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Fig. 4. Reduction of sulfation accelerates neural differentiation of hiPSCs. (A) Real-time PCR analysis of neural markers (Nestin, Musashi-1, NCAM1 and Sox1) and an
undifferentiated cell marker (Oct3/4) 5 days after EB formation. The relative amounts of each mRNA were normalized by GAPDH mRNA. The results are shown after
normalization against the values obtained with undifferentiated hiPSCs (value = 1). The values shown are the means + SD of duplicate measurements from representative
experiments. Two independent experiments were performed. (B) Immunocytochemical staining 2 days after replating of EBs. Representative confocal images from two
independent experiments are shown (Blil-tubulin, green; PI, red). Scale bar, 20 um. (C) Western blotting 2 days after replating of EBs. Representative immunoblots from two
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Fig. 3, Wnt/B-catenin, BMP/Smad, and FGF/ERK signaling, which
are involved in the mesodermal differentiation of mESCs [24], were
reduced in chlorate-treated EBs. Therefore, the inhibition of these
signaling pathways by chlorate treatment seemed to cause
defects in mesodermal differentiation and induced ectodermal
differentiation. Chlorate treatment from the start of EB formation
inhibited initial differentiation, as reported previously (data not
shown, [25]). Thus, chlorate treatment from the appropriate time
induces differentiation into a specific lineage, in particular neural
differentiation.

Next, we investigated further the neural differentiation of chlo-
rate-treated EBs. Firstly, we examined the expression of neural dif-
ferentiation markers (Fig. 2B). Even at 5 days after EB formation,
the expression levels of these markers were significantly higher
in chlorate-treated EBs than in EBs only treated with RA, which
indicated that differentiation into neural stem/neural progenitor
cells and neural precursor cells was accelerated by chlorate treat-
ment. These results were thought to be due to the reduction of
Wnt and BMP signaling as shown in Fig. 3. Because, signaling by
BMP and Wnt inhibits the neurogenesis of mESCs via EB formation
[26,27]. Secondly, we examined the ability of chlorate-treated EBs
to differentiate into mature neurons. Immunocytochemical stain-
ing for the mature neuron marker Blll-tubulin showed that only
2 days after plating, chlorate-treated EBs generated extremely
dense networks of neurite outgrowths, which were not seen with
EBs only treated with RA (Fig. 2C). We confirmed by western blot-
ting that the level of Blll-tubulin in chlorate-treated cells was sig-
nificantly higher than that in cells only treated with RA (Fig. 2D).
Taken together, these results demonstrated that the reduction of
sulfation by chlorate treatment accelerated the neurogenesis of
mESCs.

As described above, the reduction of sulfation on HS and CS by
chlorate treatment (Fig. 1) caused defects in Wnt/B-catenin, BMP/
Smad, and FGF/ERK signaling during EB formation (Fig. 3), which
was followed by the acceleration of neural differentiation (Fig. 2).
These results are consistent with previous report [13], in which
reduction of PAPST-dependent sulfation promotes neurogenesis
of mESCs due to the decreased sulfation on HS and CS.

To date, several signaling pathways have been shown to con-
tribute to the neural differentiation of hESCs and hiPSCs [18,28].
The BMP inhibitor Noggin and the inhibitor of the Lefty/Activin/
TGFp pathways SB431542 enhance neural differentiation [18].
Thus, we examined whether the inhibition of signaling pathways
by chlorate treatment also enhanced the neural differentiation of
hiPSCs. Real-time PCR analysis 5 days after EB formation showed
that the expression of several neural stem/progenitor cell markers
was higher in chlorate-treated EBs than in EBs only treated with
RA, whereas expression of the marker of undifferentiated cells,
Oct3/4, was reduced equally in both types of EBs (Fig. 4A). These re-
sults indicate that chlorate treatment accelerated the neural differ-
entiation of hiPSCs. Furthermore, as shown in Fig. 4B and C,
differentiation into mature neurons was induced markedly in chlo-
rate-treated EBs.

In conclusion, we have demonstrated that the down-regulation
of sulfation by chlorate treatment could accelerate neural differen-
tiation of hiPSCs as well as mESCs. This acceleration was induced
by the addition of chlorate at the correct time, and involved the
inhibition of signaling pathways involved in the induction of meso-
dermal differentiation (Wnt, BMP, and FGF) and inhibition of neu-
ral differentiation (Wnt and BMP). This study as well as our
previous report [13] have demonstrated that reduction of sulfation
is effective to induce neural differentiation compared with the
standard method using RA. In our previous report [13], we used
RNAi method using retrovirus vector for long-term neural differen-
tiation. This method requires great care and may give damages to
the transfected cells. Moreover, the reduction of sulfation is more

