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Neuronal differentiation is a complex process that involves a plethora of regulatory steps. To identify transcription
factors that influence neuronal differentiation we developed a high throughput screen using embryonic stem (ES)
cells. Seven-hundred human transcription factor clones were stably introduced into mouse ES (mES) cells and
screened for their ability to induce neuronal differentiation of mES cells. Twenty-four factors that are capable of
inducing neuronal differentiation were identified, including four known effectors of neuronal differentiation, 11
factors with limited evidence of involvement in regulating neuronal differentiation, and nine novel factors. One
transcription factor, Oct-2, was studied in detail and found to be a bifunctional regulator: It can either repress or
induce neuronal differentiation, depending on the particular isoform. Ectopic expression experiments demonstrate
that isoform Oct-2.4 represses neuronal differentiation, whereas Oct-2.2 activates neuron formation. Consistent
with a role in neuronal differentiation, Oct-2.2 expression is induced during differentiation, and cells depleted of
Oct-2 and its homolog Oct-1 have a reduced capacity to differentiate into neurons. Our results reveal a number of
transcription factors potentially important for mammalian neuronal differentiation, and indicate that Oct-2 may
serve as a binary switch to repress differentiation in precursor cells and induce neuronal differentiation later
during neuronal development.
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Neuronal development and differentiation are complex
processes that involve extracellular factors, local niche,
and intracellular factors. Much is known about extracel-
lular factors that mediate neural induction. For example,
inhibition of bone morphogenetic protein (BMP) by chor-
din, noggin (Sasai et al. 1995; Zimmerman et al. 1996),
and follistatin (Hemmati-Brivanlou et al. 1994; Fainsod
et al. 1997) in cooperation with signaling from bFGF
(Delaune et al. 2005) helps generate neural precursors.
Following the formation of the neural precursors, differ-
entiation is induced by factors such as sonic hedgehog
(Shh) (Hynes et al. 1995; Tanabe et al. 1995) and Notch
signaling (Breunig et al. 2007). Likewise, at the transcrip-
tional level, several key players involved in neuronal
development and differentiation have been identified.
Basic helix–loop–helix (bHLH) family proteins such as
Mash1, Math1, NeuroD, and Neurogenin 1–3 (Kageyama

et al. 2005) help induce differentiation of neurons and
other cell types. Other bHLH family members, Hes1,
Hes3, and Hes5, are expressed in neural stem cells and
known to inhibit neuronal differentiation (Kageyama
et al. 2008). In spite of the large number of transcription
factors implicated in neuronal development and differen-
tiation, few systematic studies of these regulators have
been performed, and thus it is likely that many other
transcription factors regulate neuronal differentiation.
The complete sequencing of the human genome offers

new approaches to systematically identify components
important for neuronal differentiation. Gray et al. (2004)
examined the expression of most mouse transcription
factors using in situ hybridization, and found that at least
20% of known transcription factors have spatially re-
stricted expression patterns in developing mouse brains.
While this study provided a wealth of information on the
potential involvement of factors in neurogenesis, it
lacked any functional information. In principle, another
approach that could be developed is to inactivate tran-
scription factors on a large scale; however, for many
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neuronal determinant genes knockouts rarely lead to
defects in neurogenesis, which is likely due to functional
redundancy (Ma 2006).
To systematically identify transcription factors in-

volved in neuronal differentiation, we developed an over-
expression screen in embryonic stem (ES) cells. Previous
studies have shown that introduction of single transcrip-
tion factor could induce the directed differentiation of
a precursor cell or transdifferentiation of a mature cell
type. Examples include MyoD (myocyte differentiation)
(Weintraub et al. 1989), PPARg2 (adipocyte differentia-
tion) (Tontonoz et al. 1994), and Lmx1a (dopamingeric
neuronal differentiation) (Andersson et al. 2006).
We screened 700 human transcription factors for their

ability to induce neuronal differentiation in mouse ES
(mES) cells and found many known and novel factors that
induce differentiation. One factor, Oct-2, was studied in
detail. Octamer-binding proteins (Oct) are comprised of
a family of five transcription factors (Oct-1, Oct-2, Oct-4,
Oct-6, and Oct-11) that recognize the octamer motif
(59-ATGCAAAT-39). All Oct family members are part of
the POU (Pit1, Oct, unc86) domain family of transcrip-
tion factors that harbor a POU domain connected to
a homeodomain by a short linker. Of the mammalian
Oct proteins, one, Oct-4 has been found that has several
functions with regard to differentiation in ES cells:
maintenance of pluripotency (Nichols et al. 1998), differ-
entiation into primitive endoderm (Niwa et al. 2000), as
well as promotion of neuronal differentiation (Shimozaki
et al. 2003). Other Oct family members have been less
well characterized. Oct-1 is a ubiquitously expressed
protein whose primary functions are not clear. Oct-1
knockout embryos are defective in erythropoiesis, and
Oct-1-deficient B cells show normal development (Wang
et al. 2004), yet primary mouse embryonic fibroblasts
lacking Oct-1 are deficient in response to stress stimuli
(Tantin et al. 2005). Oct-6 is regulated during stem cell
differentiation, and is localized to certain regions of the
developing brain; however, no specific function has been
determined. Oct-2 was initially studied for its role in B-
cell development (Veenstra et al. 1997). However, it has
been found to be widely expressed throughout the CNS at
multiple time points during rat embryonic development,
and its expression is restricted to the brain in adult rats

(He et al. 1989). Furthermore, treatment of sensory
neurons with nerve growth factor results in up-regulation
of Oct-2 levels (Wood et al. 1992).
Although neuronal expression of Oct-2 has been noted,

little has been reported with regard to its function in
neuronal differentiation. Previous work has focused on
the ability of various Oct-2 splice forms to regulate
specific promoters either through the use of artificial
reporter assays (Dent et al. 1991; Wirth et al. 1991) or by
examining endogenous promoters (Deans et al. 1995,
1996). However, a direct role for Oct-2 in neuronal
differentiation has not been explored.
We discovered that Oct-2 can serve as a bifunctional

regulator of neuronal differentiation. One isoformOct-2.4
has the ability to block neuronal differentiation, whereas
a second isoform Oct-2.2 can act as an inducer of
neuronal differentiation. Removal of Oct-2 and siRNA
knockdown of the Oct-1 homolog inhibits neuronal
differentiation. Thus, our results demonstrate a dual
function for Oct-2 in neuronal development and assigns
a role in neuronal differentiation to Oct family members
whose functions have been confined primarily to areas
such as B-cell maturation and apoptosis. Additionally, use
of our library for rapid functional categorization of
transcription factors is expected to be a valuable resource,
and may also be applied to the analysis of many other cell
lineages.

