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ABSTRACT

The heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1)
functions in the packaging of nascent RNA polymerase Il tran-
scripts and participates in a variety of nuclear and cytoplasmic
processes that modulate gene expression. The RNA binding
characteristics of hnRNP A1 suggest that it can modulate the
expression of specific genes, but little is known about its pos-
sible targets in vivo. In this article, we show that hnRNP A1
interacts with the transcript of a cytochrome P450 gene,
Cyp2ab5, induced by xenobiotics and during liver damage. Bind-
ing of the hnRNP A1 to CYP2A5 mRNA was demonstrated by
immunoprecipitation of the xenobiotic-stimulated (37/39 kDa)

CYP2A5 mRNA-protein complex with a monoclonal anti-
hnRNP A1 antibody, by partial trypsin digestion of the complex,
and by showing that the RNA-protein complex is not formed
with protein extracts from cells lacking the hnRNP A1. We also
show that a specific hepatotoxic inducer of the Cyp2a5 gene,
pyrazole, increases the cytoplasmic levels of hnRNP A1 in vivo.
Finally, we show that hnRNP A1 can be overexpressed in
mouse primary hepatocytes, leading to an accumulation of the
CYP2A5 mRNA. Collectively, these results indicate that the
hnRNP A1 is an important regulator of the Cyp2a5 gene.

Cytochromes P450 (P450s) form a large and diverse super-
family of genes coding for enzymes involved in the oxidative
metabolism of various xenobiotics and endogenous molecules
(Nelson et al., 1996; Rendic and Di Carlo, 1997). The expres-
sion of many P450 genes is modulated by xenobiotics, and the
regulation can take place at different levels ranging from
transcriptional activation to protein stabilization (Porter and
Coon, 1991). The transcriptional activation of P450 genes has
been widely studied; recently, a number of xenobiotic-acti-
vated receptors that act as specific transcription factors have
been discovered (Waxman, 1999). Other than transcription,
post-transcriptional control is important in the regulation of
several P450s (Simmons et al., 1987; Silver and Krauter,
1990; Peng and Coon, 1998); however, the molecular mecha-
nisms involved are poorly known.

We used the Cyp2a5 gene as a model to understand the
molecular mechanisms of gene induction by xenobiotics. The
gene product activates the tobacco-specific carcinogen
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (Felicia et
al., 2000) and is believed to play an important role in liver
carcinogenesis (Wastl et al., 1998). The Cyp2a5 gene is up-
regulated by many compounds and agents causing liver in-
jury (Kirby et al., 1994; Camus-Randon et al., 1996) and in

Y.B.-D. was supported by the Canadian Institute of Health Research.

certain liver tumors (Wastl et al., 1998), yet the mechanism
of induction is not known. Some xenobiotics, such as the
classic P450 inducer phenobarbital, up-regulate Cyp2a5
transcriptionally, whereas others, such as pyrazole, induce it
by increasing the stability of the mRNA (Aida and Negishi,
1991; Hahnemann et al., 1992). When examining the molec-
ular mechanisms of CYP2A5 mRNA stabilization, we discov-
ered a protein with an apparent molecular mass of 37/39 kDa
that binds to the 3’-untranslated region (UTR) of the
CYP2A5 mRNA. The mRNA/protein complex formation is
stimulated by pyrazole but not by phenobarbital. We also
found that pyrazole causes an elongation of the CYP2A5
mRNA poly(A) tail (Geneste et al., 1996), indicating that the
37/39-kDa protein could regulate the CYP2A5 mRNA stabil-
ity by controlling the length of the transcript’s poly(A) tail. To
our knowledge, the 37/39-kDa protein is the first transacting
factor identified that may regulate the stability of a drug-
induced P450 mRNA.