drastic in chlorate-treated cells than in PAPST-knockdown cells.
This reflects more rapid induction of neural differentiation in
chlorate-treated cells as shown in this report than in PAPST-knock-
down cells. Furthermore, in hiPSCs including hESCs, efficiency of
gene transfer is very low and for clinical application gene transfer
should be avoided. Therefore, chlorate is useful for rapid, simple,
and safety reduction of sulfation for rapid neural differentiation
of hiPSCs, possibly including hESCs. Taken together, we propose
that chlorate, which is available at low cost, could be used to
achieve efficient and rapid neural induction of hiPSCs as well as
mESCs in place of expensive signaling inhibitors.
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Abstract: The human body is composed of 60 trillion cells, which have their origin in a fertilized egg. During develop-
ment, the potential of a cell or tissue can be achieved by environmental manipulation. Then, what molecular determinants
underlie or accompany the potential of the cells? To obtain a broader understanding of these problems, it is important to
analyze all transcripts / genes in a wide selection of cell types. The development of microarray technologies, which allow
us to undertake parallel analyses of many genes, has led to a new era in medical science. In this review, we show that the
global expression data have clearly elucidated discernible major trends of the phenomenon in preimplantation develop-
ment and epithelial-mesenchymal transition, and of the character of marrow stromal cells, which are attracting a great deal
of attention as they represent a valuable source of cells for regenerative medicine. One of the interesting results is obtained
from microarray data of marrow stromal cells: OP9 cells that have been recognized as a type of niche-constituting preadi-
pocyte derived from marrow stroma, are found to be chondroblasts. We also describe what effect each type of expression
data would bring to reproductive and regenerative medicine, as well as offering an excellent model of cell differentiation

in biology.

Keywords: Gene chip array, cell potency, early embryogenesis, transdifferentiation, cellular plasticity, hyaline cartilage forma-

tion, endochondral ossification, bioinformatics.

INTRODUCTION

What type of “human” do you like? — do you judge by
his appearance and/or his character? When the word “hu-
man” is replaced by “cell” in this question, the present situa-
tion surrounding regenerative medicine emerges. With the
derivation of pluripotent embryonic stem (ES) and somatic
stem cells that can differentiate into many different cell
types, excitement has increased for the prospect of replacing
dysfunctional or failing cells and organs. Somatic stem cells
have been identified in hematopoietic [1], hepatic [2], epi-
dermal [3], gastrointestinal [4], neural [5, 6], muscle [7], and
bone marrow [6-8] tissues. Many researchers have since de-
monstrated the developmental pluripotency of these cells.
What is not yet clear, however, are the critical molecular
mechanisms that can harness or manipulate the potential of
cells to foster therapeutic applications targeted to specific
tissues.

Then, what are the appearance and the character of these
cells? This question is: can the diverse morphology of the
cell and/or the differential activities of genes provide the
distinction between totipotent cells, pluripotent cells and
terminally differentiated cells? One approach to this question
is through markers that appear on the surfaces of cells by
flow cytometric analysis. Hematopoietic stem cells (HSCs)
are somatic stem cells found in the bone marrow and the
precursor cells that give rise to all the types of both the
myeloid and lymphoid lineages. This includes monocytes
and macrophages, neutrophils, basophils, eosinophils, T
cells, B cells, NK cells, erythrocytes, megakaryocytes, and
dendritic cells. How do researchers find the desired cell
populations and stem cells at a specific hierarchical stage?

*Address correspondence to this author at the Department of Reproductive
Biology, National Institute for Child Health and Development, 2-10-1,
Okura, Setagaya Tokyo 157-8535, Japan Tel +81 3 5494-7047; Fax:
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Multipotent HSCs present various clusters of differentiation
markers on their surface: CD34, CD38, CD90, CD133, Lin,
Thyl, and CD45. Understanding the cell lineage of HSCs
will eventually allow the generation of expanded populations
of HSCs ex vivo that can be used therapeutically.

Another powerful approach to these questions is that of
systematic genomic methodologies [9]. One of these meth-
ods, cDNA microarray/chip technology, is providing useful
information [10-13]. Because of the logical connection be-
tween the function of a gene and its pattern of expression,
the correlation of gene expression patterns with the variation
in the phenotype of the cell can begin the process by which
the function of a gene can be inferred. Similarly, the patterns
of expression of known genes can reveal novel phenotypic
aspects of the cell and tissues studied [14-16]. In this review
we describe the use of microarray technology to determine
cell identity based on gene expression pattern, with applica-
tions in regenerative medicine, especially preimplantation
embryos, epithelial-mesenchymal transition and the mesen-
chymal stem cells.

