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Since their derivation 11 years ago, human embryonic stem (hES) cells have become a powerful tool in both
basic biomedical research and developmental biology. Their capacity for self-renewal and differentiation
into any tissue type has also brought interest from fields such as cell therapy and drug screening. We
conducted an extensive analysis of 750 papers (51% of the total published about hES cells between 1998
and 2008) to present a spectrum of hES cell research including culture protocols developed worldwide. This
review may stimulate discussions about the importance of having unvarying methods to culture hES cells,
in order to facilitate comparisons among data obtained by research groups elsewhere, especially concerning
preclinical studies. Moreover, the description of the most widely used cell lines, reagents, and procedures
adopted internationally will help newcomers on deciding the best strategies for starting their own studies.
Finally, the results will contribute with the efforts of stem cell researchers on comparing the performance of
different aspects related to hES cell culture methods.
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INTRODUCTION man embryonic stem cells lines were derived only in
1998 (57), several groups have derived original hES cell
lines since then (9,24,49,59,60).Human embryonic stem (hES) cells are isolated from

the inner cell mass of the blastocyst. They are pluripo- Gradually, countries have established their own poli-
cies regarding the use of hES cells, which differs world-tent and, while kept in ideal conditions, can differentiate

into specific cell types within the three germ layers and wide (18). In some countries, laws were created by gov-
ernmental funding availability, while in others, legalsome extraembryonic lineages (21,30,49,53,63). These

properties make hES cells a promising tool for cell- conditions were developed to encourage or discourage
governmental and private funding (11). For instance, un-based therapies and regenerative medicine (33,45). The

majority of the studies about hES cells focus on their til 2008 hES cell research in the US was allowed but
not eligible for federal government funding, unless theself-renewing capabilities, their pluripotent state, and

differentiation. used lines had been derived before August 9, 2001. By
now the situation is changing with the US governmentThe attention towards embryonic stem cells began

over 25 years ago, after the establishment of pluripotent bringing in new legislation to modify how federal fund-
ing of hES cell research occurs (27).stem cells from mouse embryos (17). While the first hu-
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In Brazil, research with hES cells was approved in represents �51% of the total articles found in PubMed
Central. Only articles that had used hES cells as the sub-March 2005, for cell lines derived from embryos frozen

at least 3 years. However, just after the bill was passed, ject of the study were considered. For all analyzed pa-
rameters, a cut-off point of at least five publications fora petition challenged the law. In 2008, Brazil’s Supreme

Court rejected the petition, ruling that embryonic stem a given culture method was considered in this review
and the items with five or less total occurrences werecell research should be allowed (32,55,58). Countries

like the UK, Sweden, Singapore, Israel, and Australia put together as “others” in the figures.
are among the most liberal. On the other hand, Switzer-

RESULTS AND DISCUSSIONland, Spain, and France allow stem cell research with
some limitations. Austria and Germany are restrictive; Since the primary study conducted by Thomson et al.

in 1998 (57), the number of hES cell publications hasGerman scientists, for example, are not allowed to work
with cell lines produced after January 1, 2002 (52). seen an extraordinary increase, mainly concentrated in

the last 5 years (Fig. 1). This trend in the number ofDespite differences in the policies surrounding the
field, it is clear that the interest in hES cells increases papers published between 1998 and 2008 was probably

due to the period requested by various groups to learnaround the world. In this way, many groups have devel-
oped methods for derivation and maintenance of such and adapt their technique to culture hES cells. Indeed, it

is probable that specific grants to fund stem cells re-cells (35,38).
In the beginning, hES cell culture techniques were search released in this period and permissive laws in

some countries have contributed to the increase as well.based on procedures designed originally for mouse em-
bryonic stem cells (23), including the use of mitotically Besides, the distribution and derivation of cell lines

worldwide and the increasing number of groups workinginactivated mouse embryonic fibroblasts (MEFs) as feeder
layers (49,57). hES cells were cultured in medium con- with hES cells may also have had an effect in the num-

ber of publications (1,11,38,43).taining fetal bovine serum (FBS) and leukemia inhibi-
tory factor (LIF). Later, researchers discovered that hES From Thomson’s work (57) to now, the US leading

position is evident. Compared with the other continents,cells are not dependent on LIF (10,23,28) and, instead,
fibroblast growth factor-2 (FGF-2) was the main factor North America, with the US as its primary contributor,

can easily be considered the world leader in the numberthat sustains pluripotency (62).
Over the years, hES cell culture procedures have un- of publications, with Europe and Asia coming in second

