that the maternal DIkI-Dio3 cluster has acquired a paternal-like
expression state in Gt12°" iPSCs. Accordingly, IG-DMR and G#2
DMR were hypermethylated in Gtl2°% MEFs but remained un-
affected in Gtl2™C MEFs (Fig. 4f). Together, these observations
are in agreement with the notion that stable epigenetic silencing of
the DIk1-Dio3 locus is the cause for the developmental failure of
Gt12°% all-iPSC embryos.

Reversal of epigenetic silencing in GtI2°" iPSCs

ES cells derived from cloned embryos are transcriptionally indistin-
guishable from ES cells produced from fertilized embryos and sup-
port the development of all-ES-cell mice, regardless of donor cell
identity®"*>*!, indicating that nuclear transfer generates faithfully
reprogrammed pluripotent cells (Supplementary Fig. 7a). In agree-
ment with this observation, we found that Gtl2 was expressed in
previously characterized 4n complementation-competent nuclear
transfer ES cell lines derived from fibroblasts and haematopoietic
cells* (Supplementary Fig. 7b).

‘We next tested whether nuclear transfer could reverse the aberrant
silencing of genes within the DikI-Dio3 cluster in Gtl2° iPSCs and
rescue their ability to support the development of all-iPSC mice
(Supplementary Fig. 7c). We derived nine nuclear transfer ES cell
lines* from Gt12°% iPSCs that had been generated from tail-tip fibro-
blasts and fetal liver cultures using adenoviral vectors® or from haem-
atopoietic stem cells and granulocytes using the collagen-OKSM
system. Some of these iPSCs were germline competent®, indicating
that they were genetically normal, but failed to give rise to all-iPSC
mice (Supplementary Table 6). Global transcriptome analysis showed
no consistent differences in mRNA and miRNA expression between
nuclear transfer ES cells and the donor iPSC clones. Importantly, G2
and Rian remained repressed in all lines (Supplementary Fig. 7d).
Accordingly, these cells failed to generate all-iPSC mice (Supplemen-
tary Table 6), indicating that nuclear transfer cannot reset the faulty
gene expression pattern acquired during iPSC generation. This notion
is consistent with the previous finding that aberrant genomic imprints
present in donor cells cannot be restored in cloned animals after
nuclear transfer®.

Given that Gtl2°" iPSC clones showed reduced histone acetylation
at the Gti2locus (Fig. 3¢), we wondered whether their treatment with
the histone deacetylase inhibitor valproic acid (VPA) could reactivate
the silenced gene cluster. Indeed, 2 out of 21 subclones treated with
VPA exhibited increased G112 expression with one iPSC clone show-
ing expression levels comparable to ES cells (Fig. 4g). Consistent with
transcriptional reactivation of the cluster, we found re-appearance of
H3 acetylation and H3K4 methylation at the Gtl2locus (Supplemen-
tary Fig. 8). Injection of this rescued clone into 4n blastocysts gave
rise to apparently normal E11.5 embryos at frequencies similar to
those seen with Gtl2°" iPSC clones (Fig. 4b and Supplementary
Fig. 9a). These embryos expressed GtI2, Rian and Mirg (Supplemen-
tary Fig. 10a) and showed normal expression levels of tissue-specific
marker genes such as Ascll (also known as Mash-1) and Hes5
that were repressed in Gtl2°% embryos (Supplementary Fig. 10b).
Importantly, the rescued clone supported the development of several
full-term all-iPSC pups, which was never seen with the parental iPSCs
or any other Gtl2°" iPSC clone (Fig. 4h and Supplementary Fig. 9b).
These pups were severely overgrown, however, and hence non-viable.
We surmise that the elevated levels of DIkl in the rescued clone
(Supplementary Fig. 10a) is responsible for this phenotype, as over-
expression of this gene causes neonatal lethality owing to fetal over-
growth®. Alternatively, VPA treatment may have caused the
dysregulation of other genes even though we found no aberrant
expression of several candidate imprinted genes implicated in growth
control (Supplementary Fig. 10c).

Discussion
Our data indicate that the expression of a surprisingly small nulr5

ber of transcripts, which localize to a single cluster in the genom?; 34
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distinguishes most mouse iPSCs from ES cells and is predictive for
their developmental potential. Silencing of DIki-Dio3 was seen in
iPSCs derived from different cell types and using various reprogram-
ming approaches, including the collagen-OKSM system as well as
retroviral and adenoviral transduction, suggesting that aberrant
repression of this locus is a general consequence of factor-mediated
reprogramming in mouse cells. It remains to be tested, however, (1) if
other consistent expression changes exist in iPSCs that are not detect-
able in the undifferentiated state or with current profiling techno-
logy; (2) whether iPSC-specific non-recurrent genetic and epigenetic
aberrations are present in only some clones; and (3) if iPSCs derived
from more defined cell populations than fibroblasts exhibit cell-of-
origin-specific transcriptional and epigenetic patterns in addition to
the observed silencing of Gt12. It is noteworthy in this respect that all
of the GtI2°" iPSC clones described here or published previously were
derived from fibroblast cultures, which express high levels of Gtl2,
whereas the reprogramming of haelnatoFoietic cells, which exhibit
low G2 levels, uniformly yielded Gtl2°" iPSC clones. This obser-
vation raises the question of whether the expression status of Gti2 in
the somatic cell of origin may affect silencing of the locus in resultant
iPSCs and whether Gtl2°" iPSC clones can be derived from somatic
cells other than fibroblasts. Another important point that needs to be
addressed is whether similar expression abnormalities are seen in
human iPSCs. Although a preliminary evaluation of published
expression data* did not indicate aberrant regulation of the Gtl2
homologue MEG3 in human iPSCs compared with ES cells, our
observations in mouse suggest that a meaningful answer to this ques-
tion requires the establishment of genetically matched human ES
cells and iPSCs.

Epigenetic analysis of the Dlkl-Dio3 locus indicates that the stable
repression of maternally expressed genes in Gtl2°% iPSC clones is due
to DNA hypermethylation and hypoacetylation of key imprint con-
trol regions, leading to a ‘paternalization’ of the maternally inherited
Dlk1-Dio3 cluster. The homogeneous expression levels of Gtl2 in
fibroblasts and the observation that nuclear transfer ES cells derived
from various cell types express normal levels of Gtl2 rule out the
possibility that aberrant silencing of the locus pre-existed in the
somatic cell of origin. Rather, the iPSC reprogramming procedure
itself seems to introduce these epigenetic changes by an as-yet-
undefined mechanism that may point towards an involvement of
one or more of the reprogramming factors in the control of G2 in
germ cells, where imprints are established. Notably, the pluripotency
factors Qct4 and Sox2, which are both expressed in germ cells, have
been recently implicated in the regulation of the Xist and T'six tran-
scripts that control epigenetic silencing of the X chromosome in
ferale embryos®*®, Our findings also support the notion that nuc-
lear transfer generates faithfully reprogrammed cells more frequently
than factor-mediated reprogramming. A better understanding of the
causes for the specific silencing of the DikI-Dio3 cluster during iPSC
formation will shed light on the molecular mechanisms of repro-
gramming as well as on the epigenetic regulation of this particular
locus. These studies may also lead to improved reprogramming strat-
egies, such as alternative factor combinations or modified culture
conditions, that faithfully establish a fully pluripotent state in som-
atic cells.

METHODS SUMMARY

ES cells and iPSCs were cultured in ES cell media containing 15% FBS and
1,000 U ml™? LIF. For the reprogramming of somatic cells the media was supple-
mented with 1 ngpl ™" doxycycline and, for haematopoietic cell reprogramming,
with cell-type-specific cytokines®*. For gPCR and microarray analyses, ES cells
or iPSCs were trypsinized and pre-plated onto cell culture flasks for 45 min to
remove feeder cells. Total RNA was extracted from the non-adherent cell suspen-
sion using the miRNeasy kit (Qiagen). Microarrays were done using 430 2.0 and
430A 2.0 chips (Affymetrix) followed by analysis with GeneSifter software for