THE BIG WAVE IN PREIMPLANTATION EMBRYO
DEVELOPMENT

Preimplantation development encompasses the period
from fertilization to implantation, and is marked by a number
of critical sequential events. Understanding preimplantation
development is important both for basic reproductive biology
and for practical applications, including regenerative medi-
cine and stock breeding. Preimplantation development is
marked by 4 major events: the transition of maternal tran-
scripts to zygotic transcripts, compaction, the first lineage
differentiation into inner cell mass (ICM) and trophectoderm
(TE), and implantation. The scarcity of the materials of pre-
implantation embryos, both in size (diameter <100 um) and
in quantity (only a few to tens of oocytes from each ovula-
tion), has hampered molecular analysis of preimplantation

© 2010 Bentham Science Publishers Ltd.
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Fig. (1). Expression Profiling of Preimplantation Embryos.
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A. Principal component analysis based on the expression data by gene chip array.
A matrix of scatter plots. U, F, 2, 4, 8, M, and B denote unfertilized egg, fertilized egg, 2-cell embryo, 4-cell embryo, 8-cell embryo, morula,
and blastocyst, respectively. Each scatter plot shows the comparison of gene expression between embryo stages.

B. Expression changes of individual genes analyzed by the k-means non-hierarchical clustering method. Gene expression patterns can be
assigned to three main groups. Group 1 (Cluster 1, 4, 5 and 8) appears to represent ZGA genes that are first activated from the zygotic ge-
nome. Group 2 (Cluster 7 and 9) represents maternal transcripts with distinctive patterns of degradation during preimplantation development.

Group 3 (Cluster 2 and 3) appears to represent genes that follow a combination of these two patterns.

(Modified from Hamatani et al. Dev Cell, 2004, 6, 117 [18]).

embryos. Recent progress in RNA amplification methods
using in vitro transcription and microarray platforms, includ-
ing genes unique to preimplantation embryos, allows us to
apply global gene expression profiling to the study of preim-
plantation embryos [17]. Hamatani et al. reported, for the
first time, the global gene expression profiles of preimplanta-
tion embryos at all stages [18]. More than half of 21,939
gene features show statistically significant changes during
preimplantation development. Pair-wise comparison, hierar-
chical clustering analysis, and principal component analysis
(PCA) reveal two major transient waves of de novo tran-
scription as follows: the first wave corresponds to zygotic
genome activation (ZGA); the second wave, mid-
preimplantation gene activation (MGA), contributes dra-
matic morphological changes during late preimplantation
development (Fig. (1A)). Unsupervised methods such as
principal component analysis (PCA) can transform the origi-
nal features into new features (principal components (PC)),
each PC representing a linear combination of the original
features. PCA reduces input dimensionality by providing a
subset of components that captures most of the information
in the original data. For example, those genes that are highly
correlated with the most informative PCs could be selected
as classifier inputs, rather than a large dimension of original
variables containing redundant features. To trace the expres-

sion changes of individual genes, statistically significant
genes are analyzed by the k-means non-hierarchical cluster-
ing method. Gene expression patterns of these clusters can
be assigned to three main groups (Fig. (1B)). The first group
appears to represent ZGA genes that are first activated from
the zygotic genome (Fig. (1B) Clusters 1, 4, 5, and 8). Ac-
cording to Gene Ontology (GO) terms [19] by MAPPFinder
[20, 21], ZGA is suggested not to be promiscuous and to
contribute mainly to the preparation of basic cellular ma-
chinery during the 2-cell and the 4-cell stages. The second
group represents maternal transcripts with distinctive pat-
terns of degradation during preimplantation development
(Fig. (1B) Clusters 7 and 9). The third group appears to rep-
resent genes that follow a combination of these two patterns
(Fig. (1B) Clusters 2 and 3). Genes whose expression first
significantly increases from the 4-cell to 8-cell stage are
identified as MGA genes, of which there are 4,216. The
functional assignment of these genes by MAPPFinder char-
acterizes the function of the MGA genes by the following
three representative GO terms: “endopeptidase inhibitor,”
“intercellular  junction,” and “DNA (cytosine-5-)-
methyltransferase.” The implication of these GO terms and
the timing of MGA seems consistent with the proposed role
of MGA in compaction, cavitation, and the first differentia-
tion of ICM and TE. Expression profiling of embryos treated
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with inhibitors of transcription and translation reveals that
the translation of maternal RNAs is required for the initiation
of ZGA, suggesting a cascade of gene activation from ma-
ternal RNA/protein sets to ZGA gene sets and thence to
MGA gene sets.

Decreasing oocyte competence with maternal aging is a
major concern in human infertility because the rate of late
childbearing is increasing even though reproductive capacity
in women declines dramatically with advancing age. Studies
of molecular mechanisms involved in the decline of oocyte
quality with maternal age could have important implications
for the efficacy and safety of clinical ooplasmic donation to
rejuvenate aging oocytes. Hamatani ez al. and Pan et al. also
reported age-associated alteration of gene expression pat-
terns in mouse oocytes, which has implications for aging
research [22, 23]. Genes related to oxidative stress (e.g.,
Sod1, Apacd and Txnl), mitochondrial function (e.g., Sdha,
Pdhb and Cyb5), chromatin structure (e.g., Hdac2, Hmgb3
and Bmil), DNA methylation (e.g., Dnmtl, Dnmt3b, and
Dnmt3L), and genome stability (e.g., Tert, Exol, and Msh3)
are altered with aging. Furthermore, kinetochore components
of the spindle assembly checkpoint (e.g., Bubl, BubRl,
Aurora kinase) and Cdc20, a critical activator of the Ana-
phase Promoting Complex, may contribute to aneuploidy in
aged oocytes [23].