(Fig. 1). Furthermore, even though the continents of Eu-dergone numerous modifications in order to improve
handling and cell propagation, and at this time several rope and Asia have both gained significant ground in

the number of hES cell publications within the sameprotocols are available (39). This inevitable scenario of
multiple ways to culture hES cells led to a new chal- time frame during the last 5 years, they display very

different publication profiles. Up to 2007, Europe waslenge: the comparison among findings obtained using
multiple hES cell lines, propagation methods, media, clearly led by the UK, which has been responsible for

�40% of the total number of publications from this con-supplements, feeder cells, or substrates may contribute
to generate skewed conclusions. tinent. By 2008, other countries also started to publish

significantly and the UK contribution dropped to 30%In order to identify trends regarding hES cell culture
methods, we analyzed 750 articles published by re- in relation to whole Europe. Sweden came in second in

the number of publications from this continent (Fig.searchers from different regions, highlighting the differ-
ences and similarities within the adopted procedures. 2A). On the other hand, in Asia there is not a clear lead-

ing country. The first position is split among differentOur evaluation focused primarily on the fundamental
variations for culturing hES cells, such as cell lines, me- countries, with a great contribution of Israel, Singapore,

Korea, China, and, more recently, Japan and India (Fig.dia, substrates, reagents, and propagation methods.
2B). The observed discrepancies in publication numbers

METHODOLOGY worldwide may be a consequence of differences in
available funding opportunities, accessibility of tech-The articles were accessed directly through the

“PubMed Central” (www.ncbi.nlm.nih.gov/pubmed) and niques for manipulating hES cells, or legal issues among
countries (11,35). These trends provide a clear indica-the search criteria were based on the keyword “human

embryonic stem” for articles published between 1998 tion of the state of the art of hES cell research in the
world. However, the current trend is more likely ex-and 2008. This search revealed a total of 1,473 articles.

In this review, the scientific articles with free access pected to evolve during the next few years, especially
considering the fact that new research groups are inter-were used, including the journals that most published in

this research field (24). Our survey resulted in a total ested in working with hES cells around the world.
Our data indicate that the only continents that had notof 750 articles from journals listed in Table 1, which
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Table 1. Journals and the Total Number of Analyzed Articles in the Survey

Journal (No. of Articles) Journal (No. of Articles)

All Journals (750) Cancer Research (2)
Stem Cells (177) Chromosome Research (2)
Stem Cells and Development (62) Development (2)
Nature Biotechnology (38) Diabetes (2)
PNAS (31) DNA Repair (2)
BBCR (20) European Journal of Cardio-thoracic Surgery (2)
Blood (20) Experimental and Molecular Medicine (2)
Human Reproduction (20) Experimental Cell Research (2)
Cloning and Stem Cells (16) FASEB Journal (2)
Cell Stem Cell (15) FEBS Letters (2)
PLoS ONE (15) Genome Biology (2)
BMC Developmental Biology (9) Genome Research (2)
Experimental Hematology (9) Journal of Biomedical Science (2)
Nature Methods (9) Journal of Immunology (2)
Nature Protocols (9) Journal of Molecular and Cellular Cardiology (2)
Human Molecular Genetics (8) Journal of Proteome Research (2)
Differentiation (7) Journal of Structural Biology (2)
Fertility and Sterility (7) Lab. on a Chip (2)
Journal of Visualized Experiments (7) Life Sciences (2)
Tissue Engineering (7) Molecular and Cellular Neuroscience (2)
Biomaterials (6) Nature Cell Biology (2)
Cell Biology International (6) PLoS Genetics (2)
Journal of Biotechnology (6) Proceedings of the 2005 IEEE (2)
The Journal of Biological Chemistry (6) Science (2)
Cell Research (5) The American Society of Gene Therapy (2)
Circulation Research (5) The Lancet (2)
Developmental Biology (5) Yonsei Medical Journal (2)
Developmental Dynamics (5) ACS Chemical Biology (1)
Molecular Human Reproduction (5) Acta Haematologica (1)
Nature (5) AIDS Research and Therapy (1)
Nature Medicine (5) Am. J. Physiol. Heart Circulatory Physiology (1)
Biology of Reproduction (4) American Journal of Pathology (1)
BMC Genomics (4) Antioxidants and Redox Signaling (1)
Cell Transplantation (4) Biochemical and Pharmacology (1)
Experimental Neurology (4) Biochimica et Biophysica (1)
Journal of Cell Science (4) Biomacromolecules (1)
Molecular Therapy (4) Bioprocess and Biosystems Engineering (1)
Neuroscience Letters (4) Bioscience Reports (1)
Regenerative Medicine (4) Biotechniques (1)
Brain Research (3) Biotechnology Letters (1)
Cell (3) BMC Biology (1)
Circulation (3) BMC Cell Biology (1)
Development Growth and Differentiation (3) Brain (1)
Experimental Biology and Medicine (3) British Journal of Pharmacology (1)
International Journal of Developmental Biology (3) Cell Cycle (1)
Journal of Anatomy (3) Cell Tissue (1)
Journal of Neurochemistry (3) Cells Tissues Organs (1)
Molecular and Cellular Proteomics (3) Chemistry and Biology (1)
Nature Genetics (3) Cryobiology (1)
Nucleic Acids Research (3) Current Biology (1)
Arteriosclerosis Thrombosis and Vascular Biology (2) Development and Disease (1)
Artificial Organs (2) Development/Plasticity/Repair (1)
BMC Neuroscience (2) Endocrinology (1)

