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Abstract.  DNA methylation in transcriptional regulatory regions is crucial for gene expression. The DNA methylation 
status of the edges of CpG islands, called CpG island shore, is involved in tissue/cell-type-specific gene expression. 
Haploinsufficiency diseases are caused by inheritance of one mutated null allele and are classified as autosomal dominant. 
However, in the same pedigree, phenotypic variances are observed despite the inheritance of the identical mutated null allele, 
including Fibrillin1 (FBN1), which is responsible for development of the haploinsufficient Marfan disease. In this study, we 
examined the relationship between gene expression and DNA methylation patterns of the FBN1 CpG island shore focusing 
on transcriptionally active hypomethylated alleles (Hypo-alleles). No difference in the DNA methylation level of FBN1 CpG 
island shore was observed in porcine fetal fibroblast (PFF) and the liver, whereas FBN1 expression was higher in PFF than in 
the liver. However, Hypo-allele ratio of the FBN1 CpG island shore in PFF was higher than that in the liver, indicating that 
Hypo-allele ratio of the FBN1 CpG island shore likely correlated with FBN1 expression level. In addition, oocyte-derived 
DNA hypermethylation in preimplantation embryos was erased until the blastocyst stage, and re-methylation of the FBN1 
CpG island shore was observed with prolonged in vitro culture of blastocysts. These results suggest that the establishment of 
the DNA methylation pattern within the FBN1 CpG island shore occurs after the blastocyst stage, likely during organogenesis. 
In conclusion, Hypo-allele ratios of the FBN1 CpG island shore correlated with FBN1 expression levels in porcine tissues.
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DNA methylation in transcriptional regulatory regions is crucial 
for cell type-specific gene expression [1–3]. In mammalian 

genomes, cytosines in cytosine-guanine (CpG) sites of repetitive 
sequences are stably methylated, whereas the DNA methylation 
status of genes change dynamically during embryonic development 
by de novo methylation and demethylation related to cell fate 
determination [4, 5]. In preimplantation development, genome-wide 
demethylation occurs after fertilization until the blastocyst stage [6, 
7], and cell-type specific DNA methylation patterns are established 
during organogenesis. Thus, DNA methylation plays an important 
role for cellular differentiation and mammalian development.

In mammalian genomes, frequency of CpG dinucleotides is about 
one-fourth of the expected value [8, 9], whereas relatively CG-rich 

regions, the so-called CpG islands, can be found in the genome. Many 
CpG islands tend to be located around the transcriptional start site 
[10, 11], overlapping with promoter regions of most housekeeping 
genes and half of cell/tissue-specifically expressed genes [12, 13]. 
Previously, CpG islands were considered unmethylated regardless 
of the expression status of the corresponding genes. However, a part 
of or the entire CpG island is methylated in cell-type-specifically 
expressed genes [14, 15]. The edges of CpG islands are called CpG 
island shore and are involved in transcriptional regulation [16]. Our 
and others’ previous findings indicated that these regions are subject 
to tissue/cell-type-dependent DNA methylation in association with 
their expression patterns [14–16]. In addition, our previous data 
indicated that abnormal hypomethylation within the CpG island 
shore of estrogen receptor alpha (ERa) was associated with uterine 
leiomyoma [17]. Thus, deciphering DNA methylation of CpG island 
shores will provide new insights into molecular mechanisms of 
disease onset and pathogenesis.

Haploinsufficiency is caused by inheritance of one mutated 
null allele together with the other normal allele as heterozygote, 
which can result in the amount of functional protein being less 
than half that of the diploid level [18]. Haploinsufficiency diseases 
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are classified as autosomal dominant and often exhibit phenotypic 
variances despite the inheritance of the identical mutated null allele 
in the same pedigree. By definition in genetics, a certain autosomal 
dominant trait that appears only in some of the affected individuals 
is termed incomplete penetrance, and the severity of a phenotype 
that varies among affected individuals is named variable expressiv-
ity. However, incomplete penetrance and variable expressivity in 
autosomal dominant diseases, including haploinsufficiency, cannot 
be explained only by the genetic mutation of a single responsible 
gene. In addition, although haploinsufficiency diseases are genetically 
autosomal dominant, some carriers do not show any symptoms, leading 
to non-penetrance in the same pedigree. Since these phenotypic 
variances in haploinsufficiency cannot be explained by the simple 
inheritance of one mutated null allele and dealt only as a statistical 
probability in classical genetics, molecular mechanisms underlying 
these phenomena remain to be elucidated.