In this article, we establish that the 37/39-kDa protein that
binds to the CYP2A5 mRNA is the heterogeneous nuclear
ribonucleoprotein (hnRNP) Al. Moreover, we show that the
amount of cytoplasmic hnRNP A1 is increased by pyrazole
treatment in vivo, and we present evidence indicating that it
participates in the regulation of the expression of the Cyp2a5
gene. This study sheds light on the molecular mechanism of

ABBREVIATIONS: P450, cytochrome P450; UTR, untranslated region; hnRNP, heterogeneous nuclear ribonucleoprotein; nt, nucleotide(s); kb,
kilobase(s); PAGE, polyacrylamide gel electrophoresis; GAPDH, glyceraldehyde-3-phosphate-dehydrogenase.

795

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wolj papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspew

796  Raffalli-Mathieu et al.

Cyp2a5 gene regulation and demonstrates that hnRNP Al
activity can be regulated by a toxic xenobiotic.

Materials and Methods

Animals. Male DBA/2J mice aged 6 to 8 weeks were obtained
from Mgllegaard (Ejby, Denmark). The mice were treated with i.p.
injections of pyrazole (180 mg/kg) or phenobarbital (80 mg/kg) dis-
solved in saline, or with saline only, for 3 consecutive days. The mice
were killed 24 h after the last injection, and the livers were removed.
The studies were approved by the Ethical Committee (Uppsala,
Sweden; approval number C3/1) and were performed accordingly.

Cells. Mouse primary hepatocytes were prepared from untreated
mice according to a two-step perfusion model described previously
(Seglen, 1972). The isolated hepatocytes were dispersed in Williams’
E medium containing 20 ng/ml dexamethasone, insulin/transferrin/
sodium selenite (5 mg/l insulin, 5 mg/l transferrin, 5 pg/l sodium
selenite), 10 pg/ml gentamicin, 1% L-glutamine, and 10% decomple-
mented fetal calf serum at a density of 1.8 X 108 cells/60-mm un-
coated culture dish (Corning, Palo Alto, CA). The cells were main-
tained at 37°C in 5% CO, in a humidified incubator. After 2 h of
incubation, the medium was changed to Williams’ E medium without
fetal calf serum. The mouse erythroleukemia cell line CB3 lacking
hnRNP A1l and its derivative re-expressing this gene have been
described elsewhere (Yang et al., 1994). They were cultured in min-
imal essential medium « medium supplemented with 10% fetal calf
serum and 800 pg/ml geneticin.

Transfection of the pCG-hnRNP Al Plasmid in Mouse Pri-
mary Hepatocytes. The primary hepatocytes were cultured for 24 h
in Williams’ E medium before transfection. Cells were transfected
using LipofectAMINE PLUS (Invitrogen AB, T#by, Sweden) with 8
ng of the pCG-Al containing the hnRNP A1l ¢cDNA (kindly provided
by Dr. Adrian Krainer, Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY) or 8 pg of the pCG plasmid (obtained by removing the
hnRNP A1 cDNA sequence inserted at the BamHI and Xbal sites of
the pCG plasmid). Cotransfection with the B-galactosidase—express-
ing plasmid pCMV-SPORT-BGal (Invitrogen) was performed to esti-
mate the transfection efficiency.

Isolation of Nuclear and Cytoplasmic Proteins. Crude cyto-
plasmic extracts from mouse liver were prepared as described pre-
viously (Geneste et al., 1996). Mouse primary hepatocytes and eryth-
roleukemia cells were washed and resuspended in phosphate-
buffered saline. The cell suspension was centrifuged at 2000g for
30 s, and the pellet was resuspended in buffer A [10 mM HEPES-
KOH, pH 7.9, 10 mM KC1, 1.5 mM MgCl,, 0.5 mM dithiothreitol, 0.2
mM phenylmethylsulfonyl-fluoride, 10 pg/ml leupeptine, and 0.4%
Igepal (Aventis, Strasbourg, France)] and kept on ice for 60 min. The
cell suspension was vortexed, homogenized, and centrifuged at
11,000g at 4°C for 10 min. The supernatant containing the cytoplas-
mic proteins was stored at —80°C. The pellet containing the nuclei
was resuspended in buffer B (20 mM HEPES-KOH, pH 7.9, 25%
glycerol, 1.5 mM MgCl,, 420 mM NaCl, 0.2 mM EDTA, 0.5 mM
dithiothreitol, 0.5 mM phenylmethylsulfonyl-fluoride, and 0.4% Ige-
pal) and gently agitated for 30 min at 4°C. The suspension was
centrifuged at 11,000g for 15 min at 4°C. The supernatant containing
the nuclear proteins was stored at —80°C. Protein content was mea-
sured by use of the Lowry method (Lowry et al., 1951).

