MOLECULAR AND CELLULAR BIOLOGY, June 2001, p. 3662-3670
0270-7306/01/$04.00+0 DOI: 10.1128/MCB.21.11.3662-3670.2001

Vol. 21, No. 11

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Embryonic but Not Postnatal Reexpression of Hepatocyte
Nuclear Factor 1a (HNF1a) Can Reactivate the Silent
Phenylalanine Hydroxylase Gene in
HNFla-Deficient Hepatocytes

BENOIT VIOLLET, MOSHE YANIV,* aNp MARCO PONTOGLIO*

Unité des Virus Oncogénes, CNRS URA 1644, Département des Biotechnologies, Institut Pasteur,
75724 Paris cedex 15, France

Received 2 February 2001/Accepted 8 March 2001

The failure to transcribe the phenylalanine hydroxylase (PAH) gene in the liver of hepatocyte nuclear factor
la (HNF1a)-deficient mice correlated with DNA hypermethylation and the presence of an inactive chromatin
structure (M. Pontoglio, D. M. Faust, A. Doyen, M. Yaniv, and M. C. Weiss, Mol. Cell. Biol. 17:4948-4956,
1997). To evaluate the precise role played by HNF1la, DNA methylation, or histone acetylation in PAH gene
silencing, we examined conditions that could restore PAH gene expression in HNF1a-deficient hepatocytes. We
show that reactivation of PAH transcription can be achieved by reexpression of HNFla in embryonic (i.e.,
embryonic day 12.5 [e12.5] to e13.5) hepatocytes but not in fetal (e17.5), newborn, and adult HNF1«-deficient
hepatocytes. This defines a temporal competence window during which HNFla can act to (re)program PAH
gene transcription. We also show that PAH gene silencing can be partially relieved in HNF1a-deficient
hepatocytes by treatment with the demethylating agent 5-azacytidine, even in the absence of HNF1a. Treatment
using S-azacytidine combined with trichostatin, a histone deacetylase inhibitor, resulted in a synergistic
reactivation of the silenced PAH gene in adult hepatocytes, but this activity was not further increased by
HNF1a reexpression. These results suggest that the HNF1a homeoprotein is involved in stage-specific devel-

opmental control of the methylation state and chromatin remodeling of the PAH gene.

During the process of development, genes undergo selective
activation, repression, and/or silencing. Some genes are totally
silenced, whereas others remain active or potentially active.
Failure to activate or repress genes appropriately during de-
velopment can compromise survival. Thus, correct regulation
of gene expression, i.e., tissue-specific expression at appropri-
ate times or in response to specific signals, is essential both to
normal development and to correct functioning of the adult
organism. Tissue-specific and developmental expression pat-
terns are accompanied by distinct alterations in chromatin
structure and DNA methylation status (37). DNA is packaged
into either transcriptionally competent euchromatin or repres-
sive, transcriptionally silent heterochromatin. This permits
only a small portion of the genome to be expressed in any given
cell or tissue type. A strong correlation among DNA methyl-
ation, transcriptional silencing, and tightly compacted chroma-
tin structures has been established in many different systems
(reviewed in reference 37). The transcriptional repression as-
sociated with DNA methylation has been linked to alterations
in local chromatin structure leading to the formation of con-
densed chromatin regions. DNA methyltransferases and meth-
yl-CpG-binding proteins influence local histone acetylation by
recruiting histone deacetylase complexes which close chroma-
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tin structure, rendering regulatory regions inaccessible to the
transcriptional machinery (12, 19, 31, 40). This process pre-
vents regulatory factors from accessing methylated sequences
and allows the stable maintenance of gene silencing. Thus,
DNA methylation may serve as a unique mechanism for setting
up local histone deacetylation, to maintain an epigenetic re-
pressed chromosomal state.

