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Stable Expression of FoxA1 Promotes
Pluripotent P19 Embryonal Carcinoma

Cells to Be Neural Stem-Like Cells
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State Key Laboratory of Chemo/Biosensing and Chemometrics, College of Biology,
Hunan University, Changsha, Hunan, China

FoxA1 belongs to the fork head/winged-helix transcription factor family and participates in stimulating neuronal
differentiation of pluripotent stem cells at early stages. To explore the biological roles of FoxA1 during this
process, the stable expression of a GFP-FoxA1 fusion protein was established in P19 pluripotent embryonal
carcinoma cells. Although they still express pluripotency-related transcription factors such as Oct4, Nanog, and
Sox2, the generated P19 GFPFoxA1 cells exhibited a decreased activity of alkaline phosphatase and an increased
expression of SSEA-3 compared with P19 cells. Elevated levels of nestin expression and prominin-1+ populations
were observed in P19 GFPFoxA1 cells, implicating that the stable expression of FoxA1 promoted P19 cells to
gain partial characteristics of neural stem cells. Furthermore, the promoter of nestin was confirmed to be bound
and activated by FoxA1 directly. The expression of neuron-specific marker tubulin βIII also existed in P19
GFPFoxA1 cells. P19 GFPFoxA1 cells showed an earlier onset of differentiation during RA-induced neuronal
differentiation, evidenced by a more rapid change on the Nanog decrease and the tubulin βIII increase. Thus,
overexpression of FoxA1 alone may promote pluripotent P19 cells to become neural stem-like cells.

Key words: FoxA1 transcription factor; Pluripotent P19 embryonal carcinoma (EC) cells; Nestin;
Retinoic acid-induced neuronal differentiation; Stable cell line

INTRODUCTION neurectoderm (3). The expression pattern of FoxA1
in developing neural tube and adult brain structures
implicates its important roles in neurogenesis andTranscription factor FoxA1 belongs to the fork

head/winged-helix family of transcription factors that brain functions. This is supported by a recent discov-
ery in which FoxA1 was found to regulate multipleplay important roles in cellular proliferation and dif-

ferentiation during embryonic development (9,13,14, phases of midbrain dopaminergic neuron develop-
ment by stimulating expression of multiple neural17). FoxA1 participates in the early development of

central nervous system and endoderm-derived organs differentiaton-related genes at different stages of the
neuronal differentiation (8).like liver and pancreas, evidenced by its expression

initiating during gastrulation of mouse embryogene- Pluripotent stem cells are undifferentiated cells
that can give rise to several lineages of differentiatedsis in notochord, ventral floor plate of neural tube,

and gut endoderm, and spreading to midbrain and cell types (38). Among the well-established pluripo-
tent cells such as embryonic stem cells (ESCs) andspinal cord regions and to liver primordium (2,23,29,

30). It possesses multiple functions in different adult embryonic germ cells (EGCs), embryonal carcinoma
cells (ECCs) are derived from teratocarcinomas andorgans because its expression in the adult includes

tissues derived from endoderm, mesoderm, and have been well characterized as pluripotent cell lines
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that can be maintained as undifferentiated cells and Furthermore, elevated levels of nestin expression and
prominin-1+ populations are observed in P19 GFP-induced under controlled conditions to differentiate

in vitro to any cell type of all three germ layers (19). FoxA1 cells, implicating that the obtained cell lines
gain partial characteristics of neural stem cells. WeThe mouse P19 EC cell line was derived from a tera-

tocarcinoma in C3H/He mice, produced by grafting have confirmed that the promoter of nestin is bound
and activated by FoxA1 directly. We have demon-an embryo at 7 days of gestation to testes of an adult

male mouse (21). The cells contain a normal karyo- strated that P19 GFPFoxA1 cells show an earlier
onset of differentiation during RA-induced neuronaltype, predicting that the cells do not possess any

gross genetic abnormalities. When injected into differentiation, evidenced by a more rapid change on
the Nanog decrease and the tubulin βIII increase.mouse blastocysts, P19 cells differentiate into a broad

range of cell types in the resulting chimeras (28). Thus, FoxA1 may be one of the major factors that
promote pluripotent P19 cells to become neural stem-Like ES cells, P19 cells express pluripotent marker

genes such as Oct4, Nanog, and Sox2 and possess like cells.
high activity of alkaline phosphatase, and teratomas
formed by P19 cells in a nude mouse contains all
three embryonic germ layers (37). P19 cells can dif- MATERIALS AND METHODS
ferentiate in vitro into derivatives of all three germ

