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The mechanisms underlying the specification of oligodendrocyte fate from multipotent neural progenitor cells
(NPCs) in developing human brain are unknown. In this study, we sought to identify antigens sufficient to
distinguish NPCs free from oligodendrocyte progenitor cells (OPCs). We investigated the potential overlap of
NPC and OPC antigens using multicolor fluorescence-activated cell sorting (FACS) for CD133/PROM1, A2B5,
and CD140a/PDGFaR antigens. Surprisingly, we found that CD133, but not A2B5, was capable of enriching for
OLIG2 expression, Sox10 enhancer activity, and oligodendrocyte potential. As a subpopulation of CD133-
positive cells expressed CD140a, we asked whether CD133 enriched bone fide NPCs regardless of CD140a
expression. We found that CD133+ CD140a- cells were highly enriched for neurosphere initiating cells and were
multipotent. Importantly, when analyzed immediately following isolation, CD133+ CD140a- NPCs lacked the
capacity to generate oligodendrocytes. In contrast, CD133+ CD140a+ cells were OLIG2-expressing OPCs capable
of oligodendrocyte differentiation, but formed neurospheres with lower efficiency and were largely restricted to
glial fate. Gene expression analysis further confirmed the stem cell nature of CD133+ CD140a- cells. As human
CD133+ cells comprised both NPCs and OPCs, CD133 expression alone cannot be considered a specific marker
of the stem cell phenotype, but rather comprises a heterogeneous mix of glial restricted as well as multipotent
neural precursors. In contrast, CD133/CD140a-based FACS permits the separation of defined progenitor pop-
ulations and the study of neural stem and oligodendrocyte fate specification in the human brain.

Introduction

The development of cellular therapies for myelin re-
placement is reliant on the preparation of myelinogenic

human cells with sufficient number and purity [1]. Although
various fetal human preparations can mediate extensive
myelination following engraftment into shiverer/rag2 mice
[2–4], primary fetal cells are limited by the quantity of ap-
propriate tissue samples and/or require extensive expan-
sion in vitro before transplantation. The influence of the
shiverer/rag2 environment on oligodendrocyte progenitor
cell (OPC) specification and differentiation, and the appli-
cability of these cell preparations for remyelination follow-
ing acquired demyelination in adult CNS remain open
questions. Although pluripotent stem cells represent a po-
tentially unlimited supply of any somatic cell, the directed
differentiation of human pluripotent cells toward oligo-
dendrocyte fate currently relies on protracted culture tech-
niques that are based on rodent development. As it is clear
that human and mouse OPCs behave differently in vitro [5]
and express overlapping yet divergent gene expression

profiles following isolation [6], rational approaches to direct
oligodendrocyte specification will require a direct study of
human OPC development.

A prerequisite for the molecular study of initial OPC
specification in the human brain is the isolation of multi-
potent neural progenitor cells (NPCs) and neural stem cells
in high purity, devoid of contaminating OPCs. We have
previously shown that the A2B5 antigen overlaps with
PDGFaR/CD140a. Importantly, while A2B5 + CD140a + cells
are capable of rapid oligodendrocyte differentiation, A2B5 +

CD140a - do not acquire O4 antigen expression in vitro [7].
Likewise, we have observed that PROM1/CD133 mRNA
expression was highly enriched in human CD140a-sorted
fetal OPCs [7] and human A2B5-isolated adult OPCs [6]
suggesting that CD133 may overlap with CD140a-defined
OPCs as well as more primitive multipotent NPCs [8]. These
data suggested that A2B5 or CD133 might be capable of
enriching for CD140a/PDGFaR negative stem/progenitor
cells immediately before OPC commitment. Although vari-
ous antigens can enrich NPCs, the extent of overlap with
OPC expression was unknown. We hypothesized that
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CD133 + or A2B5 + cells might be heterogeneous comprised
of NPCs as well as already committed OPCs that coex-
pressed both CD133 and CD140a.

In this study, we used fluorescence-activated cell sorting
(FACS) to determine an antigen combination capable of
separating distinct populations of human NPCs from OPCs.
We found that CD133 and not A2B5 antigen expression was
capable of enriching for OLIG2-expressing progenitor cells in
dissociates of the fetal human brain. CD133 + cells were
themselves heterogeneous with respect to CD140a/PDGFaR
antigenicity. CD133/CD140a-based FACS was sufficient to
separate multipotent neurosphere-forming CD133 + CD140a -

NPCs from CD133 + CD140a + OPCs capable of rapid oligo-
dendrocyte differentiation. The differences in phenotypic
behavior in vitro were reflected by the distinct transcription
profiles of each subpopulation, which in turn, predicted the
observed cellular phenotype. These transcriptomic analyses
provide a valuable database for the identification of genes
and cell signaling cascades specific to each cell type and
means by which to influence oligodendrocyte fate in human
neural precursors.

Materials and Methods

Tissue samples

Fetal brain samples of 15–22 weeks gestational age (g.a.)
were obtained from patients who consented to tissue use
under protocols approved by the local institutional review
board. Dissociates were prepared and cultured in serum-free
media (as detailed in [7]), with 10 ng/mL FGF2 (PeproTech).