The study of liver-specific gene expression has identified
several tissue-enriched transcription factors which act in con-
cert with ubiquitous transcription factors to regulate liver-spe-
cific promoters (5). One of these factors is the homeoprotein
hepatocyte nuclear factor la (HNF1a), whose expression is
restricted to the liver, pancreas, kidneys, and digestive tract.
Disruption of the murine HNF1a gene results in a complex
pattern of traits caused by liver, renal, and pancreatic dysfunc-
tions (33, 36). Interestingly, HNFla-deficient mice display
hyperphenylalaninemia caused by the lack of hepatic expres-
sion of the phenylalanine hydroxylase (PAH) gene. In contrast
to PAH, the transcriptional activity of many other known
HNFla target genes was only partially affected. Two DNase
I-hypersensitive sites (HSSII and HSSIII) containing binding
sites for HNFla were mapped in the PAH transcriptional
control region. However, mutation of these sites had little
effect on the basal transcriptional activity of the PAH promot-
er-enhancer sequences linked to a reporter gene in transient-
transfection assays (11). The PAH transcriptional defect in the
livers of HNF1a-deficient animals was correlated with the ab-
sence of an open chromatin configuration and was accompa-
nied by hypermethylation of the PAH promoter-enhancer re-
gions (34). Furthermore, the failure to activate this gene in
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HNF1la-deficient mice with its-inducers glucocorticoids and
cyclic AMP suggested that an initial transcriptionally compe-
tent active state created by HNFla binding is a prerequisite
step to allow PAH gene modulation in the liver.

In the present study, we investigated the mechanisms by
which a single transcription factor is implicated in the forma-
tion of an open chromatin configuration and the maintenance
of unmethylated regulatory sequences. We examined if and to
what extent HNF1la reexpression, DNA demethylation, or in-
hibition of histone deacetylation could restore PAH expression
in HNF1la-deficient hepatocytes. We show that HNFla reex-
pression in embryonic (i.e., embryonic day 12.5 [e12.5] to
e13.5) HNFla-deficient hepatocytes could partially restore
PAH gene transcription, whereas fetal (e17.5) newborn, and
adult HNF1a-deficient hepatocytes were refractory to HNFla
action. Demethylation of the PAH gene locus by 5-azacytidine
(5-AzaC) treatment of newborn mice could also restore a low
level of transcription. This could be further stimulated by in-
hibition of histone deacetylation but not by HNFla reexpres-
sion. These data suggest that HNF1la plays an important role
in the onset of the PAH gene activation via the maintenance of
unmethylated status of promoter-enhancer regions during liver
development.

MATERIALS AND METHODS

Mouse hepatocyte isolation, cell culture, and transfection. Primary hepato-
cytes were isolated from adult wild-type and HNF1a-deficient mice by a two-step
in situ collagenase perfusion procedure adapted to mouse livers (2). Hepatocytes
from e12.5, €13.5, and e17.5 embryos and newborns were obtained by collage-
nase digestion of sliced liver, as described previously (4). The enriched hepato-
cyte suspensions were then purified through an isodensity percoll centrifugation
procedure (24). Cell viability was assessed by the trypan blue exclusion test and
was always higher than 90%. Hepatocytes were seeded at a density of 103
cells/cm? on rat tail collagen type I-coated culture dishes and were cultivated in
Williams’ E medium (Gibco/BRL) supplemented with penicillin (100 U/ml),
streptomycin (100 pg/ml), 20 mM HEPES, 2 g of bovine serum albumin/liter, 10
M dexamethasone, 1 wM hydrocortisone, 5 pg of insulin/ml 5 pg of transferrin/
ml, 5 ng of selenious acid/ml, 0.2 pg of glucagon/ml, 10 ng of epidermal growth
factor/ml, and 2% (vol/vol) dimethyl sulfoxide (DMSO). After 2 h of attachment,
the medium was changed and adult hepatocytes were transfected by the lipofec-
tion method using the DOTAP transfection reagent (Roche Molecular Bio-
chemicals) according to the manufacturer’s instructions. Four micrograms of the
reporter plasmid B28; containing multimerized HNF1 binding sites was used for
each transfection. The medium containing the liposome-DNA complex was re-
placed 16 h after transfection with fresh medium, and hepatocytes were har-
vested 24 h later for chloramphenicol acetyltransferase (CAT) assay as described
previously (11).

Isolation of total RNA and Northern blot analysis. Total RNA from liver or
cultured primary hepatocytes was isolated by the guanidinium thiocyanate-acid
phenol method as previously described (6). For Northern blots, 15 pg of RNA
was separated by formaldehyde-agarose gel electrophoresis and transferred to a
nylon membrane (Hybond N; Amersham) as recommended by the manufacturer.
Probes were labeled by random priming and corresponded to a fragment of the
murine PAH c¢DNA (kindly provided by Daniela Faust) and to a fragment
corresponding to the B-actin cDNA.

