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ABSTRACT

Thyroid hormone [triiodothyronine (T3)] positively regulates
NADPH cytochrome P450 reductase (P450R) mRNA expres-
sion in rat liver, with P450R transcription initiation being a key
regulated step. T3 is presently shown to have significant post-
transcriptional effects on P450R expression. T3 increased the
size of cytoplasmic P450R mRNA by ~105 nucleotides 12 h
after T3 treatment, followed by a return to basal levels at 24 h.
Primer extension analysis and Northern hybridization with 5'-
untranslated region probes revealed no change in P450R
mRNA 5’ structure with T3 treatment. By contrast, RNase H
analysis revealed a transient, T3-induced increase in P450R
mRNA poly(A) tail, from ~100 to ~205 A. This increase in
P450R polyadenylation, detectable in the nucleus 8 h after T3
treatment and in the cytoplasm at 12 h, was transient and was

reversed by 16 h, when the T3-induced accumulation of cyto-
plasmic P450R mRNA was near maximal. Actinomycin D
blocked the increase in P450R poly(A) tail and the induction of
P450R mRNA, indicating a requirement for ongoing gene tran-
scription for both T3 responses. T3 treatment destabilized
P450R mRNA in rat liver in vivo, as shown by the T3-dependent
6-fold decrease in cytoplasmic P450R mRNA half-life, from a
basal value of =16 h in uninduced liver to ~2.5 h, measured
24 h after T3 administration. These findings demonstrate that
T3 increases nuclear polyadenylation of P450R RNA as a tran-
sient, early regulatory response and that this response is tem-
porally dissociated from the subsequent decrease in cytoplas-
mic P450R mRNA stability.

NADPH cytochrome P450 oxidoreductase (P450R) is a
ubiquitous microsomal flavoprotein that is essential for the
transfer of electrons from NADPH to microsomal cytochrome
P450 (P450) (Porter, 1991; Strobel et al., 1995). P450R is an
obligatory, often rate-limiting factor in microsomal cyto-
chrome P450-linked oxidative metabolism of drugs, chemical
carcinogens, and endogenous steroidal substrates (Kaminsky
and Guengerich, 1985; Waxman et al., 1989; Cawley et al.,
1995). P450R also plays a critical role in P450-independent
metabolic processes, including reductive metabolism leading
to redox cycling of quinones, catechols, and related carcino-
gens (Chesis et al., 1984; Bligh et al., 1990; Sawamura et al.,
1996). These processes are associated with the generation of
reactive oxygen species and may contribute to the cell’s adap-
tive response to oxidative stress (Landriscina et al., 1988;
Chen and Cederbaum, 1997; Choi et al., 1997). P450R is
encoded by a single gene, which spans more than 50 kb and
contains 16 exons (Porter et al., 1990). The first exon, com-
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prised of 56 nt of untranslated sequence, has been localized
to a segment of DNA 30.5 kb upstream of the coding exons
(O’Leary et al., 1994). In the case of the mouse P450R gene,
an alternate 5’ exon is used in a tissue-specific manner
(O’Leary et al., 2000).

P450R is most highly expressed in liver, where it is regu-
lated by xenochemicals and by endogenous hormones, includ-
ing thyroid hormone, T3. Liver P450R is dependent on nor-
mal thyroid hormone levels for expression, as shown by the
=75% decrease in liver P450R mRNA, protein, and activity
in T3-deficient rats (Waxman et al., 1989; Ram and Waxman,
1992). Physiological replacement of T3 but not other pitu-
itary-dependent hormones substantially restores P450R lev-
els in hypophysectomized or hypothyroid rats, indicating
that T3 is required for full expression of P450R activity. In
contrast, T3 treatment of euthyroid rats stimulates up to a
10-fold increase in P450R mRNA without significantly affect-
ing P450R protein or activity (Ram and Waxman, 1992).
Further studies support the conclusion that within 8 to 12 h,
the T3 stimulates increases in P450R transcription and cor-
responding increases in unspliced nuclear P450R RNA levels,
followed by an increase in cytoplasmic P450R mRNA (Li et

