
1910 Journal of Lipid Research Volume 53, 2012

Copyright © 2012 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

  The brain-specifi c cholesterol 24-hydroxylase (CYP46A1) 
is a member of the cytochrome P450 superfamily of 
enzymes that catalyzes the hydroxylation of cholesterol 
into 24(S)-hydroxycholesterol (24OHC) ( 1 ). The fl ux of 
this oxysterol across the blood-brain barrier represents 
the major mechanism of cholesterol elimination from the 
brain having, therefore, a crucial role in reverse choles-
terol transport and in the maintenance of brain choles-
terol homeostasis ( 2 ).  Cyp46a1    � / �   knockout mice exhibit 
severe defi ciencies in spatial, associative and motor learning, 
and hippocampal long-term potentiation ( 3 ), which are 
related to a 40% reduction in brain cholesterol synthesis 
( 4 ). In fact, the decreased availability of geranylgeraniol, a 
nonsterol isoprenoid generated by the mevalonate path-
way, but not cholesterol, was found to be essential for long-
term potentiation, suggesting a major role of neuronal 
cholesterol turnover, and directly of CYP46A1, in pro-
cesses such as learning and memory ( 4, 5 ). Moreover, an 
increasing number of studies suggest that CYP46A1 af-
fects the pathophysiology of Alzheimer’s disease (AD) 
( 6–8 ). A study from Hudry and coworkers (9) highlighted 
the possibility that CYP46A1 overexpression can be a ther-
apeutic approach in AD because it signifi cantly reduced 
the amyloid  �  pathology in mouse models of the disease 
before and after the onset of the amyloid plaques. 

 Epigenetic modifi ers are the only compounds known to 
induce  CYP46A1  expression ( 10, 11 ). Characterization of 
the molecular mechanisms involved in the trichostatin A 
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were anti-p-ERK1/2 (Santa Cruz Biotechnology Inc., Santa Cruz, CA); 
-ERK1/2, -p-JNK, and -JNK (Cell Signaling Technology, Danvers, 
MA) for Western blot; and anti-Sp3 (Santa Cruz Biotechnology Inc.), 
-acetyl-histone H4, and –RNA polymerase II (Millipore, Bedford, 
MA) for chromatin immunoprecipitation (ChIP). 

 Cell culture, reporter gene constructs, and 
transactivation assays 

 The SH-SY5Y human neuroblastoma cell line was maintained 
and transiently transfected as previously described ( 12 ). The dif-
ferent recombinant wild-type and mutated plasmids derived from 
the 5 ′  fl anking region of the human  CYP46A1  gene and used in 
this work have also been described previously ( 12 ). NTERA-2cl.
D1 (NT2) testicular embryonal carcinoma cells were cultured 
and differentiated as described ( 13, 22 ). 

 CYP46A1 expression analysis 
 Total cell RNA was extracted using Trizol Reagent (Invitro-

gen, Carlsbad, CA) following the manufacturer’s instructions. 
Real-time quantitative qPCR analysis for CYP46A1 mRNA levels 
was performed as previously described ( 11 ) in an ABI 7300 
sequence detection system (Applied Biosystems, Foster City, CA). 
Results presented are from at least three individual experiments, 
and each sample was assayed in triplicate. The mRNA levels were 
normalized to the level of  � -actin and are presented as fold 
change from controls using the   �  �  Ct method. Statistical analysis 
was performed using   �  Ct values. 

 Western blot analysis 
 Cells were harvested and resuspended in lysis buffer (50 mM 

Tris-HCl [pH 8.0], 150 mM NaCl, 1% Triton-X 100) containing 
1 mM DTT) in the presence of phosphatase inhibtors (10 mM 
NaF and 1 mM Na 3 VO 4 ) and a protease inhibitor mixture (Roche 
Diagnostics GmbH, Penzberg, Germany). After incubation at 
4°C for 30 min, samples were sonicated four times for 4 s each on 
ice, followed by centrifugation at 12,000  g  for 15 min. Proteins 
were subject to SDS-PAGE gels, electroblotted onto Immobilon 
P (Millipore), and incubated with specifi c antibodies. 

 Electrophoretic mobility shift assay 
 EMSA was performed as previously prescribed ( 12 ). Briefl y, 

2–5 µg of nuclear extracts, prepared as described by Schreiber 
and coworkers ( 23 ), were incubated with  �  32 P-labeled oligonu-
cleotide probe harboring sites SP-RE-B or SP-RE-D. Protein-DNA 
complexes were resolved on 5% native polyacrylamide gels and 
visualized by autoradiography. 

