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ABSTRACT

The clinical use of human embryonic stem cells (hESCs) requires efficient cellular expansion that
must be paired with an ability to generate specialized progeny through differentiation. Self-
renewal and differentiation are deemed inherent hallmarks of hESCs and a growing body of evi-
dence suggests that initial culture conditions dictate these two aspects of hESC behavior. Here,
we reveal that defined culture conditions using commercial mTeSR1 media augment the expan-
sion of hESCs and enhance their capacity for neural differentiation at the expense of hemato-
poietic lineage competency without affecting pluripotency. This culture-induced modification
was shown to be reversible, as culture in mouse embryonic fibroblast-conditioned media (MEF-
CM) in subsequent passages allowed mTeSR1-expanded hESCs to re-establish hematopoietic dif-
ferentiation potential. Optimal yield of hematopoietic cells can be achieved by expansion in
mTeSR1 followed by a recovery period in MEF-CM. Furthermore, the lineage propensity to
hematopoietic and neural cell types could be predicted via analysis of surrogate markers
expressed by hESCs cultured in mTeSR1 versus MEF-CM, thereby circumventing laborious in vitro
differentiation assays. Our study reveals that hESCs exist in a range of functional states and bal-
ance expansion with differentiation potential, which can be modulated by culture conditions in
a predictive and quantitative manner. STEM CELLS 2015;33:1142–1152

INTRODUCTION

Human embryonic stem cells (hESCs) possess
the unique features of unlimited proliferation
paired with an ability to differentiate into cells
of all three embryonic germ layers [1–4].
Recently, hESCs have demonstrated their clini-
cal value; they hold an enormous potential in
cell replacement therapy and regenerative
medicine [5]. The utility of hESCs is dependent
upon our ability to generate sufficient cells of
interest—a two-step process requiring pluripo-
tent cell expansion followed by transfer to
differentiation-inducing conditions. Much work
has gone into understanding and optimizing
the culture conditions that are required for
either lineage-specific differentiation or stem
cell self-renewal. However, to date, no studies
have investigated how expansion-culture con-
ditions can affect the subsequent differentia-
tion potential of cells. Here, we demonstrate
that the culture conditions of the expansion
phase affect downstream lineage output of
hESCs and that maximizing pluripotent cell
expansion does not necessarily result in the
optimum yield of differentiated cells.

Since the generation of the first hESC lines
[1], technologies to develop and expand clini-
cal grade hESCs have been innovated [6, 7].
Some progress in the improvement of genera-
tion and maintenance of hESCs, such as the
elimination of feeder layers and xeno-free
media formulations [6, 8–12], has been
achieved. However, most of the developments
in expansion-culture conditions have been pri-
marily evaluated by their ability to preserve
self-renewal potential [13–18]. Yet focusing
research on cellular proliferation without
assessing the culture’s differentiation potential
in subsequent differentiation conditions has
been shown to lead to transformation of
hESCs that possess neoplastic features [19].

By quantifying hESC expansion and subse-
quent differentiation to multiple lineages, we
reveal that the expansion-culture formulation
primes pluripotent cultures for specific line-
ages. This priming is reversible and can be pre-
dicted by expression levels of the surface
markers, c-kit and A2B5 [20]—but not pluripo-
tency markers. Altogether, this demonstrates
that to optimize the yield of the differentiated
cells of interest, the culture conditions need to
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be tailored to achieve the appropriate balance of cell expan-
sion and differentiation potential.

MATERIALS AND METHODS

Production of Mouse Embryonic Fibroblast-
Conditioned Media

The primary mouse embryonic fibroblasts (MEFs) were gener-
ated from day 13, CF-1 fetuses. MEFs were expanded for two
to three passages in basal MEF culture media, which is 80%
of knockout Dulbecco’s modified Eagle’s medium (KO-DMEM)
supplemented with 20% knockout serum replacement, 1 mM
of L-glutamine, 1% of nonessential amino acid, and 0.1 mM of
b-mercaptoethanol. Then, MEFs were irradiated and seeded
with 36 3 106 cells/cell stacker (636 cm2 growth area) on
0.1% gelatin-coated cell stacker. From next day, conditioned
media have been collected and replaced with fresh MEF cul-
ture media supplemented with 4 ng/ml of hbFGF every day
for consecutive 8 days. Eight days of conditioning after which
the media were filtered through a 0.2 mm filter via peristaltic
pump and then frozen at 280�C until use.

hESC Culture

Three different hESC lines (H1, H9, and CA2) were main-
tained under feeder-free conditions [9, 21, 22] and passaged
in either mouse embryonic fibroblast-conditioned media
(MEF-CM) supplemented with 8 ng/ml of basic fibroblast
growth factor (bFGF, FGF2) or mTeSR1 (Stem Cell Technolo-
gies) http://www.stemcell.com/ STEMCELL technologies, Van-
couver, Canada for at least nine consecutive passages. Cells
in both media conditions were passaged using 200 U/ml of
collagenase IV (Life Technologies) Carlsbad, CA, USA. http://
www.lifetechnologies.com/ and mechanical scoring prior to
plating onto Matrigel-coated (1 ml/well of 1:15 dilution of
Matrigel in KO-DMEM, overnight in the fridge) tissue culture
six-well plates (BD Bioscience) http://www.bdbiosciences.com/
San Jose, CA, USA. One well of confluent ESCs in both culture
media was harvested and then split into two wells (1:2 pas-
saging ratio) every 7 days. Culture effect reversibility studies
were performed by culturing hESCs for five passages in either
MEF-CM or mTeSR1 followed by mTeSR1 and MEF-CM,
respectively, for an additional four passages.

Hematopoietic and Neural Differentiation of hESCs

Confluent hESC cultures at day 7 were harvested after treat-
ment with collagenase IV to form suspension embryoid bodies
(EBs) as previously described [23]. Briefly, to quantify the yield
of hematopoietic and neural lineage-specific differentiation in
combination with proliferation, one well of confluent hESCs
(H1, H9, and CA2) in both MEF-CM and mTeSR1 media was
passaged into two wells every week. One well out of two
wells of confluent hESCs in each media condition had been
passaged to check their proliferation and another well in each
passage was used for lineage differentiation assay every
passages.