Fibrillin1 (FBN1) encoding a microfibril protein, Fibrillin, is 
expressed in various tissues and cell types [19]. Many Marfan 
syndrome pedigrees inherit mutated null alleles of FBN1, some of 
which likely result in haploinsufficiency in an autosomal dominant 
fashion [20, 21]. As mentioned above, Marfan syndrome caused by 
haploinsufficiency exhibits phenotypic variations, including non-
penetrance even in the same Marfan pedigree inheriting the identical 
loss-of-function null allele [20, 22, 23]. In general, null alleles result 
from a premature termination codon (PTC) by nonsense or frameshift 
mutations. These PTCs are recognized by nonsense-mediated mRNA 
decay system, and the pre-mRNAs containing PTCs are degraded 
during the RNA splicing process. Thus, heterozygous individuals 
with one normal allele and the other PTC-containing null allele 
exhibit reduced mRNA levels translated to the functional protein 
[24]. Analysis of fibroblast cells derived from Marfan’s patients 
containing one null allele with PTC indicated that the FBN1 mRNA 
level varied among patients [25, 26]. It has also been reported that 
patients with a low level of the FBN1 mRNA from the normal allele 
suffer an increased risk of ectopia lentis, pectus excavatum, and 
aortic abnormalities [26]. Taken together, these findings strongly 
suggest that skewed FBN1 expression from the normal allele, which 
is transcribed and translated into the functional Fibrillin protein, is 
associated with disease onset and severity of Marfan syndrome.

DNA methylation analysis by sodium bisulfite polymerase chain 
reaction (PCR) followed by sequencing of cloned PCR fragments 
enabled us to identify DNA methylation patterns of each sequenced 
fragment that can be recognized as one allele/cell in a tissue. Based 
on this concept, we previously focused on transcriptionally active 
DNA hypomethylated alleles (Hypo-alleles), which can be recognized 
by the high ratio of unmethylated CpGs in each sequenced fragment 
(allele), and indicated that Hypo-allele ratio of a non-imprinted and 
autosomal gene can be used to estimate the proportion of the cell type 
expressing the corresponding gene in the tissue [27]. Therefore, the 
Hypo-allele concept can be applied to the detection of transcriptional 
regulation in each allele involved in certain tissues or cell populations.

In the present study, we determined the relationship between the 
DNA methylation pattern of the FBN1 CpG island shore, focusing 
on Hypo-alleles, and FBN1 expression, together with the epigenetic 
reprogramming and re-establishment of FBN1 during early embryonic 
development using embryos and tissues from pigs, whose physiological 

similarity to humans is very useful to biomedical research.

Materials and Methods

Porcine fetal fibroblast (PFF) culture
Primary culture of PFF was performed as previously described 

[28]. Briefly, PFF was cultured in Minimum Essential Medium 
Eagle (MEM) Alpha Modifications (Invitrogen, Carlsbad, CA, USA) 
supplemented with 15% fetal bovine serum (Biowest, Nuaillè, France) 
and Penicillin-Streptomycin (Invitrogen) with type I collagen-coated 
dish in a humidified atmosphere of 5% CO2 at 37°C. In addition, 
inhibition of DNA methylation in PFF was performed by 5-aza-2′-
deoxycytidine (5-aza-dC, Sigma-Aldrich, Tokyo, Japan) treatment 
of 1 or 5 µM for four days.

In vitro fertilization (IVF) and parthenogenetic porcine 
embryos

The IVF method has been described previously [29]. Briefly, 
porcine ovaries were collected at local abattoirs, and in vitro matured 
oocytes with expanded cumulus cells were used for IVF. Frozen 
sperm collected from an LWD pig was thawed in warm water and 
suspended in DPBS supplemented with 0.1% bovine serum albumin. 
After washing, sperm was resuspended in porcine fertilization medium 
(PFM; Research Institute for the Functional Peptides, Yamagata, 
Japan) at a concentration of 1 × 107 cells/ml. For insemination, sperm 
and in vitro matured oocytes were incubated for 8 h in a humidified 
atmosphere of 5% CO2, 5% O2, and 90% N2 at 38.5°C. After 
insemination, the eggs were treated with Tyrode’s lactose medium 
containing 10 mM HEPES and 0.3% (w/v) polyvinylpyrrolidone 
(HEPES-TL-PVP), and cumulus cells and excess sperm were removed 
by gentle pipetting. Eggs that released one or more polar bodies were 
cultured in porcine zygote medium-5 (PZM-5; Research Institute 
for the Functional Peptides) under paraffin oil (Kanto Chemical, 
Tokyo, Japan) in the same humidified atmosphere as insemination, 
and morula or blastocyst stage embryos were collected for DNA 
methylation analysis.