Cell Culture and RA-Induced Neural Differentiation
layers depending on chemical treatment and growth
conditions. For example, P19 cell aggregates The P19 EC cells were maintained in DMEM con-

taining 7.5% calf serum (Gibco), 2.5% fetal bovine(embryoid bodies) differentiate to cardiac and skele-
tal muscle when treated with dimethyl sulfoxide serum (Gibco), and 0.5% penicillin streptomycin

(Gibco) at 37°C in 5% CO2. For neural differentia-(7,20), or neuronal and glial cells with retinoic acid
(RA) treatment (12,20). tion, P19 cell aggregates were formed by placing 3 ×

106 P19 cells in a 100-mm bacterial grade dish (petriThe model of RA-induced P19 cell neuronal differ-
entiation has been widely used for molecular analysis dish; Falcon) with addition of 5 × 10−7 M all-trans

RA (Sigma) for 4 days.of neuronal induction and differentiation (15,24,26,
31,35,36). The temporal patterns of gene expression
during RA-induced P19 cell neuronal differentiation Generation of FoxA1-Expressed P19 Cell Lines
display three phases: the initial primary response

The cDNA of rat FoxA1 was PCR amplified by
phase (0–24 h following RA treatment), the neural

pfu DNA polymerase (Fermentas) from the template
differentiation phase (1–3 days following RA treat-

of rat HNF3α cDNA (32), with the following restric-
ment), and the terminal differentiation phase (5–6

tion site tagging sense (S) and antisense (AS) prim-
days following RA treatment). FoxA1 is induced

ers: EcoRI-rFoxA1-S, 5′-CCG GAA TTC CGG ATG
within 6 h and peaks at 1 day during RA-induced P19

TTA GGG ACT GTG AAG-3′ and BamHI-rFoxA1-
cell neuronal differentiation (10), and is one of the

AS, 5′-CCC AAG CTT GGG CTA GGA AGT ATT
primary targets of RA action through a RA-respon-

TAG CAC-3′. The EcoRI/BamHI fragment of rat
sive element (RARE) in its promoter (11). Our recent

FoxA1 PCR products was inserted into the EcoRI/
data have demonstrated that adenovirus-mediated

BamHI site of a pEGFP-C2 vector (Clonetech #6083-
transcient elevation of FoxA1 promotes pluripotent

1). The expression vector of pCMVp-EGFP-rFoxa1
P19 cells to become neural stem-like cells through its

was transfected into P19 cells with Lipofectamine
direct stimulation on the expression of sonic hedge-

2000 (Invitrogen) and stable transfectants were
hog (Shh). Knockdown of FoxA1 prevents the induc-

obtained following the selection with 500 µg/ml of
tion of Shh and nestin during P19 cell neuronal

G418 (Invitrogen) for 14 days. The individual clone
differentiation. Elevated levels of FoxA1 also

of GFP-FoxA1-expressed cells was established by
enhance the overall neuronal differentiation, evi-

limiting dilutions.
denced by increased populations of neurons at the
late time point of RA-induced neuronal differentia-

Reverse Transcription Polymerase Chain
tion (34).