Hematopoietic differentiation was carried out by culturing
EBs for 20 days in 20% fetal bovine serum (FBS) containing
DMEM/F-12 media supplemented with cytokines such as SCF,
Flt-3L, IL-3, IL-6, G-CSF, and BMP4. EBs were then analyzed for
CD451 cell numbers by flow cytometry and for colony-

forming unit (CFU) capacity in vitro. EBs differentiated without
hematopoietic cytokines were also analyzed as a negative
control.

For neural differentiation, EBs were generated by suspen-
sion culture in neural-proliferation media (DMEM/F-12 supple-
mented with 1% N2, 1% B27, 20 ng/ml epidermal growth
factor, and 20 ng/ml bFGF) and cultured for 7 days with
media changes at 2-day intervals. To further expand and dif-
ferentiate into neural stem cells, EBs were collected and dis-
sociated into single cells using Accutase (Sigma) http://
www.sigmaaldrich.com/ St. Louis, MO, USA. Dissociated single
cells were plated into low attachment six-well plates (2 3 104

cells/well at passage 5 or 3 3 105 cells/well at passage 514)
with neural-proliferation media and allowed to generate neu-
rospheres for 7 days with media changes every 3 days. At the
end of each expansion and differentiation, neurospheres were
collected from each well, dissociated into single cells, and
counted. Neural cells were identified based on the expression
of Nestin (R&D Systems) http://www.rndsystems.com/ Minne-
apolis, MN, USA by flow cytometry. To differentiate neural
precursors along the neuronal lineage, cells were grown in
DMEM/F-12 supplemented with 13 N2, 13 B27 2 mM all-
trans retinoic acid (Sigma) and 5 mM forskolin (Sigma). Neural
precursors were cultured in DMEM/F-12 supplemented with
13 N2, 13 B27, and 5% FBS for astrocytic differentiation. Oli-
godendrocyte differentiation was induced by culturing cells in
DMEM/F-12, 1% N2, 1% B27, and IGF-1 (200 ng/ml).

Hematopoietic CFU Assay

CFU assays were performed with day 20 EBs formed from
hESC cultures following five passages in either MEF-CM or
mTeSR1. Differentiated EBs were dissociated into single cells
by the serial treatment of Collagenase B (Roche) http://
lifescience.roche.com/ Roche Life Science Indianapolis, IN,
USA and cell dissociation buffer (Life Technologies). Cells (1.5
3 103) were then plated into methylcellulose H4230 (Stem
Cell Technologies), supplemented with 25 ng/ml BMP4, 300
ng/ml SCF, 300 ng/ml Flt-3L, 10 ng/ml IL-3, 10 ng/ml IL-6, and
50 ng/ml G-CSF (R&D Systems). Hematopoietic cell clusters
displaying more than approximately 50 cells were counted as
colonies after incubation for 14 days at 37�C in 5% CO2.

Teratoma Formation Assay

hESCs (1 3 106 cells) grown in MEF-CM and mTeSR1 were
injected into the testicle of immunodeficient NOD/SCID mice.
Eight weeks after the injection, testicular tissues were har-
vested and H&E staining was performed.

Fluorescence-Activated Cell Sorting Analysis

For undifferentiated hESC cultures, cells were dissociated with
Cell Dissociation Buffer (Life Technologies) for 5–10 minutes.
Dissociated single cells were incubated with SSEA3 (rat anti-
human IgM, Hybridoma Bank) or A2B5 (mouse anti-human
IgM, Chemicon) antibodies for 40 minutes and then identified
with fluorescent-conjugated secondary antibodies (Alexa 647-
conjugated goat anti-rat IgM or Alexa 647-conjugated goat
anti-mouse IgM, BD Biosciences). Anti-Oct4 (BD Biosciences)
staining was identified using Alexa 647-conjugated goat anti-
mouse IgG (BD Biosciences). Additionally, APC-conjugated c-kit
(BD Biosciences) was also used for flow. Hematopoietic or
neural cells derived from day 20 EBs were detected using
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CD45 (BD Biosciences), nestin (R&D Systems) antibodies,
respectively. Following each staining, live cells were distin-
guished as 7-AAD negative (BD Biosciences). Flow analysis was
performed on a FACS Calibur running Cell Quest Software (BD
Biosciences). Postrun analysis was performed using FlowJo ver-
sion 8.5.3 (Treestar) http://www.flowjo.com/ Ashland, OR, USA.

Image-Acquisition and Analysis

hESCs were seeded at 1 3 104 cells/well (96-well imaging
plate) and cultured for 5 days in either MEF-CM or mTeSR1
before fixation and permeabilization with the Cytofix/Cytoperm
kit (BD Biosciences). Following blocking and washing, hESCs
were immunolabeled with primary anti-SSEA3 or anti-Oct4 (BD
Biosciences) and with a secondary fluorescent-conjugated anti-
body (Alexa Flour 488-conjugated). Nuclear staining was per-
formed using Hoechst 33258 (Sigma). After the staining, all the
images were acquired with a 35 (0.4NA) and 310 (0.7NA)
objective on a Cellomics Arrayscan (Thermo Fisher). Images
were processed and analyzed using custom scripts (Acapella
2.5., Perkin-Elmer http://www.perkinelmer.ca/ Waltham, MA,
USA; ImageJ, NIH) http://imagej.nih.gov/ij/.

hESC-derived astrocytes, neurons, and oligodendrocytes
were characterized by immunocytochemical staining with glial
fibrillary acidic protein (GFAP), Tuj1, and O4 antibodies (Santa
Cruz) Santa Cruz Biotechnology Inc. http://www.scbt.com/
Santa Cruz, CA, USA, respectively. Image Pro (Media Cybernet-
ics) http://www.mediacy.com/ Rockville, MD, USA was used
for morphometrical analysis.

hESCs seeded at 5 3 104 cells/well in 24-well plates were
cultured for 5 days in either MEF-CM or mTeSR1 and incubated
in a Nikon BioStation CT allowing automated image acquisition
of the cultures. R-Phycoerythrin-conjugated Annexin V (Life Tech-
nologies) was added to the media (1:1,000) 24 hours postseed-
ing and the median dye exchanged each day. Phase contrast and
fluorescent images of manually selected colonies were acquired
every 4 hours at 32 for quantification and 310 for visualization.
Images were processed and analyzed as described above.