As or using the miRCURY LNA array platform (Exigon). Injections into

oid and tetraploid BDF1 blastocysts were done as described previously''.
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Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Cell culture. ES cells and iPSCs were cultured in ES cell medium (DMEM with
15% FBS, L-glutamin, penicillin-streptomycin, non-essential amino acids,
‘B-mercaptoethanol and 1,000Uml™* LIF) on irradiated feeder cells. Mouse
embryonic fibroblasts (MEFs) were isolated by trypsin digestion of mid-gestation
(E14.5) ES-cell-chimaeric embryos followed by culture in fibroblast medium
(DMEM with 10% FBS, L-glutamin, penicillin-streptomycin, non-essential
amino acids and B-mercaptoethanol). A total of 1 pg ml ™ puromycin was added
to these cultures for 5 days to select for ES-cell-derived cells. Tail-tip fibroblast
(TTF) cultures were established by trypsin digestion of tail-tip biopsies taken from
newborn (3-8 days of age) chimaeric mice derived after blastocyst injection of
ROSA26-EGFP targeted ES cells. ES-cell-derived cells were isolated based on GFP
expression and maintained in fibroblast medium. For the establishment of peri-
toneal fibroblast cultures, adult mice were killed and 1-2 cm? of peritoneal body
wall isolated and chopped into small pieces in 0.25% trypsin/EDTA in a 35-mm
cell culture vessel. After 5 min of incubation at 37 °C, 6 ml fibroblast medium was
added and the tissue re-suspended several times through a pipette. Peritoneal
fibroblast cultures were maintained and propagated like MEF and TTF cultures.
To derive iPSCs from fibroblast cultures, cells were trypsinized and seeded on
top of irradiated feeder layers in fibroblast medium. The next day, ES cell medium
containing 1 pugml™' doxycycline was added and replenished every 3 days.
Doxycycline was withdrawn after 10-20 days and colonies picked that maintained
ES cell morphology after another 4 days of culture in regular ES cell medium.
Haematopoietic cells were isolated from bone marrow as previously described”.
Briefly, freshly isolated mononucleated bone marrow cells were separated into
the desired subfractions by FACS using the following surface marker com-
binations: CD150%CD48 ™ ckit*Sca-1"lineage™ for haematopoietic stem cells,
FcyR™CD347 ckit™ Sca-1"lineage™ for granulocyte-macrophage progenitors
and CD11b"#Gr-1"81¢kit ™ for granulocytes. Sorted cells were plated on top of
irradiated feeder layers in ES cell medium containing doxycycline. For haemato-
poietic stem cells and granulocyte-macrophage progenitors, the medium was in
some cases supplemented with Flt3 ligand (10 ng j™), SCF (10 ng ul™') and TPO
(10 ng uI™"). Doxycycline was withdrawn after 2 weeks and colonies with ES cell
morphology picked after another 4 days of culture in regular ES cell medium. For
the establishment of keratinocyte cultures the back skin of newborn mice was
placed onto 0.25% trypsin {epidermis facing up) and cultured overnight at 4 °C.
Using fine forceps, the epidermis was then separated from the dermis and incu-
bated in 0.25% trypsin at 37 °C for 15 min, followed by mechanical dissociation
using a pipette. Cells were then filtered using a 40 um strainer and cultured in
CnT-07 medium (CELLnTEC). After 2weeks of culture, keratinocytes were
further purified by FACS sorting using the surface marker combination
CD49f*CDY0™. Sorted cells were seeded on top of irradiated feeder layers in
CnT-07 medium containing doxycycline, which was replaced with ES cell med-
ium plus doxycycline after 3 days. Doxycycline was withdrawn after a total of 14
days and colonies picked on day 20.

Generation of OKSM ES cells. A polycistronic cassette encoding Oct4, Kif4,
Sox2 and ¢-Mye (previously called STEMCCA™) was cloned into the shuttle
plasmid pBS31 using Notl/Clal digestion. The resulting plasmid was electro-
porated into KH2 ES cells® together with a plasmid driving expression of Flp
recombinase. Correctly targeted clones were isolated by hygromycin selection
and confirmed by Southern blot analysis as previously described®. Individual
OKSM ES cell subclones were gene targeted with ROSA26-EGFP as has been
described before™ to facilitate tracking of ES-cell-derived cells after blastocyst
injection. OKSM ES cells and derivative mice are described in detail elsewhere®.
Quantitative PCR. ES cells and iPSCs grown on 35-mm dishes were harvested
when they reached about 50% confluency and pre-plated on non-gelatinized 125
flasks for 45 min to remove feeder cells. Cells were spun down and the pellet used
for isolation of total RNA using the miRNeasy Mini Kit (Qiagen) without DNase
digestion. RNA was eluted from the columns using 50 pl RNase-free water or
Tris-EDTA (TE) buffer, pH 7.5 (10 mM Tris-HCland 0.1 mM EDTA) and quan-
tified using a NanoDrop spectrophotometer (Thermo Scientific). cDNA was
produced with the First Strand cDNA Synthesis Kit (Roche) using 1 g of total
RNA input. Real-time quantitative PCR reactions were set up in triplicate using
5 ul of cDNA (1:100 dilution) with the Brilliant II SYBR Green QPCR Master
Mix (Stratagene) and run on a Mx3000P QPCR System (Stratagene). Primer
sequences are listed in Supplementary Table 7.

Transcriptome profiling. Analysis of mRNA expression by Affymetrix
GeneChip 430 2.0 microarray (used for comparing nuclear transfer ES cells
and parental iPSCs) was performed similarly to the method described previ-
ously™. Briefly, total RNA samples were subjected to Lab-on-a-Chip RNA ana-
lysis to determine their RNA integrity number (RIN). Biotinylated antisense

Affymetrix One-Cycle target labelling and control reagents (for cDNA synthes

and Enzo Bioarray high-yield RNA transcript labelling kit (for cRNA synthesis
and labelling). Labelled probes were hybridized to microarrays overnight.
Microarray chips were then stained with avidin-conjugated phycoerythrin fluor-
escence dye and washed using Affymetrix Fluidics Station 450 (protocol: EukGE-
WS2v5_450). Arrays were scanned by an Affymetrix 3000-7G scanner, and .CHP
data files were generated by GCOS using the statistical algorithm and scaling
(target intensity value = 150). Hierarchical clustering was performed using
Cluster software and visualized by TreeView software®. For analysis using
Affymetrix 430A 2.0 arrays (all other samples), RNA was amplified using the
Nugen Ovation amplification system using the manufacturer’s protocol.
Amplified samples were normalized to 17ngul™ and 1.5pg of total cDNA
was hybridized to the arrays for 16 h at 45 °C. Arrays were washed and scanned
using the HT Array Plate Scanner according to the manufacturer’s protocol.
GeneSifter microarray data analysis server (Geospiza) was used for statistical
analyses. For miRNA analysis, total RNA was subjected to quality control con-
sisting of RNA measurement on the NanoDrop (Azsn/230 nm and Asgpiage nm had
to be greater than 1.8) and a run on the Agilent Bioanalyser2100 (RIN values had
to be higher than 7). The samples were then labelled using the miRCURY Hy3/
Hys5 power labelling kit (Exiqon) and hybridized on the miRCURY LNA Array
(v.11.0) (Exigon). Labelling was determined to be successful when all capture
probes for the control spike-in oligonucleotides produced signals in the expected
range. The quantified signals were normalized using the global Lowess (locally
weighted scatterplot smoothing) regression algorithm.

Blastocyst injections. 2n and 4n blastocyst injections were performed as
described before'!, Briefly, fenale BDF1 mice were superovulated by intraperi-
toneal injection of PMS and hCG and mated to BDF1 stud males. Zygotes were
isolated from females with a vaginal plug 24 h after hCG injection. Zygotes for
2n injections were in vitro cultured for 3 days in vitro in KSOM media, blas-
tocysts were identified, injected with ES cells or iPSCs and transferred into
pseudopregnant recipient females. For 4n injections, zygotes were cultured
overnight until they reached the 2-cell stage, at which point they were electro-
fused. One hour later, 1-cell embryos were carefully identified and separated
from embryos that had failed to fuse, cultured in KSOM for another 2 days and
then injected.

Nuclear transfer. Nuclear transfer was performed as previously described®,
Briefly, donor iPSCs were cultured in collagen-coated dishes without a feeder
layer for 3 days in standard ES cell medium. To synchronize cells at metaphase,
the cultures were cultured for 2 h in a medium containing 0.4 g ml™* nocodazole
(Sigma-Aldrich), a microtubule polymerization inhibitor. Cells floating in the
medium were collected. While being sucked into a transfer pipette, only the cells
arrested at metaphase were selected and used as nuclear donors. The recipient
oocytes were collected from mature B6CBF1 female mice. Micromanipulations
were performed in M2 medium containing 5 ug ml ™! cytochalasin B (Sigma) and
1 pugml™" nocodazole in a micromanipulation chamber. Explantation of cloned
blastocysts and ES-cell derivation was done as described previously™.
Chromatin immunoprecipitation. 20 million iPSCs, ES cells or MEFs were fixed
with 1% formaldehyde for 10 min at 25°C and then lysed in 1 ml lysis buffer
(50mM Tris-HCl, pH8.0, 10mM EDTA, 1% SDS, protease inhibitoxs) for
20min on ice. The lysate was split into three tubes and sonicated using
Bioruptor for five times 5 min at high intensity, 30 s on —305s off. After 10 min
centrifugation, the supernatant was pre-cleared for 1 hat 4 °Cwith agarose beads
pre-blocked with BSA (1 mgBSA for 10 ml beads) in IP buffer (50 mM Tris-HCl,
pH 8, 150 mM NaCl, 2mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, protease inhibitors). A total of 100 pl of pre-cleared chromatin per reaction
diluted in 1 ml IP buffer in the presence of 2 pug antibody was used for each
immunoprecipitation reaction according to the manufacturer’s protocol. The
antibodies used for this study were: anti-acH3 (06-599 Millipore), anti-acH4
(06-866, Millipore), anti-dimethyl K4 of H3 (07-030, Millipore), anti-trimethyl
K27 of H3 (ab6002, Abcam) and normal rabbit IgG (Millipore). The precipitate
was purified using Qiaquick PCR purification kit and was analysed by qPCR
using Brilliant Il SYBR Green qPCR Master Mix (600828, Agilent Technologies)
using the sequence specific primer sets. G2, 5'-AGCCCCTGACTGATGT
TCTG-3' (forward) and 5'-TGGAAGGGCGATTGGTAGAC-3' (reverse); and
Pous5fl, 5'-GGAGGTGCAATGGCTGTCTTGTCC-3' (forward) and 5'- CTGC
CTTGGGTCACCTTACACCTCAC-3’ (reverse).

In situ hybridization. MEFs grown on coverslips were fixed with 4% formal-
deyde/5% acetic acid in PBS for 15 min at 25 °C. After extensive PBS washes, they
were dehydrated in 70% ethanol and left overnight at 4 °C. The next day, they
were rehydrated in a series of ethanol dilutions and incubated in hybridization
buffer (50% formamide-5X SSC-RNase inhibitors) for 1 h at 65 °C. The hybridi-
zation was done overnight in a humidified chamber using 400 ng of sense or
antisense Gtl2-specific probe per ml of hybridization buffer. The sense and

mix (Roche) and SP6 and T7 polymerase, respectively, using Gtl2 cDNA

cRNA probes were synthesized for RNA samples with 9.0 or greater RIN usifgs-) @;ensc probes were synthesized by in vitro transcription with DIG RNA label-
ity
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amplified with the primers 5’ -CTCTCGGGACTCCTGGCTCCAC-3’ (forward)
and 5'-GGGTCCAGCATGTCCCACAGGA-3' (reverse). The cells were serially
washed and stained with an anti-DIG AP conjugated Fab fragment (1:2,000 in-
blocking buffer) for 1 h at room temperature. The detection was performed with
NBT/BCIP reagent.