Generation of porcine parthenogenetic embryos has been previously 
described [30]. Briefly, in vitro matured oocytes with expanded 
cumulus cells were treated with 1 mg/ml of hyaluronidase dissolved 
in HEPES-TL-PVP followed by separation from the cumulus cells 
by gentle pipetting. Oocytes with evenly granulated ooplasm and an 
extruded first polar body were selected for subsequent experiments. 
Oocytes were transferred to an activation solution containing 0.3 M 
mannitol (Nacalai Tesque, Kyoto, Japan), 50 µM CaCl2, 100 µM 
MgCl2, and 0.01% (w/v) PVA and activation was performed by 
applying a single direct current pulse (150 V/mm, 100 µsec) using 
an electrical pulsing machine (LF201, Nepa Gene, Chiba, Japan). 
Activated oocytes were treated with 5 µg/mL cytochalasin B for 
3 h to suppress extrusion of the second polar body followed by in 
vitro culture for up to 6 days to obtain parthenogenetic embryos at 
2 to 4-cell-stages (day 2) and blastocyst stage (days 5 and 6). In 
vitro culture of parthenogenetic embryos was performed in PZM-5 
under paraffin oil in a humidified atmosphere of 5% CO2, 5% O2, 
and 90% N2 at 38.5°C.
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Genomic DNA extraction and sodium bisulfite reaction
Genomic DNA extraction and bisulfite conversion were carried 

out as described previously [31]. Genomic DNA was purified from 
PFF, the liver, the sperm, and the aorta by Proteinase K digestion 
and PCI (phenol, chloroform, and isoamyl alcohol: 50/49/1, v/v) 
extraction followed by ethanol precipitation. In the case of genomic 
DNA extraction from sperm, mercaptoethanol was added to a final 
concentration of 0.144 M with Proteinase K. Tissues (liver and 
aorta) and PFF were collected from LWD pigs. Purified genomic 
DNA digested with HindIII (TaKaRa, Kyoto, Japan) was purified by 
ethanol precipitation. After denaturing HindIII-digested genomic DNA 
with 0.3 M NaOH, sodium metabisulfite (pH 5.0) and hydroquinone 
were added to final concentrations of 2.0 M (4.0 M equivalent of 
sodium bisulfite) and 0.5 mM, respectively. The bisulfite reaction 
was performed using a thermocycler as follows: 20 cycles of 95°C 
for 30 sec and 55°C for 15 min, followed by 55°C for 10 h. Bisulfite-
treated genomic DNA was purified with a QIAquick Gel Extraction 
Kit (Qiagen GmbH, Hilden, Germany), desulfonated with 0.3 M 
NaOH at 37°C for 15 min, and ethanol-precipitated. For the bisulfite 
reactions of porcine IVF-derived and parthenogenetic early embryos, 
EZ DNA Methylation-Direct Kit (Zymo Research, Irvine, CA, USA) 
was used following the manufacturer’s protocol. Briefly, 11 to 80 
early embryos or oocytes (appropriately 80 cells) were pooled and 
digested with Proteinase K for 20 min at 50°C followed by the bisulfite 
reaction with CT Conversion Reagent under the following conditions: 
98°C for 8 min and then 64°C for 3.5 h. Purified bisulfite-treated 
DNA was amplified with BioTaq HS DNA polymerase (BIOLINE, 
London, UK) using specific primers for porcine FBN1 regions 
(FBN1_Bis_F: 5′-GAGGTAATGGGAAGAAGTGGAGTAG-3′, 
FBN1_Bis_R: 5′-CCAAACTAACATTCACAAACCTCTAA-3′). 
PCR was performed under the following conditions: 95°C for 10 
min; 43 cycles of 95°C for 30 sec, 60°C for 30 sec, and 72°C for 1 
min; final extension 72°C for 2 min. PCR products were subcloned 
into pGEM-T Easy vector (Promega, Madison, WI, USA) for sodium 
bisulfite sequencing.