Gene Expression Analysis

Total RNA was extracted (Norgen Biotek) and hybridized to the
Affymetrix Gene Chip Human Gene 1.0 ST arrays (London
Regional Genomics Centre, ON, Canada). Output data were nor-
malized using robust multichip averaging algorithm and baseline
transformation to the median of all samples using GeneSpring
12.0 software (Agilent Technologies). Normalized arrays were
hierarchically clustered based on differentially expressed gene list
with p� .05 and fold change �5, which were subsequently com-
pared using Pearson’s correlation coefficient in order to generate
dendograms. Multiple hypotheses testing such as Benjamini-
Hochberg false discovery rate p-value correction was performed
for comparison. Scatter plots were generated using all entities.

Gene set enrichment analysis (GSEA) was performed on
normalized expression values of all entities between samples
using GSEA software v2.07 (Broad Institute). Curated gene
sets such as Nervous System Development (M7312) and Kegg
Hematopoietic Cell Lineage (M6856) from Molecular Signa-
tures Database (MSigDB) were used to find enrichment.

Statistical Analysis

Student’s t test was applied for statistical analyses. Error bars
denote SD through this study.

RESULTS

Expansion-Media Composition Introduces Lineage Bias
in Subsequent Differentiation Assays

Previously our laboratory has optimized the conditions to
derive functional hematopoietic cells from hESC cultures
[24–26]. In this study, we have performed a side-by-side com-
parison of hESC production in MEF-CM and the commercially
available, defined media mTeSR1 [27] and their subsequent
differentiation. Three separate hESC lines (CA2, H9, and H1)
adapted in MEF-CM were switched to mTeSR1 or continued in
MEF-CM.

All experimental results were based on three biological
sources of hESCs (H9, H1, and CA2) and independent experi-
ments representing different passage numbers were used for
each cell line for a total of six or more repeats (four repeats
with H9); three cell lines 3 two experiments for each5 six.
This approach was used to assure the study supports general-
izable effects on hESCs, rather than effects limited to individ-
ual cell lines or dependence on passage numbers specific
behavior.

A consequence of expansion in mTeSR1 was a change in
the differentiation capabilities of the cells. MEF-CM cultured
hESCs were transferred to mTeSR1 media prior to quantifica-
tion of differentiation potential. hESCs expanded in mTeSR1
media for three consecutive passages partially lost their ability
to differentiate toward the hematopoietic lineage in subse-
quent hematopoietic embryoid body (EB) assays. Despite no
difference in the morphology of EBs generated using cells
expanded in either mTeSR1 or control MEF-CM (Fig. 1A), the
frequency of cells expressing blood-specific CD45 (Fig. 1B) and
levels of hematopoietic progenitors, which were quantified by
CFU assay (Fig. 1C), were reduced by approximately threefold
in mTeSR1 compared with MEF-CM expanded cells.

Next, neural lineage differentiation was assessed through
the generation of neurospheres (Fig. 1D). hESCs expanded for
three continuous passages in mTeSR1 produced a greater
number of neurospheres (Fig. 1E) and Nestin1 cells (Fig. 1F)
than hESCs expanded in MEF-CM. Neural precursors within
neurospheres from both media conditions had similar specifi-
cation potential yielding oligodendrocytes (O41), neurons
(Tuj11), and glial cells (GFAP1) (Fig. 1G). These data sug-
gested that hematopoietic and neural differentiation poten-
tials could be controlled by culture media for undifferentiated
hESCs.

Behavioral Changes of hESCs Accompanied by Gene
Signature Alterations

Upon qualitative assays for lineage-specific differentiation at
passage 3, quantitative measurement of hematopoietic and
neural output combined with altered proliferation was per-
formed at passage 5. The neural-priming, coupled to the two-
fold increase in expansion of total (Fig. 1H; red box) as well
as SSEA31 (Fig. 1H; inset graph) cells which have different
cellular features (Supporting Information Fig. S1A–S1J),
resulted in the generation of greater number of total neural
cells in mTeSR1 than MEF-CM. Conversely, mTeSR1 expanded
hESCs impaired in CD451 blood cell production (Fig. 1I).

Surprisingly, gene signature has been regulated upon hESC
media change (Fig. 1J–1L). Global gene expression analysis
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Figure 1. Lineage-specific differentiation and gene signatures of human embryonic stem cells (hESCs) can be controlled by culture media.
(A–C): Hematopoietic differentiation of three different hESC (H1, H9, and CA2) lines at passage 3 in the indicated media. Apart from mor-
phological similarities (A), EBs formed with MEF-CM-hESCs consistently showed higher frequencies of CD451 blood (B), and hematopoietic
CFUs (C) compared to mTeSR1-hESCs. Error bars denote SD. n 5 6 (n 5 2/cell line). Scale bars5 100 mm. (D–G): Neural differentiation
potential is augmented in mTeSR1-hESCs. With 300,000 seeding for neurosphere assay (D) at passage 3, higher frequencies of neurospheres
(E) and Nestin1 cells (F) were found in mTeSR1-hESCs. Cells in neurospheres from both conditions have similar potential to be specified
into oligodendrocytes (O41), neurons (Tuj11), and glial cells (GFAP1) (G). H1, H9, and CA2 were tested (n 5 6, n 5 2/cell line). Error bars
represent SD. Scale bars5 100 mm. (H, I): Quantitative measurements of hematopoietic and neural differentiation from three hESC lines
after five passages in the indicated media (n 5 8; n 5 2/H1 and CA2, n 5 4/H9). A roughly twofold increase of accumulated total (H) and
SSEA31 cells (H; inset graph) in mTeSR1-hESCs is observed. Total number of Nestin1 cells was significantly increased whereas total number
of CD451 blood cells was decreased in mTeSR1-hESCs (I). **, p< .01. Error bars denote SD. (J–L): Global gene expression was modulated
by hESC expansion media. Dendogram with heat map (p� .05 and more than or equal to fivefold change, J) and unfiltered scatter plot (K)
shows a higher number of genes expressed in mTeSR1 (n 5 2) cultures compared to MEF-CM (n 5 3) expanded hESCs. Enrichment plot rep-
resented neuronal development genes that are highly expressed in mTeSR1-hESCs whereas hematopoietic genes are highly expressed in
MEF-CM-hESCs (L). Abbreviation: MEF-CM, mouse embryonic fibroblast-conditioned media.