 ChIP and reChIP 
 Chromatin immunoprecipitation (ChIP) assays were per-

formed as described previously ( 11 ). For the sequential ChIP 
(reChIP)   experiments, after the fi rst immunoprecipitaton, the 
DNA/protein complexes were recovered by incubation with 
100 mM DTT for 30 min at 37°C and diluted in immunopre-
cipitation dilution buffer (0.01% SDS, 0.5% Triton ×100, 
2 mM EDTA, 16.7 mM Tris-HCl [pH 8.1], 100 mM NaCl). After 
dilution, a second immunoprecipitation was performed. The 
recovered DNA was analyzed by real-time PCR in an ABI7300 
sequence detection system (Applied Biosystems) with SYBR 
green Master Mix (Fermentas; Thermo Fisher Scientifi c, Waltham, 
MA). Primers covering different regions of the  CYP46A1  promoter 
were used: 5 ′ -GCGGACCTGAGTCTGAA GAG-3 ′  (forward) and 
5 ′ -AATCACAACTCCGCTTCTGG-3 ′ (reverse) for the proximal 
promoter (+1 region) and 5 ′ -GGGAAGCCCT GGTCATTATT-3 ′  
(forward) and 5 ′ -GTTGGAGTTGGAGGGAT GAA-3 ′  (reverse) for 
the distal promoter (1 kb region). 

(TSA)-mediated derepression of  CYP46A1  gene revealed 
that HDAC inhibition specifi cally induced histone hyper-
acetylation of  CYP46A1  promoter, concomitantly with an 
increase in the recruitment of RNA polymerase II ( 11 ). 
Interestingly, the proximal promoter region, encompass-
ing four Specifi city protein-responsive elements (Sp-RE) 
that we have shown to be indispensable for basal  CYP46A1  
promoter activity ( 12, 13 ), is also essential for the TSA-
mediated activation. Despite the requirement of Sp 
proteins binding to this proximal promoter region for the 
activation by HDAC inhibitors (HDACi), we have verifi ed 
that a decrease in Sp3 binding at specifi c responsive ele-
ments is important for the shift in HDAC/histone acetyl-
transferase (HAT) equilibrium that leads to dynamic 
changes in chromatin structure ( 11 ). Moreover, pretreat-
ment of neuroblastoma cells with the demethylating agent 
5-aza-2-deoxicytidine before TSA treatment signifi cantly 
potentiates the TSA-mediated  CYP46A1  activation in a 
DNA methylation independent mechanism, inducing a 
decrease in Sp3/HDAC binding to the promoter of this 
neuronal specific gene ( 14 ). Nevertheless, the fact that 
histone deacetylation was evident 6 h after TSA treatment, 
at a time point when the HDAC/HAT ratio should still 
favor acetylation, led us to investigate if mechanisms be-
sides histone hyperacetylation could participate in the TSA-
mediated derepression of the  CYP46A1  gene. Because Sp1/
Sp3 members of the Sp-family of transcription factors are 
ubiquitously expressed, post-translational modifi cations as-
sume a key role in the regulation of their transcriptional 
activity ( 15 ) and might explain the stimulatory changes in-
duced by the HDACi in  CYP46A1  transcription, as already 
described for other genes ( 16–19 ). In addition, Sp proteins 
have been described to recruit histone-modifying enzymes 
and chromatin remodeling complexes to specifi c gene pro-
moters. Sp1 and Sp3 can recruit Sin3A HDAC1/HDAC2 
complex ( 20 ) or the coactivators CPB/p300 ( 21 ) and act, 
respectively, as repressors or activators of transcription. 

 In the present study, we aimed to identify the putative 
participation of specifi c signaling pathway(s) in the TSA-
mediated activation of the  CYP46A1  gene transcription and 
further elucidate the molecular mechanisms governing the 
expression of this brain-specifi c gene and involved in the 
control of brain cholesterol homeostasis. We clearly dem-
onstrate the participation of the mitogen-activated kinase 
kinase (MEK)-extracellular signal-regulated kinase (ERK) 
signaling pathway in the  CYP46A1  derepression by TSA 
treatment. Modulation of Sp3 binding activity, in a ERK1/2-
dependent manner, was identifi ed as a crucial step for the 
TSA effect independently of histone hyperacetylation, un-
derlying the importance of this regulatory signaling mecha-
nism in the control of brain cholesterol elimination. 

 MATERIALS AND METHODS 

 Reagents and antibodies 
 All chemical inhibitors (TSA, okadaic acid [OA], H89, U0126, 

SP600129, PD98059, and Gö6983) were from Sigma (Sigma 
Aldrich Inc., St Louis, MO). The antibodies used in this work 