ABBREVIATIONS: P450R, NADPH-cytochrome P450 reductase; P450, cytochrome P450; kb, kilobase(s); T3, triiodothyronine; ON, oligonucle-
otide; UTR, untranslated region; nt, nucleotide(s); bp, base pair(s); PCR, polymerase chain reaction.
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al., 2001). Studies of the mechanisms by which T3 regulates
P450R transcription have identified a functional thyroid re-
sponse element in the P450R promoter and have shown it to
be composed of an imperfect repeat of the classic thyroid
response motif AGGTCA (O’Leary et al., 1997).

Although the transcriptional mechanisms by which T3 reg-
ulates P450R gene transcription are fairly well understood,
much less is known about potential post-transcriptional
events that contribute to the regulation of P450R expression
by thyroid hormone. The present study addresses this issue
and investigates the effects of T3 on the polyadenylation of
P450R RNA. In addition, the effects of T3 on the stability of
P450R mRNA in liver in vivo are examined. T3 is shown to
induce a discrete increase in the length of the P4A50R RNA
poly(A) tail by a mechanism involving increased nuclear poly-
adenylation. This increase is temporally distinct from the
subsequent decrease in P450R mRNA stability seen in T3-
induced rat liver. These findings are discussed in the context
of the post-transcriptional mechanisms of thyroid hormone
action.

Materials and Methods

Animals. Adult male Fischer 344 rats, housed under standard-
ized conditions of light and temperature, were given a single i.p.
injection of T3 (Sigma, St. Louis, MO) at a receptor-saturating dose
(200 pg of T3/100 g of body weight) using 0.01 M KPi and 0.9% NaCl
buffer, pH 8.3, as vehicle (Li et al., 2001). Animal experiments were
carried out two to three times and included at least two individual
animals per time point or treatment group. Replicates shown in each
figure correspond to separate animals, with each liver sample pro-
cessed separately. In some experiments, euthyroid rats were treated
with the RNA polymerase inhibitor actinomycin D (Sigma) using
established methods (Connor et al., 1996). Actinomycin D was given
at 0.25 mg/100 g of body weight, i.p. (using 0.1 M KPi buffer, pH 8,
as vehicle), either concurrent with T3 treatment or 12 or 24 h after
T3 treatment, as specified. Control rats received the same volume of
vehicle. No adverse health effects of actinomycin D were observed
over the course of these experiments.

RNA Isolation. Total cytoplasmic RNA was isolated from rat
liver by extraction according to Chomeczynski and Sacchi (1987)
using guanidine isothiocyanate solution (Invitrogen, Carlsbad, CA)
(Waxman, 1991). This RNA isolation procedure yields cytoplasmic
RNA, with little if any unspliced nuclear precursor RNA detectable
(Sundseth et al., 1992). Nuclei were prepared from fresh rat liver and
stored in liquid nitrogen (Sundseth et al., 1992). Nuclear RNA was
isolated from the frozen nuclei using a CsCl (optical grade, Invitro-
gen) purification method (Kingston et al., 1996). In brief, ~107 nuclei
were homogenized in buffer D [4 M guanidinium isothiocyanate, 0.1
M Tris-Cl, pH 7.5, and 1% (v/v) 2-mercaptoethanol]. Sodium lauryl
sarcosinate [20% (w/v) stock] was added to give a final concentration
0f 0.5%, and the mixture was centrifuged at 5000g for 10 min at room
temperature. The supernatant was layered onto a cushion of 5.7 M
CsCl containing 0.01 M EDTA (pH 7.5) and centrifuged at 20°C
overnight at 100,000g. RNA pellets were dissolved in diethyl pyro-
carbonate-treated water and stored at —70°C. Poly(A) mRNA was
isolated from total RNA by oligo(dT) cellulose chromatography using
Oligotex mRNA Midi Kit (QIAGEN, Valencia, CA) following the
manufacturer’s protocol.