revealed that growth of hESCs in mTeSR1 augmented global
transcription levels relative to MEF-CM by heat map (more
than or equal to fivefold change) (Fig. 1J; Supporting Informa-
tion Table S1) and scatter plot (Fig. 1K). mTeSR1 cultures
resulted in an increase in expression of 487 genes and
decrease in only 88 (Fig. 1K). Additionally, enrichment of
lineage-specific genesets correlated with lineage differentia-
tion potential with MEF-CM and mTeSR1 expanded cultures
showing enhanced hematopoietic and neural gene signatures,
respectively (Fig. 1L). These data suggested that hematopoi-
etic and neural differentiation potential of hESCs can be
primed toward specific lineages in subsequent differentiation
conditions by initial culture media conditions.

Lineage-Priming Can Be Reversed by Culture Media

One outstanding question is whether priming toward a partic-
ular lineage is an irreversible commitment: irreversibility
would point to a simple clonal selection; reversibility could
provide a potential mechanism of modulating differentiated
cell output. We switched MEF-CM- and mTeSR1-expanded
cells back to mTeSR1 and MEF-CM, respectively (Fig. 2A) then
quantified the changes in hematopoietic and neural differen-
tiation over a period of four passages.

As was seen previously (Fig. 1H) human PSCs switched
from MEF-CM to mTeSR1 (M-T) rapidly increased total cell
numbers in comparison to those continuously grown in MEF-
CM (M-M). This change was significant (p< .01) after even a
single passage (Fig. 2B). Conversely, hESCs that were read-
apted to MEF-CM from mTeSR1 (T-M) slowed down their pro-
liferation compared to hESCs grown in mTeSR1 throughout
(T-T) (Fig. 2B) and their morphology reverted to that of M-M
cultures (Supporting Information Fig. S2A). The frequency of
SSEA31 cells remained consistent across all cultures at
between 45% and 50% indicating no change in the pluripo-
tent cell compartment (Supporting Information Fig. S2B, S2C).
However, accumulated SSEA31 cell numbers were increased
in mTeSR1 media (M-T) whereas were decreased in MEF-CM
(T-M) (Supporting Information Fig. S2D, S2E).

After four passages back in MEF-CM, the hematopoietic
potential of mTeSR1 expanded cells recovered to that of M-M
expanded cells. Switching from mTeSR1 to MEF-CM (T-M)
resulted in a steady recovery in the frequency and accumu-
lated number of CD451 cells (Fig. 2C, 2D and Supporting
Information Fig. S3A) and CFUs (Fig. 2E, 2F and Supporting
Information Fig. S3B) in hematopoietic differentiation assays.
The reduction in CD451 and CFU potential seen previously in
MEF-CM expanded cells three passages after switching to
mTeSR1 (Fig. 1B, 1C) actually started after a single passage in
mTeSR1—reaching a plateau at passage 3 (Fig. 2D, 2E; red
boxes). The frequency of progenitor differentiation, measured
by CFU assay, seemed slower to recover than that of CD451

cell differentiation (Fig. 2D, 2E; green lines). Despite differen-
ces in the number of CFU colonies, the colonies across cul-
tures showed similar morphology (Fig. 2F) and frequency
(Supporting Information Fig. S3C) of blood subtypes (CFU-G,
-M, -E, -GM, and -Mix) in methylcellulose.

While switching media from mTeSR1 to MEF-CM (T-M)
augmented blood differentiation capacity, it simultaneously
diminished the neural differentiation potential of hESCs (Fig.
2G and Supporting Information Fig. S3D). Again, this change
occurred rapidly after a single passage in MEF-CM, reaching

the same frequency of cultures maintained in MEF-CM
throughout after three passages. Similarly in the reverse
experiment, cells newly adapted to mTeSR1 from MEF-CM
(M-T) demonstrated augmented neural differentiation capacity
compared to hESCs grown in MEF-CM throughout (M-M). This
augmentation occurred after a single passage in mTeSR1 and
the frequency (Fig. 2G) and accumulated number (Supporting
Information Fig. S3D) of Nestin1 cells increased to maximum
levels after three passages.

Consistent with reversible modulation of lineage-specific
differentiation, hESC-media conditions also altered global
gene expression profiles in a reversible manner (Fig. 2H–2J).
Both hierarchical clustering of genes showing greater than
fivefold difference in expression values (Fig. 2H; Supporting
Information Table S2) and global comparison of expression
data (Fig. 2I) revealed that gene signatures of hESCs switched
to mTeSR1 or MEF-CM are most similar to cells grown under
these conditions throughout, and are thus reversible. Further
to this, blood-specific genesets were enriched in T-M condi-
tions (Fig. 2J and Supporting Information Fig. S4A), consistent
with the observed augmented blood formation potential (Fig.
2C–2E); whereas neural-specific genesets were enriched in M-
T (Fig. 2J and Supporting Information Fig. S4B). These obser-
vations suggest that media-induced lineage-specific gene
expression alteration is reversible along with differentiation
capacity of hESCs. In summary, these data show for the first
time that the differentiation potential of hESCs can be reversi-
bly modulated in vitro by expansion culture conditions prior
to the differentiation treatment regime.