Reaction (RT-PCR)
In this study, we intend to further explore the bio-

logical roles of FoxA1 during neuronal differentia- For RT-PCR, the cDNAs were synthesized using
RevertAidTM First Strand cDNA Synthesis Kits (Fer-tion. We have established P19 cell-derived cell lines

that stably express a GFPFoxA1 fusion protein. We mentas) with total RNA as templates. PCR amplifica-
tion was performed with Taq DNA polymerasehave found that the stable expression of GFPFoxA1

in P19 cells results in a decreased activity of alkaline (Promega) with following sense (S) and antisense
(AS) primers, annealing temperature (Ta), andphosphatase and an increased expression of SSEA-3.
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number of PCR cycles (N): mNanog-S, 5′-GAG ACA an alkaline phosphatase (ALP) staining kit (Vector
Laboratories Burlingame) according to a standardGAA GGA CCA GGA GT-3′ and mNanog-AS, 5′-

GGA CTC CAA GGA CAA GCA AG-3′ (Ta: 58°C, protocol.
N: 30); mOct4-S, 5′-CAC TTT GGC ACC CCA
GGC TA-3′ and mOct4-AS, 5′-GCC TTG GCT CAC Chromatin Immunoprecipitation (ChIP) Assays and

Cotransfection AssaysAGC ATC CC-3′ (Ta: 58°C, N: 30); mSox2-S, 5′-
TGA CCA GCT CGC AGA CCT AC-3′ and mSox2-

ChIP assays were performed as previously
AS, 5′-GGA GGA AGA GGT AAC CAC GG-3′ (Ta: described (34). For immunoprecipitation, 2 µg of rab-
58°C, N: 30); mCyclophilin-S, 5′-GGC AAA TGC

bit anti-FoxA1 (abcam ab23738) or rabbit control
TGG ACC AAA CAC-3′ and mCyclophilin-AS, 5′-

IgG anti-cdc25B (Santa Cruz SC-326) was used. The
TTC CTG GAC CCA AAA CGC TC-3′ (Ta: 58°C,

ChIP DNA sample or 5% total input was used in
N>: 26); rFoxA1-S, 5′-TAC GCT CCG TCC AAT

PCR with the following primers: mNestin promoter
CTG GG-3′ and rFoxA1-AS, 5′-TGA GTG GCG −4064 bp forward: 5′-AAC AGC AAC AAC CAC
AAT GGA GTT CTG-3′ (Ta: 63.6°C, N: 30); mFoxA1-

AAC ACT GC-3′ and mNestin promoter −3919 bp
S, 5′-AGA CAT TCA AGC GCA GCT ACC-3′ and

backward: 5′-GGA ACC CTC TCT CAA CCT TTG
mFoxA1-AS, 5′-GGG TCC TTG CGA CTT TCT G-

G-3′ (Ta: 60°C, N: 35), mNestin promoter −2010 bp
3′ (Ta: 57.5°C, N: 30); mNestin-S, 5′-TCG ATG ACC

forward: 5′-TCA GAG GCT TTG ATG TCC CTG
TGG AGG GAC AAC-3′ and mNestin-AS, 5′-AAA

G-3′ and mNestin promoter −1855 bp backward: 5′-
TGC CTT GGG TCC TCT AGC C-3′ (Ta: 63°C, N:

ACA GAT TGG CAT TCT CAG CAC TG-3′ (Ta:30); mTubulin βIII-S, 5′-GAT GAT GAC GAG
60°C, N: 35).

GAA TCG GAA G-3′ and mTubulin βIII-AS, 5′-
For cotransfection assays, the mouse −372 to +197

AGA GGT GGC TAA AAT GGG GAG G-3′ (Ta: bp nestin promoter region was PCR amplified from
58.2°C, N: 28); mShh-S, 5′-CAA TCT GCA ACG

mouse genomic DNA with the following primers:
GAA GCG AG-3′ and mShh-AS, 5′-GTG CGC TTT

mNestin −372 HindIII 5′-CCG AAG CTT TCC GTT
CCC ATC AGT TCC-3′ (Ta: 64°C, N: 35).