Results

Generation of a transgenic mES collection and
development of a high throughput neurogenesis screen

To identify transcription factors that may be involved in
neuronal differentiation we established the expression
system shown in Figure 1. Briefly, coding regions of
interest are cloned into an expression cassette that can
be efficiently integrated into a specific genomic location
(the ROSA26 locus) in mES cells as reported previously
(Masui et al. 2005). The sequence of interest is expressed
under an inducible promoter such that transcription is
activated by the removal of tetracycline. The expression
construct we prepared makes a C-terminal fusion to the
transactivation domain of Herpesvirus protein VP16,

Figure 1. Overview of the neuronal differentiation
screen. Human ORFeome 1.1 clones (Rual et al. 2004)
were transferred into the expression vector and were
cotransfected with Cre recombinase into EBRTcH3 cells.
Drug-resistant colonies were picked from 10-cm plates.
Positive clones were selected based on YFP reporter
expression. Cell lines were tested for their ability to
undergo neuronal differentiation with and without gene
induction.
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a potent activator of gene expression (Braselmann et al.
1993), as well as an N-terminal fusion to Hemagluttinin
(HA) epitope tag. Upon proper integration a yellow fluo-
rescent protein (YFP) reporter is expressed after induction
(Supplemental Fig. S1).
We first tested the system using two transcription

factors, mouse Gata6 (mGata6) and human NeuroD1
(hNeuroD1). mGata6 was previously shown to induce
differentiation (Masui et al. 2005), and therefore, mGata6
without VP16 was initially used as a control for differen-
tiation into primitive endoderm. It was found that cells in
which mGata6 was stably introduced displayed a mor-
phology change characteristic of primitive endoderm
within 48 h of inducing mGata6 expression (Supplemen-
tal Fig. S1).
hNeuroD1 has been shown previously to induce neu-

ronal differentiation when stably expressed in mES cells
(O’Shea 2001). We generated two stable cell lines, one
containing the hNeuroD1-VP16 construct and another
lacking VP16, and induced expression in each of these by
the removal of tetracycline from the media (Fig. 2B).
hNeuroD1-VP16 fusion protein localized properly to the
nucleus by immunostaining for the HA epitope (Fig. 2A).
Using conditions that do not normally form neurons

(Supplemental Fig. S2), we tested for neuronal differenti-
ation by examining cell morphology and then staining for
the presence of neuron-specific ubiquitin C-terminal
hydrolase (PGP9.5) as well as bIII-tubulin (Fig. 2C). We
found that after 72 h many cells formed projections
characteristic of neurites and stained positively for both
PGP9.5 and bIII-tubulin. This pattern was observed for
both hNeuroD1- and hNeuroD1-VP16-expressing cells,
but the percentage of cells that differentiated was 30%
higher for hNeuroD1-VP16 relative to hNeuroD1 alone
(Fig. 2D). Thus, VP16 enhanced the transcriptional activ-
ity of NeuroD1 and was included in our screening system.
An additional advantage of including the VP16 domain is
that it can potentially identify both positive and negative
regulators of differentiation (Su et al. 2004).

Neuronal differentiation from a defined set of neural
ORFs

As a pilot screen for factors that induce neuronal cell
differentiation, we next examined a small set (23) of
human and mouse ORFs known or implicated in the
induction of neuronal differentiation for their ability to
induce differentiation in the mES expression system as

Figure 2. Functional confirmation of hNeuroD1-
VP16 activity. (A) Induction of transgene expression
in cell line Tet-NeuroD1-VP16 resulted in expression
of nuclear localized HA-NeuroD1-VP16 fusion protein
(bottom right panel) and coexpression of YFP (top right

panel). (B) A NeuroD1 fusion protein of proper size is
inducibly expressed. (C) Two different markers,
PGP9.5 and bIII-tubulin, confirmed that neuronal cell
differentiation was induced by NeuroD1-VP16. (D)
hNeuroD1 minus VP16 transactivation domain also
induced neuronal differentiation. Bars, 100 mm.
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VP16 fusion proteins (Table 1). Several factors, including
Mash1, NeuroD2, and Math1, had previously been ob-
served to induce some level of differentiation when over-
expressed in embryonic carcinoma cells (Farah et al. 2000).
For NeuroD6, an ability to differentiate had previously
been demonstrated in rat pheochromocytoma cells (PC12)
but not in ES cells (Uittenbogaard and Chiaramello 2002).
Two stable lines were chosen and analyzed for each factor
and examined 96 h post-induction. Of the 23 factors
examined, 10 were found to induce neuronal differentia-
tion as judged bymorphology and/or immunofluorescence
(summarized in Table 1).

Figure 3A displays the neuronal morphology of several
examples. Ectopic expression of Mash1 resulted in a dra-
matic morphological phenotype indicative of neuronal
differentiation in which many long neurites are evident;
this phenotype was evident even without the use of
immunostaining (Fig. 3A, top panels). Other factors
(NeuroD2, Math1, Mash1, and NeuroD1) also strongly
induced differentiation, as evidenced by the presence of
large numbers of neurites and immunostaining, whereas
still others such as NeuroD6, Six2, and Phox2B induced
fewer neurites. In general, our results were consistent
with the literature.
There were several unexpected effectors of neuronal

differentiation. For example, Olig1 is known to be
expressed in motor neuron progenitors, and in the ab-
sence of both Olig1 and Olig2 progenitors are diverted to
an interneuron and astrocyte fate (Zhou and Anderson
2002). In our assay, Olig1 was able to reproducibly induce
neuronal differentiation at a very low level (data not
shown), consistent with the VP16 domain, rendering
a repressing transcription factor into a dominant positive
activator (Immaneni et al. 2000). Of the 13 factors that did
not induce some level of neuronal differentiation, none
had ever been shown to induce differentiation when
ectopically expressed. It is possible that the assay used
was too stringent for some low-potency differentiation
factors or that the VP16 domain interferes with the native
transactivation domains. Nonetheless, these results in-
dicate thatmultiple factors known to be involved in neural
development can induce neuronal differentiation when
ectopically expressed in mES cells using our system.