These comprehensive expression profiles of the majority
of genes should give a baseline for analysis of the complex
gene regulatory networks in normal mouse preimplantation
and for comparative analysis for other mammalian species,
including humans.

WHAT’S GOING ON IN AN EPITHELIAL-
MESENCHYMAL TRANSITION (EMT)?

The conversion of an epithelial cell to a mesenchymal
cell is critical to vertebrate embryogenesis and a defining
structural feature of organ development, such as forming
fibroblasts in injured tissues [24, 25], or in initiating metasta-
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ses in epithelial cancer [26-29]. From a general perspective,
EMT is about disaggregating epithelial units and reshaping
epithelia for movement. Epithelia in transition lose polarity,
tight junctions, adherens junctions, desmosomes and cy-
tokeratin intermediate filaments in order to rearrange their F-
actin stress fibers and express lamellopodia.and filopodia.
This phenotypic conversion requires the molecular repro-
gramming of epithelia with new biochemical instructions. It
is known that commonly used molecular markers for EMT
include increased expression of N-cadherin and vimentin,
nuclear localization of beta-catenin, and increased produc-
tion of the transcription factors such as Snail, Twist, and
SIP1/ZEB2. Much of this conversion, however, has been
studied during experiments that expose new transduction and
signaling pathways in epithelia, and more recently in fibro-
genic tissues. It is not yet clear whether the fibroblast transi-
tion of EMT is an expected middle phase of transdifferentiat-
ing epithelia, or whether EMT producing fibroblasts is an
arrested form of transdifferentiation.

EMT is easily engaged by a combination of cytokines as-
sociated with proteolytic digestion of basement membranes
upon which epithelia reside. We analyzed PCA and hierar-
chical clustering method of the gene expression pattern of
the renal tubular cells and mammary gland cells. If PC1 were
used to identify genes that are differentially expressed be-
tween phenotypes, then genes that are strongly associated
with PC1 would be selected. If both PC axes are used, then
genes strongly associated with two groups would be selected.
We then identified the genes which discriminate between the
renal tubular and the mammary gland epithelial cells (PC1),
or EMT-induced and non-induced cells (PC3) (Fig. (2)). Un-
dergoing EMT identifies the genes that discriminate between
the renal tubular and the mammary gland epithelial cells
(PC1), or EMT-induced and non-induced cells (PC3) (Table
1).

The advanced study of the genes identified by PCA
would yield new insight regarding EMT, and achieve a
breakthrough in understanding the molecular mechanisms of

HM61 |

NC-NMUMG

HM63 N

Epithelial-mesenchymal
transition

Fig. (2). EMT related genes by gene chip analysis.

