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Abstract

Pluripotent stem cells such as embryonic stem (ES) and induced pluripotent stem
(iPS) cells have attractive attention as a source of cells for use in therapeutic application.
However, as the in vitro differentiation culture does not provide usefully positional
information for cell type definition, this system definitely requires visible markers to
identify and monitor the intermediates that present on the way of differentiation. We
have been developing the cell surface markers against the various types of mesoderm in
the ES cell culture. Using it, we have identified the intermediates of mesoderm and
dissected their differentiation pathways in ES cell differentiation. The method described
here could be useful for inducing and purifying mesoderm cells from iPS as well as ES
cell cultures.

1. Introduction
1.1. Mesoderm development in the embryos _

In mouse embryo, mesoderm development starts at E6.5 and, for a short time,
dramatically produces three major types of mesoderm; organizer, embryonic mesoderm
and extra-embryonic mesoderm (I, 2). The most initial mesoderm appears at a
proximal region in epiblasts of embryo as an early gastrula organizer (EGO) (3). EGO
migrates into anterior part of embryo and become to mid gastrula organizer (MGO) that
contributes to axial mesoderm. While organizer migrates, the epiblast at posterior region
subsequently begin to transform to second type of mesoderm; embryonic mesoderm, in
primitive streak (4). Along with the elongation of primitive streak distally, embryonic
mesoderm become to diversify region-specifically two types of mesoderms, paraxial
and lateral mesoderm, which eventually forms a majority of mesoderm progenies such
as bone and blood cells, respectively. The epiblasts at the proximal part of embryo also
produce a third type of mesoderm; extra-embryonic mesoderm. The precursors of this
mesoderm move into the nascent streak and migrate to extra-embryonic part in which
they mainly give rise to primitive hematopoietic cells and endothelial cells (5, 6).

1.2. Flat culture for in vitro ES cell culture

The major aim of in vitro ES cell culture is to establish the culture condition that
induces ES cell to the efficient differentiation for specific cell lineages (7).
Embryoid-body (EB) formation method seemed to be suitable for attaining this. The
method is based on the idea that ES cell differentiation requires the environments which
are similar to those present in the actual embryo. However, EB exhibits a complex
structure that disturbs the cells inside to meet the appropriate signals from outside. As
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a result, the culture conditions around EB are not able to exclude differentiation into
unnecessary lineages. Previous our study demonstrated that EB culture is less efficient
in inducing mesendoderm cells expressing Goosecid, which is one of the markers for
EGO, than the two-dimensional (2D) culture on collagen IV-coated dishes (8). This
result indicates an inherent limitation of EB system in guiding ES cell differentiation, as
uncontrollable complexity is inevitably associated with three-dimensional architecture
in EB. To overcome the obstacle of EB formation, we prefer to use the flat culture
system rather than EB formation method for an in vitro ES cell differentiation.

1.3. Differentiation of mesoderm cells in in vitro ES cell culture

ES cell have the multiple potentials to give rise to a whole cell types in mouse body
and to undergo unlimited symmetrical divisions with maintaining its pluritotency (9).
The high ability for differentiation and unlimited growth capacity lead us to expect to
utilize it as the source of cell therapies such as transplantation. Moreover, the forced
differentiation system of ES cell in vitro has been expected to use as a good tool to find
the developmental pathways into the specific cell lineage and to dissect them from
others. However, as ES cell differentiation culture does not provide usefully positional
information for cell type definition, this system definitely requires visible markers to
identify and monitor the intermediates that present on the way of differentiation. In
fact, availability of Vascular Endothelial Growth Factor Receptor 2 (VEGFR2, FLK1)
that marks the subtypes of mesoderm cells with a potential to give rise to hematopoietic
cells (HPCs) and endothelial cells (ECs) facilitates our understanding on the
developmental pathways of these lineages (10-12). Another important surface marker
involving in mesoderm development is Platelet-derived growth factor receptor alpha
(PDGFRo) that is mainly expressed in paraxial mesoderm during mouse embryogenesis
(13-15). We have exploited these markers for dissecting the differentiation course of ES
cell-derived mesoderm cells. Our previous results obtained from in vitro ES cell culture
shows that PDGFRo"VEGFR2" cell (DP) that initially appears at day 3.5 ES cell
culture is a common precursor for PDGRFRoa'VEGFR2(PSP) and
PDGFRo VEGFR2(VSP) cells (16). Based on the results of in vitro fate analysis, we
found a new differentiation pathway in which the DP gives rise to both the PSP and the
VSP that eventually differentiate into bone and cartilage cells, and HPCs and ECs,
respectively (Fig. 1)(16). These indicate that PSP and VSP populations represent the
paraxial and lateral mesoderm populations in actual mouse embryo, respectively. The
analyses for gene expression in both populations also support the hypothesis that PSP