TTT CCA ACA GTT CAC G-3′ and mNestin +197
HindIII 5′-CCG AAG CTT TGA GCA GCT GGTWestern Blotting, Immunostaining,
TCT GCT CCT C-3′, and cloned into the correspond-and Flow Cytometry
ing HindIII site of the pGL3 basic Luciferase vector

To measure protein levels, Western blot analysis
(Promega). The mouse nestin promoter −4179 to

with antibodies against proteins of interest was per- −3919 region was PCR amplified from mouse geno-
formed as described previously (33). The following

mic DNA with the following primers: mNestin −4179
antibodies and dilutions were used for Western blot-

XhoI 5′-CCG CTC TAG TGA CAC CCT CTT CTG
ting: rabbit anti-FoxA1 (1:2,000; abcam ab23738),

GCA CAT C-3′ and mNestin −3919 HindIII 5′-CCG
rabbit anti-Nanog (1:2,500; Chemicon AB9220), rab-

AAG CTT GGA ACC CTC TCT CAA CCT TTG G-
bit anti-Oct4 (1:1500; Chemicon AB3209), rabbit

3′, and cloned into the corresponding XhoI/HindIII
anti-Sox2 (1:1500; abcam AB59776), rabbit anti-nes-

sites of pGL3-Nestin-372bp-Promoter. P19 cells
tin (1:2500; Mlilipore AB5922), mouse anti-tubulin

were transfected with 200 ng of either CMV-FoxA1βIII (1:1,000; Chemicon MAB1637), mouse anti-
cDNA or CMV empty expression vectors, 1,600 ng

GFP (1:1000, Milipore MAB3580), and mouse anti-
of the Luciferase reporter constructs containing dif-β-actin (1:20,000; Sigma AC-15).
ferent mouse nestin promoter regions, and 25 ng of

Immunostaining of selected proteins was per-
pRL-CMV loading control Luciferase reporter plas-

formed as described previously (34). The following
mid (Promega) by Lipofectamine 2000 reagent

antibodies and dilutions were used for immunostain-
(Invitrogen). Protein extracts were prepared from

ing: rabbit anti-nestin (1:100; Mlilipore AB5922) and
transfected P19 cells at 24 h following DNA transfec-

mouse anti-tubulin βIII (1:100; Chemicon
tion and the Dual-Luciferase Assay System (Pro-

MAB1637).
mega) was used to measure Luciferase enzyme

Flow cytometry of selected markers was performed
activity following the manufacturer’s instructions.

as described previously (37). The following antibod-
ies were used for flow cytometry: SSEA-3-PE anti-

Statistical Analysis
body (eBioscience 12-8833-71) and prominin-1-PE
antibody (Miltenyi Biotec 130-092-334). We used Microsoft Excel Program to calculate SD

and statistically significant differences between sam-
Alkaline Phosphatase Staining ples with Student’s t-test. The asterisks in each graph

indicate statistically significant changes with p-valuesCells were fixed with 50% acetone and 50% meth-
anol at room temperature for 2 min and stained using calculated by Student’s t-test: *p < 0.05, **p ≤ 0.01,
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and ***p ≤ 0.001. Values of p < 0.05 were consid- 1 cells were chosen to measure the expression of
GFPFoxA1 fusion protein, which was visualized byered statistically significant.
fluorescence microscopy (Fig. 1B). The analysis of
flow cytometry confirmed that more than 95% cells
of clone 1 were GFP positive compared to P19 cellsRESULTS AND DISCUSSION
(Fig. 1C). The Western blotting results of the clone

The Construction of P19 Cells That Stably Express
1 cells showed that the molecular weight of the

a Functional GFPFoxA1 Fusion Protein
expressed GFPFoxA1 fusion protein was closed to
the theoretically calculated value (Fig. 1D). We trans-The aggregated P19 cells were differentiated to

neural cells by RA treatment (12,20) and a transient fected a reporter plasmid, in which the luciferase
reporter gene was driven by a promoter containing 6×elevation of FoxA1 alone could promote the cells to

be neural stem-like cells through FoxA1’s direct FoxA binding sites (TTTGTTTGTTTG) from Cdx2
promoter (27), to the clone 1 cells and confirmed thestimulation on the expression of Shh (34). To further

explore the functions of FoxA1 during neuronal dif- transcriptional activity of GFPFoxA1 fusion protein
(Fig. 1E). Therefore, we established P19-derived cellferentiation, we stably expressed the protein of