Pyrosequencing. Genomic DNA was isolated using the DNeasy Blood and
Tissue Kit (Qiagen). ES cells and iPSCs were pre-plated onto cell culture vessels
for 45 min after harvesting to remove feeder cells. Genomic DNA was bisulphite-
converted using the EpiTect Bisulfite Kit (Qiagen) with 400 ng of input DNA.
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Introduction

Collagen, a protein with a triple helical structure composed
of three o chains, is used as a biomaterial for a variety of
medical and cosmetic applications (Lee et al., 2001; Miyata
et al., 1992). Gelatin, the denatured and fragmented form of
collagen, is applied in medicine as a material for oral drug
delivery and parenteral formulations (Gill and Feinberg,
2001; Tabata and Ikada, 1998). These materials come mainly
from animal sources, which carry a risk of pathogen
contamination and can also cause allergic reactions
(Bradley, 1993; Mullins et al, 1996). One promising
approach to overcome such problems is to produce them
by recombinant means using appropriate hosts. For
example, collagens have been produced successfully using
host cells possessing prolyl-hydroxylase activity, which is
required for the formation of the triple helical structure
(Berg and Prockop, 1973; Fichard et al,, 1997; Geddis and
Prockop, 1993). Collagens have also been produced in host
cells that did not possess sufficient prolyl-hydroxylase
activity for triple helix formation but were transfected with
prolyl-hydroxylase genes (John et al., 1999; Lamberg et al,,
1996; Merle et al., 2002; Vuorela et al., 1997). In contrast,
cells lacking hydroxylase activity have been utilized as hosts
for the synthesis of recombinant gelatins (Olsen et al., 2003;
Werten et al., 1999).

We previously generated transgenic silkworms that
synthesized a recombinant fusion protein containing the
collagen sequence in their silk glands and secreted it into
cocoons. Due to the absence of prolyl-hydroxylase activity
in the glands, prolyl residues in the collagen sequence were
Correspondence to: M. Tomita not hydroxylated (Tomita et al., 2003, 2005). To produce
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prolyl-hydroxylated protein, prolyl-hydroxylase genes
were simultaneously introduced to the silkworms along
with the recombinant protein gene. The resulting silkworms
produced a protein containing a prolyl-hydroxylated
collagen sequence in their cocoons (Adachi et al., 2006).
While these studies demonstrated the possibility of mass
production of recombinant collagens in transgenic silk-
worms, we recognized an important issue that needed
to be addressed: given that the recombinant protein
was incorporated into insoluble silk fibers, the protein
could not be extracted without using strong chaotropic
reagents.

Silk fibers are composed mainly of two types of protein:
fibroin and sericin. The former comprises 70-80% of all silk
proteins, constitutes the core of insoluble silk fibers, and
is synthesized in the posterior silk glands (PSGs). Sericin,
which accounts for 20-30% of silk proteins, refers to a group
of hydrophilic glue proteins that surround the fibroin core
and are synthesized in the middle silk glands (MSGs; Garel
et al., 1997; Grzelak, 1995). The above-described recombi-
nant fusion protein containing the collagen sequence was
expressed in the PSGs, resulting in production of the
recombinant protein into the insoluble fibroin core (Tomita
et al., 2005). Recently, we also developed a sericin promoter-
driven recombinant protein expression system, in which
recombinant proteins are expressed in the MSGs and
secreted into hydrophilic sericin layers of silk fibers. Green
fluorescent protein (Tomita et al., 2007), human serum
albumin (Ogawa et al., 2007), and mouse IgG (lizuka et al,,
2009) were successfully produced in cocoons. These proteins
were extractable from cocoons by soaking them in mild
neutral aqueous solutions such as phosphate-buffered saline
(PBS) or Tris-buffered saline.

In this study, we generated transgenic silkworms that
expressed the full-length triple helical region of the human
type I collagen al chain [al1(I) chain] in the MSGs. Type I
collagen is the most abundant fibril-forming collagen in
the human body. A common form of type I collagen is a
heterotrimer composed of two al(I) chains and one a2(I)
chain. It is also known that a1(I) chains are able to form a
homotrimer in the absence of a2(I) chain (Nicholls et al.,
1979). The recombinant a1(I) chain expressed in the MSGs
was efficiently secreted into cocoons and was easily
recoverable. Given that the silk glands had no prolyl-
hydroxylase activity, the chains contained no hydroxypro-
line residues. In addition, the recombinant al(I) chain
expressed in this study lacks the telopeptide and propeptide
promoting triple helix formation (Doege and Fessler, 1986;
Olsen et al., 2001; Rosenbloom et al., 1976). Therefore, the
a1(1) chains did not form the homotrimer with the triple
helical structure, and their physio-chemical properties were
similar to those of gelatin rather than collagen. We tested the
possibility of using the recombinant a1(I) chain as a cell
culture scaffold, and found that cells could be cultured on
the chain as on marketed gelatin. As the recombinant a1(I)
chain has uniform molecular weight and no risks of animal-
derived pathogen contamination, the recombinant chain
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may be useful as a high-quality and safe substitute for
marketed gelatin.

Materials and Methods

Experimental Animals

A strain of silkworm, pnd-wl, was obtained from the
National Institute of Agrobiological Science (Tsukuba,
Japan). Larvae were reared at 25°C on an artificial diet
(Nosan Corporation, Yokohama, Japan).

Vector Construction for Transgenic Silkworms

The vector COL1A1/pMSG for transgenic silkworms was
constructed using a full-length cDNA coding for the pro al
chain of human type I procollagen (GenBank Accession No.
774615) obtained by RT-PCR from human placenta total
RNA (Clontech, Palo Alto, CA). The PCR-amplified
product was cloned into the pCR4-TOPO vector
(Invitrogen, Carlsbad, CA) using a TOPO cloning system
(Invitrogen), which yielded pCR4COLIAL. To obtain the
DNA fragment containing the baculovirus polyhedrin 5’
untranslated region (UTR; nt 140-189; GenBank Accession
No. M30925; Tizuka et al., 2008), the signal sequence of
human calreticulin (nt 109-159; GenBank Accession No.
M84739), and the ¢cDNA for the triple helical region of the
al{I) chain (nt 654-3695; Fig. 1A), PCR was performed
using pCR4COL1AL1 as a template. A set of primers, calSP/
COLI1AL-F (5-ATGCTGCTATCCGTGCCGTTGCTGCTC-
GGCCTCCTCGGCCTGGCCGTCGCCGGCCCCATGGGT-
CCCTCT-3') and Nrul/STP/COL1AI-R (5'-TCGCGATT-
AGGGAGGACCAGGG-GGACC-3), was used for the first
PCR. A second PCR was performed using the product of
the first PCR as a template and Nrul/Bm5UTR/calSP-F
(5'-TCGCGAAAGTATTTTACTGTTTTCGTAACAGTTTT-
GTAATAAAAAAACCTATAAATATGCTGCTATCCGTG-
CCG-3') and Nrul/STP/COL1AI-R as a primer set. The
amplified product was cloned into the pCR4-TOPO vector
to generate pCR4BmUTRcalSPCOL1Al. The DNA frag-
ment was re-excised from pCR4BmUTRcalSPCOL1Al by
digestion with Nrul, and inserted between the Bombyx mori
sericin 1 promoter and the fibroin light chain 3'-flanking
sequence of pMSG1.1IMG (lizuka et al., 2009), giving rise to
COL1A1/pMSG (Fig. 1B).

A vector carrying the gene of baculovirus trans-activator
IE1 (Tomita et al., 2007) was prepared as follows. To obtain
the DNA fragment consisting of the polyhedrin 5'-UTR
and the IE1 gene, PCR was performed using pIE1 (Tomita
et al., 2007) as a template. A set of primers, EcoRV/
Bm5UTR/IEL-F (5'-GATATCAAGTATTTTACTGTITTTC-
GTAACAGTTTTGTAATAAAAAAACCTATAAATATGA-
CGCAAATTAATTTTAACGCGTCG-3') and Bgl/IE1-R (5'-
AGATCTTTAATTAAATTCAAATTTTTTATATTTACAA-
TTTAG-3'), was used for the PCR. The amplified product
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Figure 1. The structure of the transformation vector. A: The structure of the
amino acid sequence of the o1{l) chain. The sequence of the a1{l) chain consists of a
17 amino acid {AA)-long calreticulin signal peptide (open box) and a 1,014 AA-long
triple helical region of the a1(1} chain {filled box). B: The structure of the transformation
vector COL1A1/pMSG. COL1A1/pMSG contained two expression units between the
right and left arms of piggyBac as follows: 3xP3 promoter-driven MGFP ¢cDNA with
the SV40 polyA signal sequence (SV40 polyA) and the baculovirus-derived enhancer
hr3-linked sericin 1 (ser]) promoter-driven a1{l) chain ¢cDNA with the fibroin light
chain gene polyA signal sequence (fibL 3'-flanking). ITR, inverted terminal repeat.
C: Transformation vector pIM1. pIM1 contained two expression units between the
right and left arms of piggyBac as follows: Bombyx mori A3 actin promoter-driven
MGFP cDNA with the SV40 polyA and ser? promoter-driven je? gene with the fibL
3'-flanking.

was cloned into pCRII-TOPO vector (Invitrogen) to
generate pPCRBmUTRiel. The DNA fragment was released
from pCRBmUTRiel by digestion with EcoRV, and inserted
between the B. mori sericinl promoter and the fibroin
light chain 3’-flanking sequence of pMSG1.1A3-MG, which
had been created by replacing the 3xP3 promoter with
the B. mori A3 actin promoter (nt 1757-2595, GenBank
Accession No. U49854) in pMSGL.IMG. The resulting
vector was termed pIM1 (Fig. 1C).