Neuronal differentiation screen of a collection of 700
transgenic mES cell lines

As a result of the high success rate of known factors, we
prepared and screened a collection of transcription factors
for their ability to induce neuronal differentiation. Ap-
proximately 700 human ORFs, mostly encoding tran-
scription factors, were cloned into the inducible
expression vector and then transfected into mES cell
lines to generate stable cell lines (summarized in Supple-
mental Table S1). Two cell lines for each ORF were
cultured in permissive conditions for a period of 4–5
d before fixation and immunostaining for bIII-tubulin. All
positive staining cell lines were retested through the
differentiation protocol a second time, but with transgene
expression turned both on and off in parallel. Cell lines

that produced a clear and reproducible increase in bIII-
tubulin-positive cells versus (1) uninduced controls and
(2) identically treated parental EBRTcH3 cell lines were
deemed true positives. In several cases (<10) cell lines
showed a notable increase in the number of neurons
produced, but neurons formed independent of induction
of expression. Such clones were discounted.
From the collection of 1400 cell lines, 24 neuronal

differentiation inducing transcription factors were iden-
tified. The morphology, number, and length of the in-
duced neurites varied among the different factors. Well-
known factors such as NeuroG1 (Fig. 3B) and NeuroD1
strongly induced large numbers of long neurites. Other
neural-inducing genes such as ZNF435 (Supplemental
Fig. S3) and ZFP64 (data not shown) were subtle and
lacked the long axonal processes observed with NeuroG1.
Such weaker factors had a tendency to resemble mES
colonies that had not undergone neuronal differentiation,
and cells with shortened neuronal-like processes could
only be identified with immunostaining. Another cate-
gory of positives were those in which bIII-tubulin-posi-
tive cells were either intertwined in a large clump of cells
with disorganized neuronal outgrowths or that had the
majority of neuronally differentiated cells on the periph-
ery of colonies. Targets that fit into this latter category
included HOXD3 (Fig. 3B), HOXA3 (data not shown), and
OCT-2 (Fig. 4A). An overall summary of the different
factors is included in Table 2; many of these have been
found previously to be expressed in the embryonic CNS
(e.g., Hoxd3, Tead2, Klf15, Tcf4) (Gray et al. 2004).
The 24 factors that induced neuronal differentiation as

VP16 fusions were next tested for activation in the
absence of VP16. Of the 24 positives, nine were able to
reproducibly induce neuronal differentiation without
VP16. Differentiated NeuroG1- and KLF15-expressing
(Fig. 4; data not shown) cell lines were similar in appear-
ance regardless of whether VP16 was present or not,
indicating that they are strong activators even in the
absence of VP16. Transgenes such as HOXA3, HOXD3,
HOXA3, NeuroD6, NKX2.5, SIX1, and ZNF205 that

Table 1. Neuronal differentiation from a set of neural

transcription factors

Screen hit Neuronal differentiation

EBRTcH3 �

hNeuroD1-VP16 ++++

hNeuroD2-VP16 ++++

hNeuroD6-VP16 ++

hNeuroG1-VP16 ++++

hASCL1-VP16 +

mMath1-VP16 ++++

hSIX2-VP16 ++

hOlig1-VP16 �/+
hPhox2b-VP16 +

hLhx2-VP16 +

Positive clones from a biased collection of neural transcription
factors ectopically expressed in mES cells as VP16 fusion
proteins. Levels of bIII-tubulin expression were graded as fol-
lows: (�) not detected; (+) low; (++) moderate; (+++) high; (++++)
very high.
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lacked the VP16 transactivation domain also induced bIII-
tubulin-positive neurites upon induction of expression,
but the number (and in some cases, length) of neurons
produced decreased relative to the constructs containing
VP16 (data not shown).
The remaining factors that failed to induce differentia-

tion in the absence of VP16 might either be weak activa-
tors or repressors of neural differentiation. TEAD2 and
DMRTC2 were weak inducers only in the presence of
VP16 and might be weak activators. BRAF35 binds to the
neural-restrictive silencer (NRS) promoter and is a known
repressor (Hakimi et al. 2002), and thus, it is likely to be an
activator in the presence of VP16 but a repressor in its
absence. As described in the next section, one factor, OCT-
2, was found to exhibit a very strong difference in the
presence and absence of the VP16 transactivation domain.

OCT-2.4 as a repressor of neuronal differentiation

As a VP16 fusion protein OCT-2 was one of the more
potent neuronal differentiation factors, with ;10% of
cells expressing bIII-tubulin when cells were plated on
gelatin-coated dishes and allowed to differentiate in
standard screen media (Fig. 4A,B). Upon removal of the
VP16 transactivation domain the percentage of neurons
after 4 d is reduced to less than 0.1%. This figure was
lower than the ;1% of neurons produced by the OCT-2-
VP16 transgene when tetracycline was in the media,
suggesting that OCT-2 may function as a repressor (Fig.
4B). Analysis of the Tet-OCT-2.4 and Tet-OCT-2.4-VP16
lines revealed that OCT-2.4 was expressed and localized
to the nucleus as a wild-type or VP16 fusion protein,

suggesting it was functioning properly in each case
(Supplemental Fig. S4).
To directly test the ability of OCT-2.4 to act as a re-

pressor of neuronal differentiation we used an embryoid
body (EB) differentiation protocol. EBs are multilayered
cellular aggregates that form an outer layer of endoderm
while the inner cells differentiate toward a fate of prim-
itive ectoderm. After a few days of suspension culture,
EBs form fluid filled cysts. When cystic EBs are cultured
in the presence of retinoic acid the primitive ectoderm
will differentiate toward a neuronal lineage (Bibel et al.
2007).
We placed the Tet-OCT-2.4 cell line and wild-type

control cells through the EB/neuronal differentiation
protocol. Ectopic expression of OCT-2.4 resulted in
a marked reduction of EB-derived neurons as compared
with control, as evidenced by immunostaining of anti-
bIII-tubulin (Fig. 5C). FACS analysis confirmed that there
was an approximately fourfold reduction in bIII-tubulin-
expressing cells (Fig. 4C); this figure is likely a large
underestimate as the FACS protocol we used shears cells
neurites and thereby will miss many positive cells. These
data strongly suggest that OCT-2.4 inhibits mES neuronal
cell differentiation.

Expression of Oct-2 splice forms during differentiation

A search of annotated humanORFs revealed three entries
for OCT-2 (recently renamed POU2F2). Seven entries
were present for the mouse oct-2 gene (Supplemental
Fig. S5). Of the mouse genes one, Oct-2.4, lacks a trans-
activation domain. Of the remaining isoforms Oct-2.1,

Figure 3. Positive clones from neural biased collection and large-scale screen. (A) Cell lines such as Tet-Mash1-VP16 displayed obvious
neuronal-like projections at 96 h post-induction. Bar, 200 mm. (B) Positive clones from high throughput screen varied in levels of bIII-
tubulin expression and morphology. Bars: NeuroG1, 200 mm; HOXD3, 333 mm; SIX1 and NKX2.5, 100 mm.
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Oct-2.2, Oct-2.3, Oct-2.5, Oct2.6, and Oct-2.7 all contain
transactivation domains. Amino acid analysis of human
ORF OCT-2 showed that it was nearly identical (97%
amino acid identity and 98% amino acid similarity) with
mouse Oct-2.4. We therefore refer to our clone of human
OCT-2 as OCT-2.4.
To further assess the role of OCT-2 in neuronal differ-

entiation, we analyzedmouse Oct-2 expression by immu-
nostaining of EBs using a monoclonal antibody against
Oct-2 (Fig. 5A, top panel). The monoclonal Oct-2 anti-
body used in this study was raised against amino acids
1–47 of the protein, and therefore, did not distinguish
between the various Oct-2 isoforms (Corcoran et al.
2004). The results showed that Oct-2 was absent from
undifferentiated mES cells as well as untreated day1 (D1),
D2, D4, D6, and D8 EBs (data not shown). D6 and D8 EBs
were treated with 2 and 4 d of retinoic acid, respectively.
D6 retinoic-treated EBs lackedOct-2 staining, whereas D8
EBs contained pockets of immunoreactive cells that co-
incided with the first appearance of bIII-tubulin-positive
cell clusters displaying axonal processes (Fig. 5A, bottom
panel).
Studies in rodents using RT–PCR have shown that