Principal component analysis based on the gene expression pattern of the renal tubular cells and mammary gland cells.
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Table 1.  List of Genes that Had Up-Regulated (Positive) and Down-Regulated (Negative) Expression Related to EMT (PC3 Axis)
Positive Negative
Gene Gene Title Representative Gene Gene Title Representative
Symbol Public ID Symbol Public ID
Ceng2 cyclin G2 U95826 Bachl BTB and CNC homology 1 NM_007520
Ceni cyclin I NM_017367 Cdc42bpa Cdc42 binding protein kinase alpha BM117074
Ctgf connective tissue growth factor NM_010217 Dnml dynamin 1 L31397
Dock7 Dedicator of cytokinesis 7 BB463580 Foxbl forkhead box Bl U90538
Dokl docking protein 1 BC006868 GpreSe G protein-coupled receptor, family C, BC008228
group 5, member C
Fgfrl Fibroblast growth factor receptor 1 M33760 1113ral interleukin 13 receptor, alpha 1 S80963
Gjal gap junction membrane channel protein | BB039269 KcenkS potassium channel, subfamily K, member | AF319542
alpha 1 5
Gtpbp4 GTP binding protein 4 AI987834 Kifl3a kinesin family member 13A AB037923
Hgfac hepatocyte growth factor activator NM_019447 Kif17 kinesin family member 17 AW492270
Hoxa3 homeo box A3 BB496114 Mark2 MAP/microtubule affinity-regulating BI686265
kinase 2
Hoxb8 homeo box B8 / homeo box B7 X13721 Mef2d myocyte enhancer factor 2D NM_133665
/b7
Il15ra interleukin 15 receptor, alpha chain NM_008358 Mrpl51 mitochondrial ribosomal protein L51 AI594880
Irx2 Iroquois related homeobox 2 AF295369 Mxd4 Max dimerization protein 4 BE291523
ItgaS integrin alpha § BB493533 Neul neuraminidase 1 Al649303
Itgb1 integrin beta 1 BM120341 Rel reticuloendotheliosis oncogene NM_009044
Mapkbp | Mitogen activated protein kinase bind- | BQ174980 Rgnef Rho-guanine nucleotide exchange factor BG069493
1 ing protein 1
Mdm2 transformed mouse 3T3 cell double X58876 Rps6kb2 ribosomal protein S6 kinase, polypeptide 2 | NM_021485
minute 2
Ncaml neural cell adhesion molecule 1 NM_010875 Slc24al solute carrier family 24, member 1 BC016094
Pdgfa platelet derived growth factor, alpha BB371842 Slc25a19 solute carrier family 25, member 19 AV338420
Prkce protein kinase C, gamma NM_011102 Slc25a22 solute carrier family 25 , member 22 AK018760
Rab23 RAB23, member RAS oncogene family | NM_008999 Sle40al solute carrier family 40 , member 1 AF226613
Rasa3 RAS p21 protein activator 3 NM_009025 Statl signal transducer and activator of tran- AW214029
scription 1
Rbl retinoblastoma 1 NM_009029 Tgfa transforming growth factor alpha M92420
Sbnol Sno, strawberry notch homolog 1 BC023136 Ubpl upstream binding protein 1 NM_013699
Slcla4 solute carrier family 1, member 4 BB277461 Uspl2 ubiquitin specific protease 12 AF441835
Slc34al solute carrier family 34 , member 1 Al788646
Slc4a7 Solute carrier family 4, member 7 AWS555750
Slc7a2 solute carrier family 7, member 2 M62838
Ubelyl ubiquitin-activating enzyme E1, Chr Y | X62581
1
Vegfa vascular endothelial growth factor A NM_009505
Wnt6 wingless-related MMTYV integration NM_009526
site 6
Wnt7b w_'ing71}§ss-related MMTYV integration W29605
site

drug delivery for specific anti-cancer drugs, especially those
affecting metastasis. Progress in understanding EMT has

been an exercise in coming to appreciate the level of com-
plexity required for changing cellular identity. The mecha-
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nism of EMT highlights an integration of nuclear regulation
and network signaling with alterations in the microenviron-
ment to create a moving cell; in this sense, basic concepts
based on EMT mechanisms would thus hold great promise
for regenerative medicine.

GET OPY9 CELLS DEAD TO RIGHTS

The concept of regenerative medicine refers to the cell-
mediated restoration of damaged or diseased tissue. Candi-
date cell sources for tissue regeneration include ES cells,
fetal cells, and adult cells such as marrow stromal cells, each
of which has both advantages and drawbacks. Clinical trials
with marrow stromal cells have been performed in patients
with osteogenesis imperfecta and osteoporosis, and marrow
stromal cells are expected to be a good source of cell ther-
apy.

Bone marrow-derived stem cells can be transdifferenti-
ated into multilineage cells, such as muscle [30] from meso-
derm, lung [31] and liver [31, 32] from endoderm, and brain
[33-36] and skin [31] from ectoderm. Somatic stem cells are
more desirable than ES cells for cell therapeutics because of
ethical considerations and the possible immunologic rejec-
tion of ES cells. Mesenchymal stem cells have become the
most popular somatic stem cells in medicine and biology, not
least because of their high reproductive capability in vitro.

Chondrocytes differentiate from mesenchymal cells dur-
ing embryonic development [37], and the phenotype of the
differentiated chondrocyte is characterized by the synthesis,
deposition, and maintenance of cartilage-specific extracellu-
lar matrix molecules, including type II collagen and aggrecan
[38-40]. The phenotype of differentiated chondrocytes is
rapidly lost since it is unstable in culture [41-44]. This proc-
ess is referred to as 'dedifferentiation' and is a major im-
pediment to the use of mass cell populations for therapy or
tissue engineering of damaged cartilage. When isolated
chondrocytes are cultured in a monolayer at low density, the
typical round chondrocytes morphologically transform into
flattened fibroblast-like cells, with profound changes in bio-
chemical and genetic characteristics, including reduced syn-
thesis of type II collagen and cartilage proteins [45].