(continued)
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Table 1. Continued

Journal (No. of Articles) Journal (No. of Articles)

European Journal of Neuroscience (1) Molecular Cancer (1)
Experimental Eye Research (1) Molecular Medicine (1)
Frontiers in Neuroanatomy (1) Nano Letters (1)
Future Medicine (1) Neuropsychopharmacology (1)
Genes to Cells (1) Osteoarthritis and Cartilage (1)
Glycobiology (1) PLoS Computational Biology (1)
Hybridoma (1) PLoS Medicine (1)
Immunity (1) Reproduction (1)
In Vitro Cell Developmental Biology (1) Reproductive Toxicology (1)
International Journal of Andrology (1) Retrovirology (1)
International Journal of Medical Sciences (1) RNA (1)
Journal of Cellular and Molecular Medicine (1) Stem Cell Research (1)
Journal of Cellular Physiology (1) Swiss Medical Weekly (1)
Journal of Molecular Signaling (1) The American Journal of Human Genetics (1)
Journal of Neuroimmunology (1) The EMBO Journal (1)
Journal of Neuroscience (1) The International Journal of Development Biology (1)
Journal of Neurosurgery (1) The Journal of Cell Biology (1)
Journal of the American College of Cardiology (1) The Journal of Clinical Investigation (1)
Journal of Thrombosis and Haemostasis (1) The Journal of Experimental Medicine (1)
Journal of Translational Medicine (1) The Journal of Microbiology (1)
Journal of Virology (1) The Journal of Physiology (1)
Leukemia Research (1) The New England Journal of Medicine (1)
MHR-Basic Science of Reproductive Medicine (1) Theriogenology (1)
Molecular Biotechnology (1) Tissue and Cell (1)
Molecular and Cellular Biology (1) Toxicological Sciences (1)
Molecular and Cellular Neuroscience (1) Transplant Immunology (1)
Molecular Biology of the Cell (1) Zygote (1)

The journals are listed in descending order of number of publications.

Figure 1. Distribution of hES cell publications worldwide. Number of publications between 1998 and 2008 achieved by the cited
search criteria are expressed as the total amount of papers per year, and separated by all continents: North America, Europe, Asia,
Oceania, Latin America, and Africa.
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Figure 2. Leading countries in Europe and Asia. (A) Total number of European hES cell publications per year. (B) Total number
of Asian hES cell publications per year.