Infection with recombinant adenovirus. Recombinant adenovirus containing
the cDNA for human HNF1la was obtained by the method described previously
(9). Briefly, the human HNFla ¢cDNA under the control of the cytomegalovirus
(CMV) immediate-early promoter was integrated into the adenovirus backbone
by homologous recombination in Escherichia coli. Then, the recombinant adeno-
viral construct was cleaved with Pacl and transfected into the packaging cell line
293. The recombinant adenovirus expressing the green fluorescent protein
(GFP) under the control of the CMV promoter (Quantum Biotechnologies) was
used as the control. The adenoviruses were amplified in the 293 cells and purified
by cesium chloride density centrifugation; viral titers were estimated optically by
the absorbance at 260 nm. HNF1a-deficient hepatocytes were infected by incu-
bation with the virus in a minimal volume for 1 h at 37°C, with increasing

REACTIVATION OF THE PAH GENE IN HNFla '~ HEPATOCYTES

3663

multiplicity of infection varying by 1 log before addition of extra medium. Nu-
clear extracts from infected cells were prepared 36 h later and analyzed by
Western blotting (7) to define the multiplicity that restores the HNFla level
found in cultured primary mouse hepatocytes.

In vivo 5-AzaC treatment of mice. Mice weighing about 10 g were injected
intraperitoneally with 5-AzaC twice (25 pg/injection) at days 11 and 14 and were
sacrificed at day 25 after birth (16). Control mice were injected with the same
volume of saline.

Acid extraction of proteins from TSA-treated hepatocytes. Acid-soluble pro-
teins were prepared from nuclei of primary cultured hepatocytes treated for 48
h with increasing amounts of trichostatin (TSA) (0, 100, and 300 ng/ml). The
nuclear pellets were resuspended in 10 volumes of protein extraction buffer (50
mM Tris-HCI [pH 8], 50 mM NaCl, 4 mM MgCl,, 10 mM sodium butyrate, 5 mM
2-mercaptoethanol, 0.34 M sucrose, 0.5% [vol/vol] Nonidet P-40, and Complete
protease inhibitor cocktail [Roche Molecular Biochemicals]). Sulfuric acid was
added dropwise to a final concentration of 0.25 M with gentle vortexing, and the
nuclear lysate was incubated on ice for 1 h, with vigorous vortexing every 10 min.
The lysates were centrifuged at maximum speed, and the supernatant fraction
was used for analysis of histone acetylation level by Western blot analysis using
anti-acetyl-lysine antibodies (Upstate Biotechnology).

RT-PCR analysis. To eliminate genomic DNA contamination, total RNA (5
ng) was treated with RNase-free DNase I (Roche Molecular Biochemicals) and
then was reverse transcribed into cDNAs using Superscript reverse transcriptase
(Gibco/BRL) in the presence of random hexamers. PCR amplifications were
performed in the presence of [a-*?P]dATP with the following forward and
reverse specific primers: for PAH, ACAGAGGAGGAGAGGAAGAC and
TCATAGCGAACGGAGAAG; for HNF4a, CTTCCTTCTTCATGCCAG and
ACACGTCCCCATCTGAAG; for HNF3B GCCTGAGCCGCGCTCGGGAC
and GGTGCAGGGTCCAGAAGGAG; for human HNFla (hHNFla), GCCT
GGCCTCCACGCAGGCAG; and CTGCTTGGTGGGCGTGAGGCT; and for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), CACCATCTTCCAGG
AGCGAG, and ACAGCCTTGGCACCAGT. For each RNA preparation, we
carried out separate amplification products using reverse transcription (RT)-
positive and RT-negative reaction mixtures as templates. For PCR amplification,
all samples were heated to 94°C for 5 min and then amplified for an optimized
number of cycles consisting of 94°C for 30 s, 57°C for 30 s, and 72°C for 1 min.
All reaction mixtures were then incubated at 72°C for 10 min and cooled to 4°C.
PCR products were resolved by 5% polyacrylamide gel electrophoresis and
visualized by autoradiography. Signals were collected using a PhosphorImager
and quantitated using ImageQuant (Molecular Dynamics).