Oct-2 splice forms Oct-2.1, Oct-2.5, and Oct-2.4 are
expressed in neuroblastoma lines and primary tissues
such as brain. To identify which mouse Oct-2 isoforms
were expressed in differentiating EBs TaqMan primers
and probes were designed to recognize Oct-2 splice forms
Oct-2.2 through Oct-2.6 (Fig. 5B). The Oct-2.4 repressor
isoform was present at similar levels throughout the

course of differentiation and increased only slightly by
the final day of retinoic acid-induced differentiation. The
splice form Oct-2.6, which contains a transactivation
domain, was also expressed, albeit in very low amounts,
throughout all stages of EB formation regardless of the
presence or absence of retinoic acid. Interestingly, most
isoforms containing known transactivation domains
(Oct-2.2, Oct-2.3, and Oct-2.5) showed a sharp increase
in RNA fold induction from day 6 to day 8 samples
(retinoic acid induced differentiation stages). The fold
induction of day 8 retinoic acid-treated EBs was greater
than either day 6 or day 8 untreated EBs. The RNA
organization of Oct-2.1 did not allow for the simple
generation of isoform-specific primers. As a result,
a nested primer strategy was used and demonstrated that
Oct-2.1 expression increased in D8 EBs treated with
retinoic acid, similar to other Oct-2 isoforms containing
activation domains. Overall, these results highlight a con-
sistent pattern in which most of the neural-specific Oct-2
isoforms containing a transactivation domain are up-
regulated during retinoic acid neuronal differentiation
while the single splice form lacking an activation domain
is largely unchanged.

Oct-2 and Oct-1 have partially redundant functions in
the control of neuronal differentiation

Since Oct-2.1, Oct-2.2, Oct-2.3, and Oct-2.5 were induced
during neuronal differentiation; we suspected that some
of the isoforms might serve as activators in this process.

Figure 4. (A) Positive clones such as OCT-2 demon-
strated a decrease or complete loss in neuronal differen-
tiation upon removal of VP16. (B) Quantification of the
number of bIII-tubulin-positive cells revealed a dramatic
difference in cells expressing OCT-2 versus OCT-2-
VP16. Removal of VP16 resulted in a lower production
of neurons than the wild-type control. Mouse Oct-2.4
exhibits a similar result as the human isoform. (C)
Positive clones such as KLF15 demonstrated strong
neuronal differentiation both in the presence and ab-
sence of VP16. Bar, 200 mm.

Theodorou et al.

580 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


We therefore tested mouse Oct-2.2 for its ability to in-
duce neuron differentiation in mES cells using the
tetracycline-inducible expression system lacking VP16
described above. Overexpression of Oct-2.2 led to an
increase in the number of neurons formed relative to
uninduced cells (Fig. 5D). This induction was demon-
strated to be 20-fold using FACS analysis. Thus, Oct-2.2,
unlike Oct-2.4, serves as a potent activator of neuronal
differentiation.
Surprisingly, it was reported that mice null for Oct-2

protein do not display any gross morphological CNS
defects, although they do have a slight decrease in serum
Ig levels, and they may have synaptic defects (Corcoran
et al. 1993). To further examine the role of Oct-2 in
neuronal differentiation we examined oct-2�/� mES cells
in which none of the Oct-2 splice forms are expressed.
oct-2�/� mES cells had previously been generated from
blastocysts by mating mice heterozygous for a null allele
of Oct-2 (L. Corcoran, unpubl.). Our initial examination
of oct-2�/� cells undergoing EB differentiation showed no
overt difference compared with wild-type mES cells (Fig.
6A). To more carefully assess the ability of oct-2�/� cells
to undergo neuronal differentiation, a stromal cell

method of differentiation induction was used. mES cells
plated on the cranially derived mesenchymal cell line
PA6 (Kawasaki et al. 2000; Kitajima et al. 2005) often
differentiate into neurons. As the oct-2�/� cells used in
this study were originally derived from mice on the J1
background (Li et al. 1992) differentiation tests were
carried out with J1 mES cells. When wild-type J1 mES
cells were seeded onto a fixed layer of confluent PA6 cells
there were obvious neurite outgrowths from colonies
within 4–5 d. By 9 d post-plating the neurite outgrowths
had increased in length and number, and bIII-tubulin
analysis by in-plate immunostaining revealed a signifi-
cant increase in the number of neurons in optimized
plating conditions, which was confirmed by FACS (Fig.
6B,C).
It has previously been suggested that loss of Oct-2

could be functionally compensated by the related POU
domain factor Oct-1 because of the high degree of
homology in their DNA-binding domains (Wang et al.
2004). Oct-1 animals die several days prior to central
neuronal system development, and thus its role in this
process cannot be easily deduced in vivo. We tested
whether Oct-1 played a redundant role with Oct-2 during
neuronal differentiation using the PA6 in vitro system.
Transient transfection assays with siRNA oligonucleo-
tides were used because of the high (85%) and consistent
transfection rate of mES transfection with labeled oligo-
nucleotides (Supplemental Fig. S6).
Transient transfection of mES cells with siRNAs target-

ing Oct-1 yielded ;40%–50% reduction in Oct-1 levels
relative to mock transfected cells for two independent
sets of oligonucleotides (Fig. 6C, bottom left). mES cells
transfected with siRNAs targeting Oct-1 had no effect
on neuronal differentiation. In contrast, knockdowns of
Oct-1 in cells lacking Oct-2 had 50% fewer neurons
relative to control cells (Fig. 6C, bottom right). To verify
that the decrease in neuronal phenotype generated by
transfection of Oct-1 siRNAs was not a consequence of
off-target effects we overexpressed a siRNA-resistant
Oct-1 in the knockdown cells. The siRNA-resistant
version of Oct-1 (Oct-1-siR) was prepared through syn-
thesis of Oct-1 cDNA, altering codon usage while pre-
serving amino acid identity. Cotransfection experiments
with either Oct-1 or Oct-1-siR and Oct-1 siRNAs show
that, relative to cells cotransfected with wild-type Oct-1,
Oct-1-siR-transfected cells were unaffected (Supplemen-
tal Fig. S5).
We next introduced the siRNA-resistant Oct-1-siR

construct into the double-knockout lines. Oct-1-siR in
a lentiviral vector was used to infect oct-2�/� cells and
generate the oct-2�/�Oct-1-siR cell line. FACS analysis of
wild-type J1 cells and oct-2�/� cells transfected with
siRNAs targeting Oct-1 resulted in a consistent reduction
in the number of bIII-tubulin-positive cells. Oct-1-siR
rescued neuronal differentiation in oct-2�/� cells trans-
fected with Oct-1 siRNAs (Fig. 6C, bottom right), thereby
confirming a lack of off target effects from the siRNAs.
Furthermore, cells overexpressing Oct-1-siR even had
a slightly higher number of neurons than wild-type cells,
suggesting that Oct-1 can enhance neuronal formation in