Northern Blotting. Total liver RNA (20 pg per lane) was dena-
tured and separated on 1.0% (w/v) agarose gels containing 18% (v/v)
formaldehyde, transferred, and then UV cross-linked to nylon mem-
branes (Brown, 1997). Antisense oligonucleotides (ON) were labeled
with [y-32P]ATP (6000 Ci/mmol, PerkinElmer Life Sciences, Boston,
MA). Prehybridization (3 h) and hybridization overnight with 32P-
labeled oligonucleotide probes were carried out at the hybridization

temperature and in the presence of formamide concentrations calcu-
lated based on the length and GC composition of each probe (Wax-
man, 1991). The probes and hybridization conditions used were as
follows: 5'-GTA-GCG-GCC-CTT-GGT-CAT-CAG-3’ (probe ON-680,
complementary to P450R exon 16; P450R ¢cDNA nt 2036-2056; 50°C
and 15% formamide); 5’-gCG-CGG-TCC-TGT-AGG-TCTC-3" (ON-
754, complementary to P450R exon 1, nt 2-19; 50°C and 13% form-
amide); and 5'-gCC-TGC-GCT-CTC-CGG-TAC-CGA-CCA-GATC-3’
[ON-318, complementary to P450R ¢cDNA nt 1-27 (3’ end of P450R
exon 1); 50°C and 30% formamide]. Nucleotides are numbered ac-
cording to the rat P450R cDNA sequence (GenBank accession
M12516; RATCYPRM), unless indicated otherwise. This ¢cDNA is
missing the first 27 nt of P450R exon 1 (O’Leary et al., 1994). Probing
for P450 2C6 RNA, which is not altered by T3 treatment, was
performed as described previously (Waxman, 1991). Washed mem-
branes were processed using standard procedures (Waxman, 1991).
Autoradiographs were analyzed using ImageQuant software (Molec-
ular Dynamics, Sunnyvale, CA). Poly(A) mRNA (5 ug per lane) was
analyzed by Northern blotting on high-resolution gels [1.3% (w/v)
agarose gels containing 18% formaldehyde and electrophoresed at 30
V for 16 h] (Stoeckle and Guan, 1993). Individual lanes shown on
each gel (Figs. 2 and 4-6, below) correspond to RNA samples isolated
from individual livers within each animal treatment group.

RNase H Assay. Total liver cytoplasmic RNA or nuclear RNA was
digested with RNase H (USB Corporation, Cleveland, OH) in the
presence of either one or two oligonucleotide probes complementary
to a specific sequence of the P450R 3'-UTR, as shown schematically
in Fig. 1. This method, used to determine P450R mRNA poly(A) tail
length, is a modification of an oligonucleotide-directed RNase H
digestion assay described elsewhere (Chkheidze et al., 1999). In
brief, 40 ug of RNA was denatured for 5 min at 65°C and hybridized
for 1 h at room temperature with P450R-specific 3'-UTR antisense
probe ON-338 (5-GCT-GCC-TGA-TAC-AAT-GGA-CC-3'; P450R
c¢DNA nt 2231-2250) and/or ON-293 (5'-ACT-GAA-AAC-AAC-TTT-
ATT-CC-3'; cDNA nt 2417-2436). Samples were then incubated for
1 h at 37°C with 2 U of RNase H in RNase buffer (20 mM Tris-HCI,
pH 7.5, 20 mM KCI, 10 mM MgCl,, 0.1 mM EDTA, and 0.1 mM
dithiothreitol). RNA fragments were separated on 1% (w/v) agarose
gels containing 18% (v/v) formaldehyde. RNAs were transferred and
UV cross-linked to nylon membranes for Northern blotting using
32P-labeled P450R antisense probe ON-329 (5'-GAGG-ACC-TAA-
GGC-ACC-CATC-3’; cDNA nt 2297-2316). This method does not
provide for the quantitative recovery of the released RNA fragments
analyzed on the Northern blot.