RESULTS

The mouse PAH gene is expressed in primary hepatocyte
culture. To explore the basis for PAH gene regulation and
determine the conditions required to reactivate the silent PAH
gene in the livers of HNF1a-deficient mice, we developed an in
vitro system based on primary hepatocyte culture. It is known
that freshly isolated hepatocytes in culture exhibit a rapid de-
crease in the transcription of liver-specific genes (8). In order
to circumvent and reduce this constraint, we made use of a
culture system involving rat tail collagen-coated plates and
chemically defined medium supplemented with 2% DMSO
(17). It has been previously shown that the expression of many
liver-specific genes is maintained for several weeks at 21 to
72% of their hepatic levels when rat hepatocytes are cultured
under such conditions (18). To assess the expression level of
the PAH gene in primary murine hepatocyte cultures, we per-
formed Northern blot analysis using total RNA extracted at
different times after the establishment in culture. As shown in
Fig. 1, the level of PAH mRNA decreased immediately after
plating. However, the expression level increased at later times,
approaching 40% of the level observed at the time of plating
(Fig. 1).

Reexpression of HNFla in adult HNF1a-deficient hepato-
cytes fails to activate PAH expression. It has been previously
shown that disruption of the HNFla gene resulted in hepatic
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FIG. 1. PAH mRNA levels in primary cultures of mouse hepato-
cytes. (A) Primary hepatocytes isolated from adult mice were cultured
in supplemented serum-free medium containing 2% DMSO on colla-
gen plates for various lengths of time (0, 12, 24, 36, 48, 60, and 72 h).
Total RNA was extracted, and the level of the PAH mRNA was
monitored by Northern blot analysis. 3-Actin mRNA hybridization of
the same blot was performed to verify loading of the samples. (B)
Shown are PAH mRNA levels normalized for the corresponding 3-ac-
tin signal.

silencing of the PAH gene (33). Silencing was associated with
a modified chromatin structure and DNA methylation pattern
(34). The presence of several HNF1 binding sites in DNase
I-hypersensitive regions of the PAH promoter-enhancer se-
quences (11) prompted us to investigate the possibility of re-
activating this gene by HNF1la reexpression. To this end, we
reexpressed HNFla in primary cultures of adult HNF1a-defi-
cient hepatocytes using a recombinant adenovirus expressing
the hHNFla protein (AdhHNF1a) under the control of the
CMYV promoter. As a control, we used a recombinant adeno-
virus expressing GFP (AdGFP). Infection of primary cultures
of HNFla-deficient hepatocytes with the AdhHNFla virus
resulted in the synthesis of HNFla at levels similar to those
found in primary hepatocytes (Fig. 2A). This protein was func-
tionally active, since it activated transcription of a transfected
reporter gene containing three multimerized HNF1 binding
sites (Fig. 2B). However, to our surprise, HNFla failed to
activate the silent endogenous PAH gene in adult HNFla-
deficient hepatocytes (Fig. 3). This result suggested that the
closed chromatin configuration of the PAH gene present in
HNF1a-deficient hepatocytes prevented HNFla from reacti-
vating the endogenous PAH gene.

Reexpression of HNFla in embryonic HNF1a-deficient
hepatocytes is sufficient to activate PAH expression. We fig-
ured that the nonpermissive configuration might have been
established during embryonic development in the absence of
HNFla. Low levels of PAH mRNA are detectable from day
11.5 of mouse development, and a major burst in mRNA
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synthesis occurs just after birth (reference 34 and data not
shown). To verify whether earlier reintroduction of HNFla
could restore gene activity, we infected hepatocytes isolated
from newborn and el7.5 HNFla-deficient mice. Again, we
failed to reactivate the PAH gene after infection by Adh-
HNFla (data not shown). To test if the PAH gene can be
reactivated during earlier liver developmental stages, we in-
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FIG. 2. Adenoviral expression of HNFla in HNFla-deficient
hepatocytes. (A) Primary hepatocytes isolated from adult HNFla-
deficient mice were infected with HNFla- or GFP-expressing adeno-
viruses at a multiplicity of infection of 10 PFU/cell for 1 h at 37°C.
After 36 h of culture, HNFla expression levels were determined by
Western blot analysis. Nuclear extracts prepared from wild-type hepa-
tocytes (lane 1) or from HNFla-deficient hepatocytes infected with
either AAGFP (lane 2) or AdhHNFla (lane 3) were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred
to a nylon membrane, and blotted with rabbit polyclonal anti-HNF1a
antibody. (B) Wild-type and HNFla-deficient primary hepatocytes
were transfected with the reporter construct B28;CAT, containing
three HNF1 binding sites upstream of the B-fibrinogen minimal pro-
moter. Twelve hours later, HNFla-deficient hepatocytes were infected
with increasing amounts of AdhHNF1a (relative multiplicities of in-
fection of 1, 5, and 10 PFUj/cell). Thirty hours later, extracts were
prepared and analyzed for HNFla protein levels and for CAT activity.
HNF1la expression levels in infected HNF1a-deficient hepatocytes are
presented in the middle panel. A typical CAT assay is shown in the
upper panel, and quantification is presented in the lower panel.
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FIG. 3. PAH mRNA expression in adult HNFla-deficient hepatocytes after infection with AdhHNF1a. (A) Primary hepatocytes isolated from
adult HNF1a-deficient mice were infected with increased amounts of AdhHNF1a (relative multiplicities of infection of 1 and 10 PFU/cell). After
48 h of culture to allow full expression of the adenovirus-transferred genes, total RNA was extracted and levels of PAH and GAPDH mRNA were
assayed by semiquantitative RT-PCR. (B) Efficiency of adenoviral infection was monitored in infected HNF1a-deficient hepatocytes by measuring
AdhHNFla mRNA expression by RT-PCR analysis using primers specific for the hHNFla cDNA and by revealing the presence of the HNFla