Table 2. Transcription factors that induce neuronal

differentiation

Screen hit

Neuronal
differentiation with

VP16 fusion

Neuronal
differentiation minus

VP16 fusion

EBRTcH3 (control) � �

NKX2.5 +++ ++

NEUROD1 ++++ +++

TEAD2 + �

ZNF408 + �

TCF4 + �

MTGR1 + �

SIX1 ++ +

MEOX2 ++ �

BRAF35 + �

NEUROD6 ++ +

ZNF435 + �

KLF12 + �

KLF15 ++ ++

HOXD3 ++ ++/+
HOXA3 ++ ++/+
ZNF205 ++ +

ZNF37A + �

ZFP64 + �

SATB1 + �

ZNF43 + �

NEUROG1 ++++ +++

DMRCT2 + �

OCT-2 +++ �

WDR34 + �

Positive clones from a high throughput neuronal differentia-
tion screen. Twenty-four hits were identified from ;700
transgenic mES cell lines. Clones that tested positive from
the first round of screening were retested without the VP16
fusion. Levels of bIII-tubulin expression were graded as
follows: (�) not detected; (+) low; (++) moderate; (+++) high;
(++++) very high.
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this assay. Collectively, these data demonstrate that Oct-
1 and Oct-2 together are necessary for wild-type levels of
neuronal differentiation in vitro, and that they have
functionally redundant roles for this process.

Discussion

Identification of genes important for neuronal
differentiation

In this study we performed a screen to identify transcrip-
tion factors important for neuronal differentiation. From
a screen of 700 transcription factors, we identified 24 that
induced neuronal differentiation. Some of clones, such as
NeuroD1, NeuroD6, NeuroG1, andNkx2.5, are known to
be important for differentiation, and are as valuable
controls for our screen. Interestingly, it had been recently
reported that overexpression of Nkx2.5 in a muscle cell
line led to neuronal transdifferentiation (Riazi et al. 2005);
our study demonstrates that it can induce mES cells to
form neurons as well.
The majority of positives identified in our screen were

comprised of proteins that had either localization or

expression studies indicating their potential involvement
in neuronal processes, but a direct role in neuronal
differentiation had not been demonstrated. For example,
transcription factors such as HOXA3 and its paralog
HOXD3 have long been known to be expressed during
development in hindbrain rhombomeric segments but
a connection to neuronal differentiation had yet to be
established. Perhaps HOXA3 confers positional identity
(e.g., rostral or caudal) on the neurons produced. The
screen also identified SIX1 as a neuronal differentiation
inducer. SIX1 has been suggested previously to be re-
quired for differentiation of neuroblasts during inner ear
neurogenesis (Zou et al. 2004). Not surprisingly, targets of
both known and candidate activators of neuronal differ-
entiation had the capacity to induce differentiation even
after the removal of the VP16 transactivation domain.
In addition to known and candidate inducers of neuro-

nal differentiation we also found eight novel regulators,
KLF12, ZNF43, ZNF205 ZNF37A, ZFP64, ZNF435,
ZNF408, and WDR34. One of these, OCT-2, is described
further below. Of the 24 identified transcription factors,
nine maintained their differentiation ability even after
removal of the artificial transcriptional transactivation

Figure 5. Different splce isoforms of Oct-2 can either
inhibit or induce differentiation. (A) Confocal micros-
copy of EBs induced to differentiate (bottom panel)
and control (top panel). Oct-2 was detected as a nuclear
stain (green) in clusters of cells having undergone
neuronal differentiation (bIII-tubulin, red). Nucleii
were costained with DAPI (blue). (Graph, left) Real-
time RT–PCR on EBs revealed Oct-2.4 levels remained
relatively unchanged during neuronal differentiation.
(Graph, right) Oct-2.2, Oct-2.3, and Oct-2.5 all in-
creased dramatically in expression levels. (B) OCT-
2.4 inhibited neuronal differentiation. Ectopic expres-
sion of OCT-2.4 blocks retinoic acid-induced differen-
tiation of EBs (bottom panels) relative to vector
control (top panels). Quantification of neurons by
FACS. (C) Oct-2.2 isoform induced differentiation.
Activation domain containing Oct-2.2 was the only
isoform capable of inducing ES cells to differentiate
into neurons. Bars, 200 mm.
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domain. The remainders are likely weak inducers of
differentiation or repressors. Some of the factors are
consistent with the latter possibility. BRAF35, for exam-
ple, is known to be part of a complex that binds to the
repressor element 1 or NRS (RE1/NRS) (Hakimi et al.
2002). Reduction of expression of ZNF43 by antisense in
Ewing Sarcoma causes neuronal differentiation, suggesting
that it alsomight be a repressor in vivo (Gonzalez-Lamuno
et al. 2002). Another factor that failed to induce differen-
tiation when lacking VP16 is the homeodomain protein
MEOX2. Mice that are null for Meox2 through targeted
gene ablation have severe defects in muscle development
so that there is an overall decrease in muscle mass and
elimination of specific muscles (Mankoo et al. 1999).
There is a precedent for transcription factors with the
capacity to activate the muscle-specific programs, such as
MyoD andMyf5, to actively block neuronal differentiation
(Delfini and Duprez 2004). Thus, Meox2 may function in
a similar fashion, and mES cells overexpressing Meox2
may exhibit inhibition of neuronal differentiation.
The results obtained from this screen leave available

a wide assortment of interesting proteins to be further

analyzed for neuron specification and positional identity,
both in vitro and in vivo. During the course of this study
a reportwas published byFalk et al. (2007) describing a high
throughput transfection screen for neuronal differentiation
factors. They identified 15 genes whose expression weakly
induced differentiation, none of which overlapped with
ours. Their strategy differed from ours by using pooled
cDNAs in a transient transfection assay and by screening
all types of proteins, whereas we focused on transcription
factors and screened them individually using stable inte-
grants; theexpressionof the factorswasunder the controlof
an induciblepromoter.Assuch,wecouldcarefullyexamine
each clone for its ability to induce differentiation in
a controlled fashion. Regardless, collectively these results
indicate that a large number of progteins are likely to be
involved in neuronal differentiation.