Cytometry/FACS

Cytometry and sorting was performed using a BD FACSAria
(Becton Dickinson). For CD133/A2B5, cells were stained with
CD133-APC (Miltentyi Biotech) and A2B5 IgM (Clone 105;
ATCC), and goat anti-mouse IgM F(ab¢) PerCP (Jackson Im-
munoResearch) or goat anti-mouse IgM A488 (Invitrogen). For
CD133/CD140a, cells were stained with CD140a-PE (BD
Pharmingen) and CD133-APC. Matched fluorescence minus-
one controls were used to set gates following doublet discrim-
ination. The incidence of CD133- and CD140a-positive cells was
compared by one-way analysis of variance (ANOVA), followed
by the Tukey’s multiple comparison test (*** indicates P < 0.001
vs. CD133 +CD140a- cells). Typically from 108 stained cells,
we obtained between 0.5–1 · 106 CD133+ CD140a- cells and
< 3 · 105 CD133+ CD140a+ cells.

Immunocytochemistry and quantification

Twenty hours. Each cell population was seeded at 1 · 105

cells/mL into 48-well plates coated with poly-L-ornithine
and laminin in SFM supplemented with the EGF (20 ng/mL)
and FGF-2 (20 ng/mL). Cells were immunostained for mouse
anti-CD140a (1:50; BD Pharmingen), mouse anti-bIII tubu-
lin/Tuj1 (1:1,000; Covance), and mouse anti-Nestin (1:1,000;
Millipore). Alexa 594-, 647-, and 488-conjugated goat sec-
ondary antibodies were used at 1:500 (Invitrogen).

Four & eleven days. Cells were seeded at 5 · 104/mL into
24-well plates coated with poly-L-ornithine and laminin in
SFM lacking growth factors to promote differentiation.
OLIG2/O4 immunocytochemistry was performed as de-

scribed in Conway et al. [9], additional staining was per-
formed as described. The proportion of OLIG2 and O4-
stained cells was quantified in 10 random fields at
200 · magnification (Olympus IX51), representative of over
200 random cells. The proportion of cells was calculated for
each tissue sample and the overall mean calculated (n = 3–4,
fetal tissue samples). In Fig. 1E, where the O4 frequency was
less than 1%, every O4 + cell was counted and the proportion
determined as a fraction of the cell plated. At each time
point, statistical significance between sorted fractions was
determined by one-way ANOVA, followed by the Tukey’s
multiple comparison test (GraphPad Prism 5.01).

Neurospheres. To permit adherence and differentiation,
neurospheres were collected and seeded onto poly-L-
ornithine/laminin-coated plates in SFM for 4 days. Follow-
ing live O4 staining, cultures were washed, fixed, and
immunostained for mouse anti-bIII tubulin and mouse anti-
GFAP (1:500; Sigma-Aldrich). In each cellular fraction, every
plated sphere was classified on the basis of the differentiated
progeny growing from the sphere [i.e., neuron (N), astrocyte
(A), and oligodendrocyte (O)]. The numbers of lineage-
defined spheres from each sample were averaged (n = 6 fetal
tissue samples). Data were analyzed by one-way ANOVA,
followed by the Dunnett’s post hoc test.

Sox10-MCS5:GFP reporter

After FACS, cells were plated at 5 · 104 cells/mL on or-
nithine/laminin-coated plates in SFM with EGF/FGF2
(20 ng/mL; PeproTech). The next day, cells were infected
with Sox10-MCS5:GFP reporter lentivirus at 1 multiplicity of
infection [10]. Cytometry was performed 4 days later. Cells
were gated using FSC/SSC and GFP expression measured.

Limiting dilution and neurosphere assays

After CD133/CD140a FACS, cells were resorted directly
into 96-well plates using an automated cell deposition unit.
Each population was seeded in triplicate at 1–5 · 104/mL in
SFM with EGF/FGF2 (20 ng/mL) or PDGF-AA/FGF2 (20
and 5 ng/mL, respectively). Cultures were maintained for up
to 4 weeks, with factors added every other day and media
replaced as needed. Sphere counts were made at 2 and 3
weeks postsort. All spheres were counted using a phase
microscope and triplicates averaged from each fetal sample
(n = 6, fetal brain preparations). The counts for CD133 +

CD140a - cells at 5 · 104 cells/mL were excluded from
analysis due to the high number of spheres that formed re-
sulting in merging of individual spheres at 2 weeks. Linear
regression was performed using a zero intercept constraint
(GraphPad). To determine the influence of the growth factor
on sphere generation, two-way ANOVA was performed
followed by Bonferonni post hoc testing (GraphPad Prism).

Real-time RT-PCR analyses

RNA extraction, first-strand synthesis, and real-time PCR
were performed as described in [9] primers: PDGFRA-for
CCTGGTGCTGTTGGTGATTG, PDGFRA-Rev ATACCTCGG
TTTCTGTTTCCAAAT; PROM1-for CAGAGTACAACGCC
AAACCA, PROM1-Rev AAATCACGATGAGGGTCAGC.
Samples were run in duplicate and gene expression calculated
by DDCt analysis using GAPDH as a reference. Statistical
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significance was determined by one-way ANOVA, followed
by the Dunnett’s post hoc test (n = 3 fetal tissue samples).

Microarray analysis

RNA was amplified and Illumina HT-12v4 bead arrays
analysis performed using R/Bioconductor as described in
Conway et al. [9]. Gene set enrichment analysis (GSEA) was
performed [11] using mSigDb [12], Biocarta, GO, and KEGG
databases. The receiver operating characteristic (ROC)-based
area under curve and significance of gene set enrichment
were calculated according to roc.area [13]. Comparison be-
tween sorted cell populations was performed using the
roc.test [14]. Receptor genes were defined as differentially
expressed using a 10% false discovery rate and at least a
threefold change (n = 3, linear modeling empirical Bayes test
statistic) [15]. The full analysis code is available on request
(fjsim@buffalo.edu). The complete microarray data are
available at NCBI GEO GSE40676 and may be browsed via
the FINDdb (www.FINDdb.org).

