregnant recipient, and data from individual recipients
were pooled for analysis as categorical data, as recommended
(33). There was no significant difference in the embryo implan-
tation rate in pregnant recipients between treatments (data not
shown; p = 0.13). The expected low rate of resorptions of ~15%
of embryos transferred was observed for the control group (Fig.
6A). However, in the Bhmt antisense group, the proportion of
resorptions was increased to ~45%. This difference was highly
significant, indicating a marked increase in spontaneous abor-
tion in fetuses in which BHMT had been knocked down. The
significant increase in resorptions in the BHMT knockdown

23 for control and 14 for BhmtMO2, from three independent cultures. An
additional four control and seven BhmtMO2 blastocysts were not visibly
stained with the OCT4 antibody and were not included. Significance was
assessed by t test, yielding p values indicated within the panels. F, rescue of
development to the blastocyst stage by methionine added to the medium.
Embryos were treated with BhmtMO1 or control morpholino as indicated at
bottom, with no (0) methionine (Met) or 0.2 mm added. The number of
embryos developing to the blastocyst stage (black) or arrested or dead (white)
was scored for eight separate cultures (7-16 embryos per culture, for 104 -
105 embryos per group) for each condition, and data were pooled. The rescue
by methionine on development with Bhmt morpholino was highly significant
(***, p < 0.001 by Fisher's exact test for BhmtMO1 morpholino with methio-
nine versus without). G, rescue of ICM cell number by methionine. Treatment
groups were as in D. ICM cell numbers were decreased by BhmtMO1 relative
to control in the absence of methionine but were not different from control
when methionine (0.2 mm) was present in the medium. 45-50 blastocysts
from five independent cultures were assessed per treatment group. p < 0.001
for a versus b by ANOVA with Tukey test.
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group was also evident when analyzed by comparing mean
resorption rates per individual recipient (Fig. 6B). The propor-
tion of fetuses developing per embryo transferred in pregnant
recipients was also significantly lower in the BHMT knock-
down group (29% versus 39%, p = 0.04, Fisher’s exact test).
Among the surviving fetuses, there was no significant differ-
ence in crown-rump length between the two groups (5.2 = 0.1
mm Bhmt knockdown versus 5.4 = 0.1 control, p = 0.25 by ¢
test), nor in somite number, although there may have been a
slight trend to lower somite number in the BHMT knockdown
group (32.1 = 0.5 versus 33.3 = 0.4 in control, p = 0.07 by £ test).

DISCUSSION

It was previously established that preimplantation embryos
are capable of taking up betaine from their external environ-
ment via a specific transporter, SIT1 (18, 19). Here, we showed
that betaine accumulation by embryos also likely occurs in vivo,
because freshly isolated embryos contain betaine at all preim-
plantation stages. Assuming a cytoplasmic volume of ~180 pl,
the endogenous intracellular betaine concentration up to the
blastocyst stage is calculated to be ~7 mm. Thus, preimplanta-
tion mouse embryos contain betaine at levels similar to the ~4
mM reported as the average over the whole tissue in liver (34),
which is the tissue with the highest reported betaine levels,
implying that preimplantation mouse embryos contain a sub-
stantial stockpile of betaine. The data also clearly indicate that
BHMT is active in blastocysts, which implies that accumulated
betaine can be utilized as a methyl source at that stage. The
evidence for this includes that Bimt mRNA was found to be
expressed at a high level in morulae; BHMT protein was specif-
ically detectable in blastocysts, and BHMT enzyme activity was
demonstrated there. The observed decrease in endogenous
betaine at the blastocyst stage is consistent with betaine being
taken up and retained by preimplantation embryos and then
metabolized by BHMT expressed only in blastocysts.

BHMT appears to have a physiological role in blastocysts.
Cultured embryos in which BHMT was knocked down using
either of two nonoverlapping antisense morpholinos developed
to blastocysts at decreased rates, and those that developed
showed a deficit in ICM cells. An effect of BHMT knockdown
mainly on ICM is consistent with the apparent preferential
expression of BHMT in that lineage. The detrimental effect of
Bhmt antisense morpholinos appeared to be specific, because
two nonoverlapping Bimt morpholinos had similar effects, and
no effect was seen with a control morpholino synthesized at the
same time, and the Lipofectin used for loading had no effect by
itself. Furthermore, a similar effect on ICM cell numbers was
observed in embryos cultured in the presence of the BHMT
inhibitor CBHcy. Finally, specificity was supported by the abil-
ity of methionine, the immediate methyl-carrying product of
BHMT, to fully rescue blastocyst and ICM development in
Bhmt antisense morpholino-treated blastocysts (although we
cannot rule out other effects of methionine, which participates
in many biochemical pathways). Together, these data indicated
that cultured mouse blastocysts do not develop optimally when
BHMT activity is decreased. This was supported by embryo
transfer experiments that showed an increased level of fetal
resorption when BHMT had been knocked down at the blasto-
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cyst stage. The observed effect on fetal development is unlikely
to have been due to an effect of morpholino persisting within
the cells of the developing embryo after implantation, because
intracellular morpholino would be quickly diluted by the rapid
increase in total embryo volume and because the lifetime of
morpholinos within cells is limited.