RNA extraction and cDNA synthesis
Total RNA was extracted using TRIzol reagent (Invitrogen). After 

treatment of the total RNAs with RNase-free DNase I (Invitrogen), 
first-strand cDNA synthesis was performed using a Superscript III First-
strand Synthesis System (Invitrogen) with random hexamers. RT-PCR 
was performed using TaKaRa LA Taq (TaKaRa) with specific primer 
pairs for FBN1 (FBN1_RT_F; 5′-TGCTTACTGTTGCCCTGGAT-3′, 
FBN1_RT_R; 5’-CTGGAGCCACAGGAAGGAG-3′) and GAPDH 
(GAPDH_RT_F; 5′-ACCACAGTCCATGCCATCAC-3′, GAPDH_
RT_R; 5′-TCCACCACCCTGTTGCTGTA-3′) mRNAs under the 
following conditions: 95°C for 5 min; 30 cycles (FBN1) or 25 
cycles (GAPDH) of 95°C for 30 sec, 60°C for 30 sec, and 72°C 
for 1 min; final extension 72°C for 10 min. Statistical comparisons 
of FBN1 mRNA levels were performed using the Student’s t-test, 
and for the multiple comparisons Student’s t-test with a Bonferroni 
correction was applied.

Homology search
Homology search and sequence alignment of the FBN1 CpG 

island shore among pig, human, and mouse were performed us-

ing YASS program [32] and ApE (http://biologylabs.utah.edu/
jorgensen/wayned/ape/), respectively. Genomic sequence data of 
the human (chr15:48,935,985-48,939,984 GRCh37/hg19), pig 
(chr1:137,101,509-137,105,508 Sscrofa10.2/susScr3), and mouse 
(chr2:125,330,175-125,334,174 NCBI37/mm9) FBN1 loci were 
obtained from the University of California, Santa Cruz genome 
browser (https://genome.ucsc.edu/).

Results

Cell/tissue-dependent DNA methylation patterns within the 
FBN1 CpG island shore

To examine DNA methylation patterns of the FBN1 promoter 
region, including CpG island, sodium bisulfite sequencing was 
performed using a bisulfite PCR primer pair that can amplify the 
FBN1 CpG island and its upstream island shore region (Fig. 1A). 
Genomic DNA from PFF and the liver were subjected to bisulfite 
sequencing. Judging from the methylation levels, the analyzed 
region could be divided into three sub-regions (Region I: outside of 
the CpG island, Region II: CpG island shore, Region III: inside the 
CpG island). Regions I and III were hypermethylated (66.6−87.5%) 
and hypomethylated (1.8−5.0%), respectively, in PFF and the liver. 
On the other hand, Region II exhibited a moderate level of DNA 
methylation (27.7−36.1%) in PFF and the liver. The FBN1 expres-
sion was analyzed by RT-PCR (Fig. 1B), and PFF isolated from a 
connective tissue, the skin, showed a higher expression level of 
FBN1 than the liver (P < 0.01). This indicated that simple DNA 
methylation level of the FBN1 promoter region did not correlate 
with mRNA expression levels. However, treatment of PFF with 5 
µM 5-aza-dC, a DNA methylation inhibitor, resulted in a statistically 
significant increase of the FBN1 mRNA level compared with non-
treated control cells (Fig. 1C). This strongly suggested that DNA 
methylation is at least in part related to transcriptional repression of 
FBN1. To further examine the correlation between DNA methylation 
and FBN1 expression, the previously proposed Hypo-allele concept 
[27] was applied to FBN1. CpG island shores are involved in the 
tissue/cell-type-dependent gene expression [14, 15]. Consistent 
with this finding, Hypo-allele ratios of FBN1 CpG island shore 
(Region II) in PFF were relatively high at 57.1% (8/14 fragments) 
and 53.8% (7/13 fragments), whereas those in the liver were 25.0% 
(3/12 fragments) and 33.3% (3/9 fragments), indicating that PFF 
contain more alleles/cells that are prone to express FBN1 than the 
liver (Fig. 1D). In contrast, Hypo-allele ratios of Regions I and 
III (outside and inside of CpG islands, respectively) did not show 
significant difference between PFF and the liver (Supplementary Fig. 
1A: online only). In addition, 5-aza-dC treatment caused an increase 
in the Hypo-allele ratios of Region II in PFF (Supplementary Fig. 
1B). Taken together, the DNA methylation pattern of the Region II, 
focusing on Hypo-alleles, is likely correlated with the expression of 
mRNA at the FBN1 locus. FBN1 is highly expressed in the aorta, 
whose abnormal phenotype has been reported in patients with 
Marfan syndrome [33]. DNA methylation analysis focusing on each 
sequenced allele also exhibited relatively high Hypo-allele ratios 
of 42.9 and 57.1% in two aorta samples (Supplementary Fig. 1C). 
Therefore, Hypo-allele ratios in the Region II (CpG island shore) 
correlated with FBN1 mRNA expression levels.
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Establishment of the DNA methylation pattern in the FBN1 
CpG island shore during early porcine embryonic development