published articles with hES cells until 2008 were Africa amount of cell lines used per year (Fig. 3A), especially
after 2003, could be indicative of researchers’ efforts toand Latin America (Fig. 1). Brazil has changed this sce-

nario, with its first article published in 2009 (19). increase the number of hES cell lines, for three main
reasons: facilitating research with hES cells, facilitatingThe nontrivial differences in developmental potential

among hES cell lines pointed to the importance of the comparison between cell lines, studying the capacity
of a variety of lines to differentiate into a specific cellscreening and deriving new cell lines (4,46). One inter-

esting feature of working with hES cells is that each cell type. In this review we observed that a total of 244 cell
lines were used in articles published between 1998 andline has a different genetic background, and this charac-

teristic may reflect on their behavior. The increasing 2008, which represents �35% of the total registered cell
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Figure 3. Description in peer-reviewed journals of new derived and most used human embryonic stem cell lines. (A) Total cell
lines described in the world over the years. (B) The most published groups of hES cell lines: H group, BG group, HES group,
HUES group, HSF group, and other groups. (C) Percentage of the groups of cell lines used in different continents: H group, BG
group, HES group, HUES group, HSF group, and other groups. Numbers are expressed as the total amount of articles containing
cell line information.



CULTURE METHODS FOR HUMAN EMBRYONIC STEM CELLS 515

lines (56). The discrepancy between the number of cell shown). Regardless of the extensive use of MEFs, the
uses of Matrigel and human feeders have increased inlines used and registered ones may indicate that the ma-

jority of the cell lines have not been adopted by aca- the last years (Fig. 4A). These may reflect an intent to
culture hES cells for clinical purposes or an attempt todemic laboratories.

Although each cell line has its own characteristics, reduce the expression of unwanted immunogenic mole-
cules (37), although these unwanted molecules couldhistorically multiple lines have been derived with similar

protocols and by the same research group; therefore, only be vanished by complete from the culture with the
removal of nonhuman products (12).they were grouped together in our analysis. Among the

different groups of cell lines derived, certain ones should When the basal media are taken into consideration,
we found that the most commonly used are knockout-be highlighted (Fig. 3B): H group (57) (WiCell Research

Institute), HES group (49) (ES Cell International), BG DMEM (KO-DMEM) and DMEM/F12 (a mixture of
DMEM and Ham’s F12) (Fig. 4B). The use of thesegroup (40) (BresaGen), HUES group (9) (HUES Cell

Facility), and HSF group (2) (University of California at media could be explained by the following reasons.
Knockout-DMEM is a basal medium with reduced os-San Francisco). All the published groups of hES cell

lines other than these were placed as “others” in this molality, which reproduce the embryonic microenviron-
ment and may better maintain hES cells in a undifferen-analysis. Overall, the H group (i.e., H1, H9) leads, fol-

lowed by HES (i.e., HES1, HES2), BG (i.e., BG01, tiated state; DMEM/F12, richer in nutrients, is also the
medium recommended by WiCell, which distribute theBG02), HUES (i.e., HUES1, HUES3), and HSF (i.e.,

HSF1, HSF6). most used hES cells. According to our data, the defined
medium most frequently used for culturing hES cells isWe also analyzed the frequency in the use of individ-

ual cell lines. We found that the H1 and H9 (WiCell) mTeSR1. Two others defined media (the X-VIVO sys-
tem and the chemically defined medium CDM) had alsocell lines were notably the most used ones (data not

shown). These lines were described in the first article appeared in the survey, but less than five times between
1998 and 2008 and were included as “others” in Figureof human embryonic stem cells (57) and precursors of

oligodendrocytes derived from H1, for the first time 4B. In contrast to “DMEM-based” media, which in gen-
eral are supplemented with serum or serum replacement,worldwide, will be used in a clinical trial for human

spinal cord injury by Geron (5,22). these defined systems use recombinant growth factors
and other components such as insulin, transferrin, andWhen the distribution of cell lines per continent is

taken into consideration, we observe regional prefer- albumin, without the use of serum/serum replacement.
In addition, the use of knockout serum replacementences for their uses (Fig. 3C). In North America, the H

group is more frequently used, and this profile might be (KSR) in hES cell cultures has been prevalent since the
earliest years (Fig. 4C). Other sources, like fetal bovineexplained by its availability and by the past policy of

NIH funding. In Europe and Asia the use of other cell serum (FBS), are still in use, but at a lower frequency.
This is one factor that has dramatically changed in thelines, generally locally derived, was more prominent.