In addition to betaine, folate may also have a role in AdoMet
generation in preimplantation embryos. Unlike betaine, folate
metabolism contributes not only to AdoMet generation but
also to purine synthesis. Both AdoMet generation and purine
synthesis from folic acid share a common pathway requiring
conversion of folic acid to tetrahydrofolate (THF) via the
enzyme dihydrofolate reductase but then diverge (35). For
AdoMet production, THF is converted to methyl-THF by
methyltetrahydrofolate reductase, after which methyl-THF
donates its methyl group to homocysteine to generate methio-
nine and then AdoMet (7, 35), converging with the betaine-de-
pendent pathway. O’'Neill (17) has shown that inhibition of
dihydrofolate reductase with methotrexate blocks mouse
embryo development, which could then be rescued by provi-
sion of exogenous thymidine, and we have confirmed this,”
indicating that dihydrofolate reductase is likely active, and tet-
rahydrofolate is being synthesized. Kwong et al. (36) have done
similar but more extensive studies in cow and sheep, and they
found that methotrexate reduces blastocyst cell number even
when exogenous purines and pyrimidines were provided,
implying that methyl pool generation may also be affected. Fur-
thermore, mRNA for the enzymes needed for folate-dependent
AdoMet generation were shown to be present in bovine
embryos (36, 37), as well as in human embryonic stem cells that
are analogous to ICM cells (38), also supporting the idea that
the folate-dependent pathway is functioning in preimplanta-
tion embryos. The relative importance of the folate- and beta-
ine-dependent pathways for AdoMet generation in mouse blas-
tocysts is not known and remains to be investigated. There may
also be species differences because, although mouse preimplan-
tation embryos clearly express Bhmt mRNA, it is variously
reported that bovine preimplantation embryos express Bhmt
mRNA (37) or that it is lacking (36), whereas human embryonic
stem cells express it, as noted above.

Our demonstration here of a detrimental effect on blastocyst
development and subsequent fetal viability when BHMT was
perturbed in blastocysts in vitro contrasts with the recent
report (39) of the production of a Bhmt knock-out mouse. In
that model, Bhmt '~ offspring appeared at a normal Mende-
lian ratio from heterozygous matings, and matings between
Bhmt ™'~ pairs produced normal litter sizes (39). One possible
explanation is that the effect of BHMT depletion on blastocyst
and subsequent fetal development produces a clear phenotype
only in embryos cultured in vitro. There is ample evidence that
relatively mild stress restricted to the preimplantation period
can result in disruption of epigenetic gene regulation, dysregu-
lation of fetal and placental growth, and increased susceptibility
to a range of morbidities in the offspring (40, 41). Thus, a syn-
ergistic effect between culture stress and BHMT depletion

9 B. Zhang and J. M. Baltz, unpublished data.
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could result in the phenotype observed. A second possibility is
that Bimt '~ embryos could be rescued by methionine that is
available in uterine fluid in vivo (42), similar to the ability of
methionine to rescue ICM cell numbers in BHMT knockdown
blastocysts in vitro. Third, a differential effect among mouse
strains cannot be ruled out, because the embryos used here
were from CF1 and 129 strain females, whose embryos are par-
ticularly susceptible to culture stress, although the Bhmt '~
mice were on a C57Bl/6 background. Finally, the folate-depen-
dent pathway appears to be up-regulated in Bimt '~ and
Bhmt"'~ females, because there was evidence of increased
methylfolate utilization in Bimt ™'~ mice (39). This could result
in increased folate accumulated within their embryos. These
possibilities remain to be explored and need to be resolved.

The finding that embryos contain large amounts of betaine
and that BHMT is active in mouse blastocysts was somewhat
surprising, as the utilization of betaine to generate AdoMet has
been considered to be specific to liver in rodents. Previous work
has shown that betaine is specifically accumulated by preim-
plantation mouse embryos only at the one- and two-cell stages
by the SIT1 transporter that is activated after fertilization, with
no further specific uptake through the blastocyst stage (18, 19).
At the one- and two-cell stages, betaine has been shown to
contribute to normal cell volume regulation, by acting as an
organic osmolyte that provides benign intracellular osmotic
support to maintain cell size (18, 20, 43). The results reported
here indicate that betaine has an additional function and is
retained in the embryo until the blastocyst stage, where it is
metabolized by BHMT, likely contributing to the cellular store
of AdoMet that is the substrate for important MT enzymes,
including several that function in epigenetic gene regulation.

Betaine is not a normal component of embryo culture media,
including those for humans and domestic species. In experi-
mental systems, however, betaine has been found to promote
development of mouse embryos from fertilized eggs (20, 43)
and to support a pattern of protein synthesis that more closely
resembles that of in vivo-produced embryos (44). The results
reported here indicate that addition of betaine to embryo cul-
ture media can help maintain the methyl pool required for nor-
mal embryo development. Thus, addition of betaine to embryo
culture media may be beneficial for healthy embryo develop-
ment in vitro.

Acknowledgments— We thank Adriana Gambarotta for expert assis-
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