Preparation of Radiolabeled RNA. The RNA probe was syn-
thesized by in vitro transcription of CYP2A5 ¢cDNA amplified by
polymerase chain reaction in the presence of [a-*?P]UTP, as de-
scribed previously (Geneste et al., 1996). The RNA probe used in all
UV crosslinking experiments is 71 nt long and contains the primary
binding site of the 37/39-kDa protein. This probe has been described
elsewhere (Geneste et al., 1996; Tilloy-Ellul et al., 1999).

UV Crosslinking. UV crosslinking was performed as described
previously (Geneste et al., 1996). Briefly, 10 ug of cytoplasmic lysates
or 5 ug of nuclear proteins was incubated with 2 X 10° cpm of
radiolabeled 71-nt CYP2A5 RNA. The mixture was subjected to UV

crosslinking and was treated with RNase A. Proteins were denatured
and separated using SDS-PAGE, and the gel was dried and autora-
diographed.

Partial Proteolysis of the RNA/Protein Complex. For partial
proteolysis experiments, the conditions described by Hamilton et al.
(1993) were used. In short, UV crosslinking was performed with
cytoplasmic lysates as described above, and immediately after diges-
tion with RNase A, 50, 100, or 500 ng of trypsin (Roche Applied
Science, Stockholm, Sweden) was added to the mixtures for the
indicated times. The samples were then denatured and analyzed by
SDS-PAGE and autoradiography.

Immunoprecipitation of the RNA/Protein Complexes. Im-
munoprecipitation was performed essentially as described by Ham-
ilton et al. (1993). The CYP2A5 RNA/protein complexes (15-ug cyto-
plasmic proteins) were incubated with 1:500 dilution of the indicated
antibody (kindly provided by Dr. Gideon Dreyfuss, Howard Hughes
Medical Institute, University of Philadelphia, Philadelphia, PA) and
then immunoprecipitated with protein A-Sepharose beads (Pharma-
cia AB, Uppsala, Sweden). After washing, the pelleted complexes
were denatured and separated by SDS-PAGE. Radioactive com-
plexes were detected by the use of autoradiography.

Western Blot Analysis. Western blots were performed using 50
ng of cytoplasmic and nuclear proteins, as described previously (van
der Houven van Oordt et al., 2000), with 1:1000 dilution of the 9H10
(anti-hnRNP A1) antibody.

RNA Isolation and Northern Blot Analysis. Total cellular
RNA was isolated from primary mouse hepatocytes using the
RNeasy Mini Kit (QIAGEN GmbH, Hilden, Germany). Total RNA
(10 pg) was size-fractionated on a 1.2% agarose/formaldehyde gel
and transferred to a Hybond-N nylon membrane (Amersham Bio-
sciences, Little Chalfont, Buckinghamshire, UK). The CYP2A5
cDNA (provided by Dr. Masahiko Negishi, Laboratory of Reproduc-
tive and Developmental Toxicology, National Institute of Environ-
mental Health Sciences, Research Triangle Park, NC) was radiola-
beled with [a-?P]JdCTP using the Megaprime labeling kit
(Amersham). Hybridization was performed with 1.7 X 107 cpm of
radiolabeled probe at 65°C overnight in Church buffer (Church and
Gilbert, 1984) modified to contain 0.25 M phosphate buffer, 7% SDS,
and 1 mM EDTA. The filter was washed 2 X 5 min at room temper-
ature in a buffer containing 2X SSC and 0.1% SDS and then 1 X 15
min at 65°C in a buffer containing 2X SSC and 1% SDS. To assess
equal loading of the samples, the mRNA level of the housekeeping
gene glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) was
measured using the GAPDH ¢cDNA (CLONTECH, Palo Alto, CA) as
a probe.