and VSP correspond to paraxial and lateral mesoderms, respectively (Fig. 2).
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2. Materials
2.1. ES cell lines

With numerous ES cell lines currently available, we recommend feeder-free ES cell
lines such as CCE, EB3, EB5 and El14tg2a (17, 18). Before real experiments, each cell
line should first be examined for the its ability to generate VEGFR2" and PDGFRa”
cells. CCE is usually analyzed in our laboratory.
2.2. Reagents for ES cell maintenance
1. KNOCKOUT-Dulbecco’s modified Eagle’s medium (KO-DMEM, Invitrogen cat. no.
10829-018) is stored at 4°C.
2. Leukemia inhibitory factor (LIF) (Chemicon International, cat. no. ESG1107) was
purchased as 1x107 U/ml in a rubber-capped vial. Use a 1-ml syringe with a needle to
push 1 ml of air into the bottle and pull out all the liquid. Aliquots of 100pl each (1x10°
U) are stored in sterilized cryotubes at -80°C.
3. Fetal bovine serum (FBS) pretested for ES cells. (see Note 1).
4. 0.1% (w/v) Gelatin (Sigma cat. n0.G2500)
Add 0.5g Gelatin into 500ml deionized water (culture-grade) and autoclaved. Store at
room temperature.
5. Dulbecoco’s Phosphate Buffered Saline without calcium and magnesium chloride
(D-PBS; Invitrogen cat. no. 14190-250).
6. 2-Mercaptoethanol (2-ME) (Sigma cat. no. M7522): stock solution: 1000X (0.1M).
Add 70 pl 2-ME to 10 ml PBS and sterilized by 0.2-um filter. Store up to 4 weeks at
4°C. Final concentration in medium: 10™ M.
7. L-Glutamine (200mM; 100X Invitrogen cat. no. 25030-081) and
Penicillin-streptomycin (P/S; 100X Invitrogen cat. no. 15140-122) are stored in 15-ml
centrifuge tubes as 5 ml aliquots ar -20°C.
8. Non-Essential Amino Acids (NEAA; 100X Invitrogen cat. no. 11140-050) is stored at
4°C.
9. 0.25% (w/v) trypsin-EDTA (Invitrogen cat. no. 25200-072} is stored in 10 ml aliquots
at-20°C.
10. 6 cm and 10 ¢cm culture dishes (Becton Dickinson cat. no. 353802 and 353003))
11. ES cell culture medium: KO-DMEM + 15%FBS + 10 2-ME + 2mM L-glutamine +
1XP/S + 0.1 mM NEAA + 1000 U/ml LIF. Store up to 4 wk at 4°C.
2.3. Reagents for OP9 stromal cell maintenance
1. Minimum essential medium o medium (aMEM) with ribonucleosides and
deoxyribonucleosides (Invitrogen cat. no. 12571-063)
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2. FBS pretested for OP9 cells. (see Note 1).

3. D-PBS

4. L-Glutamine and Penicillin-streptomycin

5. 0.05% (w/v) trypsin-EDTA (Invitrogen cat. no. 25300-062)is stored in 10 ml aliquots
at -20°C.

6. OP9 culture medium: aMEM + 20%FBS + 2mM L-glutamine + 1XP/S.

2.4. Reagents for in vitro ES cell differentiation without OP9

1. aMEM

2. FBS pretested for in vitro ES cell differentiation. (see Note 2 ).

3. 2-ME: Final concentration in medium: 5X10™ M.