It is well-known that after fertilization of hypermethylated sperm 
and hypomethylated oocytes, genome-wide DNA demethylation 
occurs during preimplantation development followed by genome-wide 
DNA re-methylation in later stage embryos/fetuses in association 
with cellular differentiation events [6, 7]. To determine whether DNA 
methylation pattern of FBN1 changes during preimplantation embryos 
through the blastocyst stage, germ cells (sperm and oocytes), and early 
stage embryos were analyzed by sodium bisulfite sequencing (Fig. 
2). In contrast to genome-wide DNA methylation level, CpG island 
and its upstream shore were unexpectedly hypomethylated in all three 

regions (I–III) of sperm (0−10.0%), but hypermethylated especially 
in Regions I and II of the oocyte (50.0 and 31.3%, respectively). On 
the other hand, the other FBN1 CpG island shore in intron 1 was 
almost completely methylated in sperm and oocytes (Supplementary 
Fig. 2: online only). After fertilization, DNA demethylation within 
the CpG island and shore regions occurred, and DNA methylation 
level was the lowest in the blastocyst stage embryos.

As shown in Fig. 2, the FBN1 CpG island shore in the oocyte 
was obviously hypermethylated compared with sperm, and the 
blastocyst stage embryos exhibited a hypomethylated status similar 
to that of sperm. These data suggested that oocyte-derived alleles of 
the FBN1 CpG island shore are subjected to demethylation during 

Fig. 1. DNA methylation analysis of the porcine FBN1 CpG island shore. (A) DNA methylation status of the FBN1 CpG island shore within the FBN1 
promoter region was analyzed by sodium bisulfite sequencing using two samples of porcine fetal fibroblast (PFF #1 and #2) and liver (Liver #1 
and #2). The FBN1 CpG island shore was divided into three regions (Regions I, II, and III), and their DNA methylation levels (methylated CpGs/
all CpGs) were calculated for each region. Open and closed circles indicate unmethylated and methylated CpGs, respectively. (B) FBN1 mRNA 
expression. FBN1 mRNA expression levels in PFF and the liver were assessed by RT-PCR. The relative expression levels were normalized to 
those of GAPDH. The expression levels are shown as mean ± SD (n = 3). Statistical comparisons of the expression levels were performed using 
the Student’s t-test. (C) FBN1 mRNA expression level was increased by 5-aza-dC treatment. FBN1 mRNA expression in PFF treated with 5-aza-
dC (0, 1.0, or 5.0 µM) for 4 days was assessed by RT-PCR. The relative expression levels were normalized to that of GAPDH. The 5-aza-dC 
treatment with each dose was performed twice independently, and PCR for each sample was performed in triplicate independently. The expression 
levels are shown as mean ± SD, and statistical comparisons of the expression levels among the samples of 0, 1.0, 5.0 µM treatment were 
performed using the Student’s t-test with a Bonferroni correction. (D) Hypo-allele ratio of the Region II in the FBN1 CpG island shore. Based on 
the bisulfite sequencing data of the Region II in Fig. 1A, sequenced fragments that contain ≥ 75% unmethylated CpG sites (7–9 out of the 9 CpG 
sites in the Region II) were defined as Hypo-alleles (left panel), and the Hypo-allele ratio (Hypo-allele fragments/all sequenced fragments) was 
calculated (right panel). * Hypo-alleles in the sequenced fragments.
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early embryonic development until blastocyst stage. Therefore, 
DNA methylation reprogramming of the FBN1 CpG island shore 
in early porcine embryonic development was further analyzed 
using parthenogenetic embryos that contained only oocyte-derived 
genomic DNA with the hypermethylated FBN1 allele (Fig. 3A). 
In the developing parthenogenetic embryos, oocytes and 2–4 cell 
embryos were hypermethylated in the whole analyzed region, and 
gradual demethylation occurred, as expected, until the blastocyst 
stage, indicating that the DNA methylation pattern of oocytes 
was erased during early embryonic development. By analyzing 
the Hypo-allele ratio of the whole sequenced region, the onset of 
DNA re-methylation in an allele-dependent manner was observed 
along with a reduced Hypo-allele ratio in blastocyst embryos with a 
prolonged culture period through day 6 (81.0%) compared with that 
of day 5 blastocyst (96.2%) (Fig. 3B). However, Region II-specific 
hypomethylated alleles together with Region I hypermethylation 
and Region III hypomethylation were not observed in the embryos 
until the blastocyst stage, suggesting that Hypo-alleles in Region 
II detected in PFF and the aorta would be established in later stage 
embryos/fetuses.