protein by Western blot analysis.

fected hepatocytes isolated from e12.5 HNF1la-deficient em-
bryos. Remarkably, at this stage of liver development, reintro-
duction of HNFla was sufficient to induce PAH gene
transcription (Fig. 4A). The level of PAH reactivation is almost
30% of the PAH expression level of wild-type hepatocytes. To
define the critical window for cellular competence, we infected
hepatocytes isolated from e13.5 HNF1a-deficient embryos. At
this stage of development, embryonic hepatocytes were still
competent for PAH gene reactivation upon addition of exog-
enous HNF1la (Fig. 4B). These results suggest that the pres-
ence of HNFla during early organogenesis is essential for
PAH gene activation and its maintenance in an active chro-
matin configuration.

Effect of histone-hyperacetylating drugs. It is possible that
the silent or closed chromatin structure of the PAH gene in
fetal, newborn, or adult HNFla-deficient hepatocytes pre-
vented the incoming HNF1a from binding to its target sites. It
is generally believed that inactive chromatin contains nonac-
etylated histones and that gene activation involves increased
nucleosomal histone acetylation. We therefore attempted to
render the nucleosomal DNA more accessible to transcription
factors by treating the primary hepatocytes with TSA, an in-
hibitor of histone deacetylases. Treatment of cells with TSA
has been shown to result in a genomewide increase in the level
of histone acetylation and to alter the expression of a number
of genes. Consequently, to test the hypothesis that the PAH
gene can be reactivated via changes in histone acetylation,
HNFla-deficient hepatocytes were treated with increasing

amounts of TSA (0, 100, and 300 ng/ml) and harvested for
isolation of histones and RNA. No PAH mRNA could be
detected by RT-PCR, even after incubation with high doses of
TSA (Fig. 5A) at which a large increase in the amount of
acetylated histones can be detected (Fig. 5B). We further
tested if reintroducing HNF1a concomitantly with TSA treat-
ment could restore PAH transcription. As with TSA alone, we
could not detect any reactivation of PAH gene transcription
under these conditions (Fig. 5A).

Effect of DNA demethylation. DNA methylation has been
shown to play a dominant role in determining the transcrip-
tional status of genes. In order to examine the influence of
methylation on PAH silencing, we attempted to induce partial
demethylation with the nucleotide analogue 5-AzaC. We were
unable to do so with primary hepatocytes, since they failed to
survive 5-AzaC treatment. Therefore, we delivered the drug
directly to 2-week-old animals by intraperitoneal injections.
Two weeks of treatment with 5-AzaC partially restored tran-
scription of the endogenous PAH gene, because a weak signal
could be detected by semiquantitative RT-PCR analysis of the
livers of 5-AzaC-treated HNF1a-deficient mice (Fig. 6A). The
PAH reexpression level reached close to 5% of the PAH ex-
pression level observed in the livers of wild-type mice (Fig. 6B).
This partial effect of 5-AzaC injection on PAH activation was
correlated with the low DNA demethylation pattern observed
at the PAH locus using the methylation-sensitive endonuclease
Hpall (data not shown). Furthermore, we verified that under
our experimental conditions, treatment with 5-AzaC did not
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FIG. 4. PAH mRNA expression in ¢12.5 and e13.5 HNF1a-deficient hepatocytes after infection with AdhHNF1a. Primary hepatocytes isolated
from e12.5 (A) or e13.5 (B) HNF1a-deficient hepatocytes were infected with AdhHNF1a or AAGFP at a multiplicity of infection of 10 PFU/cell.
Cells were harvested 48 h later, and PAH, HNF3B, and HNF4a mRNA expression levels were determined by semiquantitative RT-PCR analysis.
(C) Efficiency of adenoviral infection was monitored by measuring AdhHNF1la mRNA expression by RT-PCR analysis using primers specific for