1912 Journal of Lipid Research Volume 53, 2012

of the wild-type forms of ERK1 and ERK2, whereas the mu-
tated proteins did not have any effect on the promoter 
activity (ANOVA one-way test:  F  = 11.69, df = 4,  P  < 0.01; 
Tukey HSD: ERK1 wt  P  < 0.01, ERK2 wt  P  < 0.01) ( Fig. 2A) . 
Because we detected a similar effect of the overexpres-
sion of ERK1 and ERK2 in the  CYP46A1  induction by 
TSA, we performed the reporter activity analysis after 
transfection of an expression plasmid coding for a con-
stitutively active form of MEK1 (MEK1*), which is the 
upstream kinase of ERK1/2. Western blot analysis con-
fi rmed the signifi cant increase in ERK1/2 phosphoryla-
tion after MEK1* transfection ( Fig. 2B ). As expected, 
overexpression of MEK1 resulted in a signifi cant de-
crease in the TSA induction of the 0.12pGL2 promoter 
construct activity (ANOVA one-way test:  F  = 22.3, df = 3, 
 P  < 0.001; Tukey HSD: 0.05  � g and 0.25  � g MEK*  P  <0 .01; 
0.15  � g MEK*  P  < 0.001) ( Fig. 2C) . Transfection of 
MEK1 expression plasmid also inhibited the TSA effect 
on the CYP46A1 mRNA level. Indeed, by real-time PCR 
we observed a decrease of 30% in the TSA-mediated 
increase of CYP46A1 mRNA levels ( Fig. 2D ). 

 TSA treatment promotes ERK1/2 dephosphorylation 
that is prevented in the presence of okadaic acid 

 Because the MEK-ERK signaling pathway clearly par-
ticipates in the TSA-mediated derepression of  CYP46A1  
gene, we investigated whether TSA treatment could affect 
ERK1/2 activity. Western blot analysis of total protein ex-
tracts from SH-SY5Y cells treated with 250 nM TSA for dif-
ferent time points revealed that TSA decreases ERK1/2 
phosphorylation as soon as 30 min after treatment, with the 
control levels being restored 2 h after the insult (  Fig. 3A  ). 
Moreover, the TSA effect on ERK1/2 activity was found 
to be dose dependent because treatment with increasing 
concentrations of TSA for 30 min induced a gradual de-
phosphorylation of these kinases. Western blot analysis 
revealed that phosphorylation levels of JNK, another 
member of the MAPK family, remained unchanged after 
TSA treatment, indicating that TSA specifi cally affects the 
MEK-ERK pathway ( Fig. 3A ). 

 Pretreatment of SH-SY5Y cells with OA reversed the 
decrease in ERK1/2 phosphorylation ( Fig. 3B ). In fact, 
inhibition of PP1 and PP2A has been described to posi-
tively modulate ERK1/2 activity ( 24, 25 ). Nevertheless we 
did not identify the specifi c protein phosphatase inhibited 
by OA and involved in  CYP46A1  induction by TSA. On one 
hand, the TSA effect was not affected by pretreatment with 
tautomycin at the concentrations that specifi cally inhibit 
PP1; on the other hand, silencing of PP2A catalytic sub-
unit by siRNA transfection had no effect on  CYP46A1  acti-
vation (data not shown). Taken together, these results 
suggest that early modulation of ERK1/2 activation by 
TSA can be critical for the end point effect on  CYP46A1  
transcription. Because protein phosphatase inhibition by 
OA prevents ERK1/2 dephosphorylation, an okadaic acid-
sensitive protein phosphate that is different from PP1 and 
PP2A seems essential for the modulation of ERK1/2 ac-
tivity by TSA. 

 Statistical analysis 
 Statistical analysis was performed using the Student’s  t -test and 

the ANOVA one-way test with the Tukey HSD post hoc test or the 
Tukey HSD for unequal N (Spjotvoll/Stoline test). The analysis 
was performed using STATISTICA (data analysis software 
system), version 9.1 StatSoft, Inc. 

 RESULTS 

 Inhibition of MEK1 potentiates the TSA-mediated 
derepression of  CYP46A1  gene 

 To investigate whether specifi c signaling pathway(s) 
were involved in the activation of  CYP46A1  gene by the 
histone deacetylase inhibitor TSA, SH-SY5Y cells were pre-
treated with specifi c kinase/phosphatase inhibitors for 1 h 
followed by 16 h of treatment with 250 nM TSA (  Fig. 1  ). 
To evaluate the  CYP46A1  promoter activity, the 0.12pGL2 
promoter reporter construct was used because we have 
previously described this region as being critical for the 
TSA response ( 11 ). The TSA-mediated increase in  CYP46A1  
promoter activity was signifi cantly potentiated in the pres-
ence of PD98059, a MEK1 inhibitor, whereas the inhibi-
tion of protein kinase A (H89), protein kinase C (Gö6983), 
or c-Jun N-terminal kinase (SP600125) had no effect on 
TSA induction (ANOVA one-way test:  F  = 14.57, df = 3, 
 P  < 0.001; Tukey HSD for unequal N:  P  < 0.05) ( Fig. 1A) . 
Conversely, the inhibition of protein phosphatases (PPs) by 
OA partially impaired the TSA effect in a dose-dependent 
manner (ANOVA one-way test:  F  = 8.421, df = 2,  P  < 0.05; 
Tukey HSD for unequal N:  P  < 0.05) ( Fig. 1A) . In accor-
dance, real-time PCR analysis revealed that inhibition of 
MEK1 by pretreatment with PD98059 or U0126, another 
MEK1 inhibitor, increases the CYP46A1 mRNA levels, in 
comparison with levels attained in cells treated with 
TSA alone, whereas the inhibition of PPs by OA has the 
opposite effect, resulting in a decrease to approximately 
30% of the TSA effect (ANOVA one-way test:  F  = 15.2, 
df = 3,  P  < 0.001; Tukey HSD for unequal N:  P  < 0.001) 
( Fig. 1B) . To assess the specifi city of the transcriptional 
response, we examined the effect of OA treatment on 
the reelin gene expression. Our results showed that OA 
did not induce any signifi cant changes in the reelin 
mRNA level of cells treated with OA or TSA plus OA 
(data not shown). 