Oct-2 as a potential switch for regulating neuronal
differentiation

Oct-2.4 was identified as a transcription factor that
induces neuronal differentiation when fused to the

Figure 6. Oct-1 functionally compensates for Oct-2 in
neuronal differentiation. (A) Oct-2 knockout ES cells
lacking all isoforms displayed no overt phenotype versus
wild-type cells. Bar, 200 mm. (B) Optimization of stromal
cell layer differentiation protocol. (C) Knockdown of Oct-
1. Quantification of siRNA knockdown of Oct-1 in wild-
type ES cells (left graph). In the background of oct-2�/� ES
cells Oct-1 knockdown led to a reduction in neuronal
differentiation. Rescue of neuronal differentiation was
achieved with reintroduction of a siRNA-resistant Oct-1
(Oct-1-siR). Bar, 200 mm.
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VP16 transactivation domain but not when lacking it. It
was further demonstrated that Oct-2.4 represses differen-
tiation in a well-characterized EB-based differentiation
assay. Interestingly, this is the only Oct-2 isoform that
lacks a C-terminal glutamate-rich transcriptional trans-
activation domain.
All Oct-2 isoforms containing transactivation domains

except Oct-2.6 were shown to be up-regulated during
retinoic acid-induced differentiation of EBs. We found that
one of these, Oct-2.2, induces neuronal differentiation
when overexpressed. We also tested Oct-2.1, Oct-2.3, and
Oct-2.5, which have putative transactivation domains for
induction of neuronal differentiation. The results from
these three isoforms were not definitive and, at most,
modest neuronal formation was observed; perhaps cofac-
tors are required for strong neuronal induction with these
isoforms. Nonetheless, the knockout results clearly dem-
onstrate that Oct-2 is required for neuronal differentiation
as double mutants lacking Oct-2 and its homolog Oct-1
exhibit in a defect in neuronal differentiation.
Our results are consistent with a role for Oct-2 as

a bifunctional regulator through its different spliced iso-
forms (Fig. 7). Early in EB formation the Oct-2.4 is one of
the more abundant isoforms. This repressive isoform
presumably help keep the neuronal differentiation pro-
gram suppressed. Later during differentiation, the other
isoforms containing transcription transactivation do-
mains such as Oct-2.2 become much more abundant
and activate neuronal differentiation. In this way a single
gene can mediate a switch from repression to activation.
Although bifunctional transcriptional regulators have
been observed in other contexts (e.g., Max and p53)
(Makela et al. 1992; Sauer et al. 2008), we believe this to
be the first time that alternatively spliced isoforms of one
transcription factor have been shown to have different
functional roles in neuronal differentiation of mES cells.
Our results are consistent with reporter assays that

examined the effects of Oct2 isoforms at individual gene
promoters. Oct-2.4 was shown previously to repress
transcription of the tyrosine hydroxlyase promoter,
whereas Oct-2.1 and Oct-2.5 appear to activate expres-
sion of this gene promoter in tissue culture cells (Dawson
et al. 1994; Deans et al. 1995). Our study demonstrates
that the Oct-2.4 and 2.2 isoforms are repressors and
activators of the process of neuronal differentiation,
respectively.

Using mES cells to identify functions of human ORFs

Understanding protein function is critical for understand-
ing the many new genes discovered in genome sequenc-
ing projects as well the mechanisms controlling basic
growth and differentiation and for developing targeted
therapies. To date, there have not been many large-scale
reagents developed for assessing protein function. Our
method using a library of mES cells that are transgenic for
a defined set of full-length ORFs is expected to be
a powerful and facile approach for assessing protein fun-
ction. Although human factors were introduced into
mouse cells, there is considerable precedent for human

proteins that function normally when introduced into
mice or mouse cells (e.g., interleukin-6 receptor, A-myb)
(Touw et al. 1992; DeRocco et al. 1997). Consistent with
this shared function, our results with the humanOCT-2.4
clone were identical to those obtained with the mouse
Oct-2.4 gene. Because the cell collection is permanent
and the cells are easy to grow and maintain, it can be
screened for a variety of different assays and will be
valuable for many researchers. Of even greater benefit
to the research community will be the continuance of the
effort begun here to generate transgenic ES lines for all
known cDNAs, either in the same expression system or,
a similarly designed human ES cell-based system.

Materials and methods

Cell culture and antibiotic selection

Deriviation of oct-2�/� mES cells and parental wild type J1 cells
will be described elsewhere (L. Corcoran, unpubl.). The cell line
EBRTcH3 was obtained from the laboratory of Hitoshi Niwa
(Laboratory for Pluripotent Cell Studies, RIKEN Center for
Developmental Biology, Japan). mES cells were grown in ES +

LIF media (DMEM high glucose [Invitrogen, catalog no. 11995-
065] supplemented with 15% FBS [Sigma or Inivtrogen] 0.1 mM
nonessential amino acids [GIBCO-BRL, catalog no. 11140-050],
0.1mM 2-mercaptoethanol [Sigma, catalog no.M6250], and 1000
U/mL ESGRO-LIF [Millipore, catalog no. ESG1107]). All stable
cell lines derived from EBRTcH3 were grown in ES + LIF + Tet
media (ES + LIF supplemented with 2 mg/mL tetracycline). For
antibiotic selection of RMCE lines ES + LIF + Tet supplemented
with 1.5 mg/mL of puromycin (Sigma, catalog no. P9620) was
typically used. An increase to 8.0 mg/mL of puromycin resulted
in slower cell growth and was sometimes used to reduce the
number of background mES colonies. 293T cells were grown in
ES � LIF media (ES + LIF media without LIF).

Antibodies, immunostaining, and Western blotting

AntibodyHA.11was purchased fromCovance (catalog no.MMA-
101R), antibody TU-20 (anti-bIII-tubulin) and PGP9.5 were pur-
chased from Abcam (TU-20, catalog no. ab7751; PGP9.5, catalog
no. ab8189). Secondary antibodies goat anti-mouse Alexa 633,
donkey anti-mouse Alexa 555, and donkey anti-rabbit Alexa 555
were purchased from Invitrogen. Immunostainingwas carried out
as reported previously (Muthuswamy et al. 2001). Briefly, cells
were fixed in 4% PFA for 30 min at room temperature, washed
twice with PBS, and permeabilized with 0.2% Triton X-100 in

Figure 7. Oct-2 as a potential bifunctional regulator of neuro-
nal differentiation. We propose that Oct-2.4 is an important
isoform in undifferentiated cells that repress neuronal differen-
tiation. Later-activating isoforms of Oct-2 such as Oct-2.2 attain
much higher levels and stimulate neuronal differentiation.
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PBS. After several PBSwashes, 5%goat serum in PBSwas used for
blocking 1 h at room temperature and then again used for primary
antibody dilution. Three 15-min PBSwasheswere used eliminate
unbound and nonspecifically bound primary antibody and a final
incubation was done with fluorescence conjugated secondary for
30 min at room temperature. Samples were rinsed with PBS
several times before taking pictures.