the human HNFla cDNA.

result in the activation of a low level of spurious transcription.
We failed to activate the transcription of another HNFla-
regulated target gene, the kidney-specific Na™/glucose cotrans-
porter SGLT2 (35), in wild-type or HNFla-deficient hepato-
cytes (data not shown).

Combined effects of DNA demethylation, histone-hyper-
acetylating drugs, and AdhHNF1« infection. It is known that
DNA methylation and histone deacetylation play key roles in
the silencing of genes. Therefore, we tested whether a com-
bined demethylation and histone deacetylation inhibition
could further increase the expression of PAH in HNF1a-defi-
cient hepatocytes. Indeed, when hepatocytes from 5-AzaC-
treated animals were put in culture and treated with TSA, we
observed a further threefold increase in the level of PAH
mRNA (Fig. 6C, compare bars 1 and 5), demonstrating a
certain interaction of both silencing mechanisms. Finally, to

test if expression of HNFla could further increase the tran-
scription of the PAH gene after partial reactivation by 5-AzaC
treatment, we infected 5-AzaC-treated hepatocytes with in-
creasing amounts of AdhHNFla. We could not detect any
substantial additional increase in the expression of the endog-
enous reactivated PAH gene under these conditions (Fig. 6C,
bars 2 to 4). Moreover, HNFla reexpression in cells treated
with both 5-AzaC and TSA did not result in any further in-
crease in PAH mRNA levels (Fig. 6C, bars 6 to 8).

DISCUSSION

It has been previously shown that HNF1a-deficient mice fail
to transcribe the hepatic PAH gene (33), probably because the
PAH gene in these mice is hypermethylated and is incorpo-
rated into an inactive chromatin conformation (34). These
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FIG. 5. PAH mRNA expression in adult HNF1a-deficient hepato-
cytes after TSA treatment. (A) Primary hepatocytes isolated from
adult HNF1a-deficient mice were treated with increasing amounts of
the histone deacetylase inhibitor TSA (0, 100, and 300 ng/ml) and
infected with AdhHNF1a at a multiplicity of infection of 10 PFU/cell.
After 48 h of culture, total RNA was extracted, and PAH and GAPDH
mRNA levels were monitored by semiquantitative RT-PCR analysis.
(B) Examination of histone acetylation levels in TSA-treated hepato-
cytes was monitored by Western blot analysis. Histones were isolated
by acid-soluble nuclear protein preparation and probed with antibod-
ies recognizing acetylated lysines.

observations indicated that HNF1a must play a crucial role in
controlling the expression of this gene. However, the precise
role played by HNF1a in this context has not been elucidated
so far. We show here that reexpression of HNFla, per se, is
sufficient to reactivate transcription from the endogenous PAH
locus in embryonic (e12.5 to e13.5) HNFla-deficient hepato-
cytes. In contrast, we failed to restore PAH gene transcription
in fetal (el17.5), newborn, and adult HNF1a-deficient hepato-
cytes. This failure illustrates the importance of a developmen-
tal competence window for reprogramming hepatocyte-specific
expression patterns. Our results suggest that the presence of
HNF1a during early liver development is necessary to promote
and maintain the formation of a transcriptionally competent
PAH locus. This can be achieved by different mechanisms:
DNA demethylation and/or chromatin remodeling.