 These results clearly demonstrate the participation of 
phosphorylation/dephosphorylation events in the HDA-
Ci-mediated derepression of  CYP46A1  gene, particularly 
the involvement of the MEK signaling pathway. 

 ERK1/2 signaling pathway mediates the increase in 
 CYP46A1  expression by TSA 

 To confirm the participation of the MEK-ERK sig-
naling pathway in the TSA-mediated derepression of 
 CYP46A1  gene, overexpression of the wild-type and mu-
tated forms of ERK1 and ERK2 was performed in SH-
SY5Y cells (  Fig. 2A  ). The transactivation studies revealed 
that the TSA induction of the 0.12pGL2 promoter con-
struct activity was signifi cantly diminished in the presence 
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 TSA treatment triggers the release of p-ERK1/2 from 
 CYP46A1  promoter in a time-dependent manner 

 The presence of MAPKs on gene promoters, as part of 
the transcriptional complexes, has already been suggested, 
although ERK1/2, in contrast to ERK5, which contains a 
transcriptional activation domain ( 26 ), is unable to di-
rectly bind DNA. To investigate whether the effect of TSA 
on ERK1/2 can affect the binding and activity of transcrip-
tion factors to the  CYP46A1  promoter, we considered the 
idea that ERK1/2 dephosphorylation may induce its disso-
ciation from chromatin-bound transcription factor 
complexes. To test this idea, we evaluated the recruitment 
of this kinase to the  CYP46A1  proximal promoter by 
ChIP (  Fig. 6  ). The analysis by real-time PCR of the DNA 
fragments recovered after immunoprecipitation with an 
antibody against the phosphorylated form of ERK1/2 
(p-ERK1/2) revealed the presence of this kinase in the 
proximal promoter of  CYP46A1  in untreated cells. Con-
comitantly with the decrease in the total levels of p-ERK1/2, 
1 h after TSA treatment we could no longer detect an 
association of ERK1/2 to the promoter. Interestingly, 
ERK1/2 remained dissociated from the  CYP46A1  pro-
moter even after 6 h of TSA treatment. In contrast to 
what we previously observed for total protein levels, the 
pretreatment with OA does not impair detachment of 
p-ERK1/2 from the promoter in the fi rst 6 h of treatment 
(data not shown). 

 Overall, these results suggest that the transient reduc-
tion in ERK1/2 activity 30 min after TSA treatment in-
duces a release of p-ERK1/2 from  CYP46A1  promoter that 
lasts at least for 6 h and is most likely required for the in-
crease of CYP46A1 mRNA. Although OA prevents TSA-
dependent ERK1/2 dephosphorylation very rapidly, as 

 The impairment of TSA induction of  CYP46A1  expression 
by protein phosphatase inhibition is independent of 
histone hyperacetylation 

 Due to the drastic effect of OA pretreatment on the TSA 
induction of CYP46A1 mRNA levels, we evaluated if the 
histone hyperacetylation of the promoter induced by TSA 
( 11 ) was being affected by OA administration. ChIP was 
performed with an antibody against tetra-acetylated his-
tone H4 (K5, K8, K12, and K16) and chromatin isolated 
from SH-SY5Y cells treated with 250 nM TSA for 30 min 
(  Fig. 4A  ). As expected, an increase in H4 acetylation level 
was observed in the  � 1 kb region of the  CYP46A1  pro-
moter after TSA exposure ( 11 ); however, pretreatment 
with OA did not induce any signifi cant change in the level 
of this histone marker (ANOVA one-way test:  F  = 55.515, 
df = 7,  P  < 0.001; Tukey HSD:  P  < 0.001). Concomitantly, 
no differences in the recruitment of RNA pol II to the 
proximal promoter were observed between cells treated 
with 250 nM TSA for 30 min in the presence or absence of 
OA, suggesting that at least the initial transcription activa-
tion is not being affected (ANOVA one-way test:  F  = 31.184, 
df = 7,  P  < 0.001; Tukey HSD: TSA  P  < 0.001, OA and TSA, 
 P  < 0.05) ( Fig. 4B) . Indeed, a time-course analysis of 
CYP46A1 mRNA accumulation after TSA treatment, with 
or without OA, by real-time PCR corroborated this result 
(  Fig. 5  ). The repressive effect of OA on  CYP46A1  activa-
tion by TSA was only evident from 6 h treatment onward. 
The OA repression of  CYP46A1  activation by TSA is there-
fore independent of the early and transient histone hy-
peracetylation at the promoter region, demonstrating that 
later events other than chromatin remodeling are also 
crucial for the HDACi effect. 