Oceania, represented by Australia, uses the HES group hES cell culture, as the first articles with hES cells used
FBS (49,57).more than other cell lines (1). This trend could be ex-

plained by the high costs in order to import cell lines This issue can be explained by the fact that KSR rep-
resents a way to achieve reproducible culture conditions.from WiCell, which were distributed mainly in the US

(38) and authorized for research by NIH. FBS, on the other hand, has unknown components, which
can contribute to variations in the culture conditions.With regard to the culture methods, adherent sub-

strate and feeder layers were narrowed down to four ma- Furthermore, studies showed that FBS contains factors
that may lead to hES cell differentiation (29,31). In anjor categories: mouse embryonic fibroblasts (MEFs),

Matrigel (a matrix derived from mouse sarcoma, com- attempt to achieve a xeno-free culture, some groups
have been studying alternatives, including human serumposed mostly by laminin, collagen IV, and heparan sul-

fate proteoglycan), human feeders (represented by hu- or recombinant human factors to replace the main com-
ponents of serum (48). In this way, KSR represents theman fibroblasts or human mesenchymal cells), and STO

(a cell line derived from mouse embryonic fibroblasts). first step for the transition to a culture medium free of
animal components (7).Despite the attempt to cultivate hES cells in animal-free

or defined conditions (6,15,36,44,50,61), MEFs remain Fibroblast growth factor-2 (FGF-2) is one of the most
important factors for keeping pluripotency of hES cells.the most widely used substrate, which is probably due

to their efficacy and lower costs for keeping pluripotent In order to optimize hES cell culture conditions and
maintain the pluripotent state, FGF-2 needs to bind itshES cells, when compared to other methods (Fig. 4A).

Several strains of mice have been used to prepare MEFs receptor and activate the ERK1/2 pathway (14). In our
survey we found that the concentration of 4 ng/ml is theand CF1 is the most frequently used one (data not
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Figure 4. Fundamental components for growing hES cells. (A) Different substrates of adhesion: MEF, Matrigel, human feeders,
STO, and others. (B) Media used in the hES cell culture: DMEM/F12, KO-DMEM, DMEM, VitrohES, mTeSR1, and others. (C)
Serum and/or serum replacement used as supplement: FBS, KSR, FBS + KSR, and human serum. Numbers are expressed as the
total amount of articles with enough information per year.
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Figure 5. FGF-2 concentrations and other factors used in the hES cell culture. (A) The most used FGF-2 concentrations to culture
hES cells: 4 ng/ml, 5 ng/ml, 8 ng/ml, 10 ng/ml, 12 ng/ml, 20 ng/ml, 40 ng/ml, and others. (B) Analysis of FGF concentrations
used to culture hES cells in feeder-free conditions: with MEF conditioned medium, fresh medium, without conditioning by MEFs.
(C) Other factors added in the hES cell culture: LIF, ITS, TGF-β, activin A, heparin, and noggin. Numbers are expressed as the
total amount of articles with enough information per year.
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Figure 6. Propagation methods for culturing hES cells. Numbers are expressed as the total amount of papers containing each
technique per year: mechanical, collagenase, trypsin, dispase, cell dissociation buffer, TrypLETM, and others.

most used one (Fig. 5A) and has been accepted as suffi- In addition to FGF-2, some research groups have
used other factors as supplements in culture. As brieflycient for maintaining the cells on MEFs. However, it

was evident by the data analyzed here that if hES cells mentioned, LIF was erroneously thought to be the key
factor in maintaining hES cells in a pluripotent statewere grown in feeder-free conditions without MEF con-

ditioned medium, higher concentrations of FGF-2 are (10,23,28). In spite of this, LIF is the factor with major
incidence in the protocols analyzed, followed by thenecessary (Fig. 5B) (6,34,61). These differences ob-

served in FGF-2 concentration did not seem to have a combination of insulin, transferrin, and selenium (ITS),
even though the use of this mix have fallen in the last 2correlation with the cell line used but with the use of

MEFs or MEF conditioned medium. Matrigel and others years (Fig. 5C). Activin A, TGF-β, heparin, and noggin
have also appeared in our survey as complementary fac-matrices, despite of acting as an adherent substrate, do

not produce/stabilize the factors in the way that MEFs tor to maintain pluripotency (Fig. 5C). Other factors,
such as IGF, IL-6, heregulin, and inhibitors of signalingand other feeders do (8,14).