Generation of Transgenic Silkworms

COL1A1/pMSG was injected with the helper vector
pHA3PIG (Tamura et al, 2000) into pre-blastoderm
embryos as described previously (Tomita et al, 2003).
Hatched G larvae were reared at 25°C to the moth stage. G,
embryos obtained by sibling mating were screened for the
expression of Monster Green Fluorescent Protein (MGFP;
Promega, San Luis Obispo, CA) in the eyes and nervous
tissues to obtain transgenic silkworms.

pIM1 was injected into eggs, and transgenic silkworms
were created as described above, except that screening was
performed by observing MGFP fluorescence in the larval
body. The resulting transgenic silkworm (IM1) was crossed
with silkworms carrying the «1(I) chain to obtain silkworms
hemizygous for both the IE1 and the a1(I) chain genes.

To generate silkworms homozygous for the IE1 and the
al(I) chain genes, the above hemizygous silkworms were
crossed with one another. From the next generations,
homozygous silkworms for both genes were screened by
genomic PCR using DNA extracted from blood cells as
a template. Primers used in this PCR were designed from
the genomic sequences flanking the transgene insertions,
which were determined with an APA Transgene Locator Kit
(BIO S&T Inc., Montreal, QC, Canada) according to the
manufacturer’s instructions.

SDS-PAGE and Western Blotting

Proteins in the sericin layer of silk fibers were extracted by
incubating cocoons at 80°C for 5 min in a buffer consisting
of 8M urea, 2% 2-mercaptoethanol, and 50 mM Tris—
HCI, pH 8.0. After centrifugation at 23,500¢ for 5 min, the
obtained supernatant was electrophoresed on 0.1% SDS/5-
20% polyacrylamide gradient gels (Atto, Tokyo, Japan) in
running buffer (0.1% SDS, 12.5mM Tris, and 125mM
glycine). The gels were stained with CBB-R250, and
densitometric analyses were performed using the image-
processing program, Image] (http://rsb.info.nih.gov/ij/).
For Western blotting, the proteins on the gels were
transferred onto PVDF membranes (Immobilon-P;
Millipore, Billerica, MA), reacted with antihuman/bovine
type I collagen antibodies (LB-1190; Cosmo Bio, Tokyo,
Japan) and then with horseradish peroxidase (HRP)-linked
anti-(rabbit IgG) antibodies (Cell Signaling Technology,
Danvers, MA). The antigen—antibody complexes were
visualized using the ECL Western Blotting Detection
System (GE Healthcare, Little Chalfont, Buckinghamshire,
UK).

Purification of the Recombinant «1(l) Chain From
Transgenic Silkworm Cocoons

Cocoons were crushed into powder using a mill, suspended
in a solution of 8 M urea and 0.5 M CH;COOH, pH 2.0, ata
concentration of 10mg powdered cocoons/mL, and
incubated at 4°C for 2 days with stirring. The resulting
solution was filtered through filter paper and 70-pwm nylon
mesh. The solution was concentrated approximately
threefold with an ultrafiliration membrane (Millipore)
and urea was removed from the solution by adding
0.5M CH3;COOH, pH 2.0, and subsequent ultrafiltration.
NaCl was then added to the solution at a concentration of
0.5M, and precipitated sericin was removed by centrifuga-
tion. Next, the recombinant a1(I) chain in the solution was
collected by the addition of 3.5 M NaCl. The precipitate was
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solubilized in 0.5M CH;COOH and subjected to dialysis
against water.

N-Terminal Sequencing and Measurement of Amino
Acid Composition

The N-terminal sequences of the purified a1(I) chain were
determined with a G1000A protein sequencer (Hewlet
Packard, Palo Alto, CA) using the standard protocol of
Edman degradation. For the degradation reaction, 36 pmol
of the chain were loaded onto the sequencer and the reaction
was carried out for five cycles.

The purified a1(I) chain was hydrolyzed in 6 N HCl for
22h at 110°C under vacuum, and analyzed for amino acid
composition using a Hitachi 835 amino acid analyzer
(Hitachi, Tokyo, Japan).

Determination of Melting and Gelation Points

The purified a1(I) chain was dissolved in distilled water at a
concentration of 50 mg/mL, and the solution was subjected
to determination of gelation and melting points as follows.
The al1(I) chain solution was gradually cooled from 35 to
—5°C at a rate of 1°C/min with a thermal cycler (Atto). The
gelation point was determined by reading the temperature of
the sample when its fluidity disappeared. For the analysis of
the melting point, the a1(j) chain solution was incubated in
icy water for 30 min to create a gel. The a1(I) chain gel was
gradually heated from 0 to 40°C at a rate of 1°C/min with the
thermal cycler. The melting point was determined by
reading the temperature of the sample when the bubble at
the bottom of the tube reached the surface of the sample
solution.

Measurement of Circular Dichroism (CD) Spectra

CD spectra were recorded for the recombinant a1(I) chain
using a spectropolarimeter J-820 (Jasco, Tokyo, Japan). The
purified al(I) chain was dissolved in 50 mM CH;COOH
at a concentration of 100 wg/mL for measurement in far
ultraviolet (190-240nm) regions, and the solution was
placed in a cuvette with 2-mm pass length. The temperature
was kept at 4°C during the procedures. Measurements were
performed three times and the averaged values were plotted.
Thermal transition curves were recorded by measuring
molar ellipticity at 224 nm between 5 and 60°C at a rate of
30°C/h. The denaturing temperature was calculated with
J-820 software (Jasco).

Endotoxin Test

An endotoxin level of the recombinant al(I) chain was
quantified using the limulus amebocyte lysate (LAL) as per
the manufacturer’s instructions (Endospecy ES-50M and
Toxicolor DIA-MP; Seikagaku Biobusiness, Tokyo, Japan).
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Briefly, 50 L standards or samples diluted with endotoxin-
free water were mixed with LAL and incubated at 37°C
for 30 min. After the substrate solution was added, the
absorbance at 545 nm was measured. A standard curve was
constructed by using the standards in the range of 0.02~
0.1EU/mL, and the concentration of endotoxin in each
sample was determined by plotting the absorbance to the
standard curve.

Quantifying the Spread of Human Dermal
Skin Fibroblasts

The cell adhesivity to the recombinant al(I) chain was
analyzed by a quantitative cell-spreading assay using human
dermal skin fibroblasts (HSFs; Kurabo, Osaka, Japan) as
described previously (Yamada and Kennedy, 1984). In brief,
a 96-well tissue culture plate (Becton Dickinson Labware,
Franklin Lakes, NJ) was incubated with the recombinant
o1(I) chain at various concentrations (0.31, 0.62, 1.25, 2.5,
and 5.0 wg/mL) at 37°C for 1 h, treated with heat-denatured
0.5% bovine serum albumin to block the direct interaction
between cells and the plate surface, and extensively washed
with PBS. HSFs were seeded on the wells at a density of
1 x 10* cells per well, cultured in serum-free Dulbecco’s
modified Eagle’s medium for 1h, fixed in 4% paraformal-
dehyde, and viewed through a phase-contrast microscope
(Nikon, Tokyo, Japan) to calculate the ratio of fully
spreading cells to all cells observed in five randomly selected
fields. HSFs were also cultured on the 96-well tissue culture
plate coated with 10 pg/mL of the «1(I) chain as above to
observe the cell morphology.

Culture of Cynomolgus Monkey Embryonic Stem (ES)
Cells on Dishes Coated With the Recombinant
a1(l) Chain

Cynomolgus monkey ES cells were cultured on murine
embryonic fibroblast (MEF) feeder cells in Petri dishes
(90 mm in diameter) according to previously established
protocols (Cameron et al., 2006). Briefly, dishes were coated
with the recombinant al(I) chain by incubation with a
solution of 1mg/mL «l(I) chain for 30min at room
temperature. y-Irradiated MEF cells were then cultured on
the coated dishes as feeder cells for 1 day. Subsequently,
monkey ES cells were seeded on MEF feeder layers and
maintained by changing the medium. Immunostaining of
monkey ES cell colonies was performed using NANOG,
TRA1-81, SSEA-4, SOX2, and OCT4-specific primary
antibodies (Millipore) according to the manufacturer’s
protocol. Nuclei were visualized by DAPI staining (Lin et al.,
1976).

Monkey ES cells were injected subcutaneously into
the hind leg of severe combined immunodeficient (SCID)
mice (Suemori et al., 2001). Two months after injection,
the mice were killed to remove teratomas. The teratomas
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were then fixed with 4% paraformaldehyde in PBS, paraffin-
embedded, sectioned, and histologically analyzed following
staining with hematoxylin and eosin.

Results

Generation of Transgenic Silkworms

COLIA1/pMSG was injected into 9,834 pre-blastoderm
embryos, and the hatched 5,282 Gy larvae were allowed to
develop to moths. G; embryos from the Gy moths were
screened for MGFP expression in the eyes and nervous
tissues to obtain transgenic silkworms. Genomic Southern
blot analysis of the transgenic silkworms demonstrated the
existence of 41 independent transgenic lines with respect
to the chromosomal insertion positions and copy numbers
of the transgenes. Among them, 34 lines of transgenic
silkworms with a single-copy transgene were selected, and
the cocoon proteins of the lines were analyzed by SDS-
PAGE. The line with the highest level of al(I) chain
expression was crossed with wild-type silkworms, and
offspring hemizygous for the a1(I) chain gene were used in
the following experiments as the COL249 line.