Results

CD133, rather than A2B5, antigenicity enriches
for OLIG2-expressing progenitor cells

As OLIG2 is expressed by multipotent NPCs [16] and
OPCs before CD140a/PDGFaR [17,18], we first examined
whether either A2B5 or CD133 was capable of enriching for
OLIG2-expressing progenitors among fetal human brain
dissociates. Flow cytometry revealed a large population of
A2B5 + cells in human fetal brain dissociates (40.3% – 3.3%;
n = 5, 15–18 weeks g.a.) (Fig. 1A, B). In contrast, CD133 was
relatively infrequent with 2.8% – 0.71%, although similar to
that previously described (3.6% [8]). We identified a sub-
population of CD133 + A2B5 + cells, which represented
1.2% – 0.4% of the entire dissociate, and 39% – 3.1% of the
CD133-defined population. Immunocytochemistry for
OLIG2 revealed that 32.8% – 3.2% of CD133 + A2B5 - cells
expressed OLIG2 at 4 days in vitro (n = 4, Fig. 1C, D). In
contrast, both A2B5-expressing populations, CD133 + A2B5 +

FIG. 1. CD133, not A2B5, differentially enriches for OLIG2 progenitor cells in the fetal human brain. (A) Two-color flow
cytometry for CD133 (APC) and A2B5 (FITC) of 18 weeks gestational age (g.a.) fetal brain dissociate (30,000 events). (B)
Mean – SEM% incidence of each fraction was quantified in 15–18 weeks g.a. samples (n = 5 fetal brains). Following fluores-
cence-activated cell sorting (FACS), each fraction was immunostained for OLIG2 (red), O4 (green), and DAPI (blue) (C, scale
bar = 50mm), and OLIG2% quantified at 4 and 11 days postsort (mean – SEM, n = 4 fetal samples). (D) One-way analysis of
variance (ANOVA) at each time point; ** and *** indicate P < 0.01 and P < 0.001 versus CD133-A2B5 cells Tukey’s post hoc
test. (E) Oligodendrocyte lineage capacity was assessed using O4 immunocytochemistry and quantified (mean – SEM of total
O4 cells from 25,000 cells plated, n = 3 fetal samples). One-way ANOVA, * and ** indicate P < 0.05 and P < 0.01 versus CD133-
A2B5 cells Tukey’s post hoc test. Color images available online at www.liebertpub.com/scd
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and CD133 - A2B5 + , had a significantly lower OLIG2 + pro-
portion (18.0% – 2.0% and 10.3% – 2.3%, respectively; one-
way ANOVA, Tukey’s post-test P < 0.01 vs. CD133 + A2B5 - ).
Importantly, the proportion of OLIG2 + cells was not en-
riched in either A2B5 + fraction relative to CD133 - A2B5 -

cells. Although OLIG2 expression is not limited to oligo-
dendrocyte lineage cells [16], OLIG2 expression occurs in all
OPCs; thus, the low frequency of OLIG2 + cells among
A2B5 + cells indicates that A2B5 antigenicity did not signif-
icantly enrich for either population.

The high proportion of OLIG2-expressing precursors
among the CD133 + fraction suggested that CD133 may be
capable of enriching for early oligodendrocyte lineage cells. As
such, we asked whether an OPC-specific Sox10 enhancer
might be differentially active between each fraction (Supple-
mentary Fig. S1A, B; Supplementary Data are available online
at www.liebertpub.com/scd). We previously found that Sox10
enhancer cells, which drive high levels of GFP expression,
GFPhigh, express high levels of PDGFRA, OLIG2, and SOX10
mRNA indicative of OPC fate [10]. Although the incidence of
GFPhigh cells was relatively low ( < 25%) among CD133/A2B5
fractions, CD133 + A2B5- cells exhibited 3.3 – 0.3-fold higher
mean GFP expression than CD133 - A2B5- cells and > twofold
higher GFP than CD133 - A2B5+ cells (n = 3) (Supplementary
Fig. S1C). This suggested that CD133 + A2B5- cells might
contain a subpopulation in OPCs or represent a very early
stage of oligodendrocytic commitment.

We therefore sought to determine the potential of CD133/
A2B5-sorted cells to differentiate as oligodendrocytes. In
comparison to CD140a-defined OPCs, which generate > 30%
O4+ cells at 4 days [7], all CD133/A2B5-defined fractions
generated very few oligodendrocytes ( < 2% O4+ cells per
25,000 cells; n = 4; Fig. 1E). Although their potential for oli-
godendrocyte differentiation was limited, we noted that
CD133+ A2B5- cells generated significantly more O4+ oligo-
dendrocytes (23 – 5 per 1,000 cells plated) than either
CD133- A2B5- or CD133- A2B5+ cells (0.97 – 0.6 and 2.0 – 0.6
O4+ cells, respectively; the Tukey’s post-test P < 0.05; Fig. 1E).
Unlike other fractions, the proportion of oligodendrocytes
generated from CD133 + A2B5- cells increased with time, such
that the O4% was significantly greater at 11 than 4 days
suggesting progressive oligodendrocyte differentiation (two-
way ANOVA, Bonferroni post-test P < 0.01; Fig. 1E). Thus,
unlike A2B5, CD133 was capable of enriching for OLIG2-ex-
pressing progenitor with limited oligodendrocyte capacity.
We next sought to determine the extent, if any, of antigenic
overlap between CD133 and PDGFaR/CD140a populations.