Table 2. Description of the Most Used Protocols for H1 and H9 Cell Lines

Serum or FGF Propagation
Substrate Medium Replacement Concentration Method Occurrence

Protocols for H1 cell line
MEF DMEM/F12 KSR 4 ng/ml collagenase 19
MEF KO-DMEM KSR 4 ng/ml collagenase 10
Matrigel KO-DMEM KSR 4 ng/ml collagenase 5

Protocols for H9 cell line
MEF KO-DMEM KSR 4 ng/ml collagenase 19
MEF DMEM/F12 KSR 4 ng/ml collagenase 6
MEF DMEM/F12 KSR 4 ng/ml mechanical 5
MEF DMEM/F12 KSR 4 ng/ml unknown 5
MEF KO-DMEM KSR 4 ng/ml unknown 4

Protocols for H1 + H9 cell lines
Matrigel KO-DMEM KSR 4 ng/ml collagenase 11
MEF DMEM/F12 KSR 4 ng/ml collagenase 9
Matrigel KO-DMEM KSR 8 ng/ml collagenase 6
MEF DMEM/F12 KSR 4 ng/ml dispase 4
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Table 3. Percentage of Publication of the Different Parameters Analyzed in 2008
and January to August 2009

Continent (% Publication)

Year North America Europe Asia Oceania South America

2008 46.4 28.1 22.3 3.1 0
2009 45.1 21.8 27.5 5.2 0.5

Group of Cell Line (% Occurrence)

H BG HES HUES Others
2008 35.4 3.9 6.9 11.5 42.3
2009 42 6.2 8.3 9.3 34

Feeder/Substrate (% Publication)

MEF Matrigel Human Feeder STO Others
2008 65.5 18.3 10 3.9 2.2
2009 69.3 16.4 11.1 1.6 1.6

Basal Medium (% Publication)

DMEM/F12 KO-DMEM DMEM mTesR1 VitrohES Others
2008 45.4 43.8 6.5 1.6 0.5 2.2
2009 51.4 33.5 6.7 0.6 3.4 4.5

Serum/Replacement (% Publication)

FBS KSR FBS + KSR Human Serum
2008 6.3 90.8 2.3 0.3
2009 4.3 91.4 4.3 0

FGF Concentration (% Publication)

4 ng/ml 5 ng/ml 8 ng/ml 10 ng/ml Others
2008 62.9 4.5 10.7 14 7.9
2009 63.7 5.4 11.3 9.5 10.1

Propagation Method (% Publication)

Mechanical Collagenase Trypsin Dispase Others
2008 26.2 46.1 16.2 6.8 4.7
2009 26.9 53.1 8.1 8.8 3.1

To compare the data obtained in the first 8 months of 2009 with the whole year of 2008,
the values were expressed in percentage of publication or occurrence.

pathways were observed in a reduced number and were chanical dissociation (Fig. 6). While mechanical dissoci-
ation is a way to propagate hES cells minimizingnot included in the analysis.

An important issue regarding the hES cell culture is microenvironmental disturbance (42), the preference for
collagenase over other methods may have been influ-the maintenance of their genetic stability even after long

periods in culture. A few years ago, aneuploidy, a phe- enced by the following: 1) simplifying routine for ex-
panding hES cells when compared to mechanical disso-nomenon characterized by loss or gain of chromosomes,

was described in hES cells. Different groups showed an- ciation, which is very laborious and time consuming
depending on the amount of samples to be propagatedeuploidy such as trissomies of chromosomes 12 and 17

(13), an extra chromosome X (41), or gain of chromo- (42); 2) the adverse effects of collagenase on hES cells
are less prominent than trypsin (4), which may actuallysome 20 (51) in hES. It has already been demonstrated

that the propagation of hES by enzymatic means, with contribute to a higher occurrence of aneuploidy (7,25);
and 3) collagenase specifically cleaves collagen chains,trypsin for example, can contribute to aneuploidy (25,

26,40,42). In our research, we have noticed a broad while trypsin, with its wider spectrum of cleavage sites,
may affect cell membrane proteins. In 2007, a new enzy-range of propagation methods. The most commonly em-

ployed techniques include the use of collagenase or me- matic mean, using a recombinant enzyme replacement
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for cell dissociation (TrypLETM) was found in our survey these available types of culture conditions, it is challeng-
ing to compare the results obtained by different research(Fig. 6). Some articles have suggested that this method

does not cause karyotype abnormalities, increases col- groups around the world. Therefore, the data presented
in this review may contribute to the International Stemony formation (16), and easily detaches cells from ad-

herent surfaces, thus bringing to the field a new alterna- Cell Initiative (ISCI) (http://www.stemcellforum.org/
isci_project.cfm), whose aim is to establish commontive for passing hES cells (47).