Expansion Media Control hESC Pluripotency State In
Vitro But Not In Vivo

By performing quantitative assays in vitro, we have described
unique features of hESCs, which are proliferation and their
subsequent lineage differentiation, can be controlled by
media conditions in a reversible manner. To determine
whether hESC expansion media also modulate pluripotency in
vivo, the qualitative teratoma formation assay was performed
and demonstrated that cells grown in both MEF-CM and
mTeSR1 are able to form teratomas containing cells of all
three germ layers (Fig. 3A). However, rebalancing pluripotency
states was further investigated by analyzing the expression of
transcripts (Fig. 3B) and proteins (Fig. 3C, 3D) since pluripo-
tency states of hESCs were regulated by expansion media con-
ditions in vitro. Expression levels of genes found to be
enriched across a range of hESC lines [2] were compared
between MEF-CM- and mTeSR1-expanded hESCs. Of the 97
genes in the pluripotency geneset, only 2 (DPPA5 and PIWIL2)
showed a greater than twofold change in expression in
mTeSR1-expanded hESCs (Fig. 3B). PIWIL2, which is one of
the genes upregulated (4.8-fold) in mTeSR1 compared to
MEF-CM hESC cultures, is associated with suppression of apo-
ptosis in cancer stem cells and may underpin the reduced
apoptosis seen in mTeSR1-grown cultures [28, 29]. Conversely,
MEF-CM hESC cultures, which possess higher blood differen-
tiation potential, showed higher Nanog expression levels in
both transcript (Fig. 3B) and protein (Fig. 3D). Overall, there
was no concomitant change in the frequency of cells positive
for pluripotency markers by fluorescence-activated cell sorting
(FACS) analysis (Fig. 3C, 3D) and immunocytochemical staining
(Supporting Information Fig. S5) even though total cell
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Figure 2. Reversible modulation of human embryonic stem cell (hESC) proliferation, lineage-specific differentiation, and gene signatures
by switching culture media. (A): Experimental schematic to examine culture-mediated reversibility of growth and differentiation poten-
tial of hESCs. Proliferation and lineage-specific differentiation assays were performed over four passages after media switch with hESCs,
which were continuously expanded in MEF-CM (M-M) and mTeSR1 (T-T) throughout as well as newly adapted in mTeSR1 (M-T) and
MEF-CM (T-M) from MEF-CM and mTeSR1, respectively. H1, H9, and CA2 were used through this study (n 5 8; n 5 2/H1 and CA2,
n 5 4/H9). Error bars denote SD. (B): hESCs newly adapted to mTeSR1 (M-T) showed higher accumulated total cell numbers relative to
hESCs maintained in MEF-CM throughout (M-M), whereas cells transferred to MEF-CM (T-M) underwent a gradual reduction in accumu-
lated total cell numbers compared to mTeSR1 controls (T-T). *, p< .05; **, p< .01. (C–F): Changes in blood differentiation potential
were monitored at each passage for four passages after media switch. Flow cytograms acquired two passages after media switch dis-
played reduced and increased CD45 expressions in M-T and T-M conditions compared to M-M and T-T, respectively (C). Gradual change
of CD451 blood emergence in relative total blood numbers showed a decrease in mTeSR1 versus a reversion to augmented blood dif-
ferentiation potential for cells transferred to MEF-CM (D). Similarly, MEF-CM expanded hESCs generated higher numbers of CFUs, which
decreased after switching to mTeSR1; whereas mTeSR1 exchanged to MEF-CM induced a recovery of accumulated CFU numbers over
four passages (E). However, similar blood subtypes were observed among all media conditions (F). *, p< .05; **, p< .01. (G): Relative
total number of Nestin1 cells showed higher neural differentiation was achieved from hESCs expanded in mTeSR1 (T-T) than MEF-CM
media condition (M-M). Immediately after switch hESC culture media from MEF-CM to mTeSR1 (M-T), the number of Nestin1 cells was
rapidly increased and was similar to that in T-T. Conversely, the number of Nestin1 cell was continuously reduced to that in MEF-CM
throughout. *, p< .05; **, p< .01. (H, I): Global gene expression profile of hESCs was modulated by culture media in a reversible man-
ner. Dendogram with heat map (p� .05 and more than or equal to fivefold change, H) and unfiltered scatter plots (I) represented
reversible gene expression regulation by changing culture media. (J): Expression of lineage-specific genes was reversed by switching cul-
ture media. Enrichment plots showed hematopoietic genes were preferentially expressed in T-M (n 5 2) condition whereas neural genes
were active in T-T (n 5 2). Abbreviation: MEF-CM, mouse embryonic fibroblast-conditioned media.



numbers produced in mTeSR1 media condition were nearly
doubled compared to MEF-CM (Fig. 2B): SSEA3, TRA-1–60
(surface markers, Fig. 3C), Oct4, and Sox2 (intracytoplasmic
markers, Fig. 3D). However, another of the core pluripotency
markers, Nanog, was more highly expressed in MEF-CM condi-
tion, which have enhanced hematopoietic differentiation
potential (Fig. 3D; red box).

Differentiation Potential Can Be Predicted by the A2B5
and c-Kit Surface Markers

Although changes in global gene expression profiles were cor-
related with lineage-bias, it is desirable to have a more practi-
cal metric of culture differentiation potential prior to lengthy,
costly differentiation assessments. Previously, we have dem-
onstrated that the expression levels of c-kit and A2B5 in
undifferentiated hESCs in vitro can be used in a predictive
manner to gauge blood and neural differentiation-potential in
subpopulations of hESCs from MEF-CM expanded cultures
[20]. We hypothesized that the similar lineage biases seen in
mTeSR1 and MEF-CM expanded cells may correspond to a
shift in these subpopulations and provide a useful tool to
quantify the differentiation potential of hESC cultures.

mTeSR1 expanded cultures had a minimal levels of
c-kit1 cells (<15%), while cells maintained in MEF-CM
showed a c-kit1 fraction of nearly 40% (Fig. 4A). In con-
trast, the expression of the neural precursor marker A2B5
was significantly higher in mTeSR1 cultures when compared

with those maintained in MEF-CM (Fig. 4A). The correlation
of these data and the skewed differentiation potential of
MEF-CM and mTeSR1 cultures toward the hematopoietic and
neural lineages, respectively, validate the use of c-kit and
A2B5 as early surrogate markers of hESC differentiation
potential.

Furthermore, these markers also have utility in quantifying
the recovery of differentiation potential upon media switch-
ing. Following five passages in either MEF-CM or mTeSR1,
cells switched from MEF-CM to mTeSR1 (M-T) showed a sig-
nificant decrease in the relative expression of c-kit and a
greater level of expression of A2B5 in relation to MEF-CM
(M-M) controls (Fig. 4B). Conversely, hESCs cultured first in
mTeSR1 and then switched to MEF-CM (T-M) had augmented
c-kit levels and decreased A2B5 expression compared to
mTeSR1 (T-T) controls (Fig. 4C). These findings support the use
of A2B5 and c-kit as predictors of differentiation potential.