Poly(A) Tail-Length Measurements. P450R 3'-UTR fragments
released by RNase H digestion were sized on Northern blots based on

ON-329
22972316
lave Coding sequence | 3-UTR |
) I 1 - ;
5 T - LY wl,“.AAAAAA...AAAAAA- 3
4 v, 2077  ON-338 24
46-69 2231-2250
ON-293
2417-2436
166 nt
290 nt (~100 A's)

395 nt (~205 A's)

Fig. 1. Schematic diagram of P450R mRNA, indicating oligonucleotide
probes (ON) used to characterize P4A50R mRNA by primer extension and
RNase H assay. Antisense probe ON-319 (exon 2; nt 46—69) was used to
detect the 5" end of P450R mRNA by primer extension (Fig. 3, below).
RNase H digestion experiments (Figs. 4—6, below) were carried out in the
presence of ON-338 alone or ON-338 + ON-293 to cleave the resultant
DNA-RNA hybrids, indicated by hatched bars. The released 3'-UTR RNA
fragments were subject to analysis of Northern blots probed with ON-329
(antisense nt 2297-2316). Shown at the bottom right are the sizes of the
various fragments released by RNase H digestion of P450R (compare Fig.
4, below), with the poly(A) tail lengths as indicated. Nucleotide positions
shown correspond to those of P450R ¢cDNA, which is missing the 27 nt
from the 5’ of exon 1. Figure is not drawn to scale.
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their relative migration in comparison with P450R RNA sizes stan-
dards. Size standards were prepared by PCR of P450R ¢cDNA using a 5’
primer containing a T7 RNA polymerase promoter sequence, followed
by in vitro transcription using T7 RNA polymerase (Promega, Madison,
WI). Primers were designed to generate P450R RNA fragments with
lengths of 198 bp (ON-299 with ON-320), 267 bp (ON-298 with ON-320),
and 358 bp (ON-290 with ON-293) (T'7 RNA polymerase site indicated
in lower case): sense, ON-299: 5'-taatacgactcactatagggATGGGG-
GACTCTCACGAAGA-3’; antisense, ON-320: 5'-gCTCTTTGACGGGT-
GGGGCCG-3'; sense, ON-298: b5'-taatacgactcactatagggAGAGAC-
CTACAGGACCGCGG-3'; sense, ON-290: 5'-taatacgactcactataggg-
GAGCTACCAGCCTCCCACCC-3'; and antisense, ON-293: 5'-ACT-
GAAAACAACTTTATTCC-3'.

PCR reactions were performed for 30 cycles with Taq polymerase
at 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min. An initial
denaturation step (5 min at 94°C) and a final extension step (10 min
at 72°C) were included. PCR fragments of the expected sizes were
transcribed in vitro with 1 U of T7 RNA polymerase. Products were
5'-labeled with [y->?PJATP using T4 polynucleotide kinase (New
England Biolabs, Beverly, MA), analyzed on 1% (w/v) agarose gels
containing 18% (v/v) formaldehyde, transferred to membranes, visu-
alized by PhosphorImaging, and analyzed using ImageQuant soft-
ware.

Primer Extension. For primer extension assays (O’Leary et al.,
1994), a 24-bp antisense primer complementary to a site downstream
of the translation start site of P450R exon 2 (ON-319: 5’-GCA-CTG-
GTG-TCT-TCG-TGA-GAG-TCC-3'; cDNA nt 46-69) (Fig. 1) was hy-
bridized at 65°C for 90 min to 10 ug of total liver RNA in hybridiza-
tion buffer (20 mM Tris-HCI, pH 7.9, 0.1 mM EDTA, and 100 mM
NaCl). Samples were cooled at room temperature for 30 min and
then reverse-transcribed for 60 min at 42°C with 5 U of murine
leukemia virus reverse transcriptase (Stratagene, La Jolla, CA),
dNTP mixture containing the fluorescent-tagged dye dUTP-TAMRA
(Applied Biosystems, Foster City, CA) and RNase inhibitor (Pro-
mega). Reaction products were analyzed on 4.5% acrylamide, 6 M
urea, 1X Tris/borate/EDTA gels using an AB1377 DNA sequencer
(Applied Biosystems) in combination with the Genescex and Geno-
typer software by measuring fluorescence excitation at 633 nm and
emission at 670 nm.