We established several stromal cells from murine bone
marrow cultures [46]. One of them, KUSA-A1 cells, displays
osteogenetic characteristics in vitro and in vivo. In order to
clarify the specific gene expression profile of KUSA-AI,
other established stromal cells, KUMS5, 9-15¢, KUSA-O, H-
1/A [47], and mouse embryonic fibroblasts, we compared the
expression levels of approximately 23,000 genes by using
the Affymetrix gene chip oligonucleotide arrays. Of the
23,000 genes represented on the gene chip, chondrocyte-
specific or -associated genes such as type II collagen al,
type XI collagen al, Sox9, proline arginine-rich end leucine-
rich repeat, and cartilage oligomeric matrix protein are more
strongly expressed in KUMS cells than in other marrow-
derived mesenchymal cells. Does a gene expression pattern
reflect the character of the cells in vitro and/or in vivo? — The
answer is yes: KUMS cells generate hyaline cartilage and
exhibit endochondral ossification in vitro (Fig. (3B)) and in
vivo [48].
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Surprisingly, OP9 cells [49] also express these chondro-
cyte-specific or -associated genes at higher levels: the type II
collagen al, and type XI collagen al genes are expressed in
OP9 cells at more than 10-fold higher levels than in 9-15c,
KUSA-O, H-1/A, primary embryonic fibroblasts, or even
KUMS chondroblasts. In addition, expression of ‘structural
proteins’ on Gene Ontology, including the extracellular ma-
trix, is much higher by OP9 and KUMS cells than by non-
chondrogenic cells such as KUSA-A1, H-1/A, and 9-15c,
implying that the OP9 and KUMS cells are mainly engaged
in synthesizing extracellular matrix. We also performed hier-
archical clustering and PCA, based on the microarray data
(Fig. (3A)). KUMS and OP9 cells are grouped into the same
subcategory and can clearly be separated from other stromal
cells based on the expression data of cell surface markers
and cell-type-specific genes, implying that KUM5 and OP9
cells have chondrogenic potential.

Are OP9 cells chondroblasts in vitro and/or in vivo? - the
answer, again, is yes; OP9 cells are induced into the chon-
drogenic lineage by the pellet culture method (Fig. (3C)),
and the OP9 pellets (micromasses) implanted in mice form
the type II collagen-positive hyaline cartilage [48]. OP9 cells
are derived from macrophage colony-stimulating factor-
deficient osteopetrotic mice, and have also been used as
feeder cells for embryonic stem cells [50-52]. The cells iden-
tified as a key participant in regulating the number of adult
stem cells or hematopoietic stem cells are now considered to
be of an osteoblastic lineage [53, 54]. OP9 cells have been
recognized as a niche-constituting preadipocyte; however
their true face is a chondroblast. We have two different types
of cells, osteoblasts (KUSA-A1) and chondroblasts (OP9 and
KUMS), showing distinctive in vivo characteristics. The
unique characteristics of these cells provide an opportunity
to analyze the process of membranous ossification and en-
dochondral ossification. These cells are useful candidate cell
sources, in addition to dedifferentiated chondrocytes ob-
tained from cartilage for transplantation in osteoarthritis and
rheumatoid arthritis.

GENE EXPRESSION PROFILING AND MEDICAL
SCIENCE

Recently, gene expression profiling has been successfully
used to predict outcomes in some types of malignant diseases
[55-61] and, additionally, to assess drug discovery screening
[62]. In reproductive and regenerative medicine, it is impor-
tant to identify biomarkers that will establish the isolation,
selection and expansion of stem cells in vitro to allow their
use for cell therapy. On the road map for translational medi-
cine-- often referred to as bench to bedside research--, stem
cell therapy is a prime destination. Stem cells have not taken
on the identity of any specific cell type and are not yet com-
mitted to any dedicated function; they can divide extensively
or indefinitely, and may be induced to give rise to one or
more specialized cell types. Stem cells derived from bone
marrow can replace heart muscle lost as a result of a heart
attack, and can improve cardiac function. Injecting bone-
marrow stem cells into an injured heart potentially repre-
sented new therapy, triggering the launch of numerous clini-
cal studies to investigate the effect of directly injecting these
cells into the damaged heart muscle of patients following a
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Fig. (3). Expression profiling and in vitro chondrogenesis of KUMS and OP9 cells.
A. Dendrogram revealing clustering profile of six marrow stromal cells and mouse embryonic fibroblast (MEF) using 244 surface marker

genes.

B. a, b: Toluidine blue stained section of KUMS5 chondrogenic nodules in the pellet culture exposed TGF-$3 and BMP-2 for 1 (a) or 3 (b)
weeks. Scale bars: 500 pm. c: Higher magnification of KUMS5 chondrogenic pellet exposed to TGF-B3 and BMP-2 for 3 weeks. Left panel:
hematoxylin and eosin stain; center panel: toluidine blue stain; right panel: alcian blue stain. Scale bars: 100 um.
C. a, b: Toluidine blue stained section of OP9 chondrogenic nodules in the pellet culture exposed TGF-B3 and BMP-2 for 1 (a) or 3 (b)
weeks. Scale bars: 500 pm. c: Higher magnification of OP9 chondrogenic pellet exposed to TGF-p3 and BMP-2 for 3 weeks. Left panel:
hematoxylin and eosin stain; center panel: toluidine blue stain; right panel: alcian blue stain. Scale bars: 100 pm.