CD140a-expressing CD133 + progenitors
are oligodendrocyte progenitors in fetal human brain

Since PROM1 mRNA encoding CD133 was enriched in
CD140a-sorted cells [7], we next asked whether CD133 and
CD140a antigen expression overlapped in fetal dissociates.
We hypothesized that CD140a expression among CD133 +

cells might distinguish bone fide NPCs from more committed
OPCs. Two-color cytometry revealed a substantial overlap of
CD133 and CD140a, such that, 24% – 3% of CD133 cells ex-
pressed CD140a (mean – SEM, n = 19 fetal samples) (Fig. 2A,
B). Likewise, over 50% of CD140a + cells expressed CD133
(52% – 2%). To identify the initial phenotype of CD133/
CD140a-sorted cells, we performed immunostaining 20 hours

postsort (Supplementary Fig. S2A–D). CD140a-sorted cells
uniformly expressed CD140a/PDGFaR, while no CD140a
labeling was observed in either CD133 + CD140a - cells or
double-negative cells. We identified presumptive multi-
potent NPCs by nestin expression. No nestin + cells were
observed in the CD133 - 140a + fraction and *5%–10%
CD133 + CD140a + cells were nestin-expressing progenitors.
Almost all double-negative cells expressed the neuronal
marker Tuj1/bIII-tubulin with a only few nestin + cells (less
than 0.1%) (Supplementary Fig. S2A). In contrast, almost the
entire CD133 + CD140a - fraction expressed high levels of
nestin suggesting substantial enrichment of neural precur-
sors specifically in the CD133 + CD140a - population (Sup-
plementary Fig. S2B).

To determine their potential to generate oligodendrocytes
in vitro, we maintained each fraction in pro-oligodendrocyte
conditions for 4 days. As expected, very few OLIG2 + pro-
genitors ( < 3%) or O4 + immature oligodendrocytes (0%)
were observed in the double-negative population (Fig. 2C,
G). Both CD140a + fractions were highly enriched for OLIG2
progenitors with 78% – 10% from CD133 + CD140a + cells and
67% – 7% from CD133 - CD140a + cells (n = 3) (Fig.2E–G). In
contrast, 33% – 4% CD133 + CD140a - cells expressed OLIG2
(Fig. 2D, G). The proportion of OLIG2 cells could therefore
be represented as CD140a + > > CD133 + CD140a - > CD133 -

CD140a - (one-way ANOVA, Tukey’s post-test; ‘‘ > > ’’
P < 0.01, ‘‘ > ’’ P < 0.05). Both CD140a + fractions rapidly gave
rise to a substantial proportion of O4 + immature oligoden-
drocytes (Fig. 2E–G), while CD133 + CD140a - gave rise to
< 2% O4 at 4 days (1.1% – 0.5%, n = 3 fetal samples) (Fig. 2D,
G). As few CD133 + CD140a - and CD133 - CD140a - cells
gave rise to oligodendrocytes, we examined these cultures
for the presence of neuronal and astroglial differentia-
tion (Supplementary Fig. S2E–H). The majority of double-
negative CD133 - CD140a - cells remained as immature
neurons and we noted occasional GFAP + astrocytes. A
substantial fraction of CD133 + CD140a - cells weakly ex-
pressed neuronal bIII-tubulin, although several cells did not
label with either neuronal or astrocytic antigens suggesting a
more primitive phenotype.

As CD133 + CD140a - cells did not differentiate as oligo-
dendrocytes, but expressed OLIG2, we sought to determine
whether CD133 + CD140a - activated the Sox10-MCS5 en-
hancer. CD140a + OPCs rapidly expressed Sox10-dependent
GFP. By 4 days, a large fraction of CD140a + cells expressed
high levels of GFP (GFPhigh) and those few cells, which did
not typically exhibited a flatter morphology (Fig. 2I). In
contrast, CD133 + CD140a - cells expressed GFP at lower
levels (Fig. 2H). We used flow cytometry to quantify these
differences (Fig. 2J, K). In comparison to CD140a-sorted
OPCs, CD133 + CD140a - cells exhibited significantly lower
median GFP expression (2.7 – 0.3-fold, n = 3 fetal samples).
This was reflected by a significantly lower GFPhigh percent-
age among CD133 + CD140a - compared to CD140a+ cells
(30.7% – 1.8% vs. 69.0% – 7.5%, t-test P = 0.0025), suggesting
that the Sox10 enhancer activity correlated with OLIG2 ex-
pression in both fractions. Thus, by sorting with CD133 and
CD140a together, we were able to distinguish CD133+

CD140a - cells, which were almost devoid of rapid oligo-
dendrocyte differentiation and exhibited a reduced Sox10
enhancer activity, from CD133 + CD140a + cells, which be-
haved as prototypic OPCs.
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CD133 + CD140a - cells are enriched
for neurosphere-forming multipotent progenitors

As CD133 + cells are typically considered as neural stem/
progenitors [8], we next asked whether CD133/CD140a
FACS might identify distinct fractions with respect to neu-
rosphere initiation and multipotentiality. Sorted cells were
directly seeded by secondary FACS at clonal densities be-

tween 1–5 · 104/mL and maintained in the EGF/FGF.
CD133 + CD140a - cells gave rise to large neurospheres (Fig.
3A, B). In contrast, CD133 + CD140a + cells gave rise to fewer
and smaller neurospheres at each density (Fig. 3C, D). Both
CD133-negative fractions generated even fewer neuro-
spheres (data not shown). For example, when seeded at an
initial density of 3 · 104 cells/mL, the mean number of neu-
rospheres generated from CD133 + CD140a - cells was
47.21 – 7.2 per 103 cells (n = 6 fetal samples, 2 weeks in vitro,
Fig. 3E). Both CD140a + populations generated significantly
fewer spheres compared to CD133 + CD140a - cells, 26.6 – 3.8
and 19.1 – 4.2 per 103 CD133 + CD140a + and CD133 + C140a -

plated cells, respectively (P < 0.01, repeated measures
one-way ANOVA, Tukey’s post-test). The incidence of neu-
rosphere-initiating cells (NS-IC) was calculated by linear
regression across each density; CD133 + CD140a - (NS-IC
activity 1/21 cells) > > > CD133 + CD140a + (1/35) > > >
CD133 - CD140a - cells (one-way ANOVA, Tukey’s post-
test, > > > = P < 0.001). Thus, consistent with a NPC popula-
tion, CD133 + CD140a - cells possessed a significantly greater
NS-IC activity than other populations, while CD133 +