For the densitometric analysis, scanning of the film was per-
formed with a Scanjet 4c scanner (Hewlett Packard, Palo Alto, CA),
and quantification was conducted using the software NIH Image
1.61 (http:/rsb.info.nih.gov/nih-image/).

Results and Discussion

Identification of the 37/39-kDa CYP2A5 mRNA Bind-
ing Protein as hnRNP Al. In previous studies, we identi-
fied in mouse liver a protein with an apparent molecular
mass of 37/39 kDa binding to a putative hairpin-loop struc-
ture at the 3'UTR of the CYP2A5 mRNA. We also showed
that the Cyp2a5-specific inducer pyrazole stimulates the in-
teraction of the protein with CYP2A5 mRNA. Because cer-
tain characteristics of the 37/39-kDa protein suggest that it
could be one of the hnRNPs (Geneste et al., 1996; Tilloy-Ellul
et al., 1999), a set of experiments was designed to establish
the identity of this protein. Figure 1 shows that the pyrazole-
activated 37/39-kDa RNA/protein complex can be immuno-
precipitated by a monoclonal antibody against the hnRNP A1l
(9H10) but not by an antibody against the hnRNP C (4F4).
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Fig. 1. SDS-PAGE analysis of immunoprecipitated RNA/protein com-
plexes. UV crosslinking was performed on liver cytoplasmic extracts from
pyrazole-treated (Pyr) and untreated (—) mice (see Materials and Meth-
ods) incubated with a 71-nt radioactive RNA probe corresponding to the
37/39-kDa protein binding site in CYP2A5 3'UTR. The RNA-protein
complexes were immunoprecipitated using the 9H10 (anti-hnRNP A1)
antibody, the 4F4 (anti-hnRNP C) antibody, or no antibody (0). The
immunoprecipitated complex was analyzed by SDS-PAGE. The 37/39-
kDa complex is indicated.

Partial proteolytic cleavage of the complex was then carried
out using trypsin. This treatment has been shown previously
to convert the hnRNP Al into a 25-kDa fragment retaining
RNA binding activity (Hamilton et al., 1993). The protein
extract containing the 37/39-kDa protein irreversibly bound
to the radioactive CYP2A5 RNA probe by UV crosslinking
was incubated with trypsin, as described under Materials
and Methods. Figure 2 shows that the characteristic 25-kDa
complex is obtained. The simultaneous disappearance of the
37/39-kDa complex and appearance of a 25-kDa species indi-
cates that the 25-kDa complex derives primarily from the
37/39-kDa complex. Finally, we verified that the 37/39-kDa
complex consists of the hnRNP A1 by comparing the complex
formation using protein extracts prepared from two mouse
erythroleukemia cell lines that differ in their ability to ex-
press the hnRNP Al. The CB3 cells have a retroviral inser-
tion near the hnRNP A1l gene, encoding the hnRNP Al and
have lost the second hnRNP A1l allele (Ben-David et al.,
1992). Consequently, they do not produce detectable hnRNP
Al protein. The CB3+ cells have been stably infected with a

ngtrypsin O 50 100 500

0O 10 3010 30 10 30

min digestion

37/39 kDa —

25 kDa —

Fig. 2. Partial proteolysis of the 37/39 kDa complex. UV crosslinking was
performed with liver cytoplasmic extracts from pyrazole-treated mice and
the radioactive CYP2A5 RNA probe. RNA-protein complexes were incu-
bated in the presence of 50, 100, or 500 ng of trypsin for 10 or 30 min and
were analyzed by SDS-PAGE. Molecular masses of the complexes are
indicated.

hnRNP A1 and Cyp2a5 797

retrovirus containing the murine hnRNP A1 coding sequence
and the CB3— cells with the empty vector (Yang et al., 1994).
Figure 3 shows that no 37/39-kDa complex is formed using
cytoplasmic and nuclear extracts from the CB3— cells,
whereas the 37/39-kDa complex is readily formed with ex-
tracts from the CB3+ cells. These three different approaches
allowed us to conclude that the hnRNP Al is the major
protein interacting with CYP2A5 mRNA 3'UTR in a xenobi-
otic-regulated manner.