FoxA1 in P19 cells. A plasmid vector that contained lines that stably expressed a functional GFPFoxA1
fusion protein.a CMV promoter-driven GFP-rat FoxA1 cDNA

expression cassette was transfected to P19 cells. After
the G418 selection for 2 weeks, P19 cell-derived cell

The Decreased Activity of Alkaline Phosphatase
lines that stably expressed a GFP-rat FoxA1 fusion

and Increased Expression of SSEA-3
protein were established and named as P19 GFP-

in P19 GFPFoxA1 Cells
FoxA1 cells. Three individual clones (clone 1, 2, and
3) were analyzed by RT-PCR with the designed prim- P19 cells are pluripotent stem cells, evidenced by high

expression levels of pluripotency-related genes such asers specific to GFP-rat FoxA1 fusion cDNA to con-
firm the expression of exogenous GFPFoxA1 Oct4, Nanog, and Sox2, and the formation of three

germ layer-containing teratomas upon subcutaneousmRNAs in P19 GFPFoxA1 cells (Fig. 1A). The clone

Figure 1. P19 EC cells that stably express a functional GFPFoxA1 fusion protein. (A) Stable expression of GFPFoxA1 in P19 cells.
GFPFoxA1-expressing P19 cell lines were established according to procedures detailed in Materials and Methods. Total RNA samples were
isolated from P19 cells and three individual clones (clone 1, 2, and 3) of P19 GFPFoxA1 cells, and the mRNA levels of GFPFoxA1 and
cyclophilin were measured by RT-PCR Assays. (B–E) The established P19 GFPFoxA1 cells express a functional fusion protein. The clone
1 cells were chosen to measure the expression of GFPFoxA1 fusion protein by fluorescence microscopy (B), flow cytometry (C), and
Western blotting (D). The transcriptional activity of GFPFoxA1 fusion protein was confirmed by the activation of FoxA1 binding sites
containing promoter (Cdx2 promoter) in clone 1 cells (E).
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Figure 2. The stable expression of GFPFoxA1 in P19 cells correlates with decreased activity of alkaline phosphatase and increased expression
of SSEA-3. (A, B) P19 GFPFoxA1 cells normally express pluripotency-related transcription factors such as Oct4, Nanog, and Sox2. Total
RNA or proteins samples were isolated from P19 cells and clone 1, 2, and 3 of P19 GFPFoxA1 cells. The mRNA or protein levels of Oct4,
Nanog, and Sox2 were measured by RT-PCR assays (A) or Western blotting (B), respectively. Cyclophilin or β-actin was used as the
loading control. (C) P19 cells and the clone 1 cells were stained for alkaline phosphatase. (D) GFPFoxA1 stable expression resulted in
significant increase of SSEA-3 in P19 cells. Flow cytometry was used to measure cell populations of SSEA-3 in P19 cells and the clone 1
cells. P19 cells were used as negative control cells.

inoculation into nude mice (37). We measured the differences between the P19 GFPFoxA1 cells and
parental P19 EC cells.the expression of Oct4, Nanog, and Sox2 in P19

GFPFoxA1 cells, and found that the cells normally
expressed the mRNAs (Fig. 2A) and proteins (Fig. P19 GFPFoxA1 Cells Showed Elevated Levels
2B) of these transcription factors. On the other hand, of Nestin Expression and Prominin-1+ Populations
even though both P19 and P19 GFPFoxA1 cells pos-
sessed a similar proliferation rate (Fig. 1S; supple- Adenovirus-mediated transcient elevation of FoxA1

promotes pluripotent P19 cells to become neuralment figures available from http://bio.hnu.cn/index.
php?option=com_content&view=article&id=131:2010- stem-like cells through the direct stimulation on the

