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Objective  To investigate the regulatory mechanisms of acetylated p53 in the expression of microtu-

bule-associated protein-2 (MAP2) in neuronal differentiation of P19 cells induced by all-trans retinoic acid (RA). 

Methods  Neuronal differentiation of P19 cells was initiated with 4-day RA treatment. Immunoflu-

orescence, real-time reverse transcription-polymerase chain reaction (RT-PCR) assay, and map2 promoter 

driven luciferase assay were performed to detect the expression and relative promoter activity of MAP2 in 

those RA-treated cells. Real-time PCR-based chromatin immunoprecipitation assay (ChIP) was carried out 

to reveal the specific recruitment of acetylated p53 onto its binding sites on map2 promoter.  

Results  The expression of MAP2 was markedly increased in RA-induced P19 cells. The map2 

mRNA increased 34-fold after 4 days of RA treatment and 730-fold 2 days after the treatment, compared 

with the cells without RA treatment (control). p53 was recruited to the promoter of map2 gene in acety-

lated form and thereby enhanced its promoter activity. p300/CBP associated factor (PCAF) was found in-

duced in RA-treated cells and enriched in the nucleus, which might contribute to the acetylation of p53 in 

the regulation of map2 gene. 

Conclusions  Acetylated p53 may participate in regulating the expression of map2 in RA-induced 

differentiation of P19 cells. PCAF is possibly involved in this process by mediating the acetylation of p53. 
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AMMALIAN microtubule-associated protein 2 

(MAP2) is a group of proteins belonging to the 

MAP family, expressed mainly in the dendrites 

of neurons, in particular, of the developed 

neurons. Experimental evidence shows that MAP2 can bind 

both microtubules and F-actin with its microtubule-bind- 

ing-repeat domain in vivo1 and in vitro2. As a cytoskeletal 

integrator in the dendrites, MAP2 links microtubule, actin 

microfilaments, and neurofilaments together to support 

dendrite elongation. Meanwhile, abnormal interaction of 

MAP2 with microtubes is involved in the occurrence of 

neurodegenerative diseases.  

In spite of its importance in neuronal development and 

neurodegenerative diseases, the regulation of MAP2 is still 

elusive. To explore into this issue, we investigated the 

regulatory effect of acetylated p53 on map2 gene expres-

sion in retinoic acid (RA)-induced differentiation of P19 

cells. p300/CBP associated factor (PCAF) was also detected 

in this study for its mediating role in the acetylation of p53. 

P19 cell line was used as a model of neuronal differentiation 

for its ability to differentiate into neurons and glial cells 

after treated by RA.3 

MATERIALS AND METHODS 

Cell culture and RA treatment 

P19 cells were cultured in α-minimum essential medium 

(Invitrogen, Carlsbad, CA, USA) containing 10% (v/v) fe- 

tal bovine serum (FBS) and incubated in a humidified 

chamber with 5% CO2 at 37°C. The cells were then cultured 

in medium containing 0.5 μmol/L all-trans RA (Sigma- 

Aldrich, St. Louis, MO, USA) for 4 days, and the aggregates, 

plated into a single layer, were cultured for another 3-4 

days in fresh RA-free medium and turned into neuron-like 

shape with neurite networks.4,5 P19 cells cultured under the 

same conditions except for RA treatment were used as 

control. 

 

Plasmids  

Eukaryotic expression plasmids of wild-type p53 (pC53- 

SN3) and those of p53 mutant at 143 residue (pC53-SCx3) 

were gifts from Dr. Bert Vogelstein (Johns Hopkins On-

cology Center). Eukaryotic expression plasmid of FLAG (an 

octapeptide protein tag) tagged PCAF (pCX-Flag-PCAF) 

was given by Dr. Hua Lu (Department of Biochemistry and 

Molecular Biology, Oregon Health & Science University). 

pGL3-map2-1.3k contains 1.3 kb nucleotides of the map2 

promoter (－1258/+47 bp). The Renilla luciferase reporter 

(pRL-TK) was purchased from Invitrogen. 

 

Real-time reverse transcription-polymerase chain 

reaction (RT-PCR) 

Real-time RT-PCR was carried out as previously described.4 

The relative expression of map2 was normalized against 

gapdh, using the comparative CT method following the 

manufacturer’s instructions (Rotor-Gene RG-3000A Real- 

time PCR System, Corbett Research, Mortlake, NSW, 

Australia). Primers used in PCR were as follows: ngn1, 

5’-TCTCTAAAGAACATCCGTCAC-3’ (forward primer), 5’- 

CTGTCAATCTTCACATTACCAC-3’ (reverse primer); gapdh, 

5’-TCCACCACCCTGTTGCTGTA-3’ (forward primer), 5’- 

ACCACAGTCCATGCCATCAC-3’ (reverse primer) (Invitro-

gen, Shanghai, China). The level of map2 mRNA expres-

sion was detected at seven different time points: before RA 

treatment, every day during the 4-day treatment, on the 

second day after the treatment, and on the fourth day after 

the treatment. The experiments were repeated at least 

three times and results presented as means±SD. 