Optimized Lineage Specification Requires Balancing
Expansion and Differentiation

The yield of differentiated cells is the product of initial cell
number and frequency of differentiation. Since initial expan-
sion in mTeSR1 resulted in twofold more pluripotent cells
than MEF-CM expanded cells (Fig. 1H), the theoretical yield of
differentiated cells at each passage was calculated.

The reversibility of the lineage-priming does provide a
mechanism by which expansion and hematopoietic lineage-

Figure 3. Culture media does not change in vivo differentiation potential but rebalances pluripotency states of human embryonic stem
cells (hESCs) in vitro. (A, B): hESCs expanded in either MEF-CM (n 5 3) or mTeSR1 (n 5 3) demonstrate the ability to form all three
embryonic germ layers in vivo (teratoma formation, A). However, a subset of pluripotency-associated genes was more highly expressed
in cells grown in MEF-CM (B). Red bars, genes enriched in mTeSR1-hESCs; blue bars, genes enriched in MEF-CM-hESCs. (C, D): Expres-
sions of pluripotency-associated cell-surface (C) and intracytoplasmic (D) markers by fluorescence-activated cell sorting (n 5 8; n 5 2/H1
and CA2, n 5 4/H9). The expression levels of SSEA3, TRA-1–60 (C), Oct4, and Sox2 were similar in MEF-CM-(M-M) or mTeSR1 (T-T)
expanded hESCs. However, Nanog expression level was significantly higher in MEF-CM expanded hESCs than mTeSR1 expanded. **,
p< .01. Error bars denote SD. Abbreviation: MEF-CM, mouse embryonic fibroblast-conditioned media. M-M 5 cells cultured for 5 pas-
sages in MEFCM; T-T 5 cells cultures in five passages of mTeSR.
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potential can be tuned. The combination of increased expan-
sion (Fig. 1H) and full recovery of hematopoietic potential
(Fig. 2D, 2E) means that optimal yield of CD451 cells was
obtained from only five passages in mTeSR1 before transfer to
MEF-CM for four passages (Fig. 4D). Longer expansion in
mTeSR1 prior to returning to MEF-CM for four passages
would be predicted to further increase the yield above MEF-
CM continually expanded cells.

The increase in cell expansion coupled with the increase
neural lineage-priming means that switching MEF-CM grown
cells to mTeSR1 results in an immediate increase in yield of
Nestin1 cells in subsequent differentiation assays (Fig. 4E).
However, this increase in pluripotent cell yield in mTeSR1 did
not offset the reduction in hematopoietic potential resulting
in a reduction in CD451 harvest (Fig. 4D) after only three
passages in mTeSR1.

Overall summary demonstrates that lineage differentiation
coupled with proliferation activity is primed by rebalancing
pluripotency states (Supporting Information Fig. S4C) upon
media conditions for hESC expansion. Additionally, lineage-
specific cell surface markers enable to predict lineage specifi-
cation of hESCs (Fig. 5A) even though the expression level of
hematopoietic or neural lineage-specific genes is quite low in

undifferentiated hESCs compared to fully mature types of cells
(Supporting Information Fig. S6A, S6B).

Through the quantitative measurement of pluripotent cell
expansion along with blood and neural differentiation, we can
propose optimized media conditions for blood (Fig. 5B) and
neural (Fig. 5C) differentiation. For instance, a 1.3-fold
increase in blood cells can be attained using hESCs at passage
#1 and #4 in M-T and T-M following media switching, respec-
tively. This is seen as a balance between total cell numbers,
which are augmented by culture in mTeSR1, and increased
blood cell frequencies, which are highest in MEF-CM. With
respect to neural differentiation, no other condition is better
than maintenance in mTeSR1 throughout.

DISCUSSION

Herein, we have demonstrated, for the first time, that hESCs
are capable of undergoing reversible changes in early cell fate
decisions in response to culture conditions prior to their cul-
ture in differentiation-inducing media. In contrast to MEF-CM
cultures, mTeSR1 grown cultures are characterized by their
high proliferation rate, lower hematopoietic potential, and

Figure 4. Lineage-specific surrogate markers enable to predict subsequent in vitro lineage-specific differentiation of human embryonic
stem cells (hESCs). (A–C): Expression level of the predictive hematopoietic marker, c-kit, is significantly lower in mTeSR1- versus mouse
embryonic fibroblast-conditioned media (MEF-CM)-hESCs whereas A2B5 expression was greater in mTeSR1-hESCs (A). Fluorescence-
activated cell sorting analysis revealed differential expression of lineage-specific markers in undifferentiated hESCs at passage #514.
hESCs switch from MEF-CM to mTeSR1 (M-T) show higher ectoderm-specific A2B5 expression and lower c-kit expression in relation to
MEF-CM (M-M) control (B). Conversely, T-M conditions increased c-kit and decreased A2B5 expression compared to mTeSR1 (T-T) con-
trols (C). H1, H9, and CA2 were analyzed (n 5 8; n 5 2/H1 and CA2, n 5 4/H9). **, p< .01; *, p< .05. (D, E): Lineage-priming by undif-
ferentiated hESC expansion cultures controlled hematopoietic (D) and neural (E) cell production yield. Four passages after expansion
media switch from mTeSR1 to MEF-CM (T-M), blood production yield is much higher than original MEF-CM (D). Meanwhile, cells in
mTeSR1 throughout maximized neural production yield compared to other conditions (E). Differentiated cell production yield from other
expansion conditions was compared to MEF-CM condition. H1, H9, and CA2 were analyzed (n 5 8; n 5 2/H1 and CA2, n 5 4/H9).
*, p< .05.
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higher neural potential (Fig. 5A). To date, selection of hESC
media has been heavily centered on expansion of embryonic
stem cells for clinical translational purposes. This article high-
lights the need for independent assessment of proliferation
and differentiation capacity.

Our findings demonstrate that the yield of neural cells
from standard neural-inducing conditions can be increased if

the hESCs are expanded in mTeSR1. However, this increase in
the frequency of neural differentiation is at the expense of
hematopoietic differentiation. This lineage-bias could be
modulated in a reversible manner within a fairly short time-
frame. By focusing the effect of expansion-media on down-
stream differentiation we have highlighted the importance of
quantifying differentiation when expanding hESCs.