Shh expression and enhances the overall neuronal11-16-12-45-48&catid=46:2010-07-19-05-57-39&Itemid
=123), we noticed that P19 GFPFoxA1 cells showed differentiation (34). To further characterize the phe-

notype of P19 GFPFoxA1 cells, we measured thea decreased activity of alkaline phosphatase (Fig.
2C), implicating that the cells lost partial characteris- expression of neural stem cell marker nestin (18) in

these cells. The mRNA levels were measured by RT-tics of pluripotent stem cells. This idea was further
supported by the analysis of the SSEA-3 expression PCR assays with the samples from P19 cells and

clone 1, 2, and 3 of P19 GFPFoxA1 cells. Theof P19 GFPFoxA1 cells with flow cytometry. The
cell surface antigen SSEA-3 did not express in mouse expression of Shh was increased in the clones of P19

GFPFoxA1 cells as expected and a dramatic increasepluripotent stem cells but was upregulated following
differentiation (1,5). We found that the 83.94% popu- of nestin mRNAs was also found in these clones

(Fig. 3A). The elevated expression of nestin in P19lation of P19 GFPFoxA1 cells was SSEA-3 positive
compared with that of P19 cells (Fig. 2D), suggesting GFPFoxA1 cells was confirmed by Western blotting
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Figure 3. Elevated levels of nestin expression and prominin-1+ populations in P19 GFPFoxA1 cells. (A–C) P19 GFPFoxA1 cells express
neural stem cell marker nestin. Total RNA or protein samples were isolated from P19 cells and clone 1, 2, and 3 of P19 GFPFoxA1 cells.
The mRNA levels of nestin, Shh, GFPFoxA1, and cyclophilin were measured by RT-PCR assays (A). The protein levels of nestin and β-
actin were measured by Western blotting (B). Immunostaining of P19 cells or the clone 1 cells was performed with nestin antibody (C). (D)
P19 GFPFoxA1 cells contained populations of neural stem cells (prominin-1+ cells). Flow cytometry was used to measure cell populations
of prominin-1+ cells in the clone 1 cells, compared to P19 cells.

and immunostaining with nestin antibody (Fig. 3B, (2d) P19 cells (34) was cross-linked, sonicated to
DNA fragments of 500–1000 nucleotides in length,C). This finding suggested that the stable expression

of GFPFoxA1 promoted P19 cells to gain partial and then immunoprecipitated with either rabbit
FoxA1 antibody or rabbit control IgG (anti-cdc25B).characteristics of neural stem cells. This idea was fur-

ther supported by the flow cytometry analysis, in The amount of promoter DNA associated with the IP
chromatin was quantitated by RT-PCR with primerswhich P19 GFPFoxA1 cells was found to contained

increased cell populations positive with neural stem specific to nestin promoter region −4064 to −3919 bp
or −2010 to −1855 bp. Compared to the P19 cellcell-surface marker prominin-1 (homolog of human

CD133) compared to P19 cells (Fig. 3D). samples that showed no FoxA1 specific binding, RA-
treated or AdFoxA1-infected samples showed obvi-
ous binding activities of FoxA1 on the nestin pro-

FoxA1 Binds to and Stimulates Nestin Promoter
moter region around −4 kb but not the −2 kb region
(Fig. 4B). These results confirmed that FoxA1 boundTo test whether FoxA1 was one of the regulators

of nestin transcription, we scanned −5 kb promoter directly to endogenous nestin promoter at −4 kb
upstream region during RA-induced differentiation.region of mouse nestin gene with the FoxA1 DNA

binding consensus sequence, and found multiple tan- To test whether FoxA1 activates nestin promoter,
luciferase reporter plasmids with different length ofdem FoxA1 putative binding sites at the regions of