 

Western blot  

Whole cell extracts were separated in 8% sodium dodecyl 

sulfate (SDS)-polyacrylamide gel before analyzed by 

Western blot.6 Antibodies used in this assay included an-

ti-MAP2 polyclonal (Cell Signal Technology, Danvers, MA, 

USA), anti-p53 monoclonal (DO-1) (Santa Cruz Biotech-

nology, Santa Cruz, CA, USA), anti-ac-p53 (Upstate, Sy-

racuse, NY, USA), and anti-PCAF monoclonal (Santa Cruz 

Biotechnology), and anti-Lamin B (Santa Cruz Biotech-

nology). The level of MAP2 protein expression was detected 

at the same seven time points as in real-time RT-PCR. 

 

Luciferase reporter assay 

To examine the effects of p53 on map2 expression, P19 

cells were co-transfected with map2-Luc reporter plasmid 

(pGL3-map2-promoter-Luc, pGL3-Luc basic vector in-

serted with 1.3 kb map2 promoter), pRL-TK, and pC53- 

SN3, pC53-SCx3, or pCMV-Neo-Bam (empty vector). The 

role of PCAF in the regulation of map2 expression was 

investigated by co-transfecting P19 cells with pGL3-map2- 

promoter-Luc, pRL-TK, and pCX-Flag or pCX-Flag-PCAF. 

The activities of luciferases were determined by means of a 

Dual-Luciferase Reporter System (Promega, Madison, WI, 

USA), following the manufacturer’s instructions. The assay 

was repeated 3 times, each in triplicate. 

 

Immunofluorescence (IF) staining 

We assessed the intracellular MAP2 distribution in P19 cells 

with IF assay. MAP2 was detected by IF staining in P19 cells 

at three different time points: before RA treatment, on the 

fourth day of RA treatment, and on the second day after 

M 
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the removal of RA. Images were collected with a Nikon 

Eclipse TE2000-U microscope (Melville, NY, USA).  

In this step, wild-type p53 or PCAF were transfected 

into the P19 cells grown on coverslips in 6-well plates. 

Forty-eight hours after the transfection, the cells were 

washed twice and rewashed for 3 times, both with 1× 

phosphate-buffered saline (PBS) and lasting for 5 minutes. 

The cells were then fixed with 4% paraformaldehyde for 

10-15 minutes at 37°C. With 0.1% Triton X-100 (Fisher, 

Waltham, MA, USA), the cells were permeablized for 10 

minutes at room temperature, followed by 3 times of 

washing. After incubated in 3% bovine serum albumin 

(BSA) (Sigma-Aldrich)/PBS at 37°C for 30 minutes, the 

cells were cultured with p53 or PCAF antibody in 3% 

BSA/PBS overnight at 4°C and then washed with 1×PBS for 

15 minutes. The fluorescein isothiocyanate 

(FITC)-conjugated secondary antibody (1:100) was added 

before incubation for 30 minutes at room temperature. 

Finally, after washed with 1×PBS for 15 minutes, the cells 

were counterstained with 4’6-diamidino-2-phenylindole 

(DAPI) in the last wash to visualize the nuclei.  

 

Chromatin immunoprecipitation (ChIP) assay 

ChIP assays were carried out as previously described,4,7 

using anti-ac-p53. The primers for amplification of map2 

promoter were: P1/P2 (－1050/－780 bp), 5’-AGTCCCAGT- 

CCTCAAA-3’, 5’-AAAGGTATGTATTAAAGA-3’; P3/P4 (－574/ 

－375 bp) 5’-ACAAAACCTCAAACTA-3’, 5’-TCATCATCTGG- 

TCTCCT-3’. 

The operating cycle number required to reach a thre-

shold in the linear range was determined and compared 

with a standard curve for the primer set generated by five 

10-fold dilutions of genomic DNA samples of  known 

concentration. The percentage of immunoprecipitated DNA 

relative to input was calculated based on the results from 

three independent ChIP experiments and presented as 

means±SD. 

RESULTS 

Induction of map2 expression by RA in P19 cells 

IF staining showed an orderly internuclear network of MAP2 

formed only on the sixth day in the P19 cells (Fig. 1A). Real 

time RT-PCR assays revealed that the mRNA of map2 in-

creased 34 folds after the 4-day RA treatment and 730 

folds 2 days after the treatment, compared with the level of 

Figure 1.  Microtubule-associated protein-2 (MAP2) expression in P19 cells induced with retinoic acid (RA).  

A.  Immunofluorescence staining of P19 cells before and after a 4-day RA treatment. 

Red: anti-MAP2; blue: DAPI.  

0 d: before RA treatment; 4 d: treated with RA for 4 days; 6 d: treated with RA for 4 days, then cultured for 2 days without RA.  

B.  Real-time reverse transcription-polymerase chain reaction (RT-PCR) result of map2 mRNA expression in RA-treated P19 cells.  

Error bars represent normalized mean values based on the results from at least three independent experiments at each time 

point. 