CD140a + cells resembled a progenitor population with more
limited NS-IC. Importantly, the frequency of the NS-IC ac-
tivity in the CD133 + CD140a - population (1/21 cells) was
much higher than previously reported among CD133 +

CD34 - CD45 - cells (1/35 cells) suggesting that depletion of
CD140a + OPCs lead to a further enrichment of stem cells [8].

As sphere generation might be delayed in CD140a + frac-
tions, we also examined the NS-IC activity at 3 weeks and found
similar results (data not shown). Furthermore, as CD140a+ cells
express PDGFaR, we asked whether PDGF-AA supplementa-
tion might differentially support sphere generation. All CD133/
CD140a populations, including CD133 - CD140a+ and
CD133 + CD140a + cells, generated fewer neurospheres when
grown in PDGF/FGF (Fig. 3F). The relative decline in the NS-IC
activity was greatest in CD140a+ populations (2.5 · lower for
CD140a + fractions vs. 18% lower for CD133 + CD140a- cells).

FIG. 2. CD140a defines an oligodendrocyte progenitor cell
subpopulation of CD133 + neural progenitors. (A) Flow cy-
tometry for CD133 (APC, y-axis) and CD140a (PE, x-axis)
antigens reveals a population of CD133 + CD140a + cells in 20
weeks g.a. fetal human brain dissociates (30,000 events). (B)
Mean – SEM percentage incidence of each fraction was
quantified in 19–21 weeks g.a. samples (n = 19 fetal brains).
*** Indicates P < 0.001 compared to CD133+ CD140a- (one-
way ANOVA, Tukey’s post hoc). (C–F) Immediately following
FACS, each fraction was cultured in pro-oligodendrocyte
conditions for 4 days and immunostained for OLIG2 (red), O4
(green), and DAPI (blue). Scale bar: 200mM (insets 60mM).
(G) Quantification of oligodendrocyte lineage (OLIG2) and
immature oligodendrocyte (O4) revealed significant difference
between each fraction (mean – SEM; n = 4 fetal samples, one-
way ANOVA, Tukey’s post hoc tests: * and *** indicate
P < 0.05 and P < 0.001 respectively compared with CD133 -

CD140a- cells; #, ##, and ### indicate P < 0.05, P < 0.01, and
P < 0.001, respectively, versus CD133 + CD140a - cells. (H, I)
Sorted cells were infected with Sox10-MCS5:GFP lentivirus
1 day following isolation (4 days in vitro). Scale bar: 100mM.
( J, K) Flow cytometry revealed a large difference in the ac-
tivity of the Sox10 enhancer between CD133 +CD140a- cells
( J) and CD140a + cells (K) (4,000 events). Color images avail-
able online at www.liebertpub.com/scd
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Thus, relative neurosphere formation was not differentially af-
fected by these two media conditions.

CD133 + CD140a - cells are tripotential neural stem/
progenitors, while CD133 + CD140a + are OPCs

To determine whether individual cells were multipotent,
we plated EGF/FGF-expanded spheres into conditions fa-
voring differentiation for 4 days and immunostained for
markers of neuronal and glial lineage (Fig. 4A–D). Although
multipotent or trilineage spheres containing neurons, astro-
cytes, and oligodendrocytes were found in each fraction,
their frequency varied considerably (Fig. 4E). We found that
81% – 2.6% CD133 + CD140a - neurospheres were trilineage
(mean – SEM, n = 6). The absolute number and proportion of
trilineage spheres in both CD140a + fractions were signifi-
cantly lower (Fig. 4E, one-way ANOVA, Tukey’s post-test
P < 0.01). In contrast, a larger proportion of CD140a + spheres
were solely glial composed, differentiating into oligoden-
drocytes and astrocytes (Fig. 4E). We also noted that the
number of oligodendrocytes per sphere was greatest from
CD140a+ cell-derived neurospheres. The neurosphere-like

clusters derived from CD133 - CD140a- cells typically gener-
ated only astrocytes (Fig. 4E). Spheres containing only neurons
or oligodendrocytes were not observed in any fraction. As
specific growth factor-derived signaling might alter the mul-
tipotentiality of cells in the neurosphere assay, we assessed cell
fate following expansion of cells in PDGF-AA/FGF-2 supple-
mented media. Altering media conditions did not influence
CD140a+ -derived sphere lineage, but reduced the multilineage
capacity of CD133 + CD140a - cells (54% – 2.9%, and data not
shown). These data indicate that CD133/CD140a-based FACS
was capable of separating distinct populations of CD133 +

CD140a - NPCs from more committed CD140a + OPCs.