−4085 to −4073 bp, −3439 to −3427 bp, and −1761 mouse nestin promoter regions were constructed and
transfected into P19 cells with the CMV-FoxA1to −1748 bp in the nestin promoter (Fig. 4A). We

used chromatin immunoprecipitation (ChIP) assays to expression vector or a CMV empty expression vector.
Luciferase enzyme activity was analyzed followingdetermine the nestin promoter regions that mediate

FoxA1 binding to endogenous nestin promoter at transfection. Cotransfection of FoxA1 expression
vector caused a significant increase in −4 kb nestinphysiological conditions. The chromatin of P19 cells,

RA-induced (2d) P19 cells, or AdFoxA1-infected promoter activity (Fig. 4C).
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P19 GFPFoxA1 Cells Showed an Earlier Onset cultured in accordance with standard procedures
required for neuronal differentiation to occur. P19of Neuronal Differentiation Through RA Treatment
GFPFoxA1 cells were able to form cell aggregates in
bacterial grade dishes during RA stimulation, althoughP19 cells are known to differentiate into neuronal

cells by RA treatment and cellular aggregation the P19 GFPFoxA1 cell aggregates were observed
morphologically to be loose and irregular compared(12,20). Surprisingly, we found a noticeable increase

of neuron-specific marker tubulin βIII in P19 with that of P19 cells (Figs. 2S, 3S, A; supplement
figures available from http://bio.hnu.cn/index.php?GFPFoxA1 cells at the mRNA levels measured by

RT-PCR assays (Fig. 5A). The elevated expression option=com_content&view=article&id=131:2010-11-
16-12-45-48&catid=46:2010-07-19-05-57-39&Itemidof tubulin βIII in P19 GFPFoxA1 cells was con-

firmed by immunostaining (Fig. 5B) and Western =123). The RA-initiated neuronal differentiation of
P19 GFPFoxA1 cells progressed faster than that of P19blotting (Fig. 5C) with tubulin βIII antibody. To

determine whether P19 GFPFoxA1 cells maintain the cells, evidenced by a more rapid decrease of Nanog,
which is one of the critical transcription factors thatability to differentiate to neuronal cells, the cells were

Figure 4. FoxA1 binds to and stimulates nestin promoter. (A) The predicted positions of putative Foxa1 binding sites in −5 kb mouse nestin
promoter by gene sequence analysis and the positions of primers designed for ChIP assays. (B) FoxA1 bound to endogenous nestin promoter.
ChIP assays were used to show direct binding of FoxA1 to endogenous nestin promoter regions. The chromatin of P19 cells, RA-induced
(2d) P19 cells, or AdFoxA1-infected (2d) P19 cells was cross-linked, sonicated, and immunoprecipitated with either FoxA1 antiserum or
rabbit serum (control) and the amount of promoter DNA associated with the IP chromatin was quantitated by RT-PCR with primers specific
to different nestin promoter regions. The predicted size of the PCR product was 145 bp (ChIP1) or 155 bp (ChIP2). (C) The endogenous
FoxA1 binding sites in −4 kb region of nestin promoter mediated the transcription activity of FoxA1. The nestin promoters with different
length were constructed into luciferase reporter plasmid. The different reporter plasmid (1.6 µg) and loading control pRL-CMV luciferase
reporter plasmid (20 ng) were transfected into P19 cells with the CMV-FoxA1 expression vector (200 ng) or a CMV empty expression
vector (200 ng). Protein lysates were prepared at 24 h following transfection, and used to measure dual Luciferase enzyme activity.
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Figure 5. Increased expression of neuron-specific marker tubulin βIII in P19 GFPFoxA1 cells, which show an earlier onset of neuronal
differentiation through RA treatment. (A, B) P19 GFPFoxA1 cells express tubulin βIII. Total RNA samples were isolated from P19 cells
and clone 1, 2, and 3 of P19 GFPFoxA1 cells. The mRNA levels of tubulin βIII, GFPFoxA1, and cyclophilin were measured by RT-PCR
Assays (A). Immunostaining of P19 cells or the clone 1 cells was performed with tubulin βIII antibody (B). (C, D) P19 GFPFoxA1 cells
showed a more rapid change on the Nanog decrease and the tubulin βIII increase during RA-induced neuronal differentiation. P19 cells and
the clone 1 cells were treated with RA according to neural differentiation protocol. Total proteins samples were isolated and the protein
levels of GFPFoxA1, tubulin βIII, Nanog, and β-actin were measured by Western blotting (C). The differentiated cell samples induced by
RA at day 3 or day 6 were immunostained with tubulin βIII (D).