0 d: before RA treatment; 1-4 d: each day during the 4-day RA treatment; 6 d: 2 days after the RA treatment; 8 d: 4 days 

after the RA treatment. 

C. Western blot result of the expression of MAP2 protein in RA-treated P19 cells. 
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control cells (Fig. 1B). Western blot also showed an in-

crease in the protein level of MAP2 (Fig. 1C). These results 

suggested that map2 gene was induced by RA treatment in 

P19 cells during neuronal differentiation. 

 

Effect of p53 on RA-induced map2 expression 

In the nuclear extract of RA-treated P19 cells, p53 was 

acetylated and the total protein level of p53 slightly in-

creased (Fig. 2A). IF assay showed that p53 was enriched 

in the nuclei of P19 cells after RA induction (Fig. 2B). 

Luciferase reporter assay showed that wild-type p53, 

but not p53 mutant, could enhance the promoter activity of 

map2 compared with the control (Fig. 2C). Two p53 puta-

tive binding sites were identified at －494/－475 bp (5’-CG- 

TAGGCTTATAGACTTGACTCCTGGGGACAC-3’, designated as 

p53bs1) and － 810/ － 789 bp (5’-TTTGTGTAGCTTAAC- 

TTGCCTGTAATCCTATAT-3’, designated as p53bs2) respec- 

tively. ChIP with antibody against acetylated p53 in P19 

cells showed that the occupancy of acetylated p53 on both 

p53bs1 and p53bs2 were enhanced after RA treatment. 

The percentage of input increased from 0.61 to 1.15 for 

p53bs1, and from 0.32 to 0.71 for p53bs2. These results 

suggested that p53 was acetylated and enriched in the 

nuclei of p19 cells treated with RA, which is required for 

map2 expression in neuronal differentiation. 

 

Effect of PCAF on p53 in RA-induced map2 expres-

sion 

PCAF increased in RA-treated P19 cells, along with the 

progress of differentiation (Fig. 3A). IF assay showed that 

PCAF was slightly enriched in the nuclei after RA treatment 

(Fig. 3B). After co-transfection of pGL3-map2-promoter- 

Luc with pCX-Flag-PCAF into P19 cells, it was found that 

PCAF enhanced the promoter activity of map2 compared 

with the pCX-Flag control (Fig. 3C).  

Taken together, the effect of PCAF on the map2 pro-

moter activity was possibly mediated by p53 which was in 

turn acetylated by the elevated PCAF in RA-induced P19 

cells. 

Figure 2.  Effect of p53 on map2 gene expression in P19 cells after RA induction. 

A. P19 cells with or without RA treatment are blotted with antibodies against acetylated p53 (ac-p53), p53, and Lamin B; 

B. Immunofluorescence staining of p53 in P19 cells with or without RA treatment; 

Red: anti-p53; blue: DAPI.  

C. Promoter activity assays of map2 gene in P19 cells treated with or without RA treatment;   

Expression plasmids of pC53-SN3 (wild-type p53), pC53-SCx3 (p53 mutant), or pCMV-Neo-Bam (empty vector) were 

individually co-transfected with pGL3-map2-promoter-Luc and pRL-TK. 

Figure 3.  Effect of p300/CBP associated factor (PCAF) in RA-induced map2 gene expression in P19 cells.  

A. Western blot result of PCAF expression in the whole cell extracts of P19 cells after RA induction, with GAPDH as control; 

B.  Immunofluorescence staining of PCAF in P19 cells with or without RA treatment; 

Red: anti-PCAF; blue: DAPI.  

C. Effect of PCAF on the promoter activity of map2 by luciferase reporter assay. 
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DISCUSSION 

Our findings show that p53 drives the expression of 

neuronal map2 by binding to two specific elements in the 

promoter of the gene, which are the classical consensus 

binding sites for p53.8 Acetylation of p53 by p300/CBP and 

PCAF enhances the protein stability of p53 and its trans-

activation potential via facilitating its interactions with 

specific promoters and other proteins in the transcriptional 

machinery.9,10 We showed in this study that the occupation 

of acetylated p53 on the two p53 binding sites in map2 

promoter in P19 cells after RA induction might be respon-

sible for the elevated map2 promoter activity.  

The biological significance of acetylation on each of the 

lysine residues in p53 is distinct.10,11 For instance, the 

acetylation of p53 specifically at K320 favors cell survival, 

while the acetylation at K372 is prone to promote cell 

death.9 RA treatment could induce the expression of PCAF, 

which is concomitant with the increase of acetylated p53, in 

agreement with the findings reported in previous re-

searches.12 It is thus possible that acetylation of p53 at 

K320 could be specifically responsible for the regulation of 

the expression level of map2. p300/CBP can acetylate ly-

sines located in the last COOH-terminal portion of p53, in 

particular, K373 and K382.13  

In conclusion, our work demonstrates the effect of 

acetylated p53 on the regulation of map2 in neuronal dif-

ferentiation of P19 cells and the role of PCAF in this process. 

Drug development for neurite re-growth and clinic treat-

ments for neurodegenerative diseases could both benefit 

from this study. 
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