Pyrazole Increases the Cytoplasmic Level of hnRNP
Al. Having established that the protein present in the 37/
39-kDa complex is the hnRNP Al, we investigated whether
pyrazole affects its level in mouse liver. To this end, we
performed a Western blot analysis using cytoplasmic and
nuclear protein extracts from the liver of untreated or pyra-
zole-treated mice. For comparison, we also used another
P450 inducer, phenobarbital, known to induce Cyp2a5 by a
different mechanism than pyrazole (Hahnemann et al.,
1992). Figure 4 shows that two bands are detected. Because
the antibody used also recognizes the minor splice variant
hnRNP A1B, we conclude that the bands correspond to the
hnRNP Al (34 kDa) and the hnRNP A1® (37 kDa) (Ben-

C N

CB3 +

-
-

37/39 kDa

Fig. 3. Formation of the RNA/protein complexes in CB3 cells. UV
crosslinking was performed using 10 ug of cytoplasmic proteins (C) or 5
ug of nuclear (N) proteins prepared from CB3+ and CB3— cells and the
CYP2A5 RNA probe. The 37/39-kDa complex is indicated.

C N

- Pyr Pb - Pyr Pb

A1B—
A1 —

Fig. 4. hnRNP A1l levels in mice treated with pyrazole and phenobarbital.
Western blot of crude protein extracts (C) and nuclear (N) proteins (50
ng) prepared from untreated (—), pyrazole (Pyr)-treated, and phenobar-
bital (Pb)-treated mice was performed. The 9H10 antibody was used to
detect the hnRNP A1l. A band at 34 kDa, corresponding to the hnRNP Al,
was detected. The band at 37 kDa most probably represents the hnRNP
A1® splice variant.
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Fig. 5. Overexpression of hnRNP Al in mouse primary hepatocytes. A, efficacy of overexpression. Western blot analysis was performed with
cytoplasmic (C) and nuclear (N) protein extracts (15 ug) prepared 24 h after transfection of the primary hepatocytes with the pCG-hnRNP A1l (A1) or
pCG alone (pCG) (not containing the hnRNP A1 ¢cDNA, see Materials and Methods). The 9H10 antibody was used to detect the hnRNP A1l. B, Northern
blot analysis of RNA (10 ug) isolated from mouse primary hepatocytes transfected with the pCG-A1 or pCG plasmids. Top, a CYP2A5 ¢cDNA probe was
used. The main bands detected are indicated (A, 11 kb; B, 3.8 kb; CYP2A5 mRNA, 1.9 kb; C, 400 nt). Bottom, a GAPDH ¢cDNA probe was used to assess
for equal RNA loading. C, quantification of the CYP2A5 mRNA amounts in cells transfected with the pCG or pCG-A1l (A1) plasmids. The intensity of
the band corresponding to the CYP2A5 mRNA relative to the GAPDH mRNA is shown.

David et al., 1992; LaBranche et al., 1998). Whereas pheno-
barbital does not seem to affect hnRNP Al levels signifi-
cantly, pyrazole causes a large increase of cytoplasmic
hnRNP Al. Because the Al protein is predominantly nuclear,
we cannot conclude from our results whether the increase in
cytoplasmic hnRNP A1l from pyrazole addition is caused by a
translocation of the hnRNP A1l from the nucleus to the cyto-
plasm or by increased hnRNP Al protein synthesis. How-
ever, these and previous results (Geneste et al., 1996) indi-
cate that the increase in cytoplasmic CYP2A5 RNA/hnRNP
A1l complex formation can be explained by an increased level
of Al protein and that this could be important for the regu-
lation of CYP2A5 mRNA stability. The situation is different
in the nucleus, where increased complex formation (Geneste
et al., 1996) is not accompanied by an increase in Al protein
levels. This implies that the mechanisms of activation of the
nuclear and cytoplasmic Al proteins by pyrazole are at least
partially distinct. Others have reported that nuclear and
cytoplasmic hnRNP A1 can react differently to a given stim-