Figure 5. Balancing proliferation and differentiation potential of human embryonic stem cells (hESCs) and the use of surrogate markers
to predict differentiation potential. (A): Summary of reversible modulation of hESC proliferation and lineage-specific differentiation by
regulating pluripotency states upon expansion media conditions. (B, C): Optimal combinations of media conditions and passage numbers
to produce maximum numbers of hESC-derived hematopoietic (B) and neural (C) cells. Black arrows indicated optimal lineage-priming
conditions for hematopoietic (B) and neural (C) differentiation of hESCs. Abbreviation: MEF-CM, mouse embryonic fibroblast-conditioned
media.
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Interestingly, this dynamic reversible modulation of hESC pro-
liferation and lineage-specific differentiation was consistently
found in fibroblast-derived induced pluripotent stem cells
(iPSCs, data not shown) upon media condition. We believe
that comparative studies of general features of hESCs and
iPSCs with regard to similarity and difference could provide
useful information for the potential use of hESCs and/or iPSCs
in the field of regenerative medicine [30].

Several publications have focused on the role that the cul-
ture environment plays on hESC propagation and differentia-
tion. Particularly, certain recent studies have also observed that
cells cultured in mTeSR1 displayed enhanced propagation ver-
sus cells grown in MEF-CM [13, 31]. However, the depth of this
augmentation and nature of its reversibility have not been
described previously. In addition to these studies, another
recent paper has shown that mTeSR1 cultures are less efficient
at differentiation toward the cardiac lineage (another mesoder-
mal cell type such as blood) when compared with MEF-CM cul-
tures; noting that mTeSR1 cultures had enhanced neural
characteristics [32]. Such lineage-priming has been traditionally
viewed as the first step toward lineage commitment with cells
progressively extinguishing expression of pluripotency associ-
ated genes with concomitant activation of lineage-specific tran-
scripts. Our work indicates instead that lineage-priming should
be viewed as a reversible property of hESCs directly influenced
by their culture environment. The mechanism behind this pri-
ming is unclear but the reversibility indicates that it is not
based on clonal selection. Previously we have highlighted the
role of the stem cell generated niche in modulating differentia-
tion [33, 34]. Changes in the nonpluripotent niche, which
makes hESC culture heterogeneous, would be consistent with
our observations that pluripotent markers remained largely
unaffected by mTeSR1 (Supporting Information Fig. S5).

The promised medical advances associated with stem cells
will only be possible if we can achieve large-scale generation
of functional cells of interest. Optimally this would be
achieved by rapid expansion of pluripotent cultures followed
by efficient differentiation of these cultures to differentiated
cells of the desired lineage. Counterintuitively, the maximum
generation of differentiated cells of the desired lineage may
not be achieved with conditions resulting in the greatest plu-
ripotent cell production. However, the reversibility of lineage-
priming means that tailoring the expansion conditions across
multiple passages can result in optimized generation of differ-
entiated cells of interest. In our hands, expansion of hESCs in
mTeSR1 for four passages followed by readaptation to MEF-
CM for another five passages resulted in an improved yield in
blood cells. A longer expansion phase in mTeSR1 would be
predicted to further improve hematopoietic-yield over cells
continuously cultured in MEF-CM alone.

Early prediction of hESC differentiation potential is para-
mount to the proper evaluation of culture systems with
respect to scalability and downstream assays. Quantification
of pluripotency markers and transcription factors such as
SSEA3, TRA-1–60, Oct4, and Sox2 failed to identify the shift in
the differentiation potential of the culture. However, surro-
gate markers of early neural and hematopoietic differentia-
tion, namely A2B5 and c-kit [20], as well as one of
pluripotent markers Nanog were. Our previous study revealed
that surrogate markers facilitate efficient lineage-specific dif-
ferentiation by performing downstream differentiation assay
with A2B5 or c-kit positive subset [20]. Nanog’s higher expres-
sion in MEF-CM may itself be predictive of an enhanced mes-
odermal signature given its proangiogenic properties [35]. The
ability of specific culture media to dictate hESC priming
toward the hematopoietic or neural lineage illustrates the
heterogeneous and dynamic nature of the embryonic stem
cell state while delineating studies that must be performed
for accurate characterization of culture systems.

CONCLUSIONS

In summary, we demonstrate that heterogeneity of hESCs
extends to functional characteristics that can be reversibly
modulated by culture conditions, illustrating the importance
of the choice of culture conditions for regenerative medicine
or drug discovery applications.

ACKNOWLEDGMENTS

M.B. holds a Canada Research Chair in human stem cell biol-
ogy. This work was supported by a grant from Canadian Can-
cer Society Research Institute (CCS-RI) and Canadian Institutes
of Health Research (CIHR) to M.B. We are grateful to Daniela
Fischer Russell, Brendan A.S. McIntyre, and Aline Fiebig for
discussion and experimental assistance.

AUTHOR CONTRIBUTIONS

J.B.L.: designed the research, performed experiments, and
wrote the article; M.G., J.H.L., J.M., and Z.S.: performed
experiments under M.B. direction; T.J.C.: discussed the article;
S.H.: provided insightful discussion toward final draft; M.B.:
conceived and designed the research, supervised the whole
project, and wrote the article.

DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST

The authors indicate no potential conflicts of interest.

REFERENCES

1 Thomson JA, Itskovitz-Eldor J, Shapiro SS
et al. Embryonic stem cell lines derived from
human blastocysts. Science 1998;282:1145–
1147.

2 Yu J, Vodyanik MA, Smuga-Otto K et al.
Induced pluripotent stem cell lines derived
from human somatic cells. Science 2007;318:
1917–1920.

3 Takahashi K, Tanabe K, Ohnuki M et al.
Induction of pluripotent stem cells from
adult human fibroblasts by defined factors.
Cell 2007;131:861–872.

4 Park IH, Zhao R, West JA et al. Reprog-
ramming of human somatic cells to pluripo-
tency with defined factors. Nature 2008;451:
141–146.

5 Schwartz SD, Hubschman JP, Heilwell G
et al. Embryonic stem cell trials for macular

degeneration: A preliminary report. Lancet
2012;379:713–720.