  Fig.   1.  Effect of kinase/phosphatase chemical in-
hibitors on TSA mediated induction of  CYP46A1  ex-
pression. A: The 0.12pGL2 plasmid, encompassing 
the region  � 236 to  � 64 of  CYP46A1  promoter, was 
transfected into SH-SY5Y cells. Twenty-four hours af-
ter transfection, cells were preincubated with 5  � M 
H89 (PKA inhibitor), 2  � M Go6983 (PKC inhibitor), 
10  � M PD98059 (MEK1 inhibitor), 10  � M SP600125 
(JNK inhibitor), or with the indicated concentrations 
of OA for 1 h with or without 250 nM TSA for 16 h. 
Normalized luciferase activities were expressed as 
mean values ± SEM of duplicates for a minimum of 
three independent experiments. B: Real-time PCR 
analysis of CYP46A1 mRNA transcript levels in SH-
SY5Y cells pretreated 1 h with 10  � M of the MEK in-
hibitors U0126 and PD98059 or with the indicated 
concentrations of OA with or without 250 nM TSA 
for 16 h. Values were normalized to the internal stan-
dard  � -actin. Data represent mean values ± SEM of at 
least three independent experiments and are ex-
pressed as percentage of induction relative to TSA-
treated cells (* P  < 0.05; *** P  < 0.001).   
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for 16 h in the presence or absence of OA (  Fig. 7A  ). At this 
time point in the TSA treatment, a decrease in Sp3 binding 
activity was still evident, and the inhibition of PPs with OA 
completely reversed the TSA effect, suggesting that Sp3 
binding activity is regulated by transient phosphorylation 
and dephosphorylation. To evaluate if OA was also af-
fecting the binding and recruitment of Sp3 to the  CYP46A1  
proximal promoter, we performed ChIP assays ( Fig. 7B ). 
No signifi cant changes in Sp3 binding were observed after 
16 h treatment with TSA, OA, or both. We had previously 
observed a discrepancy between the results obtained with 
gel-shift regarding differences in Sp3 binding activity and 
the recruitment of this transcription factor to the pro-
moter determined by ChIP ( 11 ). These differences are 
most likely due to the distance between the several Sp-RE 
sites in the GC-rich proximal promoter (10 putative Sp-
binding sites in the region encompassed by nucleotides 
 � 417 to  � 64), which is smaller than average chromatin 
fragments produced during sonication (500–900 bp) and 
therefore makes it impossible to discriminate between 
binding of Sp proteins to the different binding sites. 

previously assessed by immunodetection in whole cell ly-
sates ( Fig. 3 ), the impairment of TSA-mediated activation 
of  CYP46A1  transcription is probably due to an accumula-
tion of p-ERK1/2 at the promoter at later time points that 
gradually counteracts the TSA effect. 

 TSA affects Sp3 activity at the  CYP46A1  promoter level 
in a MEK-ERK1/2-dependent manner 

 In our previous work regarding the effect of HDAC inhi-
bition on  CYP46A1  transcription ( 11 ), we described that 
Sp3 binding activity to specifi c Sp-responsive elements of 
the  CYP46A1  promoter was decreased in nuclear extracts 
from SH-SY5Y treated with TSA from 4 h onward, attaining 
control levels 24 h after TSA treatment. Due to the striking 
effect of OA on TSA activation of  CYP46A1  expression 
16 h after HDAC inhibition ( Fig. 5 ), we decided to eval-
uate if pretreatment with OA was affecting Sp3 binding 
activity at this time point. We performed an EMSA with a 
probe encompassing one of the Sp-binding sites on the 
 CYP46A1  proximal promoter, the Sp-RE-B probe, and nu-
clear extracts from SH-SY5Y cells treated with 250 nM TSA 