ulus. For example, actinomycin D differently regulates the
RNA-binding activity of nuclear and cytoplasmic hnRNP A1l
(Hamilton et al., 1997). More work is needed to completely
understand how pyrazole increases the cytoplasmic level of
hnRNP Al. Many stimuli known to impair RNA polymerase
II activity cause a relocalization of the hnRNP A1l to the
cytoplasm (Pinol-Roma and Dreyfuss, 1992; Vautier et al.,
2001). Epidermal growth factor and retinol have been shown
to induce the hnRNP A1l gene (Planck et al., 1988; An and
Wu, 1993). In preliminary experiments, we observed that
pyrazole treatment does not affect the hnRNP A1l mRNA
level in mouse liver (data not shown), suggesting that pyra-
zole could affect hnRNP A1l subcellular localization or trans-
lation.

Overexpression of hnRNP Al in Primary Hepato-
cytes Induces the Cyp2a5 Gene. We wanted to gain in-
sight into the possible functions of hnRNP Al in the regula-
tion of the Cyp2a5 gene expression. For that purpose, the
hnRNP Al was overexpressed in mouse primary hepatocytes
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by transfecting the cells with a plasmid expressing the
hnRNP Al (pCG-Al). Cells transfected with the same plas-
mid lacking the hnRNP A1 ¢cDNA (pCG) were used as control
cells. Figure 5A shows that the level of cytoplasmic hnRNP
A1 strongly increases 24 h after transfection of the pCG-Al,
compared with cells transfected with the pCG plasmid. Using
a CYP2A5 ¢cDNA probe, we then analyzed by Northern blot
whether CYP2A5 mRNA levels were affected by hnRNP A1l
overexpression. Figure 5B shows that the CYP2A5 mRNA
(1.9 kb) and three other RNA species are detected by the
radiolabeled probe: A (approximately 11 kb), B (approximate-
ly 3.8 kb), and C (approximately 400 nt). The A, B, and C
RNA species were not characterized further. However, from
their size, we can hypothesize that the 3.8-kb RNA corre-
sponds to a CYP2A5 pre-mRNA, and the 400-nt RNA corre-
sponds to a degradation product of the mature CYP2AS5 tran-
script.

A densitometric analysis of the CYP2A5 mRNA band
shows that its intensity is increased by a factor of 2.2 in cells
overexpressing the hnRNP Al (Fig. 5C). Together with our
previous results, this strongly suggests that the hnRNP A1l
regulates the level of CYP2A5 transcript. This is supported
by our preliminary experiments indicating that the hnRNP
A1l primary binding site on CYP2A5 3'UTR functions as an
hnRNP Al-dependent stability determinant of the CYP2A5
mRNA (data not shown).

In conclusion, we show in this article that the hnRNP Al
binds to the 3'UTR of the CYP2A5 mRNA and is likely to be
a key regulatory factor for Cyp2a5 gene expression. Other
studies have shown that hnRNP A1 participates in alterna-
tive splicing (Yang et al., 1994) and mRNA export (Nakielny
and Dreyfuss, 1997), and it may affect mRNA stability (Ham-
ilton et al., 1993; Blaxall et al., 2000) and translation (Svitkin
et al., 1996). Studies aimed at understanding the precise
mechanisms of the regulatory action of hnRNP A1 on Cyp2a5
expression, in particular its possible involvement in pre-
mRNA processing, mRNA turnover, and translation, are on-
going in our laboratory.