Results

T3 Treatment Increases the Size of Liver P450R
mRNA. Rats were treated with a receptor-saturating dose of
T3 and then killed either 12 or 24 h later. Liver poly(A) RNA
was isolated and analyzed on high resolution Northern blots
probed with an antisense oligonucleotide complementary to
P450R exon 16. A small but consistent increase in the size of
liver P4A50R mRNA was seen 12 h after T3 treatment (Fig. 2,
lanes 3 and 4 versus lanes 1 and 2). This size increase was
reversed 24 h after T3 administration (lanes 5 and 6), despite
the continued increase in the overall abundance of P450R
mRNA from 12 to 24 h (compare lanes 3 and 4).

Mouse P450R mRNA can be transcribed from two alterna-
tive promoters in a tissue-specific manner, one of which is
preferentially used in untreated liver (O’Leary et al., 2001).
We investigated, therefore, whether the longer P450 mRNA
seen in T3-treated rat liver (Fig. 2) may reflect T3-stimulated
transcription from a second promoter, giving rise to a tran-
script that contains a distinct, longer 5’-untranslated exon
(exon la). Two approaches were taken to investigate this
possibility. First, Northern blotting of control and T3-induced
rat liver RNA was carried out using an exon 1 oligonucleotide
probe. T3 induced a comparable increase in P450R RNA,
independent of whether the blot was probed with an exon 1
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probe (5.3-fold induction of P450R mRNA 12 h after T3
treatment; probe ON-318) or an exon 16 probe (5.2-fold in-
duction; probe ON-680). Attempts to detect liver P450R
mRNA by RT-PCR or by Northern blotting using a hybrid-
ization probe complementary to the sequence of mouse
P450R exon la were negative (data not shown). Second,
primer extension analysis using an exon 2 probe (ON-319;
Fig. 1) revealed the same transcription start site for P450R in
both uninduced and T3-induced liver samples (Fig. 3, A ver-
sus B and C). We conclude that alterations in the 5’-UTR of
P450R mRNA are not likely to account for the longer mRNA
seen 12 h after T3 treatment.

RNase H Analysis of P450R 3’-UTR. Next, we used an
RNase H digestion protocol to investigate whether T3 in-
duces changes at the 3’ end of P450R mRNA. Uninduced and
T3-induced liver RNA samples were hybridized to an oligo-
nucleotide probe designed to direct RNase H cleavage to the
corresponding P450R 3’-UTR RNA-DNA hybrid (probe ON-
338; Fig. 1). Cleaved 3'-UTR RNA fragments were analyzed
on a Northern blot hybridized with a probe complementary to
a P450R sequence downstream of the RNase H cleavage site
(probe ON-329; Fig. 1). Figure 4A shows that the 3'-UTR
fragment released by RNase H digestion is distinctly longer,
by ~105 nt, in the 12-h T3-treated liver RNA samples than in
liver samples from untreated rats (395-nt fragment in lanes
7 and 8 versus 290-nt fragment in lanes 1 and 2; also see Fig.
1). Interestingly, the longer liver RNA transcript was absent
from rats treated with T3 for shorter (4 or 8 h) or for longer
periods of time (16 h). This size difference in PA50R mRNA
was associated with P450R sequences beyond nt 2436 [i.e., 5
nt upstream of the poly(A) tail], as was made evident by the
elimination of the size difference when the liberated 3'-UTR
fragment was generated in RNase H cleavage assays where
probes ON-338 and ON-293 (nt 2417-2436) were both hy-
bridized to P4A50R mRNA (Fig. 4A, lanes 11 and 12; “tail-cut-