Higher sequence conservation of the FBN1 CpG island shore 
between humans and pigs than between humans and mice

The pig is increasingly recognized as a good animal model to study 
human disease owing to its physiological and anatomical similarity 

to humans [34–36]. Our present data indicated that FBN1 expression 
level is at least in part regulated by DNA methylation of the FBN1 
CpG island shore. To apply our finding to Marfan disease research 
in humans, we sought to determine whether the genomic DNA 
sequence of the porcine FBN1 CpG island shore was conserved in 
the equivalent region of human FBN1. For this purpose, the porcine 
genomic sequence of the FBN1 CpG island shore and its surrounding 
regions were compared with those of human and mouse equivalent 
regions. A comparison of pig and human sequences (transcription 
start site ± 2 kb of FBN1) with YASS program exhibited high 
homology between these two mammalian species (Fig. 4A, left 
panel). On the other hand, the equivalent sequence of mouse Fbn1 
analyzed by the same method showed less conservation between 
humans and mice, especially for the CpG island shore region (Fig. 
4A, right panel). Since our present data suggested that the DNA 
methylation of CpGs in the FBN1 CpG island shore was involved 
in the transcriptional regulation of FBN1, we focused on the number 
of CpGs in the FBN1 CpG island shore regions of pig, human, and 
mouse using ApE (Fig. 4B). As shown in Fig. 4C, human FBN1 
CpG island shore contained 38 CpGs, similar to that in pigs (31 
CpGs). In contrast, mouse Fbn1 CpG island shore contained only 18 
CpGs, which is less than half the number of CpGs in the equivalent 
human region. Taken together, both the genomic sequence and the 
number of CpG are more highly conserved between pig and human 
than between mouse and human. Therefore, the pig is likely more 
advantageous for translational research of Marfan syndrome caused 
by haploinsufficiency of FBN1 than the mouse not only because 
of the physiological and anatomical similarity to human, but also 
because of the significant conservation of genomic sequence and 
the number of CpG sites that can be methylated.

Discussion

In the present study, the role of FBN1 epigenetic regulation, 
especially by DNA methylation, was analyzed in porcine tissues 
focusing on DNA methylation patterns of each allele in the CpG 
island shore. Our DNA methylation analysis indicated that DNA 
methylation levels of the classical definition that is calculated by 
methylated CpGs out of all CpGs did not exhibit clear correlation 
with FBN1 expression levels. In contrast, based on the previously 
proposed Hypo-alleles [27], the Hypo-allele ratio of the CpG island 
shore within the FBN1 promoter region correlated with FBN1 mRNA 
expression levels. An increased expression of FBN1 with a DNA 
methylation inhibitor, 5-aza-dC, further supports the involvement 
of DNA methylation on the transcriptional repression of FBN1. 
Therefore, these results strongly suggest that hypomethylation of 
the FBN1 CpG island shore is required to increase FBN1 mRNA 
expression.

DNA methylation analysis of porcine early embryos exhibited 
progressive demethylation in the promoter region of FBN1, including 
the CpG island shore, until the blastocyst stage, indicating that the 
DNA methylation patterns of germ cells are erased during early 
embryonic development. Genome-wide DNA demethylation occurs 
during early embryonic development [6, 7], and the FBN1 CpG 
island shore in the promoter region should be subjected to this 
demethylation wave. Although sperm and oocytes are generally 

Fig. 2. DNA methylation patterns were reprogrammed in the 
promoter region, including the FBN1 CpG island shore during 
preimplantation development. In sperm, oocytes, IVF-produced 
morula, and blastocyst stage embryos, DNA methylation status 
was analyzed by sodium bisulfite sequencing. In morula and 
blastocyst stage embryos, genomic DNA extracted from about 
ten embryos was used for DNA methylation analysis. DNA 
methylation level of each region (Regions I, II, and III) was 
calculated based on the methylated CpGs/all CpGs. Open and 
closed circles indicate unmethylated and methylated CpGs, 
respectively.
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hypermethylated and hypomethylated, respectively, the CpG island 
shore in the FBN1 promoter exhibited unexpected hypomethylation in 
sperm and hypermethylation in the oocyte. This indicates that certain 

germ-cell-specific regulation of DNA methylation different from 
genome-wide changes in DNA methylation levels are involved in the 
formation of DNA methylation patterns in the FBN1 promoter region, 