  Fig.   2.  Overexpression of the MEK-ERK kinases partially impairs TSA-mediated increase in  CYP46A1  ex-
pression. A: The 0.12pGL2 plasmid was transfected with ERK1 and ERK2 wild-type and mutated forms into 
SH-SY5Y cells. Twenty-four hours after transfection, cells were treated with or without 250 nM TSA for 16 h. 
Normalized luciferase activities were expressed as mean values ± SEM of duplicates for a minimum of three 
independent experiments. B: Western blot analysis of p-ERK1/2 and ERK1/2 protein level in SH-SY5Y cells 
after overexpression of a constitutively active MEK expression plasmid (MEK*). C: The 0.12pGL2 plasmid 
was transfected with different amounts of MEK* plasmid into SH-SY5Y cells. Twenty-four after transfection, 
cells were treated with or without 250 nM TSA for 16 h. Normalized luciferase activities were expressed as 
mean values ± SEM of duplicates for a minimum of three independent experiments. D: Real-time PCR 
analysis of CYP46A1 mRNA transcript levels in SH-SY5Y cells overexpressing the MEK* plasmid and treated 
with or without 250 nM TSA for 16 h. Values were normalized to the internal standard  � -actin and are ex-
pressed as percentage of induction relative to TSA-treated cells. Data represent mean values ± SEM of at least 
three independent experiments (* P  < 0.05; ** P  < 0.01; *** P  < 0.001).   
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treated for 16 h with the kinase inhibitors H89, PD98059, 
SP600125 or with the protein phosphatase inhibitor OA. 
As previously observed for the TSA effect, specifi c inhibi-
tion of the MEK-ERK pathway signifi cantly increased 
 CYP46A1  promoter activity (ANOVA one-way test:  F  = 4.255, 
df = 3,  P  < 0.05; Tukey HSD:  P  < 0.05), whereas OA treat-
ment had the opposite effect, resulting in a decrease in 
the activity to approximately 50% of the control levels 
(ANOVA one-way test:  F  = 6.647, df = 3,  P  < 0.01; Tukey 
HSD:  P  < 0.01). Accordingly, real-time PCR analysis re-
vealed that MEK-ERK inhibition, by treatment with U0126 
and PD98059 for 16 h, induces a 2.5-fold increase in SH-
SY5Y CYP46A1 mRNA level (ANOVA one-way test:  F  = 10.403, 
df = 2,  P  < 0.001; Tukey HSD: U0126  P  < 0.01, PD98059 
 P < 0.05) ( Fig. 8B ). Because SH-SY5Y cells express very 
low levels of CYP46A1 mRNA, making it impossible to 
determine differences in gene expression that result 
in transcription inhibition, we treated human NT2 post-
mitotic neurons (NT2N) with different concentrations 
of OA for 16 h to evaluate if protein phosphatase inhibi-
tion also affects the basal transcription of this gene 
( Fig. 8B ). Indeed, we have previously shown that NT2N 
cells are a suitable model to study  CYP46A1  transcrip-
tion and neuronal cholesterol metabolism because 
these cells express high levels of CYP46A1 mRNA and 
protein and increased production of 24OHC ( 13, 22 ). 
Real-time PCR analysis revealed that OA (10 nM) is able 
to inhibit the basal expression of  CYP46A1  gene, result-
ing in a decrease of approximately 50% in the mRNA 
transcripts level (ANOVA one-way test:  F  = 18.974, df = 2, 
 P  < 0.001; Tukey HSD:  P  < 0.001). These results indicate 
that both serine-threonine protein phosphatases and 
the MEK-ERK signaling pathway are involved in the 

Because the MEK-ERK pathway mediates the TSA activa-
tion of  CYP46A1  gene and PPs inhibition affects Sp3 
binding activity, we hypothesized that ERK1/2 was modu-
lating Sp3 activity. To assess if ERK1/2 affects Sp3 phos-
phorylation at the chromatin level, we performed reChIP 
analysis and evaluated the association of Sp3 and p-ERK1/2 
to the same chromatin fragments of the  CYP46A1  promoter 
( Fig. 7C ). In control cells, we observed that Sp3 and p-ERK1/2 
share the same promoter fragments, whereas at 16 h after 
TSA treatment we could no longer detect the association 
of these two proteins to the same regions. Pretreatment of 
SH-SY5Y cells with OA completely restored the cooccupancy 
of Sp3-p-ERK1/2 in the  CYP46A1  promoter fragments. 

 Overall, these results demonstrate that TSA affects Sp3 
activity in a MEK-ERK dependent manner, which is an es-
sential event for the HDACi-mediated derepression of 
 CYP46A1  gene. In the presence of OA, an accumulation 
of p-ERK1/2 in the Sp3-containg fragments of  CYP46A1  
promoter occurs, leading to a phosphorylation-dependent 
modulation of Sp3 activity and consequently to a decrease 
in the TSA induction of  CYP46A1  expression. 

 Okadaic acid inhibits  CYP46A1  basal expression 
in NT2 human post-mitotic neurons 

 Because changes in the activity of protein phosphatases 
( 27, 28 ) and kinases ( 29–31 ) and in the levels of 24(S)-
hydroxycholesterol ( 32–34 ) have been described in pa-
tients with AD, we were interested in investigating whether 
these pathways could act directly as modulators of  CYP46A1  
transcription. We started by evaluating  CYP46A1  promoter 
activity after treatment with kinase and phosphatase inhib-
itors (  Fig. 8A  ). The 0.12pGL2 promoter reporter construct 
was transfected in SH-SY5Y cells and 24 h after cells were 