Acknowledgments

We thank Dr. Gideon Dreyfuss for the kind gift of the 4F4 and
9H10 antibodies and Dr. Adrian Krainer for the pCG-Al plasmid.
The expert technical assistance of Angela Lannerbro is acknowl-
edged.

References

Aida K and Negishi M (1991) Posttranscriptional regulation of coumarin 7-hydrox-
ylase induction by xenobiotics in mouse liver: mRNA stabilization by pyrazole.
Biochemistry 30:8041-8045.

An G and Wu R (1993) ¢cDNA cloning of a hnRNP Al isoform and its regulation by
retinol in monkey tracheobronchial epithelial cells. Biochim Biophys Acta 1172:
292-300.

Ben-David Y, Bani MR, Chabot B, De Koven A, and Bernstein A (1992) Retroviral
insertions downstream of the heterogeneous nuclear ribonucleoprotein Al gene in
erythroleukemia cells: evidence that Al is not essential for cell growth. Mol Cell
Biol 12:4449—-4455.

Blaxall BC, Pellett AC, Wu SC, Pende A, and Port JD (2000) Purification and
characterization of beta-adrenergic receptor mRNA-binding proteins. J Biol Chem
2175:4290-4297.

Camus-Randon AM, Raffalli F, Bereziat JC, McGregor D, Konstandi M, and Lang
MA (1996) Liver injury and expression of cytochromes P450: evidence that regu-

hnRNP A1 and Cyp2a5 799

lation of CYP2A5 is different from that of other major xenobiotic metabolizing CYP
enzymes. Toxicol Appl Pharmacol 138:140-148.

Church GM and Gilbert WG (1984) Genomic sequencing. Proc Natl Acad Sci USA
81:1991-1995.

Felicia ND, Rekha GK, and Murphy SE (2000) Characterization of cytochrome P450
2A4 and 2A5-catalyzed 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
metabolism. Arch Biochem Biophys 384:418—-424.

Geneste O, Raffalli F, and Lang MA (1996) Identification and characterization of a
44 kDa protein that binds specifically to the 3’-untranslated region of CYP2a5
mRNA: inducibility, subcellular distribution and possible role in mRNA stabiliza-
tion. Biochem J 313:1029-1037.

Hahnemann B, Salonpaa P, Pasanen M, Maenpaa J, Honkakoski P, Juvonen R, Lang
MA, Pelkonen O, and Raunio H (1992) Effect of pyrazole, cobalt and phenobarbital
on mouse liver cytochrome P-450 2a-4/5 (Cyp2a-4/5) expression. Biochem J 286:
289-294.

Hamilton BJ, Burns CM, Nichols RC, and Rigby WF (1997) Modulation of AUUUA
response element binding by heterogeneous nuclear ribonucleoprotein Al in hu-
man T lymphocytes. The roles of cytoplasmic location, transcription, and phos-
phorylation. J Biol Chem 272:28732-28741.

Hamilton BJ, Nagy E, Malter JS, Arrick BA, and Rigby WF (1993) Association of
heterogeneous nuclear ribonucleoprotein Al and C proteins with reiterated
AUUUA sequences. J Biol Chem 268:8881-8887.

Kirby GM, Chemin I, Montesano R, Chisari FV, Lang MA, and Wild CP (1994)
Induction of specific cytochrome P450s involved in aflatoxin B1 metabolism in
hepatitis B virus transgenic mice. Mol Carcinog 11:74-80.

LaBranche H, Dupuis S, Ben-David Y, Bani MR, Wellinger RJ, and Chabot B (1998)
Telomere elongation by hnRNP A1l and a derivative that interacts with telomeric
repeats and telomerase. Nat Genet 19:199-202.

Lowry OH, Rosebrough NJ, Farr AL, and Randall RJ (1951) Protein measurement
with the Folin phenol reagent. J Biol Chem 193:265-275.

Nakielny S and Dreyfuss G (1997) Nuclear export of proteins and RNAs. Curr Opin
Cell Biol 9:420—-429.