are required for maintenance of pluripotency of stem data suggested that P19 GFPFoxA1 cells maintained
the ability to produce neuronal cells and could be dif-cells (4,22). The expression of Nanog disappeared

between day 2 to day 3 during RA-induced P19 cell ferentiated faster than their parental P19 cells.
FoxA1 is one of the major regulators that controldifferentiation but its expression was undetectable as

early as at day 1 of differentiated P19 GFPFoxA1 P19 cell neuronal differentiation, evidenced by the
change of its expression pattern post-RA treatmentcells (Fig. 5C). Furthermore, we noticed that the

tubulin βIII expression was increased rapidly during (10), the stimulation of its transcription by RA recep-
tors (11), and its regulation on the Shh expressiondifferentiation in P19 GFPFoxA1 cells, even at day 2

post-RA treatment (Fig. 5C). The rapid elevation of (34). In this study, we have established P19 cell-
derived cell lines that stably express a GFP-FoxA1tubulin βIII expression during P19 GFPFoxA1 cell

differentiation was confirmed by the immunostaining fusion protein to further explore the biological roles
of FoxA1 during neuronal differentiation. The P19analysis, in which the day 3 samples of RA-induced

P19 GFPFoxA1 cell showed obvious positive signals GFPFoxA1 cells show partial loss of pluripotency of
P19 stem cells and several characteristics of neuralcompared with the P19 cell controls (Fig. 5D). At the

terminal differentiation phase (day 6 post-RA treat- stem cells, such as the decreased activity of alkaline
phosphatase, the increased expression of SSEA-3, thement) where the GFPFoxA1 fusion protein was still

dectectable in P19 GFPFoxA1 cells (Fig. 3S, B; sup- elevated levels of nestin expression, and the increased
populations of prominin-1+ cells. These phenotypesplement figures available from http://bio.hnu.cn/

index.php?option=com_content&view=article&id= could be explained partially by the FoxA1 direct
stimulation on the promoter of nestin, which pro-131:2010-11-16-12-45-48&catid=46:2010-07-19-05-

57-39&Itemid=123), both differentiated P19 and P19 motes pluripotent P19 cells to become neural stem-
like cells. Interestingly, the pluripotency-relatedGFPFoxA1 cells expressed tubulin βIII (Fig. 5D),

suggesting that the neuronal populations were pro- Oct4, Nanog, and Sox2 express normally in
P19 GFPFoxA1 cells. Although these factors areduced from the two cell types by RA. Together, the
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confirmed to play critical roles in pluripotent stem in P19 GFPFoxA1 cells. P19 GFPFoxA1 cells pro-
vide us suitable experimental materials to trace thecells, there are evidences showing that neural stem

cells also express Oct4, Nanog, and Sox2 (6,16,25). differentiation progression in vivo because they are
GFP-labeled cells. In the future, the cells allow us toFurthermore, P19 GFPFoxA1 cells show an earlier

onset of differentiation during RA-induced neuronal test whether the FoxA1 stable expression in pluripo-
tent P19 cells improves the production of neuronaldifferentiation, evidenced by a more rapid decrease

of Nanog and increase of tubulin βIII. Our findings cells within in vivo models.
suggest that FoxA1 is one of the major factors, which
stimulate the transition from pluripotent stem cell
stage to neural stem cell stage during RA-induced ACKNOWLEDGMENTS
P19 cell neuronal differentiation.
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