  Fig.   3.  Okadaic acid prevents ERK1/2 dephosphorylation induced by TSA treatment. Western blot analysis 
of p-ERK1/2, ERK1/2, p-JNK, and JNK protein level in SH-SY5Y cells after treatment with 250 nM TSA for 
the indicated time points or with different concentrations of TSA for 30 min (A) and with 10 nM OA for 
1 h, with or without 250 nM TSA, for 16 h (B). The results shown are representative of those obtained in 
three independent experiments.   
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arising from overexpressing this enzyme in a mouse model 
of AD ( 9 ). We and others have shown that HDACi are one 
of the few classes of compounds known to induce  CYP46A1  
expression ( 10, 11 ). In our previous study, we showed that 
the histone deacetylase inhibitor TSA induced a transient 
histone hyperacetylation of  CYP46A1  promoter, which sig-
nifi cantly increased  CYP46A1  transcription in SH-SY5Y 
neuroblastoma cells ( 11 ). In the same work, a specific 
region in the proximal promoter that encompasses four 
Sp-binding sites was identifi ed as essential for the TSA 
activation of  CYP46A1  gene. Binding of Sp1 and Sp4 tran-
scription factors was found to be indispensable for the 

regulation of  CYP46A1  basal transcription, apart from 
their pivotal role in the derepression by histone deacety-
lase inhibition. 

 DISCUSSION 

 Understanding  CYP46A1  transcriptional regulation re-
quired a new perspective because of the benefi cial effects 

  Fig.   4.  Histone hyperacetylation induced by TSA at  CYP46A1  
promoter is not affected by OA pretreatment. ChIP was performed 
using chromatin prepared from SH-SY5Y control cells and cells 
pretreated 1 h with 10 nM OA and treated for 30 min with or with-
out 250 nM TSA. After chromatin precipitation with an anti-AcH4 
(A) and –RNA pol II (B) antibodies, the recovered DNA was evalu-
ated by real-time PCR. Results represent means ± SEM of at least 
three independent experiments and are expressed as percentage 
of total input (* P  < 0.05; ** P  < 0.01; *** P  < 0.001).   

  Fig.   5.  Okadaic acid inhibits the TSA-mediated activation of 
 CYP46A1  gene in a time-dependent manner. Real-time PCR analysis 
of CYP46A1 mRNA transcript levels in SH-SY5Y cells treated with 
250 nM TSA for different time points pretreated or not 1 h with 
10 nM OA. Values were normalized to the internal standard  � -actin 
and are expressed as pg of CYP46A1 mRNA per ng of  � -actin 
mRNA. Data represent means ± SEM of at least three independent 
experiments (** P  < 0.01; *** P  < 0.001).   

  Fig.   6.  TSA treatment promotes p-ERK1/2 detachment from the 
 CYP46A1  promoter. ChIP was performed using chromatin pre-
pared from SH-SY5Y control cells and cells treated with 250 nM 
TSA for the indicated time points. After chromatin precipitation 
with an anti-p-ERK1/2 antibody, the recovered DNA was evaluated 
by real-time PCR. Results represent means ± SEM of at least three 
independent experiments and are expressed as a percentage of 
total input (* P  < 0.05).   

  Fig.   7.  Sp3 binding activity is affected by okadaic acid treatment. 
EMSA (A), ChIP (B), and reChIP (C) were performed using nu-
clear extracts and chromatin, respectively, prepared from SH-SY5Y 
cells pretreated 1 h with 10 nM OA or treated for 16 h with or with-
out 250 nM TSA. For the EMSA, a double-stranded oligonucleotide 
corresponding to the Sp-RE-B site was used as a probe. In the ChIP 
and reChIP assay, after chromatin precipitation with an anti-Sp3 
and -p-ERK1/2 antibodies, the recovered DNA was evaluated by 
real-time PCR. Results represent means ± SEM of at least three in-
dependent experiments and are expressed as percentage of total 
input (* P  < 0.05; ** P  < 0.01; *** P  < 0.001).   
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From these experiments, we confi rmed that inhibition 
of the MEK-ERK pathway resulted in the potentiation of the 
TSA effect. In contrast, inhibition of protein phosphatase ac-
tivity impaired the TSA-mediated activation of  CYP46A1  gene, 
pointing to a dephosphorylation event as indispensable 
for the HDACi effect. TSA and other HDACi have been 
associated with increased kinase activity; namely, sodium 
butyrate induces erythroid differentiation of K562 cells by 
inhibition of ERK and activation of p38 signal transduc-
tion pathways ( 45 ) and stimulates PKC activation in the 
same cellular model ( 46 ). However, TSA was also shown to 
signifi cantly decrease phosphorylation of Akt and ERK1/2 
in a glioblastoma cell line ( 19 ). In our cellular model, the 
SH-SY5Y neuroblastoma cells, TSA induced an early 
marked but transient decrease in ERK1/2 phosphoryla-
tion as soon as 30 min after TSA treatment, resulting in 
the dissociation of these kinases from the  CYP46A1  pro-
moter for at least 6 h. Because this effect perfectly corre-
lated with the decreased binding activity of Sp3 protein in 
the presence of TSA and due to the established impor-
tance of the SP family of transcription factors in the HDACi 
derepression of  CYP46A1  gene, we hypothesized that TSA 
was modulating Sp3 transcriptional activity in a ERK1/2-
dependent manner. In fact, Sp3 has been described as a 
target of the ERK1/2 MAPK family ( 35, 40 ). 