Several liver-enriched transcription factors have been iden-
tified whose presence is required for transcription of early
hepatic differentiation genes. These factors help impart the
competence of hepatic genes to be activated at later stages of
development. For example, the transcription factor HNF3 has
been implicated in the marking of serum albumin and a-feto-
protein gene enhancers during gut endoderm specification.
HNF3 mediates the remodeling of chromatin structure of
these genes and thereby promotes the transition between silent
and competent chromatin prior to the actual onset of tran-
scription (13). Similarly, transcription factor binding to the
B-globin locus control region contributes to developmental and
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cell-specific gene expression via localized alterations in chro-
matin structures (29). In contrast, in the context of the chicken
lysozyme locus, it appears that most chromatin pattern forma-
tions are set during cellular differentiation prior to the binding
of transcriptional activators (23). These studies indicate that a
specific chromatin pattern must be established to permit later
gene activation.

DNA methylation is closely associated with several biologi-
cal processes during vertebrate development. The cause-and-
effect relationship between DNA methylation status and tran-
scriptional activity has long been debated. It has now been
established that gene expression is strongly correlated with the
methylation status of DNA (39). In the present study, we show
that partial DNA demethylation can restore a low level of
PAH transcription, even in the absence of HNF1a. The obser-
vation that 5-AzaC treatment of HNFla-deficient mice only
poorly reactivates PAH gene transcription can be explained by
the mechanism of action of this drug on DNA demethylation.
When 5-AzaC is incorporated into DNA upon replication, the
modified nucleotide covalently traps DNA methyltransferases
(20). In this way, the enzyme is depleted and DNA is then
demethylated upon the subsequent rounds of replication. Un-
der normal physiological conditions, most mature hepatocytes
are quiescent in the liver. Therefore, the low proliferative
index protects most of the hepatocytes from the in vivo effects
of 5-AzaC treatment. Stable gene silencing is generally asso-
ciated with DNA hypermethylation and highly condensed
chromatin. It has been suggested that methylated inactive
genes contain hypoacetylated histones, whereas unmethylated
active genes are preferentially associated with acetylated his-
tones. The link between these two processes was recently es-
tablished by experiments that showed that DNA methylation
can cause transcriptional silencing through local deacetylation
of histones (10, 32). Methyl-CpG binding proteins, which bind
specifically to methylated DNA, recruit histone deacetylases,
which in turn mediate local chromatin remodeling and initiate
gene inactivation (19, 30). Hence, one would expect histone
deacetylase inhibitors to circumvent the repressive state. How-
ever, our results clearly show that TSA, a potent histone
deacetylase inhibitor, did not reactivate the PAH gene by itself.
This failure may be explained by the level of methylation den-
sity (14).

DNA methylation analysis using the Hpall methylation-sen-
sitive endonuclease has revealed that the PAH promoter is
heavily methylated in HNF1o-deficient mice (34). It is known
that TSA does not act as a demethylating agent (1, 10), and
persisting methylated CpGs could trigger the assembly of re-
pressor complexes insensitive to histone deacetylase inhibitors
(38). In agreement with this hypothesis, a recent study on the
dynamic nature of DNA methylation and associated transcrip-
tional repression has established that repression observed with
low-density methylation is mediated by histone deacetylase
activity, whereas the silencing mechanism which acts on
densely methylated templates appears to be histone deacety-
lase independent (26). Moreover, the observation that com-
bined treatment with 5-AzaC and TSA resulted in a further
increase in the level of reexpression of the silenced PAH gene
suggests that partial demethylation is necessary to establish the
TSA-responsive state. This indicates that DNA demethylation
could act as a dominant process over histone acetylation in
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FIG. 6. Injection of 5-AzaC into adult HNFla-deficient mice leads to PAH gene reactivation. (A) Two-week-old mice were injected twice at
an interval of 3 days intraperitoneally with 5-AzaC (25 pg/injection). Ten days after the second injection, animals were sacrificed, and hepatic PAH
and GAPDH mRNA abundance was monitored by semiquantitative RT-PCR analysis. (B) Quantification of the PAH reexpression level after
5-AzaC treatment, expressed as a ratio of the corresponding GAPDH signal. (C) The combined effect of 5-AzaC injection with AdhHNF1la
infection and TSA treatment on PAH gene reactivation was monitored. Primary hepatocytes isolated from HNF1a-deficient and 5-AzaC-treated
mice incubated in the absence or the presence of 300 ng of TSA per ml were infected with increasing amounts of AdhHNF1a (relative multiplicities
of infection of 1, 5, and 10 PFU/cell). After a 48-h incubation period, total RNA was extracted and semiquantitative RT-PCR analysis was
performed to monitor the expression level of PAH and GAPDH mRNAs. The graph shows the quantification of PAH RT-PCR products expressed
as a ratio of the corresponding GAPDH signal. The RT-PCR data presented are representative of data obtained with three different animals.

determining silencing at the PAH locus. Our observations are
consistent with the results of Cameron et al. (3), who have
recently shown that reactivation of methylated endogenous
tumor suppressor genes could be achieved only by treatment
with 5-AzaC followed by TSA.