mRNA
T3-12h T3-24h

control

1 2 3 4 5 6

Fig. 2. Increase in size of P450R mRNA after T3 treatment. Poly(A)+
mRNA was isolated from total cytoplasmic liver RNA prepared from
vehicle control-treated rats or from rats given a single injection of T3 (200
mg/100 g body weight, i.p.) and killed 12 or 24 h later, as indicated.
mRNA (5 pg) was denatured and separated on a 1.3% (w/v) agarose/18%
formaldehyde gel electrophoresed at 30 V for 16 h. PA50R mRNA in the
12-h T3-treated livers (lanes 3 and 4) migrated more slowly than P450R
mRNA isolated from the control livers (lanes 1 and 2) or the 24-h T3-
treated livers (lanes 5 and 6). Northern blot was probed with ON-680,
complementary to P450R exon 16. RNAs were ~2.5 kb in length, based on
comparison with 18S and 28S RNAs in separate samples. PhosphorIm-
aging analysis indicated T3-induced increases of 1.7- and 2.8-fold for
P450R mRNA at 12 and 24 h, respectively, in comparison with lanes 1
and 2.
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off” samples; released fragment 166 nt in length, correspond-
ing to P450R mRNA nt 2251-2416; also see Fig. 1 and Fig. 5,
lanes 13 and 14 versus lanes 11 and 12).

To ascertain whether the discrete T3-induced 3'-UTR size
increase reflects an increase in poly(A) tail length as opposed
to an alternate splicing event, RNase H digestion was carried
out in the presence of oligo(dT), ;. RNase H treatment of liver
RNA in the presence of oligo-dT led to a slight shortening of
full-length P450R RNA (Fig. 4B, lanes 4-6 versus lanes 1-3).
Moreover, RNase H digestion of 12-h T3-induced liver RNA
in the presence of oligo(dT) + ON-338 (lane 11 versus lane
10) eliminated the substantial size difference that was seen
in the presence of ON-338 alone (lane 8 versus lane 7). The
resultant fragment (lanes 10-12) was slightly shorter than
the fragment formed by RNase H digestion in the presence of
ON-338 + ON-293 (lanes 13-15). These data are consistent
with T3 stimulating the lengthening of P450R’s poly(A) tail
by ~105 nt, from ~100 A in the absence of T3 to ~205 A 12 h
after hormone injection.

A.T3,0hr

B.T3,12 hr

D. Markers
80

I L

i JJU\

Fig. 3. Primer extension analysis of 5-UTR of P450R mRNA. Total
cytoplasmic RNA from untreated or from 12- or 24-h T3-treated rat liver
(A, B, and C, respectively) was analyzed by primer extension. Antisense
probe ON-319 (Fig. 1) was hybridized to liver RNA, followed by reverse
transcription in the presence of a dNTP mixture containing fluorescent-
labeled dUTP, as described under Materials and Methods. Images of the
fluorescence dye-labeled products were analyzed as described under Ma-
terials and Methods. Standard markers (75, 100, 139, 150, and 160 bp)
were analyzed in parallel (D). No size difference in the length of the 5’
exon 1-containing primer extension product (shaded peak) was seen when
comparing untreated with 12- or 24-h T3-treated P450R mRNA.

100 120 140 16C

T3 Stimulates Nuclear Polyadenylation of P450R
RNA in a Transcription-Dependent Manner. Next, we
investigated whether the effects of T3 described above reflect
an increase in nuclear polyadenylation or a decrease in cyto-
plasmic deadenylation of PA50R mRNA. RNase H analysis of
nuclear RNA samples prepared from the same set of livers
examined in Fig. 4 revealed that a P450R transcript with a
longer poly(A) tail was present in the nucleus 8 h after T3
injection (Fig. 5, lanes 5 and 6 versus lanes 1 and 2). The
longer nuclear P450R transcript was no longer detectable at

A.