 OA pretreatment reversed the decrease in Sp3 binding 
activity induced by TSA, strengthening our hypothesis. Al-
though PP1 has been demonstrated to dephosphorylate 
Sp3 ( 47 ), it seems that the protein phosphatase involved 
in the process is not directly modulating Sp3 phosphor-
ylation but instead modulates ERK1/2 activity because 
treatment with OA effi ciently reverted the ERK1/2 de-
phosphorylation observed after TSA treatment. The con-
centration of the protein phosphatase inhibitor used in 
this study (10 nM OA) should specifi cally inhibit PP2A 
and not PP1. However, silencing of PP2A catalytic subunit 
 �  (PP2Ac) had no effect on  CYP46A1  activation by TSA, 
confi rming that another OA-sensitive phosphatase is in-
volved in the TSA effect. In fact, at this concentration, OA 
can inhibit other protein phosphatases, such as PP4 or 
PP5, which can only be discriminated by specifi c siRNA 
silencing. We have verifi ed that most studies using OA im-
plicate PP1 or PP2A in biological processes and neglect 
the possibility that some of the biological effects of OA are 
due to the inhibition of PP4 or PP5. Our results highlight 
the importance of the identifi cation of the protein phos-
phatase involved in the control of ERK1/2 activity in neu-
ronal cells. 

 The fact that alterations in the phosphorylation level 
of ERK1/2 correlated with CYP46A1 mRNA level and 
Sp3 binding activity point to a relationship between Sp3 
phosphorylation/dephosphorylation and the TSA effect. 
Importantly, impairment of TSA-mediated activation of 
 CYP46A1  gene by inhibition of protein phosphatases ac-
tivity resulted in the blockage of ERK1/2 dephosphoryla-
tion without affecting histone hyperacetylation of the 
promoter or the initial recruitment of RNA polymerase II. 
The repressive effect of protein phosphatase inhibition by 
pretreatment with OA led to an increase in the association 

TSA effect. On the other hand, a decrease in Sp3 binding 
activity was observed after TSA treatment. 

 The fact that histone deacetylation was observed at a time 
point in TSA treatment where the HDAC/HAT equilib-
rium should still be favoring acetylation led us to investigate 
which mechanism(s) other than histone hyperacetylation 
were involved in the TSA-mediated increase in  CYP46A1  
gene expression. The studies presented here clearly iden-
tify the MEK-ERK signaling pathway as critical for the 
modulation of Sp3 transcriptional activity and the activa-
tion of  CYP46A1  by TSA. The SP family of transcription 
factors, including Sp3, is highly regulated at the post-
translational level. Although Sp3 is able to up- ( 35, 36 ) 
and down-regulate gene transcription ( 37–39 ), phosphor-
ylation is generally associated with increased DNA binding 
activity and, consequently, increased transcriptional acti-
vation ( 35, 40 ). Modifi cations such as acetylation have also 
been described to activate ( 21 ) and repress ( 41 ) Sp3 tran-
scriptional activity, whereas sumoylated Sp3 signifi cantly 
represses transcription ( 42–44 ). 

 The participation of the MEK-ERK signaling pathway in 
the derepression of  CYP46A1  gene by TSA was confi rmed 
by pretreatment of neuroblastoma cells with specifi c in-
hibitors of this pathway (PD98059 and U0126) and overex-
pression of the wild-type and catalytic inactive forms of 
ERK1 and ERK2 and a constitutively active form of MEK1. 

  Fig.   8.  Effect of kinase/phosphatase chemical inhibitors on 
 CYP46A1  basal expression. A: The 0.12pGL2 plasmid was trans-
fected into SH-SY5Y cells. Twenty-four hours after transfection, 
cells were incubated with 5  � M H89, 10  � M PD98059, 10  � M 
SP600125, or with the indicated concentrations of OA for 16 h. 
Normalized luciferase activities were expressed as mean values ± 
SEM of duplicates for a minimum of three independent experi-
ments. B: Real-time PCR analysis of CYP46A1 steady-state mRNA 
transcripts level in SH-SY5Y and NT2N cells treated, respectively, 
with 10  � M U0126 or 10  � M PD98059 and with the indicated doses 
of OA for 16 h. Values were normalized to the internal standard 
 � -actin. Data represent means ± SEM of at least three independent 
experiments and are expressed as percentage of induction relative 
to vehicle-treated cells (NT2N) or as pg of CYP46A1 per ng of 
 � -actin (SH-SY5Y) (* P  < 0.05; ** P  < 0.01; *** P  < 0.001).   
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expression vectors for the wild type and catalytic inactive forms 
of ERK1 and 2 (pCEP4-ERK1-wt and K71R; 3xfl ag-pCMV7-
ERK2-wt and KR) and Dr. Roger J. Davis (Howard Hughes 
Medical Institute, University of Massachusetts Medical School, 
Worcester, MA) for the plasmid encoding a constitutively active 
form of MEK1 (pCMV-deltaN3-MEK1*). 
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