The worms of the COL249 line spun cocoons that were
normal in appearance, size, and weight. Proteins in the
sericin layer of the silk fibers of COL249 and wild-type
silkworms were separated by SDS-PAGE and stained with
CBB (Fig. 2, lanes 1-2). A band with an apparent molecular
weight of 120 kDa was seen only in the cocoon proteins of
COL249 (Fig. 2, lane 1). This band reacted with antihuman/
bovine type I collagen antibody (Fig. 2, lane 6), indicating
that this was the recombinant product from the human
a«1(I) chain gene. The band intensity of the recombinant
ol(I) chain on the CBB-stained gel was quantified by
densitometry. The content of the a1(I) chain was estimated
to be 0.8% of the dried cocoon.

To increase the al(I) chain content in the cocoon, a
COL249 moth was crossed with an IM1 moth bearing
the gene of the baculovirus-derived trans-activator IEL.
Approximately 25% of the offspring carried both the a1(I)
chain and IEl genes hemizygously. The al(I) chain/IE1
hemizygous silkworms (COL249/IM1) were further crossed
with each other and silkworms homozygous for both the
al(I) chain and IE1 genes (COL249/IM)? were screened
from the offspring by genomic PCR. Proteins in the cocoon
extracts of COL249, COL249/IM, and (COL249/IM)? were
separated by SDS-PAGE and stained with CBB (Fig. 3). By
measuring the band intensity, the contents of the o1(I)
chain in cocoons of the silkworm lines COL249, COL249/
IM, and (COL249/IM)? were estimated to be 0.8%, 4.8%,
and 8.0%, respectively. The average weights of cocoons in
the COL249, COL249/IM, and (COL249/IM)? lines were 72,
65, and 53 mg, respectively. Although the cocoon weight
decreased slightly with increased transgene copy numbers,
the synthesis of the recombinant a1(I) chain per larvae was
improved by this procedure; the amounts of the chain per
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Figure 2. Expression of the «1{l) chain in cocoons of transgenic silkworms. The
proteins in the cocoons of COL249 (T) and wild-type {W) silkworms were extracted
with 8 M urea, 2% 2-mercaptoethanol, and 50 mM Tris—HCl, pH 8.0, separated by SDS-
PAGE, and stained with CBB (left panel). Aliquots of the cocoon extracts were
also assessed by Western biotting with antihuman/bovine type | collagen antibodies
(right panel). Bovine pepsinized type | collagen in the amounts indicated was analyzed
by CBB staining and Western blotting as a standard (std). The arrowheads in lanes 1
and 6 point to the band of the recombinant «1{l) chain. The arrows in lane 5 point to
al{l) and a2(l) chains of bovine type | collfagen. Arabic numerals at the left side are
molecular masses in kDa.

cocoon of the COL249, COL249/IM, and (COL249/IM)?
lines were 0.58, 3.12, and 4.24 mg, respectively.

Extraction and Purification of the Recombinant a1(l)
Chain From Cocoons

The extraction efficiency of the recombinant al(I) chain
from cocoons was examined. The powder of (COL249/IM)?
cocoons was suspended in either PBS (Fig. 4A, lane 3),
0.5M CH;COOH, pH 3.0 (Fig. 4A, lane 4), 0.5M
CH;COOH, pH 2.0 (Fig. 4A, lane 5), or 8 M urea and
0.5M CH;COOH, pH 2.0 (Fig. 4A, lane 6), at 4°C for 16 h, -
and the extracted proteins were analyzed by SDS-PAGE.
Total proteins in the sericin layer of silk fibers of wild-type
and transgenic silkworms were extracted by incubating
cocoons at 80°C for 5 min in a buffer consisting of 8 M urea,
2% 2-mercaptoethanol, and 50mM Tris—HCI, pH 8.0
(Fig. 4A, lanes 1 and 2). The ratios of the al(I) chain
extracted with the solutions to the total a1(I) chain in the
sericin layer were calculated by quantifying the band
intensities of the CBB-stained o1(I) chain. The efficiency of
extraction was estimated to be 10% for PBS, 30% for
0.5M CH;COOH, pH 3.0, 50% for 0.5M CH;COOH, pH
2.0, and 80% for 8 M urea and 0.5M CH;COOH, pH 2.0.
Thus, the use of CH3;COOH-solutions was more effective
than PBS for extracting the recombinant o1(I) chain from
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Figure 3. Increase in the «1(l) chain content in cocoons of transgenic silk-
worms. Transgenic silkworms were genetically modified to increase the amount of the
a1(l) chain. Proteins were extracted from cocoons produced by wild-type (W), COL248,
C0L249/IM, and {C0L249/iM)? silkworms, separated by SDS-PAGE, and stained with
CBB. The arrowhead points to the band of the recombinant «1{l) chain. Arabic
numerals at the left side are molecular masses in kDa.

cocoons, and a major part of the a1(I) chain was extractive
with 8 M urea and 0.5M CH;COOH, pH 2.0.

For purification of the a1(I) chain, 30 g of (COL249/IM)?
cocoon powder, which was estimated to contain 2.4g of
the al(I) chain, were suspended in 8 M urea and 0.5M
CH;COOH, pH 2.0. The extracted al1(I) chain (Fig. 4B,
lane 2) was concentrated by ultrafiltration (Fig. 4B, lane 3).
The urea in the solution was removed by adding 0.5M
CH;COOH, pH 2.0, and subsequent ultrafiltration. In this
process, the endogenous sericin in the extract formed an
insoluble aggregate, increasing the al(I) chain content in
the extract (Fig. 4B, lane 4). Small amounts of contaminated
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Figure 4. Extraction and purification of the «1{I) chain from cocoons of (COL249/
IM)? silkworms. A: Extraction of the a1{l} chain from cocoons. Cocoon proteins were
extracted with PBS (lane 3}, 0.5 M CH;COOH, pH 3.0 {lane 4), 0.5 M CH3;COO0H, pH 2.0
(lane 5), and 8 M urea and 0.5 M CH;COO0H, pH 2.0 (lane 6). The extracted proteins were
analyzed by SDS-PAGE. Lanes 1 and 2 represent total proteins in the sericin layer of
the silk fibers of wild-type and transgenic silkworms, respectively. The arrowhead
points to the a1{l) chain. B: Analysis of the a1(l) chain in the purification processes.
Cocoon proteins were extracted with 8 M urea and 0.5 M CH;COOH, pH 2.0 (lane 2).
The extracted proteins were concentrated by ultrafiltration (lane 3), and urea in the
extract was removed by adding 0.5 M CH3COO0H, pH 2.0, and subsequent ultrafiltration
(lane 4). After removing sericin by 0.5 M NaCl precipitation (lane 5), the «1{1) chain in
the extract was collected by 4M NaCl precipitation (lane 6). The proteins in each
purification step were analyzed by SDS—-PAGE and CBB staining. Lane 1 represents
total proteins in the sericin layer of the silk fibers. The arrowhead points to the a1{l)
chain. C: Analysis of the purified «1{l) chain. Aliquots of 15 g of proteins were
electrophoresed and stained with CBB. Lane 1, the recombinant «1(1) chain; lane 2,
bovine type | collagen; lane 3, alkaline-treated bovine gelatin; lane 4, acid-treated
porcine gelatin. The asterisks in lane 2 point to the dimer and trimer composed of the
two and three « chains, respectively. Arabic numerals at the left side are molecular
masses in kDa.

sericin were removed by 0.5M NaCl precipitation
(Fig. 4B, lane 5), and the al(I) chain in the supernatant
was then collected by precipitation with 4M NaCl. The
collected a1(I) chain was dissolved in 0.5 M CH;COOH, pH
2.0, again, and the o1(I) chain solution was finally dialyzed
against water (Fig. 4B, lane 6). The proteins in each
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purification step and total proteins in the sericin layer
(Fig. 4B, lane 1) were analyzed by SDS-PAGE, demonstrat-
ing that this simple purification process is sufficient to purify
the al(I) chain to apparent homogeneity. As a result,
990mg of the al(I) chain were purified from 30g of
cocoons; the recovery rate was estimated to be approxi-
mately 41%.

Biochemical Characterization

The purified recombinant a1(I) chain was analyzed by SDS-
PAGE. Although small amounts of degradation products
were found, the purified recombinant chain was composed
of the polypeptide with a uniform molecular weight. The
molecular weight of the chain was slightly smaller than
the standard bovine al(I) chain (Fig. 4C, lanes 1 and 2),
indicating the possibility of insufficient prolyl-hydroxyla-
tion in the recombinant chain. The dimer (B chain) and
trimer (vy chain) of the a chain, which were present in the
standard collagen, were not detected from the purified
recombinant chain, suggesting the absence of covalent cross-
linking among the o1(I) chains. The molecular weight
distribution of the recombinant o chain was quite different
from that of the alkali-treated bovine (Fig. 4C, lane 3) or
acid-treated porcine gelatins (Fig. 4C, lane 4). The gelatins
gave broad molecular weight distributions because they were
hydrolyzed products of collagens.

The al(I) chain was subjected to an amino acid sequencer
with five cycles of Edman degradation. The N-terminal
amino acid sequencing of the al(I) chain detected major
and minor amino acid peaks in each cycle as shown in
Table I. The sequence deduced from the minor peaks (GPM)
was consistent with that of the predicted signal peptide
cleavage (Fig. 1A) although peaks were not detected in the
fourth and fifth cycles. The sequence from the major peaks
(MGPSG) was probably derived from a cleavage at two
amino acids downstream of the predicted site.

The amino acid composition of the purified a1(I) chain
was determined after acid hydrolysis using a Hitachi 1835
automated analyzer (Table II). The determined values were
very similar to the predicted ones, except for the absence of
hydroxyprolines and hydroxylysines.