Fig. 3. De novo methylation occurred in vitro cultured embryos with a prolonged culture period. (A) DNA methylation status of FBN1 CpG island 
shore was analyzed in the oocyte (day 0), parthenogenetic 2–4 cell stage embryos (day 2), and blastocyst stage-embryos (days 5 and 6). Each 
sample contains genomic DNA extracted from about 80 cells, and the experiments were performed 2–4 times independently for each sample. 
DNA methylation rates (calculated by methyl CpG/total CpG) were 44.8% in the oocyte, 46.3% in the 2−4 cell embryos, 10.5% in the day 5 
blastocyst, and 9.8% in the day 6 blastocyst. (B) Hypo-allele ratios at each developmental stage. Hypo-allele ratios were calculated from the 27, 
61, 27, and 42 sequenced clones amplified by PCR from bisulfite-modified genomic DNAs of oocyte (day 0), 2–4 cells (day 2), blastocyst (day 
5), and blastocyst (day 6), respectively. In the oocyte and preimplantation stage embryos, DNA methylation status was clearly different among the 
sequenced fragments across the whole sequenced region. Thus, the sequenced fragments that contain ≥75% unmethylated CpG sites (more than 
24 of the 31 CpG sites in the amplified fragments) in the whole analyzed region were defined as Hypo-alleles (white bar).
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including the CpG island shore, in germ cells. The Hypo-allele ratio 
was highest in the day 5 blastocysts and decreased in day 6 blastocysts 
resulting in further development of the embryos by prolongation of 
the culture period. Thus, FBN1 promoter methylation starts after the 
blastocyst stage, whereas the DNA methylation patterns specific to 
the FBN1 CpG island shore in the aorta, PFF, and the liver are likely 
established later in embryonic/fetal development.

The pig FBN1 CpG island shore shared a higher homology with 
the equivalent human region than with the mouse equivalent in terms 

of genomic sequence and the number of CpG. Our previous data 
indicated that tissue/cell-type-dependent differentially methylated 
regions tend to be in CpG island shore regions that are the bound-
ary between hypomethylated CpG islands and hypermethylated 
outside regions [14, 15]. Consistent with this finding, the FBN1 CpG 
island shore presented a Hypo-allelic region correlated with gene 
expression at the boundary between the hypomethylated CpG island 
and the hypermethylated outside region. Thus, these data strongly 
suggest that pigs are a more advantageous model than mice to study 

Fig. 4. Homology search of the FBN1 CpG island shore among human, pig, and mouse. (A) Homology search of the FBN1 transcriptional start site ± 
2 kilobase pair (kbp), including the FBN1 CpG island shore between human and pig/mouse was performed using YASS program. Green lines 
indicate highly conserved regions between the two species, and vertical dotted black lines indicate the FBN1 CpG island shore. (B) Sequence 
alignment between human and pig/mouse in the FBN1 CpG island shore. Nucleotides with red highlights mean mismatch between human and pig 
or mouse. The lengths of the conserved FBN1 CpG island shore in human, pig and mouse are 472, 470, and 437 base pairs (bp), respectively. (C) 
The number of CpG sites in the FBN1 CpG island shore (whole) and sub-regions (Regions I, II, and III) is represented as a bar graph.
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epigenetic regulation of FBN1 expression that would be crucial for 
the onset and/or manifestation of Marfan disease caused by FBN1 
haploinsufficiency.

FBN1 heterozygous knockout pigs (containing one null allele 
with PTC) produced by our group exhibited a broad spectrum of 
abnormal individual phenotypes, including pectus excavatum, cleft 
palate, and aortic abnormality as well as non-penetrance, although 
the heterozygous knockout pigs present the syngeneic background 
produced by somatic cell nuclear transfer [37]. These symptoms 
are similar to those observed in patients with Marfan syndrome, 
including phenotypic variations [20, 22]. A cause of Marfan syndrome 
is haploinsufficiency by inheriting one PTC-containing null allele, 
and our porcine model for Marfan syndrome generated by genome 
editing also has a PTC-containing null allele [37], which can result 
in shortage of functional Fibrillin protein level despite having the 
other normal allele. In humans, the genetic background of individuals 
even in the same Marfan pedigree varies, except for the inheritance 
of the PTC-containing null allele of FBN1, which, in turn, would 
lead us to hypothesize the existence of certain genetic modifiers of 
FBN1-related genes. However, each individual Marfan model pig 
produced by somatic cell nuclear transfer contains the same genetic 
background, and, thus, modifier loci/genes are unlikely to be involved 
in the phenotypic variations among individual pigs. Therefore, 
phenotypic variations of Marfan syndrome could be explained solely 
by haploinsufficiency, resulting variable decreases in the functional 
Fibrillin protein level in FBN1-expressing connective tissues of each 
individual without modifier loci/genes.