(Modified from Sugiki et al. J Cell Biochem, 2007, 100, 1240 [48]).

heart attack [63]. The scientific underpinnings of the ongoing
human studies have been established. Now is the time to
search for the presence of naturally occurring, authentic
pluripotent cells and to identify and dissect the signals that
guide their migration, self-renewal and differentiation. Fur-
thermore, we need to commit the necessary time and re-
sources to identify the best stem cells for cell therapy to
translate.

CONCLUSION

Here, the expression pattern has been correlated with mo-
lecular structure descriptor; this consistency indicates that
the expression profiling is valid. Consequently, understand-
ing the global gene network that governs the pluripotency
and self-renewal of stem cells is an important first step to-
wards the experimental manipulation of cellular develop-
mental potency. The cell potency is a fundamental concept in
developmental biology and stem cell biology, providing a
conceptual framework of sequential transition from totipo-
tent fertilized eggs to pluripotent embryonic stem cells and
stem cells to terminal differentiated cells. The global expres-
sion profiling can help to delineate the global architecture

and dynamics of a gene regulatory network such as Oct4-
regulated gene networks in mouse ES cells [64].
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FOOTNOTE

Fig. (1) is prepared from ref. [18] with permission from
Elsevier.
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Fig. (3) is prepared from ref. [48] with permission from
Wiley-Liss, Inc.
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ABSTRACT: We generated transgenic silkworms that
synthesized human type I collagen al chain [a1(I) chain]
in the middle silk glands and secreted it into cocoons. The
initial content of the recombinant al(I) chain in the
cocoons of the transgenic silkworms was 0.8%. The IE1
gene, a trans-activator from the baculovirus, was introduced
into the transgenic silkworm to increase the content of the
chain. We also generated silkworms homozygous for the
transgenes. These manipulations increased the a1(I) chain
content to 8.0% (4.24 mg per cocoon). The a1(I) chain was
extracted and purified from the cocoons using a very simple
method. The a1(I) chain contained no hydroxyprolines due
to the absence of prolyl-hydroxylase activity in the silk
glands. Circular dichroism analysis showed that the second-
ary structure of the a1(I) chain is similar to that of dena-
tured type I collagen, demonstrating the absence of the triple
helical structure. Human skin fibroblasts were seeded on the
al(I) chain-coated dishes. The cells attached and spread,
although at decreased chain concentrations the spreading
rate was lower than that of the collagen and gelatin. Cyno-
molgus monkey embryonic stem cells cultured on the a1(I)
chain-coated dishes maintained an undifferentiated state
after 30 passages, and their pluripotency was confirmed
by teratoma formation in severe combined immunodefi-
cient mice. These results show that the recombinant human
al(I) chain is a promising candidate biomaterial as a high-
quality and safe gelatin substitute for cell culture.
Biotechnol. Bioeng. 2010;106: 860-870.
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Introduction

Collagen, a protein with a triple helical structure composed
of three a 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
not hydroxylated (Tomita et al., 2003, 2005). To produce

© 2010 Wiley Periodicals, Inc.



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 (Tizuka 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 [a1(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 a1(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 «l(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
al1(I) 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

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.
Z74615) 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 pCR4COL1AL. To obtain the
DNA fragment containing the baculovirus polyhedrin 5'-
untranslated region (UTR; nt 140-189; GenBank Accession
No. M30925; lizuka 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 pCR4COL1AL as a template. A set of primers, calSP/
COL1A1-F (5'-ATGCTGCTATCCGTGCCGTTGCTGCTC-
GGCCTCCTCGGCCTGGCCGTCGCCGGCCCCATGGGT-
CCCTCT-3') and Nrul/STP/COL1A1-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/COL1A1-R as a primer set. The
amplified product was cloned into the pCR4-TOPO vector
to generate pCR4BmUTRcalSPCOLIAlL. 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 pMSG1.1MG (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/IE1-F (5'-GATATCAAGTATTTTACTGTTTTC-
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 a1(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(l) 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 (ser7) promoter-driven «1(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 pCRBmUTRiel. 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 pMSGI1.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.
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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 a1(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 50mM Tris—
HCI, pH 8.0. After centrifugation at 23,500g 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 a1(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-pm nylon
mesh. The solution was concentrated approximately
threefold with an ultrafiltration membrane (Millipore)
and urea was removed from the solution by adding
0.5M CH3COOH, 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



solubilized in 0.5M CH3;COOH and subjected to dialysis
against water.

N-Terminal Sequencing and Measurement of Amino
Acid Composition

The N-terminal sequences of the purified o1(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 HCI 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 a1(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 1(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 a1(I) chain was dissolved in 50 mM CH3;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).