Western blotting was performed as follows: Protein samples
were lysed by suspending cell pellets in 13 RIPA (UpstateBio-
technologies, catalog no. 20-188) containing a 13 Complete
protease inhibitor cocktail (Roche, catalog no. 11697498001)
and incubating on ice for 45 min. Lysates were mixed and boiled
with 23 sample buffer and loaded onto precast 10% polyacryl-
amide gels (Bio-Rad, catalog no. 131-1155). Following electropho-
resis, separated proteins were transferred from polyacrylamide
gels to PVDF membrane (Millipore, catalog no. IPVH00010) via
semidry transfer. Membranes were blocked with 5% BSA and
probed with primary anti-HA (Covance, catalog no. MMS-101R)
or b-actin loading control (Sigma, catalog no. A2228).

Generation of transgenic mES cell lines

EBRTcH3 mES cells (Masui et al. 2005) were plated on gelatin
coated six-well plates in mES + LIF + Tet media at 1 3 105 cells
per well 1 d prior to transfection. For transfection, ;5–6 mg of
each pPthC or pPthC-VP16 ORF containing plasmids were pre-
pared using Qiagen Miniprep columns. In 96 deep-well blocks
exchange plasmids were added to 125 mL serum-free media
(DMEM with high glucose [GIBCO-BRL, catalog no. 11995-
065]) along with 2 mg of pCAGGS-Cre vector. Ten microliters
of Lipofectamine 2000 (Invitrogen, catalog no. 11668-019) were
added to an equal volume of serum-freemedia, added to the DNA
mixture, and then incubated for 10–15 min at room temperature.
Transfection mixes were neutralized with 1.25 mL of mES + LIF
media minus antibiotics (DMEM high glucose supplemented
with 15% fetal bovine serum and 1000 units/mL ESGRO-LIF)
and transferred into aspirated wells containing EBRTcH3 cells.
Four hours following transfection cells were washed twice with
PBS, trypsinized (0.25% Trypsin-EDTA; Invitrogen, catalog no.
25200-056), and replated in gelatin-coated 10-cm plates contain-
ing mES + LIF + Tet media. Cells were switched to selection
media (mES media + LIF + Tet + 1.5 mg puromycin) 48 h post-
plating, and colonies were allowed to grow out over the next 8–10
d before being picked and trypsinized in 96-well U-bottom plates.
Trypsinized cells were neutralized with mES + LIF + Tet media,
vigorously pipetted, and then transferred to gelatin-coated 96-
well plates where they were allowed to adhere overnight.
Cultures were split in half, and one copy of all clones was
replated in mES media without LIF and incubated overnight to
remove residual tetracycline. Media was changed one more time
to mES media without LIF, and after a further 24–48 h transgene-
expressing clones were scored by examining levels of Venus YFP
expression using fluorescent microscopy.

FACS analysis

The FACS protocol was adopted from that of Sergent-Tanguy
et al. (2003). All cells prepared for flow cytometry were dissoci-
ated using TryplE Express (Invitrogen, catalog no. 12605-010) and
transferred to 50-mL tubes containing PFN (13 PBS, 2% FBS,
0.1% sodium azide) and spun at 1500 rpm for 5 min at 4°C. Cells
were fixed in 2% PFA in PBS on ice for 20 min and then washed
twice in ice-cold PBS. Washed cells were permeabilized by
incubating with 0.5% Saponin in PBS on ice for 20 min.
Following two washes in PBS, cells were incubated with primary
antibody (Abcam TU-20, 1:500; Covance, HA.11, 1:750) diluted

in 0.1% Saponin in PBS, and incubated on ice for 30 min. After
two washes with 0.1% Saponin cells were resuspended with goat
anti-mouse IgG secondary conjugated with Alexa 633 (Invitro-
gen) diluted in 0.1% Saponin, and incubated for 30 min on ice.
One last wash was done with 0.1% Saponin to remove un-
incorporated secondary antibody and cells were resuspended in
PBS + 0.1% BSA + 1% EM grade methanol-free formaldehyde
(Polysciences, Inc., catalog no. 04018). Cell were counted by
a hemacytomter and concentration adjusted to 1 3 106 cells per
milliliter. Samples were run on a BectonDickinson FACSCalibur
four-color Flow Cytometer and data was analyzed with Becton
Dickinson CellQUEST Software version 5.2.1.

Vector design and library construction

DNA fragments generated in this study for plasmid modification
were amplified with Platinum Pfx DNA polymerase (Invitrogen,
catalog no. 11708013). pPthC-Oct3/4 expression vector (Masui
et al. 2005) was modified as follows: Oct3/4 was excised by
digesting with XhoI and NotI. The Gateway recombination
cassette (Invitrogen) was amplified with forward primer
GTGTGTCTCGAGCCACCATGGATTATCCATATGACGTCC
CAGACTATGCTACAAGTTTGTACAAAAAAGCTGAAC, which
incorporates an HA epitope tag for N-terminal fusions, and reverse
primer GTGTGTGCGGCCGCTAAATAGAATAAACCACTTTGT
ACAAGAAAGCTGA, which incorporates stop codons in all three
reading frames immediately downstream from the attR2 recombina-
tion site. For VP16 Cterminal fusions a reverse primer with the
sequence GTGTGTGCGGCCGCTAAATAGAATAAGCTAGCCA
CCACTTTGTACAAGAAAGCTGA was used to incorporate an
NheI site immediately downstream from the Gateway attR2 site.
The VP16 transactivation domain was amplified from plasmid pM3-
VP16 AD (Clontech) using the forward and reverse primers
GTGTGTACTAGTCCCAAGAAGAAGCGGAAGGTC and GTGT
GTGCTAGCCCCACCGTACTCGTCAATTCC. DNAs mOct-1,
mOct-1-siR, mOct-2.1, and mOct-2.5 ORFs were synthesized, se-
quenced, and cloned into pDNR221 by DNA2.0. Human ORFeome
1.1 selected clones were grown in LB supplemented with 100 mg/mL
spectinomycin and DNA was extracted using 96-well QIAprep 96
Turbo Miniprep (Qiagen, catalog no. 27191). Shuttling of ORFeome
clones into expression vector pPthC-DEST and pPthC-VP16-DEST
was done with LR Clonase enzyme (Invitrogen, catalog no. 11791-
043). LR reactions were performed in either a 5 mL (96-well format) or
10mL (individual tube format). Reactions in 10-mL format consisted of
2 mL of 53 LR reaction buffer, 2 mL of 100 ng/mL Entry clone, 2 mL of
100 ng/mL Destination vector, and 4 mL of LR Clonase enzyme.