It has been postulated that DNA methylation affects tran-
scription either by directly altering the interaction of transcrip-
tion factors with their binding sites, by altering chromatin
structure, or by the combination of both mechanisms (21). The
absence of CpG dinucleotides in the consensus binding site for
HNF1la suggests that direct methylation-induced alteration of
DNA binding is unlikely to be the primary mechanism by which
PAH gene transcription is prevented even upon HNFla reex-
pression. Therefore, DNA methylation may maintain the silent
PAH gene by organizing or stabilizing chromatin into a con-
formation that prevents the accessibility of transcriptional ac-
tivators to transcription control sequences. In this context,

HNF1a may be essential at early stages of hepatic differenti-
ation to maintain the unmethylated status of PAH promoter-
enhancer regions or promote DNA demethylation. It has been
suggested that the establishment and maintenance of “stable”
DNA methylation patterns in somatic cells result from a dy-
namic equilibrium between opposing reactions that promote
or inhibit methylation spreading from foci of methylated CpG
sites to more distal unmethylated sites. It can be speculated
that methylation spreading would occur by decreasing the pro-
tective effect conferred by the HNF1a binding sites, resulting
in rapid methylation of the PAH promoter. If the DNA bind-
ing by transcription factors plays a role in blocking the spread
of methylation once promoter methylation has occurred during
differentiation, it should not be easily reversible. The end result
of this process would be an epigenetic gene inactivation sec-
ondary to DNA methylation and the formation of closed chro-
matin structures.
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A possible molecular link between DNA demethylation pro-
cesses and transcription factor DNA binding has been postu-
lated recently. It is possible that sequence-specific DNA bind-
ing factors might prevent access of the maintenance DNA
methyltransferase to these sites, leading to the progressive
demethylation of DNA in a locus-specific manner. Such a role
has been described for the transcription factor Spl, which
enhances DNA demethylation and prevents de novo methyl-
ation of flanking sequences of the adenine phosphoribosyl-
transferase gene (27). Similarly, the transcription factor NF-«kB
has been implicated in a B-cell-specific demethylation process
(22). It has been reported that upon transcription factor DNA
binding, replication of the target DNA is a prerequisite for
efficient demethylation in Xenopus embryos (28) and at the
replication origin of Epstein-Barr virus (15). Finally, it seems
that the affinity of binding of transcription factors to replicating
DNA plays a determinant role in the formation of specific
DNA demethylation patterns, as was recently demonstrated in
the lac repressor-operator system (25). Once HNF1a binds to
the PAH promoter-enhancer regions during early liver devel-
opment, it could contribute to the maintenance of the unmeth-
ylated status of the promoter-enhancer PAH gene. Thus, dur-
ing embryogenesis, the appearance of specific transcription
factors and sustained genomic replication could represent a
parsimonious mechanism to allow massive promoter-specific
demethylation or maintenance of unmethylated tissue-re-
stricted gene status.

Many pathological conditions are associated with altered
gene expression patterns. Mutations in transcription factors
have profound effects on the onset of diseases. It is critical to
determine the molecular mechanisms that allow silent genes to
be selectively reactivated, leading toward therapeutic ap-
proaches. The potential for gene therapy using transcription
factors is enormous and spans many genetic diseases. Ad-
vances in prenatal diagnosis and gene transfer technology have
allowed consideration of prenatal gene therapy for inborn dis-
eases. A compelling argument can be made for this strategy in
treating childhood genetic diseases that are fatal in the prena-
tal period. In other diseases, the fetal environment may offer
unique biological advantages that favor a prenatal gene ther-
apy strategy over treatment after birth. Early therapeutic gene
applications may allow targeting of still expanding stem cell
populations of organs or cell systems inaccessible later in
adulthood. Nevertheless, effective treatment of inborn disor-
ders involving transcription factors is likely to be very complex.
As pointed out in this study, the design of rational prenatal
therapy cannot neglect the potential problem concerning the
competence window of specific transcription factors to repro-
gram gene expression during development.
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