Briefly, 50 p.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-
0.1 EU/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
a1(I) chain at various concentrations (0.31, 0.62, 1.25, 2.5,
and 5.0 pg/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 wg/mL of the a1(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
(90mm 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

COL1A1/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 G, 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
al(I) chain gene. The band intensity of the recombinant
al(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 IEI1.
Approximately 25% of the offspring carried both the o1(I)
chain and IE1 genes hemizygously. The al(I) chain/IEl
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 al(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—HCI, pH 8.0, separated by SDS—
PAGE, and stained with CBB (left panel). Aliquots of the cocoon extracts were
also assessed by Western blotting 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 a1(l) chain. The arrows in lane 5 point to
a1(l) and «2(1) chains of bovine type | collagen. 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 «1(l)
Chain From Cocoons

The extraction efficiency of the recombinant a1(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), 05M
CH,COOH, pH 2.0 (Fig. 4A, lane 5), or 8 M urea and
0.5M CH3COOH, 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—-HCl, 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 a1(I) chain. The efficiency of
extraction was estimated to be 10% for PBS, 30% for
0.5M CH3;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 CH;COOH-solutions was more effective
than PBS for extracting the recombinant a1(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
«l(l) chain. Proteins were extracted from cocoons produced by wild-type (W), C0L248,
COL249/IM, and (COL249/IM)? silkworms, separated by SDS-PAGE, and stained with
CBB. The arrowhead points to the band of the recombinant a1(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 0.5 M 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
CH3;COOH, pH 2.0. The extracted al(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(1) chain from cocoons of (COL249/
IM)? silkworms. A: Extraction of the a1(I) chain from cocoons. Cocoon proteins were
extracted with PBS (lane 3), 0.5 M CH;COOH, pH 3.0 (lane 4), 0.5M CH;COOH, pH 2.0
(lane 5), and 8 M urea and 0.5 M CH3COOH, 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 «1(l) chain. B: Analysis of the a1(l) chain in the purification processes.
Cocoon proteins were extracted with 8 M urea and 0.5M 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 CH;COOH, pH 2.0, and subsequent ultrafiltration
(lane 4). After removing sericin by 0.5M 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 1(1)
chain. C: Analysis of the purified a1(l) chain. Aliquots of 15 g of proteins were
electrophoresed and stained with CBB. Lane 1, the recombinant 1(l) 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 4 M NaCl. The
collected at1(I) chain was dissolved in 0.5 M CH3;COOH, pH
2.0, again, and the a1(I) chain solution was finally dialyzed
against water (Fig. 4B, lane 6). The proteins in each

Adachi et al.: Collagen o Chain as a Gelatin Substitute 865

Biotechnology and Bioengineering



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 a1(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 (y chain) of the o 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 al(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 a1(T) chain was subjected to an amino acid sequencer
with five cycles of Edman degradation. The N-terminal
amino acid sequencing of the a1(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 L835
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 a1(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 a1(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 —
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Table Il. Measurement of amino acid composition.

Composition (mol%)

Recombinant Human al(I) chain

Amino Acid ol1(I) chain (predicted)
Aspartic acid 4.48 414
Threonine 1.56 1.58
Serine 291 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 0.00 237"
Lysine 3.66 1.18
Histidine 0.00 0.20
Arginine 471 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 al(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 denatured collagen were
almost identical to those of the recombinant al(I) chain.
These results suggest that the a1(I) chain contained no triple
helical structure. A negative peak at 198 nm 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
al(I) 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% a1(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 5. c» spectra of the a1(l) chain. A: Measurement of CD spectra of the
a1(l) chain. Far-ultraviolet (190-240 nm) CD spectra were recorded for the recombi-
nant a1(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(l) chain. The CD spectra at 224 nm of the a1(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 al(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 al(I) chain. We also analyzed
whether the a1(I) chain formed collagen fibrils under the

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 o1(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 pg/mL, but 100% cell spreading was
never observed even at the highest concentration tested
(5.0 pg/mL). Cell spreading rates for the al(I) chain at
concentrations of <2.5 pg/mL were slightly low compared
to those on gelatin at the same concentrations. However,
HSFs spread on the a1(I) chain at a similar rate to on gelatin
when inoculated at a concentration of 5.0 ng/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 wg/mL
(Fig. 6B, panels a—). 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 al(I) chain was confirmed to be useful for the
maintenance of monkey ES cells.

Discussion

We generated transgenic silkworms that secreted the
recombinant human a1(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 a1(l) 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
a1(l) chain. HSFs were cultured on dishes coated with 10 ug/mL of the «1(l) chain (a),
bovine type | collagen (b), porcine gelatin (c). The cells were also cultured on the
uncoated but the albumin-treated dish (d). Scale bar, 10 m.

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 (50-70mg). Our
preliminary experiment revealed that the cocoon weight
could be increased to approximately 150 mg by crossing it
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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 «1(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 a1(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 a1(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 «131 and a2f31 recognize
collagens as collagen receptors (Hynes, 2002), and integrin