The endotoxin levels of the a1(I) chain and the porcine
gelatin were measured. The endotoxin level of the al(I)
chain was much lower (26 EU/g) than the gelatin (6,400 EU/g).

Structural Characterization

Far-ultraviolet (190-240nm) CD spectra were recorded
for the recombinant al1(I) chain, the native bovine type I

Table . N-terminal sequencing.

Amino acid number 1 2 3 4 5
Major peaks M G P S G
Minor peaks G P M —

Table Il. Measurement of amino acid composition.

Composition (mol%)

Recombinant Human al(I) chain

Amino Acid al(I) chain (predicted)
Aspartic acid 4.48 4.14
Threonine 1.56 1.58
Serine 2.91 3.35
Glutamic acid 7.71 7.30
Glycine 34.23 33.63
Alanine 11.72 11.74
Valine 1.81 1.87
Cystein 0.00 0.00
Methionine 0.33 0.69
Isoleucine 0.70 0.59
Leucine 2.12 1.87
Tyrosine 0.00 0.00
Phenylalanine 1.27 1.18
Hydroxylysine 0.00 2.37*
Lysine 3.66 1.18
Histidine 0.00 0.20
Arginine 4.71 5.03
Tryptophan 0.00 0.00
Hydroxyproline 0.00 11.44"
Proline 22.80 11.83
Total 100.00 100.00

*Assuming that all of lysine and proline residues in Y-position are
hydroxylated.

collagen, the heat-denatured bovine type I collagen, and the
porcine gelatin (Fig. 5A). The positive peak at 224 nm that is
characteristic of the triple helical structure of collagen
(Miller and Gay, 1982) was observed in the type I collagen.
The gelatin exhibited a positive low peak at this wavelength,
suggesting that the gelatin contained a partly formed triple
helical structure in the molecule. In contrast, the recombi-
nant ol(I) chain did not show a positive peak at 224 nm.
The peak of the type I collagen disappeared when it was heat-
denatured. The spectra of the dénatured collagen were
almost identical to those of the recombinant a1(I) chain.
These results suggest that the 1(I) chain contained no triple
helical structure. A negative peak at 198nm represents
the triple helical structure (Miller and Gay, 1982). The peak
intensity at this wavelength of the recombinant a1(I) chain
was similar to that of the heat-denatured collagen rather
than that of gelatin, confirming the absence of the triple
helical structure in the recombinant chain.

The 224-nm spectra were recorded for the recombinant
chain, the native collagen, the denatured collagen and the
gelatin at temperatures from 4 to 60°C (Fig. 5B). Apparent
structural transition of the native collagen was observed in
the range 39-46°C, which is in accordance with a report that
the denatured temperature of bovine type I collagen is
42.8°C (Peltonen et al., 1980). In contrast, the recombinant
a1(1) chain, the denatured collagen and the gelatin showed
slight structural changes in the range 25-45°C.

The melting and gelation points of the 5% o1(I) chain or
the gelatin solution were measured as described in the
Materials and Methods Section. The melting and gelation
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Figure B. CD spectra of the a1{l) chain. A: Measurement of CD spectra of the
o1{l) chain. Far-ultraviolet (190240 nm) CD spectra were recorded for the recombi-
nant «1{l) chain (red line), bovine type | collagen (pink line), denatured bovine type |
collagen {blue line), and porcine gelatin {green line) at a concentration of 100 wg/mL.
B: Thermal transition curves of the a1{I) chain. The CD spectra at 224 nm of the 1(l)
chain, bovine type { collagen, denatured bovine type | collagen and porcine gelatin
were monitored at temperatures from 4 to 60°C.

points of the a1(I) chain were 17 and 10°C, respectively,
while the melting and gelation points of the gelatin were 30
and 26°C, respectively. Thus, both the melting and gelation
points of the a1(I) chain were lower than the respective
points of the gelatin, which may support the result from
the measurement of CD spectra showing an absence of triple
helical structures in the «l(I) chain. We also analyzed
whether the a1(I) chain formed collagen fibrils under the
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physiological conditions as native collagen (Michalopoulos
and Pitot, 1975) and found that the a1(I) chain did not form
the fibrils (data not shown).

Cell Biological Properties

To investigate the cell biological properties of the
recombinant al(I) chain, HSFs were cultured on dishes
coated with the a1(I) chain, the native collagen, or gelatin at
various concentrations, and cell spreading on the materials
was analyzed as described in the Materials and Methods
Section (Fig. 6A). HSFs spread on all coating materials in a
concentration-dependent manner. On collagen at concen-
trations of more than 0.63 pg/mL, HSFs spread at a rate of
100%. More than 80% of the cells spread on gelatin at
concentrations >0.63 ug/mL, but 100% cell spreading was
never observed even at the highest concentration tested
(5.0 wg/mL). Cell spreading rates for the al(I) chain at
concentrations of <2.5 ug/mL were slightly low compared
to those on gelatin at the same concentrations. However,
HSFs spread on the o 1(I) chain at a similar rate to on gelatin
when inoculated at a concentration of 5.0 wg/mL. No
differences were observed among cell morphologies when
the cells were cultured on the al(I) chain, the native
collagen, or the gelatin at a concentration of 10 pg/mL
(Fig. 6B, panels a—c). Cell-spreading was not observed on the
uncoated dishes (Fig. 6B, panel d).

Cynomolgus monkey ES cells were cultured on feeder
cells that had been cultured on dishes coated with the a1(I)
chain or porcine gelatin. The ES cells cultured on dishes
coated with the al(I) chain formed tightly packed and
flattened colonies (Fig. 7A, panel a). This morphology was
the same as that of ES cell colonies cultured on dishes coated
with porcine gelatin (Fig. 7A, panel b). Immunocyto-
chemical studies confirmed that the monkey ES cell colonies
on the al(I) chain expressed the ES cell marker proteins
NANOG, TRA1-81, SSEA-4, SOX2, and OCT4 (Fig. 7B).
When the ES cells were subcutaneously injected into SCID
mice after the passages on the a1(I) chain, the cells formed
teratomas in the mouse tissues. Histological analyses of
the teratomas showed formation of pigment epithelium,
gastrointestinal epithelium, and cartilage (Fig. 7C). Thus,
the «l(I) chain was confirmed to be useful for the
maintenance of monkey ES cells.

Discussion

We generated transgenic silkworms that secreted the
recombinant human «l(I) chain into the sericin layer of
silk fibers. The content of the a1(I) chain in the cocoons of
the established line COL249 was estimated to be 0.8%. By
introducing the gene of the trans-activator IEl into the
silkworm as in our previous studies (Ogawa et al., 2007;
Tomita et al., 2007), the expression of the a1(I) chain was
enhanced to 4.8%. We then generated silkworms (COL249/
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Figure 6. Spreading of HSFs on the 1(I) chain-coated dishes. A: Cell spreading
assay using HSFs. The wells of tissue culture plates were coated with the a1(l) chain
(black line), bovine type | collagen (dotted line), and porcine gelatin {dashed line) at
various concentrations, and treated with heat-denatured bovine serum albumin to
block the direct interaction between cells and the plate. HSFs were seeded on these
wells and cultured for 1 h. The cells were then fixed, and the ratio of spreading cells to
all cells in observed fields was calculated. B: Cell morphology of HSFs cultured on the
al{l) chain. HSFs were cultured on dishes coated with 10 g/mL of the «1(1} chain {a),
bovine type | collagen (b), porcine gelatin {¢). The cells were also cultured on the
uncoated but the albumin-treated dish (d). Scale bar, 10 um.

IM)? homozygous for both the a1(I) chain and IE1 genes.
This manipulation increased the a1(I) chain content up to
8.0%. Given that the average weight of a (COL249/IM)?
cocoon was 53 mg, the a1(I) chain content per cocoon was
calculated to be 4.24 mg. If 1,000 (COL249/IM)? silkworms
were reared, we could produce 4.24 g of the a1(I) chain. The
(COL249/IM1)? silkworm was generated from the pnd-wl
strain, which produces small cocoons (50-70 mg). Our
preliminary experiment revealed that the cocoon weight
could be increased to approximately 150 mg by crossing it

with typical silkworm strains that produce 300- to 500-mg
cocoons, leading to elevation of the a1(I) content to more
than 10mg per cocoon (data not shown). We also
demonstrated the superiority of the transgenic silkworm
system for the purification. of the recombinant a1(I) chain.
The a1(I) chain was highly purified from the cocoon extract
by a simple method consisting of ultrafiltration and salt
precipitation. Thus, this study offers experimental evidence
for the viability of using transgenic silkworms in the
production of the human recombinant al(I) chain on an
industrial scale.

Our previous study demonstrated that prolyl-hydroxylase
activity is absent in silk glands (Adachi et al.,, 2005), and
the recombinant fusion protein containing the collagen
sequence expressed in the glands includes no hydroxypro-
lines (Tomita et al., 2005). The recombinant al(I) chain
produced in this study also contained no hydroxyprolines as
predicted. The presence of hydroxyprolines is a prerequisite
for forming the stable collagen triple helix (Berg and
Prockop, 1973). In addition, the a1(I) chain did not contain
the C-telopeptide and C-propeptide, which are known to
promote triple helix formation (Doege and Fessler, 1986;
Rosenbloom et al., 1976). Therefore, we postulated that the
a1(I) chain is not capable of forming the triple helix. Indeed,
CD spectra of the chain showed a complete absence of the
triple helical structure. The importance of the telopeptide
and propeptide for the triple helix formation was also shown
in the previous studies. Unhydroxylated type I collagen with
the telopeptide, and unhydroxylated a1(I) chain with the
telopeptide and propeptide were synthesized as correctly
folded triple helices in yeast (Olsen et al., 2001) and tobacco
(Ruggiero et al., 2000), respectively. On the other hand, this
study revealed that the animal-derived gelatin contained a
partially folded triple helix, suggesting the significance of
hydroxyprolines in the stability of triple helix. To further
clarify the difference of physiological properties among the
recombinant al(I) chain, the gelatin and the collagen, we
investigated the gelation and fibril-forming properties of
the a1(I) chain. Unlike the collagen, the a1(I) chain did not
form collagen fibrils under the physiological conditions
examined. In contrast, the a1(I) chain, as well as the gelatin,
gelated at lower temperatures than physiological ones. The
melting and gelation points of the a1(I) chain were lower
than those of gelatin. Thus, the physico-chemical properties
of the recombinant a1 (I) chain were similar to gelatin rather
than collagen. However, due to the complete absence of the
triple helical structure, the properties of the al(I) chain
differed slightly from those of gelatin.