CD133 + CD140a - multipotent progenitors
were transcriptionally distinct from
CD133 + CD140a + OPCs

As CD140a antigenicity distinguished phenotypically dif-
ferent subpopulations of CD133-sorted cells, we next asked
whether initial transcriptional differences might reflect
and predict the cellular fate of each sorted cell fraction. Im-
mediately, after CD133/CD140a-based FACS, RNA was

FIG. 3. CD133 + CD140a -

progenitors are highly en-
riched for neurosphere-initi-
ating cells. Fetal brain
dissociates were sorted for
CD133/CD140a antigens and
directly plated into serum-
free media supplemented
with EGF/FGF at clonal
density (3 · 104/mL). (A–D)
Representative neurospheres
generated from CD133 +

CD140a - (A, B) and CD133 +

CD140a + fractions (C, D)
imaged at 3 (A, C) and 4
weeks in vitro (B, D) (21
weeks g.a.). (E) The capacity
of each sorted fraction to
generate neurospheres was
quantified at 2 weeks at
1–5 · 104/mL initial cell den-
sity (mean – SEM, n = 6 fetal
samples). Linear regression
for each fraction shown. (F)
The influence of growth fac-
tor environment on sphere
generation was tested by
raising cells in either EGF/
FGF (shaded bars) versus
PDGF/FGF (open bars). Two-
way ANOVA followed by
Bonferonni post hoc test re-
vealed significant effects of
growth media on sphere
generation (*P < 0.05, **P <
0.01, ***P < 0.001). Scale bar:
100 mm. Color images avail-
able online at www
.liebertpub.com/scd
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extracted and processed. We first validated the sorted RNA
using real-time RT-PCR for sort markers PROM1 (encoding
CD133) and PDGFRA (CD140a). PROM1/CD133 mRNA
was significantly and over 10-fold higher in both CD133 +

populations (42- and 92-fold in CD133 + CD140a - and
CD133 + CD140a + , respectively). Similarly, PDGFRA/
CD140a mRNA was significantly higher by greater than 100-
fold in CD140a + cells (276- and 802-fold in CD133 - CD140a +

and CD133 + CD140a + , respectively) (Fig. 5A).
We established the transcriptional profile of each fraction

using Illumina microarrays (n = 3; 18–19 weeks g.a.; NCBI
GEO GSE40676). Data exploration using principle compo-
nent analysis revealed distinct profiles between each popu-
lation at a genome-wide scale (10,910 unique genes
examined; Fig. 5B). On an individual transcript level, we
examined the expression of known marker genes whose
expression is relatively restricted to specific cell types (Fig.

5C). As expected, the multipotent CD133 + CD140a - cell
fraction expressed high levels of known neural progenitor/
stem cell genes such as nestin and SOX2/3. In contrast, OPC
and oligodendrocyte lineage gene expression was restricted
to both CD140a + fractions. Neuronal transcripts were largely
depleted from all sorted fractions relative to double-negative
cells consistent with the frequency of Tuj1 + neurons ob-
served immediately postsort (Supplementary Fig. S2).

However, as individual genes may be expressed by mul-
tiple cell lineages, we extended these analysis by performing
GSEA against several large databases (Broad mSigDb, Bio-
carta, KEGG, GO) as well as our own database of > 70 gene
sets identified from relevant glial literature. Parametric
GSEA of Broad mSigDB_C2 database revealed that > 500
gene sets were differentially enriched between multipotent
CD133 + CD140a - progenitors and both double-negative and
CD133 - CD140a + OPCs [ < 5% false discovery rate (FDR)].

FIG. 4. CD133+ CD140a -

antigenically defines multipo-
tential neural stem/progenitor
cells. (A–D) The lineage po-
tential of each fraction was
determined by plating spheres
into prodifferentiation con-
ditions and immunostaining
for markers of neuron (ßIII-
tubulin/TuJ1, green), astrocyte
(GFAP, blue), and oligoden-
drocyte cells (O4, red). Scale
bar = 200mm. (E) The number
of spheres containing all three
lineages (N/A/O), neurons/
astrocytes (N/A), only glial
lineages (A/O) or only astro-
cytes (A) were quantified
(mean – SEM, n = 6 fetal sam-
ples). *, **, and *** indicate
Dunnett’s post hoc P < 0.05,
P < 0.01, and P < 0.001,
respectively, compared with
CD133-CD140a- . Color ima-
ges available online at www
.liebertpub.com/scd
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Among them, a core stem cell module was significantly en-
riched (FDR q-value = 7.8 · 10 - 6) [19]. Further, ROC analysis
confirmed that core stem cell genes were highly enriched in
CD133+ CD140a - cells relative to double-negative cells [area
under the curve (AUC) = 0.71, P value = 4.62 · 10 - 34], and,
importantly, differentially enriched relative to CD133 +

CD140a + OPCs (P value = 1.03 · 10- 11) (Fig. 5D). Embryonic,
neural, and hematopoietic stem cell expressed genes were also
highly enriched in CD133+ CD140a - cells (AUC comparison,
P value = 4.9 · 10 - 5 and 2.5 · 10 - 10 relative to CD133 +

CD140a + and CD133- CD140a + cells, respectively) [20].
Likewise, stem cell depleted genes were enriched in CD140a+

cells (AUC P value = 1.6 · 10- 4 and 1.5 · 10 - 5). CD133 +

CD140a - cells were also enriched in genes involved in telo-
mere maintenance (P = 2.9 · 10- 5 and 1.2 · 10 - 8). Cell prolif-
eration gene sets were similarly regulated between
CD133+ CD140a - cells and both CD140a+ populations

(P = 7.6 · 10 - 18 and 1.4 · 10 - 30; cycling genes in Ben-Porath
et al. [21], and P = 7.6 · 10 - 18 and 1.7 · 10 - 43; cell cycle, Mitotic
genes in Reactome.org). Taken together, the gene expression
profile of CD133+ CD140a- cells was highly consistent with a
neural stem/progenitor population and highly enriched for
these traits relative to CD140a - cells.