4. L-Glutamine (200mM 100X)

5. Penicillin-streptomycin (100X)

6. BIOCOAT Collagen IV-coated 10cm dish (Becton Dickinson cat. no.35 4453)

7. Differentiation culture medium: oMEM + 10%FBS + 5X10°M 2ME + 2mM
L-Glutamine + 1X P/S (see Note 3)

2.5. Reagents for in vitro ES cell differentiation with OP9

1. cMEM

2. FBS pretested for in vitro ES cell differentiation. (see Note 2 ).

3. L-Glutamine (200mM 100X)

4. Penicillin-streptomycin (100X)

5. OP9 differentiation culture medium : aMEM + 20%FBS + 2mM L-Glutamine + 1X
P/S

2.6. Reagents for Purification of mesoderm cells

1. D-PBS

2. Cell dissociation buffer (Invitrogen cat. no. 13150-016)

3. 0.25% (w/v) Trypsin-EDTA (Invitrogen cat. no. 25200-072)

4. Neutralization buffer for Cell dissociation buffer and Trypsin-EDTA: D-PBS +
10%FBS

5. Normal mouse serum (NMS). NMS can be prepared from in-house or can be
purchased (Chemicon international cat. no. S25-10ML). Sterilized by 0.2-um filter and
aliquots of 500 pl each are stored in sterilized tubes at -20°C.

6. Hank’s balanced Salt Solution (HBSS) (10X Invitrogen cat. no. 14185-052)
HBSS/BSA: 1X HBSS + 1% bovine serum albumin (BSA) (Sigma cat. no. A-1253)

7. HBSS/BSA/PI: HBSS/BSA with 5mg/ml propidium iodide (Sigma cat. no. P-4170)

8. Anti-VEGFR2 (AVAS12): Phycoerythrih—conjugated (eBioscience cat. no. 12-5821)
and Allophycocyanin-conjugated (eBioscience cat. no. 17-5821)
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9. Anti-PDGFRa (APAS)(eBioscience cat. no. 13-1401) Biotin-conjugated

10. Allophycocyanin-conjugated Streptavidin (SAV-APC eBioscience 17-4317)

2.7. Reagents for bone cell differentiation from ES cell-derived mesoderm cells

1. Dulbecco’s modified Eagle’s medium (DMEM Invitrogen cat. no. 10569-010)

2. FBS pretested for in vitro ES cell differentiation. (see Note 2).

3. L-Glutamine (200mM 100X)

4. Penicillin-streptomycin (100X)

5. Dexamethasone (Sigma cat. no. D8893)

6. Ascorbic acid 2-phosphate (Sigma cat. no. 49752)

7. B-glycerophosphate (Sigma cat. no. G6251)

8. Recombinant Human BMP4 (R&D systems cat. no. 314-BP)

9. 24-well culture plate (Becton Dickinson, Falcon 353047)

10. Bone cell differentiation medium : DMEM + 10%FBS + 2mM L-Glutamine + 1X
P/S + 0.1 pM Dexamethasone + 50uM ascorbic acid 2-phosphate + 10mM
-glycerophosphate + 10 ng/ml BMP4

11. 4% Paraformaldehyde solution (PFA) (Sigma cat. no. 158127)

12. Alizarin red S (Sigma cat. no. A5533)

13. Ammoniun hydroxide solution (28%, Sigma cat. no. 338818)

14. Alizarin red staining solution:

SolutionA: 1g Alizarinred S + 100 mL Distilled water

Solution B: 0.1 ml Ammoniun hydroxide solution + 100 mL Distilled water

Mix solution A well. Adjust the pH 6.36-6.40 with solution B. The pH is critical, so
make fresh or check pH if the solution is more than one month old. Keep at room
temperature upto 6 mo.

2.8. Reagents for cartilage cell differentiation from ES cell-derived mesoderm cells
1. aMEM

2. FBS pretested for in vitro ES cell differentiation. (see Note 2 ).

3. L-Glutamine (200mM 100X)

4. Penicillin-streptomycin (100X)

5. Dexamethasone

6. Ascorbic acid 2-phosphate

7. Recombinant Human TGF-B3 (R&D systems cat. no. 243-B3)

8. Recombinant Human BMP2 (R&D systems cat. no. 355-BM)

9. 24-well culture plate (Becton Dickinson, Falcon 353047)

10. Cartilage cell differentiation medium: aMEM + 10%FBS + 2mM L-Glutamine +
1X P/S + 0.1 uM Dexamethasone + 170uM ascorbic acid 2-phosphate

39