The «1(I) chain promoted cell attachment and the spread
of HSFs, but the cell-spreading rates for the a1(I) chain as
well as gelatin were lower than those for collagen at all
concentrations tested. At decreased concentrations of the
materials, fewer cells spread on the al(I) chain than on
gelatin. Thus, HSFs were likely able to distinguish among
these three materials. The cell-collagen interaction is
mediated via integrins. Integrins a11 and o231 recognize
collagens as collagen receptors (Hynes, 2002), and integrin
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Figure 1. Culture of cynomolgus monkey ES celis on dishes coated with the a1{1) chain. A: Appearance of monkey ES cells. Cynomolgus monkey ES cells were cultured on
feeder cells that had been cultured on dishes coated with the «1{I} chain (a) or porcine gelatin (b). Scale bar, 1 mm. B: Immunostain of the ES cell colonies. ES cell colonies were
analyzed for the expression of marker proteins. Panels (a—d and e~h) show colonies immunostained with anti-NANOG and TRA1-81 antibodies, respectively. Panels (a) and (e):
appearances in bright fields; panels (b) and (f}: imnmunostained signals; panels (c) and (g): DAPI-stained signals; panels (d) and (h): mergers of immunostained and DAPI-stained
signals. Panel (i) represents a colony stained with the anti-SSEA-4 antibody and DAPI. Panels (j-m) show a colony double-stained with anti-SOX2 and 0CT4 antibodies. Panel (j):
immunostained signal with anti-SOX2 antibody; panel {k): inmunostained signal with anti-0CT4 antibody; panel (1): DAPI-stained signal; panel {m): merger of signals with anti-S0X2
and those with 0CT4 antibodies. Scale bars, (a): 100 wm; (i): 50 pm; {I): 200 wm. C: Teratoma formation in SCID mice. The ES cells were injected subcutaneously into the hind leg of
SCID mice. Sections of the teratomas that formed were stained with hematoxylin and eosin. Arrowheads in (a-¢) point to the pigment epithelium, gastrointestinal epithelium, and

cartilage, respectively. Scale bars, (a) and (b): 200 wm; (¢): 1mm.

a5B1 indirectly recognizes it via collagen-bound fibronectin
(Mould et al., 1997). Although the detailed mechanism is
unknown, the complete absence of hydroxyprolines or the
triple helical structure in the «1(I) chain may be responsible
for this discrimination. At concentrations >5.0 ug/mL,
however, HSFs spread on the a1(I) chain at a similar rate
to that of gelatin. At a concentration of 10 pg/mL, the cell
morphology was indistinguishable from that on collagen or
gelatin. These results emphasize the practical utility of the
recombinant a1(I) chain as a cell scaffold.

To demonstrate the practicality of the ol(I) chain,
monkey ES cells were cultured on chain-coated dishes. After
30 passages, the monkey ES cell colonies maintained
excellent morphology and the expression of several marker
proteins for ES cells. The pluripotency of the cells was also
confirmed by the formation of teratomas in SCID mice.

Gelatins are generally used for culturing ES or iPS cells.
However, most marketed gelatins are derived from bovine
or porcine bone, and therefore there is a risk of
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contamination with animal-derived pathogens, including
viruses. In contrast, the recombinant a1(I) chain developed
in this study does not pose such a risk because the chain is
extracted from silk cocoons without using animal-derived
materials. In addition, the al(I) chain is composed of
human sequences with constant molecular weight. Unlike
the animal-derived gelatin extracted by hydrolyzing tissue
collagens, the quality of the chain can be easily controlled
with lot-to-lot consistency. The endotoxin level of the «1(I)
chain was much lower than marketed gelatins. The
recombinant a1(I) chain is a promising candidate material
for use as a high-quality gelatin substitute for tissue
engineering, drug delivery, and other applications.
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Introduction

Human embryonic stem (ES) cells [1] and induced pluripotent
stem (iPS) cells [2,3,4,5] are currently used as powerful resources
in regenerative medicine. However, epigenctic mechanisms of
“stemness” remain unknown. DNA methylation is known to be a
key component in normal differentiation and development [6,7].
Tissue-specific genes, such as OCT-4/3 [8], Sty (sex determining
region on Y chromosome) [9] and MyoD [10], show tissue-specific
demethylation corresponding to their expression during develop-
ment. Furthermore, DNA methylation in cells specifically varies
depending on cell lineage and tissue types [7]. Transformation to
iPS cells from differentiated cells requires a process of epigenetic
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reprogramming [11]. Understanding the epigenetic regulation in
human pluripotent stem cells, therefore, enable us to clucidate
“stemness” and to screen for optimum iPS/ES cells for human
therapeutic applications. Human extra-embryonic amnion cells
are a useful cell source for generation of iPS cells, because they can
be collected without invasion and are conventionally freeze-
storable. Recently, we generated iPS cells from human amnion
cells as well as human fetal lung fibroblast cells [12,13]. Here, we
show DNA methylation profiles of human pluripotent stem cells
including iPS cells, which were derived from extra-embryonic
amnion cells and fetal lung fibroblast cells, and human ES cells.
We also defined another subset that may play a key practical role
in maintaining the state of “stemness”.
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Results

Analysis of genome-wide DNA methylation

Human iPS cell lines (MRC-PS [13] and AM-iPS cell lines
[12]) independently established in our laboratory by retroviral
infection of 4 genes (0CT-3/4, SOX2, ¢-MYC, and KLF4), based on
the Yamanaka’s pioneer protocols [2] from 2 fully differentiated
cells (MRC-5, fetal lung fibroblast cells, and AM936EP, amnion
cells), were used as a primary source for experimentation (Table 1).
These cells clearly showed human iPS characters [12,13].

To examine DNA methylation status in six iPS, two ES [14],
and eight differentiated cell lines (Table 1), we therefore examined
genome-wide DNA methylation using Illumina’s Infinium Hu-
manMethylation27 BeadChip, on which oligonucleotides for
27,578 CpG sites covering more than 14,000 genes are mounted,
mostly selected from promoter regions. This assay system provides
advantageous quantitative measurement. DNA methylation levels
were recorded using a scoring system ranging from 07
(completely unmethylated) to 1”7 (fully-methylated). Using
multiple repetitions, we analyzed 24,949 out of 27,578 CpG sites
with 16 samples (sce Materials and Methods), categorizing them
into three groups; Low (score=0.3), Middle (0.3<<score=0.7), or
High (0.7<score) methylation. Overall, methylation levels in
pluripotent stem cells and differentiated cells are shown in Fig. 1A,
with the levels in each cell line presented in Table S1. While the
percentage of the High class in differentiated cells was 16.3% on
average, the percentage in iPS/ES cclls was 25.3% (Fig. 1A). The
number of CpG sites categorized in the High class is significantly
greater in pluripotent stem cells compared with differentiated cells.
Hierarchical clustering analysis clearly discriminates iPS/ES cells
from the differentiated cells (Fig. 1B). Hyper-methylated sites
(shown in red) are widespread in the heat map in iPS/ES cells,
compared with the differentiated cells (Fig. 1B), suggesting that
gene promoters in iPS/ES cells are hyper-methylated, compared
with those in differentiated cells.

About two-thirds of the CpG sites were at a Low methylated
level in both iPS/ES cell and differentiated cell groups (Fig. 1A

DNA Methylation in Human iPS

and B). Another computation found 13,971 CpG sites to
consistently show a score of lower than 0.3. This suggests that a
significant fraction of the CpG sites examined may have less
involvement in methylation, although some might become
methylated under different conditions. As most CpG sites on the
chip were chosen simply based on the location in promoters, it is
possible that some CpG sites may be positioned at a distance from
the target site, even in a promoter controlled by DNA methylation.
Analysis of our and all published data indicated that a group of
CpG sites more suitable to methylation analyses could be
identified, allowing us to focus attention on specific changes in
methylation levels seen between iPS/ES and differentiated cells.
Differentially methylated site (DMS) in the promoters.
Firstly, we defined the “differentially methylated site” (DMS),
representing a CpG site whose score differed 0.3 points and more
between the two cell groups. The DMSs between MRC-iPS and
AM-PS cells, and also between iPS and ES cells, were only 1.0%
and 2.8% of all the CpG sites, respectively (Fig. 1C), suggesting
that iPS and ES cells have similar methylation status. In contrast,
the DMSs between AMI936EP and AM-iPS cells, and between
MRC-5 and MRC-PS cells, were 11.3% and 10.6%, respectively,
suggesting that iPS cells and their parental cells have differentially
methylated status (Fig. 1C and D). It should be noted that
approximately 80% of the DMSs between the iPS cells and their
parental cells changed to a “hyper-methylated” state from a
“hypo-methylated” state in iPS cells (Fig. 1C). Comparison of
DMSs between AM- and MRC-iPS cells, and between iPS and ES
cells show slight but significant difference (Fig. 1C). In 261 DMSs
between MRC- and AM-iPS cells (MA-DMSs), 203 sites in AM-
iPS cells and 165 in MRGC-iPS cells showed no difference from
their parental cells, suggesting that these sites in iPS cells are
inherited from their tissue origin (Fig. 1E). In addition, 414 out of
694 DMSs between MRC-iPS and ES cells (ME-DMSs) and 581
out of 990 DMSs between AM-iPS and ES cells (AE-DMSs) are
inherited DMSs (Fig. 1E). Interestingly, approximately 40% of
DMSs between iPS and ES cells are iPS-specific DMSs, meaning
that these sites are aberrant methylated in iPS cells (Fig. 1E). In

Table 1. A list of human cells analyzed for a methylation state in this study.