In contrast, among gene sets enriched in CD133 + CD140a +

cells, we noted that adult human OPC-specific genes were
highly enriched (AUC, P = 7.8 · 10 - 19) [6]. We also found
significant enrichment of mouse oligodendrocyte expressed
genes (P = 0.00013) [22] (Fig. 5D). We performed GSEA using
a focused database of human and mouse sorted cells to better
define the transcription differences between CD133 +

CD140a - presumptive NPCs and double-positive CD133 +

CD140a + OPC-like cells (Fig. 5E, upper panel). As expected,
double-positive cells were highly enriched in genes previ-
ously identified using CD140a + FACS and Affymetrix rather

FIG. 5. Transcriptional pro-
files of CD133/CD140a-de-
fined progenitors. Human
fetal brain dissociates were
sorted for CD133/CD140a
and RNA immediately ex-
tracted. (A) Real-time RT-
PCR for PROM1/CD133 and
PDGFRA/CD140a mRNAs
(mean log2-fold change – SEM
vs. CD133 - CD140a - cells,
18–19 weeks g.a.; n = 3).
Dunnett’s post-test: **P < 0.01,
***P < 0.001. (B) Principle
component analysis. (C) Cell
type-specific marker gene
expression (heatmap: red and
green indicate increased and
decreased expression vs. me-
dian CD133 - CD140a - ). (D)
Receiver operating char-
acteristic analysis of stem cell
core genes [19] and oligo-
dendrocyte-expressed genes
[22] in each sorted cell profile.
The relative deflection above
the line of identity (black) in-
dicates enrichment of genes
versus CD133- CD140a- cells.
(E) Gene set enrichment anal-
ysis (GSEA) was performed
using cell type-specific gene
expression profiles obtained
from human (upper panel) and
mouse (lower panel) sorted cells.
The relative enrichment in each
sorted RNA sample was visu-
alized using a heatmap; red
indicates relative enrichment to
CD133-CD140a- cells, and
blue depletion. (F) Receptor
genes selectively enriched in
CD133+CD140a- cells relative
to both CD133+CD140a+ and
CD133-CD140a- cells. Color
images available online at
www.liebertpub.com/scd
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than Illumina arrays (P = 2.9 · 10 - 7) [7]. Interestingly, genes
specifically expressed by Sox2 enhancer-defined progenitors
were not differentially enriched in either CD133 + fraction
suggesting that like CD133, the Sox2 enhancer activity was
unable to distinguish NPC from OPC fate [23]. In contrast,
nestin-expressing NPCs isolated from adult human VZ ex-
pressed a gene set that was differentially active in CD133+

CD140a- relative to CD133 + CD140a+ cells (P = 8.7 · 10- 3)
[24]. We next asked whether gene expression was conserved
between species. GSEA revealed that mouse GalC + oligo-
dendrocyte genes were differentially enriched in CD140a +

cells and not enriched in CD133+ CD140a - cells (Fig. 5E,
lower panel). In contrast, CD133 + CD140a- cells were rela-
tively enriched in astrocyte-expressed genes, especially those
identified as expressed by developing astrocytes (Table S15 in
[22]). Consistent with our individual marker gene analysis
and immunostaining, neuronal transcripts were depleted in
all sorted fractions relative to double-negative cells.

To determine the specific receptors that were differentially
expressed between cell fractions, we performed differential
gene expression analysis. CD133 + CD140a - NPCs expressed
six receptors greater than OPC and the double-negative
populations (GO:0004872) (Fig. 5F). All of these receptors
genes have been identified in the developing CNS and some
have identified roles in NPC regulation [25–28]. As such,
these receptors may provide specific means to target human
multipotent NPCs.

Discussion

In this study, we sought to identify and separate distinct
populations of NPCs and OPCs to permit a molecular un-
derstanding of the signaling cascades that regulate initial oli-
godendrocyte lineage specification. We initially asked
whether CD133 or A2B5 antigens were capable of identifying
neural progenitors that expressed OLIG2. Although OLIG2
can be expressed by multipotent NPCs in addition to the ol-
igodendrocyte lineage [16], OLIG2 expression is maintained
by oligodendrocytic cells and, as such, enrichment of OLIG2 +

marker expression would accompany identification of early
OPCs and oligodendrocyte lineage cells. Surprisingly, A2B5
antigenicity did not enrich for OLIG2 + cells relative to other
CD133/A2B5-sorted fractions. In agreement with this obser-
vation, Cui and colleagues have reported a similarly low
incidence of OLIG2-expressing cells following initial A2B5-
based isolation and after 4 days in vitro [29]. Thus, as all OPCs
are thought to express OLIG2, only a small subfraction of
A2B5+ cells are of the oligodendrocyte lineage in the human
fetal forebrain. As such, the utility of A2B5 sorting for mo-
lecular studies of human OPC development is limited. In
contrast, we found that CD133-based sorting enriched for
OLIG2 + cells, exhibited a greater Sox10 enhancer activity, and
possessed a limited, but nevertheless, significantly enriched
capacity to generate oligodendrocytes in vitro compared to
other fractions. As PROM1/CD133 was enriched in both adult
and fetal human OPCs [6,7], we tested whether CD133 colo-
calized with CD140a + OPCs in fetal dissociates. Two-color
FACS revealed a significant overlap with approximately half
of CD140a+ OPCs expressing CD133.