The DNA methylation pattern of the FBN1 CpG island shore varied 
depending on sequenced fragments (alleles) in PFF and the aorta 
exhibiting high expression levels of FBN1, and DNA methylation 
inhibition by 5-aza-dC in PFF resulted in a further increase of FBN1 
expression in the present study. These data suggest that the DNA 
methylation levels of the CpG island shore on each allele correlates 
with the FBN1 expression. Our previous data indicated that DNA 
methylation levels in CpG island shores are important for tissue/
cell-type-dependent expression of CpG-island-containing genes [14, 
15]. Our previous data also indicate that aberrant regulation of DNA 
methylation in CpG island shores of ERa and spalt like transcription 
factor 3 (Sall3) are associated with uterine leiomyomas in humans 
and placentomegaly in cloned mice, respectively [17, 38]. Since 
FBN1 is a non-imprinted autosomal gene exhibiting about 40–60% 
Hypo-alleles in the CpG island shore in PFF and the aorta, about 
half of total alleles in the analyzed cell populations can be thought 
as DNA hypomethylated (Hypo-alleles) in the CpG island shore and 
prone to express FBN1. Taken together, in a FBN1 heterozygous 
situation with one normal allele and the other PTC-containing 
null allele as observed in patients with Marfan syndrome, about 
50% Hypo-alleles in FBN1-expressing tissues should include both 
normal and null alleles, whose ratio is likely random because of 
the non-imprinted autosomal gene. Our present data indicated that 
the oocyte-derived DNA hypermethylation is reprogrammed to the 
hypomethylated status around the FBN1 CpG island shore during early 
embryonic development until blastocyst stage followed by initiation 
of DNA re-methylation. Thus, in early embryonic development, 
reprogramming of the DNA methylation pattern of the FBN1 CpG 
island shore is likely required for the establishment of the DNA 

methylation patterns in FBN1-expressing tissue/cell types. These 
data strongly suggest that in FBN1 heterozygous individuals, DNA 
re-methylation of about 50% of the alleles in the expressing tissues 
would occur both in normal and PTC-containing null allele in a 
random manner, which affects the functional FBN1 protein level from 
the normal alleles. When normal alleles tend to be hypermethylated 
by chance within the CpG island shore in FBN1-expressing tissues 
or cell populations, the tissues or cell populations should exhibit 
a non-negligible decrease of the functional Fibrillin protein level, 
which may meet the criteria of haploinsufficiency. Consistent with 
this, reduced expression from the normal FBN1 allele has been 
reported to correlate with the severity of symptoms in patients with 
Marfan syndrome [26]. This leads us to hypothesize that stochastic 
hypermethylation of the normal alleles, resulting in decreased 
functional Fibrillin protein levels, can be a cause of the onset and/
or manifestation of Marfan’s symptoms together with phenotypic 
variations. Therefore, allelic variations of DNA methylation levels 
themselves can be an epigenetic modifier of haploinsufficiency, but 
not a genetic modifier of unknown other gene loci. Thus, the next 
issue to be addressed should be to distinguish between the normal 
and null alleles of FBN1 and determine whether Hypo-allele ratios 
of the FBN1 CpG island shore in the normal alleles correlates with 
the expression level of the functional FBN1 mRNA together with 
the disease onset and/or manifestation of Marfan’s symptoms in 
FBN1 heterozygous pigs.

The present study indicates that hypomethylated status (Hypo-allele 
ratio) of the FBN1 CpG island shore correlates with FBN1 mRNA 
expression level. Establishment of the DNA methylation pattern in 
the FBN1 CpG island shore is suggested to start after the blasto-
cyst stage during organogenesis. As a perspective, the Hypo-allele 
concept proposed as the stochastic regulation of FBN1 expression 
might provide useful information for the onset and manifestation of 
haploinsufficiency dominant diseases, whose molecular mechanisms 
cannot be explained by simple genetic differences of responsible 
genes in classical genetics.
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