Description

Cell ID

MRCAPS-11 MRC5-derived iPS cells (P4)

MRC-iPS-75

MRC5-derived iPS cells (P4)

rived iPS cells tP4)

AM-iPS-8 AMO36EP -derived iPS cells (P4)

H4-1

Edom22

Menstrual blood-derived cells (P1)

HUES8 Embryonic stem cells (P24)

Bone marrow stroma-derived cells (P26)

ability of differentiation

Pluripotent

Pluripotent

None

Myoblast

Pluripotent

doi:10.1371/journal.pone.0013017.t001
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Numbers in parenthesis with P indicate passage in culture on the cells used in the methylation analysis.
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Figure 1. The ratio of hyper-methylated sites in iPS/ES cells was significantly larger than that of the differentiated cells. (A) Ratio of
Low (methylation score=0.3), Middle (0.3<score=0.7), and High (0.7 <<score) methylated states in 24,949 CpG sites. (B) Clustering analysis. Heat map
showing hyper-methylation in human iPS/ES cells compared with differentiated cells. The Heat map in hierarchical clustering analysis represented
DNA methylation levels from completely methylated (red) to unmethylated (green). Epigenetic distances (Euclidean Distance) were calculated by NIA
Array. (C) Comparisons of CpG sites between two groups show high similarities between AM-iPS and MRC-iPS cells or between human ES cells
(HUESCs) and iPS cells (iPSCs). In contrast, 11.3% and 10.6% of CpG sites are differentially methylated in AM-iPS and MRC-iPS cells, respectively,
compared to their parental cells (AM936EP and MRC5). It should be noted that 74.0% and 85.1% of the differentially methylated sites (DMSs) are
hyper-methylated in AM-iPS and MRC-iPS cells, respectively, compared to their parental cells. (D) Comparison of the 24,949 CpG sites between iPS
cells and their parental cells. (E) DMSs among human ES cells, AM- and MRC-iPS cells. The relative amount of inherited/aberrant DMSs is indicated in
the pie chart. (F) Overlapped aberrant DMSs between MRC- and AM-iPS celis.
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Figure 2. Pluripotent stem cells are significantly more hyper-methylated than differentiated cells. (A) Principal component analysis
(PCA) for DNA methylation states of 24,949 CpG sites with 16 human cell lines. The PC1 axis clearly distinguish iPS/ES cell group from differentiated
cells, while human iPS cells are very close to human ES cells. (B) Stem cell-specific differently methylated regions (SS-DMRs) were defined by PC1. In
the pluripotent stem cells, 60.5% of the SS-DMRs are located outside of CpG islands and 87.6% of the SS-DMRs are hyper-methylated. (C) DNA
methylation levels at promoter regions in 12 representative genes determined by lllumina Infinium HumanMethylation27 assay and Bio-COBRA.
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Details of these genes are described in Table S6B. The promoter regions of these genes were defined as the SS-DMRs. The relative amount of
methylated DNA ratio is indicated as the black area in the pie chart. The same methylation patterns in 12 regions were detected both by Infinium
assay and COBRA. (D) Bisulfite sequencing analysis of the same regions that were analyzed by Infinium assay and COBRA assay in SOX15, SALL4, SP100
and GBP3. (Top) Schematic diagram of the genes. Arrows, open boxes and open circles represent transcription start site, first exon and position of
CpG sites, respectively. (Bottom) Open and closed circles indicate unmethylated and methylated states, respectively. Red and blue arrowheads
represent the position of CpG sites in Infinium assay and COBRA, respectively.

doi:10.1371/journal.pone.0013017.g002

aberrant DMSs, 155 sites overlapped between MRC- and AM-iPS
cells (Fig. 1F and data set S1, 82, S3). Overlapping aberrant DMSs
are located at promoters in genes such as gene for ¥ZD10, MMP9
and three zinc finger proteins (ZNF551, ZNF513 and ZNF540).
These genes are hyper-methylated in iPS cells than parental cells
and ES cells. Approximately 80% of aberrant DMSs are hyper-
methylated, compared with parent cells and ES cells.

Defining stem cell specific differentially methylated
regions (SS-DMRs). Principal component analysis (PCA)
shows high similarity among human iPS and ES cells and
clearly separates the iPS/ES cells from the differentiated cells,
which is supported by hierarchical clustering analysis (Fig. 1B and
Fig. 2A). Basced on principal component 1 (PC1), 807 (3.2%) out of
24,949 sites were deduced to change their methylation state along
with “stemness” (Fig. 2B). We designated a region represented by
such CpG sites as “stem cell specific differentially methylated
regions” (SS-DMRs). Of the 807 SS-DMRs, 39.5% (319 sites) are
localized on CpG islands, whereas 60.5% (488 sites) arc not
(Fig. 2B), although 72.5% CpG sites on the bead-chips occur on
CpG islands. Thus, promoter regions on non-CpG islands were
more affected during reprogramming towards pluripotent stem
cells. 707 sites (87.6%) of the SS-DMRs were significantly
increased in the methylation levels in iPS/ES cells, compared
with those in the differentiated cells, and we designated these sites
as “stem cell specific hyper-differentially methylated regions (SS-
hyper-DMRs) ” (Fig. 2B and data set S4). In contrast, 100 sites
(12.4%) were decreased and designated as “stem cell specific hypo-
differentially methylated regions (SS-hypo-DMRs) * (Fig. 2B and
data set S5). We also confirmed the methylation state in the
promoter regions for some of the detected genes by another
means, l.e. quantitative combined bisulfite restriction analysis
(COBRA) [15] (Fig. 2C). In addition, results of bisulfite sequencing
of the region surrounding the SS-DMRs corresponded to results of
Infinium assay and COBRA (Fig. 2D).

Gene ontology analysis with the SS-DMRs. We searched
gene ontology databases for details of the SS-DMRs. Interestingly,
SS-hypo-DMRs are abundant in genes related to nucleic acid
binding and transcription factors, which may function in iPS cells.
On the other hands, SS-hyper-DMRs are abundant in genes
rvelated to differentiation (Table 2). We also subjected the SS-
DMRs to KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway. Cytokine receptor interaction cascade, MAPK signaling,
and Neuroactive ligand-receptor interaction arc all major
keywords for SS-hyper-DMRs (Table S2).

Expression of genes with SS-DMRs in human iPS/ES
cells. To address whether changes in DNA methylation state
are assoclated with expression levels, we surveyed genes showing
more than 5-fold change of expression in human iPS/ES cells,
compared with those in differentiated cells, using the GEO
database [16,17]. Twenty-three genes represented by SS-hypo-
DMRs were found in “genes significantly expressed in iPS/ES
cells” (Table 3 and Table S3A). Representative genes, including
SOX15, SALL4, TDGFI, PPPIRI6B and SOX10, arc expressed
with hypo-methylation states in iPS/ES cells (Fig. 3A). On the
other hand, forty-three genes represented by SS-hyper-DMRs
were found in “genes significantly suppressed in iPS/ES cells”
(Table S3B and S4). Representative genes, SP/00 and GBP3, are
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suppressed by hyper-methylation in iPS/ES cells (Fig. 3A). Among
DNA methyltransferases, DNMT3B was reported to be highly
expressed in human ES cells [18]. DNMT34, DNMT3B and
DNMT3L were indeed expressed in iPS/ES cells (Fig. 3A). The
DNMT34 promoter in iPS/ES cells became demethylated, while
DNMT3B and DNMT3L promoters remained low methylated
during reprogramming (Fig. 3A and Table S5A), leading us to
analyze chromatin in iPS/ES cells in addition to DNA

methylation.
Histone H3K4 and H3K27 modification of genes with the
SS-DMRs. Histone modification is another important

mechanism in epigenetics. Methylation of lysine 4 (K4) and 27
(K27) on histone H3 is associated with active and silent gene
expression, respectively [19], while bivalent trimethylation (me3)
of H3K4 and K27 represses their gene expression in ES cells
[20,21]. Based on the database of the UCSC Genome
Bioinformatics, the promoter of DNMT3B in human ES cells is
highly modified by 3K4me3, compared with that in human lung
fibroblasts (Table S5B). No differences in histone modification of
H3K4me3 or H3K27me3 between ES and lung fibroblasts at
promoter of DNMT3L were detected (Table S5B). We also
compared DNA methylation of the SS-DMRs with reported data
for whole-genome mapping of H3K4me3 and H3K27me3 in the
promoter regions of human ES cells [22]. In SS-hyper-DMRs,
68.8% do not have trimethylation of H3K4 and K27 (Fig. 3B). On
the other hand, 42.3%, 1.3%, and 30.8% of SS-hypo-DMRs are
marked with H3K4me3; H3K27me3, and bivalent H3K4me3 and
K27me3, respectively (Fig. 3B). Thirteen out of the 23 genes in

Table 2. A list of top 7 categories of GO Term in “SS-DMRs".

Molecular Function

SS-hypo-DMRs

15

MF00036:Transcription factor 20.55%

8.22%

20.14%

12.86%

doi:10.1371/journal.pone.0013017.t002
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