Interestingly, CD140a + cells behaved as OPCs regardless
of CD133 antigen status, retaining the capacity to rapidly
differentiate as oligodendrocytes following isolation. Similar

to adult human OPCs [30], both CD140a + -defined popula-
tions exhibited a limited capacity for trilineage differentia-
tion and NS-IC activity. The activation of PDGFaR via
supplementation with PDGF-AA instead of EGF did not
increase sphere formation nor promote multipotentiality.
Indeed, the substitution of PDGF-AA for EGF reduced the
NS-IC activity in both CD140a + populations. Transcriptional
analysis of CD133 + CD140a + and CD133 - CD140a + cells
revealed significant commonality. These data indicate rela-
tively minor phenotypic differences in CD133-defined sub-
populations of CD140a + cells and, as such, the subdivision
of CD140a + OPCs based on CD133 antigen expression is
unlikely to yield significant benefits for cell therapy.

Importantly, CD140a + antigenicity among CD133-defined
cells was capable of distinguishing CD140a - NPCs from
CD140a + OPCs. Although one third of CD133 + CD140a -

cells expressed OLIG2, these cells lacked the capacity to
generate significant numbers of O4 + oligodendrocytes. A
smaller fraction of CD133 + CD140a - cells activated the Sox10
enhancer and did not express OPC markers. The genomic
comparison of CD133 + CD140a - NPCs to other fractions
revealed enrichment for several gene sets associated with
stem cells such as cell proliferation and telomere mainte-
nance. The comparison to double-positive cells revealed that
CD133 + CD140a - were highly enriched in adult human
multipotent NPC-expressed genes [24]. As such, depletion of
CD140a + cells was sufficient to remove OPCs from the
CD133 + -defined pool. CD133 + CD140a - cells were capable
of multilineage differentiation, exhibited a high NS-IC ac-
tivity indicative of a neural precursor population, and ex-
pressed a gene signature enriched for known stem cell genes.
Indeed, CD133 + CD140a - cells possessed a greater NS-IC
activity compared to CD133 alone [8], integrin a6/b1 [25], or
Sox2-defined NPCs [23], and similar to CD133 + CD24 - cells
[8]. By removing OPCs from this pool, we have therefore
defined a population of NPCs that may represent the im-
mediate precursor to OPCs and permit the study of OPC
commitment. This is an important step in the identification of
small molecules for the induction of OPC fate from human
fetal dissociates or pluripotent-derived cells.

CD133 antigenicity has been used to purify NPCs from
human brain tissue for many years [8]. In this study, we
found that CD133-expressing cells comprise a heterogeneous
population of neural progenitors containing both CD140a -

multipotential NPCs and CD140a + OPCs. This is important
as the cellular fate and self-renewal potential are clearly
distinct between these two fractions and their individual
transcription profiles indicate divergent signaling cascades.
The use of CD133 expression as a marker of NPC fate has
become increasingly common, especially as a marker of tu-
mor stem cells found in glioma and glioblastoma [31].
However, as CD133 also labels CD140a + OPCs, normal
adult OPCs express PROM1/CD133 [6], and OPCs represent
a much larger mitotic population in the adult brain; it is
likely that CD133 expression alone is not sufficient to de-
termine NPC fate or derivation from glial neoplasms.

Finally, we have determined the transcriptional profile of
each CD133/CD140a-defined population. As these represent
distinct phenotypes of human NPCs and OPCs, this will
likely permit the identification of novel pharmacological
targets for induction of cell fate. It is important to emphasize
that each sorted fraction likely remains heterogeneous, for
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example, we know that roughly one third of CD133+

CD140a - -defined NPCs express OLIG2. However, as this
NPC fraction cannot rapidly differentiate as oligodendrocytes
in vitro, the comparison of NPCs back to highly myelinogenic
CD140a + OPCs revealed several important molecular differ-
ences between the two populations. Indeed, the receptor
analysis described herein accurately predicts several known
receptors that may specifically regulate NPCs. For example
integrin a6 (ITGA6) has been used as a cell-surface antigen to
enrich for human NPCs [25,]. LIFR mRNA expression is
consistent with the fact that LIF has long been used as a NPC
mitogen in human NPC culture [26]. Sphingosine 1-phosphate
receptors (S1PR1 and S1PR3) have been described in human
multipotent NPCs [32] and are thought to regulate migration,
proliferation, and differentiation. GPR98 has been shown to be
expressed in VZ during embryonic development [27] and is
highly expressed in fetal human VZ during the second tri-
mester (Sim, unpublished data). A role for GPR98 in multi-
potent NPC development has not yet been described. Finally,
zebrafish frizzled 8 (FZD8) is required for oligodendrocyte
development in the spinal cord as loss of Fz8a results in the
failure to form both oligodendrocytes and OPCs [28]. Thus,
each of the identified receptors identified in our genomic
screen likely regulate NPCs and may therefore be targeted to
identify a novel compound to induce OPC fate.

The genomic characterization and separation of NPCs
and OPCs from the same tissue sample improves upon our
previous genomic study of Sox2-defined precursors [23].
Our genomic analysis using GSEA provide evidence that
Sox2-defined cells encompasses both NPCs and OPCs
(similar to CD133 alone). Indeed, we noted that a subpop-
ulation of CD140a-defined OPCs expressed the SOX2 pro-
tein before and after isolation [7]. As such, we would
anticipate that the study of human OPC fate specification
from CD133 + CD140a - -defined NPCs will permit identifi-
cation of treatments capable of directly influencing oligo-
dendrocyte fate rather than merely selecting or expanding a
subpopulation of OPCs already present in the larger pop-
ulation. This would be an important advance toward ad-
dressing the availability of suitable cells for myelinogenic
cell therapy.
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