Liver RNA: T3 Time Course

0 4 8 12 16 —Tag':“:z""‘la hr after T3

_-— - 395

— 280
- 166

3'-fragments { ——— — ——- p—

12 3 45 6 7 8 910 111213

B_ Oligo(dT) abolishes 3'-UTR size difference

a-control  b-T3-12 hr c-T3-24 hr
ab cabcabocabc abec
- W0 W e
; - — 395
3'-fragments { - e e =

123 4 56 78 9 101112 13 1415

oligo (dT) — + = + -
ON-338 o = + + +
ON-293 = = = = +

Fig. 4. RNase H analysis of cytoplasmic P450R mRNA poly(A) tail.
T3-induced P450R mRNA poly(A) tail length was analyzed after RNase H
digestion using probe ON-338 (nt 2231-2250) to form an RNA-DNA
hybrid. Shown are liver cytoplasmic RNA samples from rats treated with
T3 for 4 to 24 h, as marked. RNase H-released 3'-UTR fragments were
electrophoresed, detected by hybridization to probe ON-329 (Fig. 1), and
visualized by PhosphorImaging analysis. A 3'-UTR fragment of ~395 nt
was evident in the T3-12-h liver cytoplasmic RNA samples (A, lanes 7
and 8). The P450R mRNA fragments shown correspond in size to ~166,
290, and 395 nt based on comparisons with authentic RNA size markers
(see Materials and Methods). The 395-nt fragment corresponds in size to
P450R mRNA 3’-UTR nt 2251-2441 (191 nt) plus 204 As; the 290-nt
fragment to the same 191 P450 3’-UTR nt, plus ~99 As (i.e., a poly(A) tail
length shorter by ~105 A than that of the 395 nt fragment); and the 166
tail-cut-off fragment corresponds to P450R mRNA 3'-UTR nt 2251-2416
(compare Fig. 1). A, lane 13, 12-h T3-induced total RNA sample without
RNase H digestion. B, RNase H digestion in the absence of hybridizing
oligonucleotides (lanes 1-3), with oligo(dT) alone, which results in a
slightly shortened P450R mRNA (lanes 4-6), or in the presence of oli-
go(dT), ON-338, and ON-293 in combinations as indicated (lanes 7-15).
The small difference in apparent band migration between lane 10 and
lanes 11 and 12 was not reproducible in other experiments.
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12 h (Janes 7 and 8), at which time it first became detectable
in the cytoplasmic RNA fraction (Fig. 4A). In this animal
model, T3 induction of liver nuclear P450R RNA is first seen
at ~8 h and precedes the induction of cytoplasmic P450R
RNA, which is detectable at 12 h and becomes maximal at 16
to 24 h (Li et al., 2001). We conclude that T3 stimulates an
increase in nuclear P450R RNA polyadenylation at 8 h, with
the resultant longer nuclear P450R RNA subsequently ex-
ported to the cytoplasm, where it is detected at 12 h.

To ascertain whether ongoing gene transcription is re-
quired for the T3-induced nuclear adenylation of P450R
mRNA, rats were treated with the RNA polymerase inhibitor
actinomycin D. Figure 6A shows that actinomycin D is effec-
tive as a transcriptional inhibitor when administered to rats
in vivo, insofar as it fully blocks the T3-stimulated increase
in cytoplasmic P450R RNA seen at 24 h (lanes 13 and 14
versus lanes 7 and 8; also see quantitation in Fig. 6C). Anal-
ysis of the nuclear RNA fraction also revealed a substantial
block by actinomycin D of T3-induced nuclear P450R RNA
synthesis (Fig. 6, B, lanes 9-12 versus lanes 3-6, and C). This
block by actinomycin D in T3-stimulated P450R transcrip-
tion abolished the increase in P450R poly(A) tail length, as
revealed by RNase H analysis of both nuclear (Fig. 6D, lanes
3 and 4 versus lane 7) and cytoplasmic RNA samples (Fig.
6E, lanes 10 and 11 versus lanes 4 and 5). Thus, ongoing
transcription is required for T3 to induce the poly(A) tail
lengthening of P450R mRNA.