With so many different possibilities to culture hES standards and procedures between laboratories, upon
comparing the performance of different media and othercells, we decided to compare in detail protocols for cul-

turing H1 and H9 cell lines, as they are the most pub- aspects related to the culture of hES cells.
The ISCI has published an article focusing on thelished hES cell lines in the world (data not shown).

Among the publications using H1 and/or H9 cell lines, characterization of 59 hES cell lines maintained under
different culture conditions (3). Several similarities in250 articles contained enough data for gathering infor-

mation on protocols (Table 2). Protocols used exclu- gene and antigen expression were observed in these cell
lines, as well as significant differences in this expres-sively for H1 or H9 or as a combination of both cell

lines were analyzed. We found 61 different protocols for sion, that may be specific to some lines, but may also
be caused by different culturing conditions (3). BesideH1, 95 for H9, and 94 protocols for H1 + H9. Despite

the great variability found within the H1 and H9 culture this, differences in hES cells microenvironment can
cause variations in their molecular signature, as ob-methods, it was possible to highlight 12 protocols with

more than four occurrences among the cultivation of H1 served by the differential expression of 1,417 genes in
cells grown in serum-containing medium compared withand H9 alone or in combination (Table 2). The use of

KSR as supplement, MEFs as substrate, collagenase as those cultured in serum replacement medium (54). In-
deed, standardization of protocols used for culturingpassage method, and 4 ng/ml of FGF-2 are the most

commonly found similarities. The use of DMEM/F12 hES cells may help with the reproducibility issue and
also when comparing results obtained by different re-or KO-DMEM as culture media is the most significant

difference. DMEM/F12 is mostly used in H1 cultures search groups.
The study of hES cells brings great perspectives notwhile KO-DMEM is mostly used in H9 and H1 + H9

cultures. only to regenerative medicine but also for drug discov-
ery and screening as well as studies of human develop-Beyond the presented data from 1998 to 2008, we

also analyzed articles published from January to August ment. The specific needs in growing these cells for use
in basic or applied research are different, stimulating the2009. In spite of the numerous protocols, we noted that

during these first 8 months of 2009 the tendencies were development of protocols that best suit specific goals.
With the aim of using hES cells for cell replacementkept. We observed that MEFs still are the most used

substrate to culture hES cells, and the media and supple- therapies, a great effort has been made to eliminate ani-
mal components from culture. On the other hand, scien-ments more frequently used are DMEM/F12 or KO-

DMEM supplemented with KSR and 4 ng/mL of FGF- tists focusing on basic research seek to reduce culture
costs and to achieve effective culture conditions (an ex-2, with collagenase as enzyme for propagation of the

cells. To better understand and compare the data from ample is the number of publications using MEFs as a
substrate even nowadays, representing an almost fourfoldJanuary to August 2009 with the whole year of 2008,

Table 3 presents the values of the items analyzed in this increase in relation to Matrigel culture publications) (Fig.
4A). In this regard, it will be imperative that researchersreview as percentages.

In our own laboratory, reagents that best suit the re- make sure that cells cultured in media containing animal-
derived components will have the same characteristicsquirements for the H9 cell line culture are: inactivated

MEFs (C57/B16 strain) as the feeder layer in DMEM/F12 when adapted to a xeno-free equivalent condition.
Herein, by describing trends for culturing hES cells,supplemented with 8 ng/ml of FGF-2 and 20% KSR, us-

ing TrypLETM to dissociate the cells during passage. we hope to provide valuable information regarding the
most adopted procedures to culture hES cells. Scrutiniz-

CONCLUSION ing 750 published articles revealed important parameters
in hES cell culture methods. This review could be usedCulturing hES cells with such a variety of protocols

indicates the capacity of these cells to adapt into differ- as a tool to help researchers already working in the field,
and specially also newcomers who want to start theirent conditions. As refereed by the number of protocols

used for culturing H1 or H9 (Table 2), the capacity of research.
hES cells to adapt to different substrates (as Matrigel or
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