6 Skottman H, Dilber MS, Hovatta O. The
derivation of clinical-grade human embryonic
stem cell lines. FEBS Lett 2006;580:2875–2878.

7 Crook JM, Peura TT, Kravets L et al. The
generation of six clinical-grade human embry-
onic stem cell lines. Cell Stem Cell 2007;1:
490–494.

Lee, Graham, Collins et al. 1151

www.StemCells.com VC AlphaMed Press 2015



8 Richards M, Fong CY, Chan WK et al.
Human feeders support prolonged undiffer-
entiated growth of human inner cell masses
and embryonic stem cells. Nat Biotechnol
2002;20:933–936.

9 Xu C, Inokuma MS, Denham J et al.
Feeder-free growth of undifferentiated
human embryonic stem cells. Nat Biotechnol
2001;19:971–974.
10 Lee JB, Lee JE, Park JH et al. Establish-
ment and maintenance of human embryonic
stem cell lines on human feeder cells derived
from uterine endometrium under serum-free
condition. Biol Reprod 2005;72:42–49.
11 Li Y, Powell S, Brunette E et al. Expan-
sion of human embryonic stem cells in
defined serum-free medium devoid of
animal-derived products. Biotechnol Bioeng
2005;91:688–698.
12 Ellerstrom C, Strehl R, Moya K et al.
Derivation of a xeno-free human embryonic
stem cell line. Stem Cells 2006;24:2170–
2176.
13 Chin AC, Padmanabhan J, Oh SK et al.
Defined and serum-free media support undif-
ferentiated human embryonic stem cell
growth. Stem Cells Dev 2010;19:753–761.
14 Hannoun Z, Fletcher J, Greenhough S
et al. The comparison between conditioned
media and serum-free media in human
embryonic stem cell culture and differentia-
tion. Cell Reprogram 2010;12:133–140.
15 Singh H, Mok P, Balakrishnan T et al.
Up-scaling single cell-inoculated suspension
culture of human embryonic stem cells. Stem
Cell Res 2010;4:165–179.
16 Ludwig TE, Levenstein ME, Jones JM
et al. Derivation of human embryonic stem
cells in defined conditions. Nat Biotechnol
2006;24:185–187.
17 Rajala K, Hakala H, Panula S et al. Test-
ing of nine different xeno-free culture media

for human embryonic stem cell cultures.
Hum Reprod 2007;22:1231–1238.

18 Chen G, Gulbranson DR, Hou Z et al.
Chemically defined conditions for human
iPSC derivation and culture. Nat Methods
2011;8:424–429.

19 Werbowetski-Ogilvie TE, Bosse M,
Stewart M et al. Characterization of human
embryonic stem cells with features of neo-
plastic progression. Nat Biotechnol 2009;27:
91–97.

20 Hong SH, Rampalli S, Lee JB et al. Cell
fate potential of human pluripotent stem
cells is encoded by histone modifications.
Cell Stem Cell 2011;9:24–36.

21 Chadwick K, Wang L, Li L et al. Cytokines
and BMP-4 promote hematopoietic differen-
tiation of human embryonic stem cells. Blood
2003;102:906–915.

22 Wang L, Li L, Shojaei F et al. Endothelial
and hematopoietic cell fate of human embry-
onic stem cells originates from primitive
endothelium with hemangioblastic proper-
ties. Immunity 2004;21:31–41.

23 Cerdan C, McIntyre BA, Mechael R et al.
Activin a promotes hematopoietic fated mes-
oderm development through upregulation of
brachyury in human embryonic stem cells.
Stem Cells Dev 2012;21:2866–2877.

24 Wang L, Li L, Menendez P et al. Human
embryonic stem cells maintained in the
absence of mouse embryonic fibroblasts or
conditioned media are capable of hematopoi-
etic development. Blood 2005;105:4598–
4603.

25 Wang L, Menendez P, Cerdan C et al.
Hematopoietic development from human
embryonic stem cell lines. Exp Hematol 2005;
33:987–996.

26 Wang L, Cerdan C, Menendez P et al.
Derivation and characterization of hemato-

poietic cells from human embryonic stem
cells. Methods Mol Biol 2006;331:179–200.
27 Ludwig TE, Bergendahl V, Levenstein ME
et al. Feeder-independent culture of human
embryonic stem cells. Nat Methods 2006;3:
637–646.
28 Lee JH, Sch€utte D, Wulf G et al. Stem-
cell protein Piwil2 is widely expressed in
tumors and inhibits apoptosis through activa-
tion of Stat3/Bcl-XL pathway. Hum Mol
Genet 2006;15:201–211.
29 Lee JH, Jung C, Javadian-Elyaderani P
et al. Pathways of proliferation and antiapop-
tosis driven in breast cancer stem cells by
stem cell protein Piwil2. Cancer Res 2010;70:
4569–4579.
30 Bock C, Kiskinis E, Verstappen G et al. Ref-
erence maps of human ES and iPS cell variation
enable high-throughput characterization of plu-
ripotent cell lines. Cell 2011;144:439–452.
31 Nagaoka M, Si-Tayeb K, Akaike T et al.
Culture of human pluripotent stem cells
using completely defined conditions on a
recombinant E-cadherin substratum. BMC
Dev Biol 2010;10:60.
32 Ojala M, Rajala K, Pekkanen-Mattila M
et al. Culture conditions affect cardiac differ-
entiation potential of human pluripotent
stem cells. PLoS One 2012;7:e48659.
33 Bendall SC, Stewart MH, Menendez P et al.
IGF and FGF cooperatively establish the regula-
tory stem cell niche of pluripotent human cells
in vitro. Nature 2007;448:1015–1021.
34 Stewart MH, Bendall SC, Bhatia M.
Deconstructing human embryonic stem cell
cultures: Niche regulation of self-renewal and
pluripotency. J Mol Med 2008;86:875–886.
35 Kohler EE, Cowan CE, Chatterjee I et al.
NANOG induction of fetal liver kinase-1
(FLK1) transcription regulates endothelial cell
proliferation and angiogenesis. Blood 2011;
117:1761–1769.

See www.StemCells.com for supporting information available online.

1152 Reversible Modulation of hESCs Lineage Predisposition by Defined Culture Conditions

VC AlphaMed Press 2015 STEM CELLS