Nelson DR, Koymans L, Kamataki T, Stegeman JJ, Feyereisen R, Waxman DJ,
Waterman MR, Gotoh O, Coon MJ, Estabrook RW, Gunsalus IC, and Nebert DW
(1996) P450 superfamily: update on new sequences, gene mapping, accession
numbers and nomenclature. Pharmacogenetics 6:1—42.

Peng HM and Coon MJ (1998) Regulation of rabbit cytochrome P450 2E1 expression
in HepG2 cells by insulin and thyroid hormone. Mol Pharmacol 54:740-747.

Pinol-Roma S and Dreyfuss G (1992) Shuttling of pre-mRNA binding proteins be-
tween nucleus and cytoplasm. Nature (Lond) 355:730-732.

Planck SR, Listerud MD, and Buckley SD (1988) Modulation of hnRNP A1 protein
gene expression by epidermal growth factor in Rat-1 cells. Nucleic Acids Res
16:11663-11673.

Porter TD and Coon MJ (1991) Multiplicity of isoforms, substrates, and catalytic and
regulatory mechanisms. J Biol Chem 266:13469-13472.

Rendic S and Di Carlo FJ (1997) Human cytochrome P450 enzymes: a status report
summarizing their reactions, substrates, inducers, and inhibitors. Drug Metab Rev
29:413-580.

Seglen POI (1972) Preparation of rat liver cells. I. Effect of Ca 2* on enzymatic
dispersion of isolated, perfused liver. Exp Cell Res 74:450—454.

Silver G and Krauter KS (1990) Aryl hydrocarbon induction of rat cytochrome
P-450d results from increased precursor RNA processing. Mol Cell Biol 10:6765—
6768.

Simmons DL, McQuiddy P, and Kasper CB (1987) Induction of the hepatic mixed-
function oxidase system by synthetic glucocorticoids. Transcriptional and post-
transcriptional regulation. J Biol Chem 262:326-332.

Svitkin YV, Ovchinnikov LP, Dreyfuss G, and Sonenberg N (1996) General RNA
binding proteins render translation cap dependent. EMBO (Eur Mol Biol Organ) J
15:7147-7155.

Tilloy-Ellul A, Raffalli-Mathieu F, and Lang MA (1999) Analysis of RNA-protein
interactions of mouse liver cytochrome P4502A5 mRNA. Biochem J 339:695-703.

van der Houven van Oordt W, Diaz-Meco MT, Lozano J, Krainer AR, Moscat J, and
Caceres JF (2000) The MKK(3/6)-p38-signaling cascade alters the subcellular
distribution of hnRNP Al and modulates alternative splicing regulation. J Cell
Biol 149:307-316.

Vautier D, Chesne P, Cunha C, Calado A, Renard JP, and Carmo-Fonseca M (2001)
Transcription-dependent nucleocytoplasmic distribution of hnRNP A1l protein in
early mouse embryos. J Cell Sci 114:1521-1531.

Wastl UM, Rossmanith W, Lang MA, Camus-Randon AM, Grasl-Kraupp B, Bursch
W, and Schulte-Hermann R (1998) Expression of cytochrome P450 2A5 in preneo-
plastic and neoplastic mouse liver lesions. Mol Carcinog 22:229-234.

Waxman DJ (1999) P450 gene induction by structurally diverse xenochemicals:
central role of nuclear receptors CAR, PXR, and PPAR. Arch Biochem Biophys
369:11-23.

Yang X, Bani MR, Lu SJ, Rowan S, Ben-David Y, and Chabot B (1994) The Al and
A1B proteins of heterogeneous nuclear ribonucleoparticles modulate 5’ splice site
selection in vivo. Proc Natl Acad Sci USA 91:6924—6928.

Address correspondence to: Dr. Francoise Raffalli-Mathieu, Division of
Biochemistry, Department of Pharmaceutical Biosciences, Faculty of Phar-
macy, Box 578 Biomedicum, SE-751 23 Uppsala, Sweden. E-mail:
francoise.mathieu@farmbio.uu.se

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wolj papeojumod


http://molpharm.aspetjournals.org/