Lentiviral preparation and infection

Mach7 vector was designed and constructed in collaboration
with Patrick Salmon (University of Geneva) and Didier Trono
(Laboratory of Virology and Genetics, Ecole Polytechnique
Fédérale, Lausanne, Institute of Bioengineering) (E. Theodorou
and M. Snyder, in prep.). Lentiviral packaging plasmids DR874
and pMD2G were gifts of P. Salmon and D. Trono. For viral
packaging 5 3 106 cells were plated in six-well dishes in 2 mL
DMEM + 15% FBSminus antibiotics the day before transfection.
The day of transfection cells were left without media changing
media prior to transfection. Lipofectamine 2000 was used
according to manufacturer’s specifications, with an optimal
L2000 to DBA ratio of ;2:1. Packaging consisted of tube A [3.3
mg DR874 and 0.83 mg pMD2G being added to 83 mL of serum-
free media [DMEM minus additives]) and mixed with tube B (10
mL of L2000 added to 83 mL SFM). Transfection mix was added
drop-wise to cell cultures and allowed to proceed for ;5–6 h
before media was changed to culture media minus antibiotics.
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Forty-eight hours post-transfection viral particle-containing me-
dia was collected and passed through a 0.45-mm disk filter.
Filtered viral supernatant was used immediately for infections
or stored for a few days at 4°C or for long-term storage at �80°C.
Viral infection with M7-eGFP, M7-Oct-1, and M7-siR-Oct-1 was
done by trypsinizing mES cells and resuspending them in
standard ES growth media at 1 3 105 cells in a 200-mL volume.
To the freshly plated cells, 1.3 mL of undiluted viral supernatant
was added along with a final concentration of 6 mg/mL Polybrene
(Sigma, catalog no. 107689). Cells were left in viral supernatant
overnight before being switched back to standard growth media.
Antibiotic selection was applied 48 h post-infection, and cells
were maintained in selection media for a minimum of two
passages. Transgene expression was confirmed by anti-HA
immunostaining of cells having undergone selection.

EB culture

EBs were generated by using culture methods similar to those
published previously (Bibel et al. 2007). One day prior to EB
formation wild-type and transgenic mES lines were placed in ES
+ LIF media minus any antibiotics. To form EBs cells were
trypsinized and pipeted until they became a primarily single-cell
suspension. Single-cell suspensions were plated in 15 mL of ES �
LIF media in 10-cm triple-vented petri dishes (Greiner Bio-One,
catalog no. 82050-574), and thereafter media was changed every 2
d. For retinoic acid treatment 5 mM all trans-retinoic acid was
added to EBs on days 6 and 8 during media changes. On day 8,
fully formed EBs were collected and washed twice in PBS by
gravity sedimentation and dissociated with freshly made 0.5%
trypsin with chymotrypsin inhibitor (TPCK, Worthington Bio-
chemical, catalog no. LS003750) in 0.5% EGTA in PBS at 37°C.
TPCK treatment was halted with ES � LIF media and EBs were
pipeted vigorously until they were well dissociated. Dissociated
EBs were centrifuged for 5 min at 2000 rpm in order to
concentrate cells and to remove traces of serum-containing
media. Cells were resuspended in N2 media (DMEM:F12 1:1
(GIBCO-BRL, catalog no. 11330-032), 13 N2 supplement
(GIBCO-BRL, catalog no. 17502-048), 20 mg/mL insulin (Sigma,
catalog no. I0516), 50 mg/mL Fraction V BSA (GIBCO-BRL,
catalog no. 15260-037), and 0.253 GlutaMAX (GIBCO-BRL,
catalog no. 35050-061), and then added dropwise to a 40-mm cell
strainer (BD Falcon, catalog no. 352340) to remove any large cell
clumps or debris. Cell suspensions were counted by hemacy-
tomter and plated in poly-ornithine/laminin-coated dishes (BD
Biosciences, catalog no. 354658). Prior to plating cells a solution of
5 mg/mL laminin (Roche Diagnostics, catalog no. 11243217001)
was added to the precoated plates for 2 h at room temperature to
allow for better adherence of neural precursors. N2 suspended
cells were plated at a density of 2.5 3 106 cells/well in a six-well
plate. N2 media was changed 24 h postplating and the switched
to a modified version of Complete media (DMEM:F12 1:1
supplemented with with 13 B27 reagent [GIBCO-BR, catalog
no. 17504-044] and 0.253Glutamax) at 48 h. Four days following
the addition of Complete media cells were either directly fixed
and stained or prepared for FACS analysis.

Stromal cell induction of neuronal differentiation

PA6 stromal cell (RIKEN) differentiation was performed as
published previously (Kawasaki et al. 2000) with slight modifi-
cation. On the day of mES cells plating, PA6 stromal cells were
fixed in 4% paraformaldehyde for 30 min at room temperature,
then washed in PBS three times, 15 min each wash. mES cells
grown in ESmediawere trypsinized and then neutralizedwith ES
medium minus LIF, pelleted, and resuspended in ES differentia-

tion media (GMEM [GIBCO-BRL, catalog no. 11710-035] supple-
mented with 10% KSR [GIBCO-BRL, catalog no. 10828-028], 0.1
mM nonessential amino acids [GIBCO-BRL, catalog no. 11140-
050], 1 mM sodium pyruvate [Sigma, catalog no. S-8636], 0.1 mM
2-mercaptoethanol [Sigma, catalog no. M6250]). ESGRO-LIF
(1000 U/mL) was added to increase plating efficiency. mES cells
were counted and plated at a density of 5 3 104 cells per dish.
Twelve hours to 16-h post-plating cells were washed once with
PBS and media was changed to ES differentiation media without
LIF. Media was changed every 48 h until day 8 when cells were
harvested for FACS analysis.

RNA isolation and gene expression analysis

RNA was isolated using the RNeasy Kit (Qiagen, catalog no.
74104) along with Qiashredder columns (Qiagen, catalog no.
79654). RNA concentration was measured using a Nanodrop
ND-1000 UV-Vis Spectrophotometer (Nanodrop Technologies).
The first strand was generated using Superscript III First-Strand
Synthesis Supermix for qRT–PCR (Invitrogen, catalog no. 11752-
050) with 1 mg of total RNA. TaqMan assay was performed
according to manufacturer’s specifications using TaqManmaster
mix (Applied Biosystems, catalog no. 4369016) and custom
primers and probes designed by Applied Biosystems. First-strand
samples were typically diluted 1:10. cDNAs spanning the rele-
vant cDNA regions to be amplified were synthesized by DNA2.0
as positive controls for quantifying efficiency of primers. Sam-
ples were normalized to actin (Applied Biosystems, catalog no.
4352933E).
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