T3 Decreases Half-Life of P450R mRNA. Poly(A) tail
length is a critical factor that regulates the stability of many
eukaryotic mRNAs. Accordingly, we investigated whether T3
treatment alters the stability of liver PA50R mRNA. The low
abundance of liver P450R mRNA, estimated to be ~0.02% of
translatable liver mRNA (Gonzalez and Kasper, 1981), pre-
cluded an analysis of P450R mRNA half-life by direct RNA
labeling in vivo using a pulse-chase protocol. We therefore
assayed the rate of liver PA50R RNA decay after treatment of
rats with actinomycin D under conditions that block P450R
gene transcription (compare Fig. 6). Actinomycin was admin-
istered 24 h after a single injection of T3 or vehicle control, at
which time cytoplasmic P450R mRNA was maximally in-
duced. Northern analysis of liver RNA samples prepared at
various times after actinomycin D treatment revealed a >6-
fold more rapid decline of the T3-induced P450R mRNA (¢,,,

Nuclear RNA

0 4 8 12 16

tail off

Cyto.RNA
yo 53z hrafter T3

0 12

o - - — 395
- - A — - S — ?gg
12 3 4 5 6 7 8 9 10 11 12 13 14

Fig. 5. T3 stimulates nuclear polyadenylation of PA50R RNA. RNase H
digestion was carried out as described in Fig. 4. Included in the analysis
were nuclear RNA samples prepared from rat livers stimulated with T3
for 0 to 16 h (lanes 1-10) and total cytoplasmic RNA prepared from the
same set of livers (0- and 12-h T3 samples, lanes 11-14). The RNase H
digestion probe was ON-338 (lanes 1-12) or ON-338 + ON-293 (lanes 13
and 14) and the Northern blot hybridization probe was ON-329 (compare
Fig. 1).
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~ 2.5 h) compared with the uninduced mRNA (¢,,, = 16 h)
(Fig. 7). In a separate series of experiments, actinomycin D
was administered 12 h after T3 injection, at which time
nuclear P450R RNA was maximally induced. Nuclear P450R
RNA analyzed on Northern blots exhibited a ¢;,, of ~5 h (Fig.
7), a value that is intermediate between the values deter-
mined for uninduced and T3-induced cytoplasmic P450R
RNA.

Discussion

In addition to its well-established nuclear receptor-depen-
dent transcriptional effects, thyroid hormone regulates gene
expression at a post-transcriptional level. Targets of this
post-transcriptional regulation include the genes encoding
growth hormone, a-myosin heavy chain, and retinoid X re-
ceptor, which are post-transcriptionally regulated by T3 in
pituitary, heart, and liver, respectively (Murphy et al., 1992;
Mano et al., 1994; Sindhwani et al., 1994; for review, see
Williams et al., 1993). The present studies establish that
hepatic P450R is also regulated by T3 post-transcriptionally,
with regulation apparent at two distinct levels, nuclear poly-
adenylation and mRNA destabilization. Polyadenylation of
nascent mRNAs is catalyzed by a nuclear poly(A) polymer-
ase, followed by assembly into ribonucleoparticles and export
to the cytoplasm, where further processing at the 3’ end,
including both deadenylation and re-adenylation can occur
(Manley, 1995; Minvielle-Sebastia and Keller, 1999). The
present finding that T3-stimulated P450R RNA polyadenyl-
ation was first detected in the nucleus 8 h after T3 treatment,
and subsequently in the cytoplasm, at 12 h, indicates that T3
regulates the nuclear polyadenylation reaction, rather than
the cytoplasmic rate of P450R deadenylation or re-adenyla-
tion. Furthermore, nuclear export of P450R may be a slow
process, as suggested by the time lag of ~4 h required for
detection of the poly(A)-elongated P450R mRNA in the cyto-
plasm. It is unclear from the present studies, however,
whether the rate of PA50R RNA nuclear export is affected by
thyroid hormone treatment. The T3-stimulated increase in
P450R nuclear polyadenylation resulted in a discrete length-
ening of the P450R mRNA'’s poly(A) tail, from ~100 A in the
basal state to ~205 A in the T3-induced state. Little is known
about the effects of thyroid hormone on nuclear polyadenyl-
ation activity, other than an early report indicating that
thyroxine increases neuronal nuclear poly(A) polymerase ac-
tivity in hypothyroid rats (Lindholm, 1984).

The T3-enhanced polyadenylation of P4A50R RNA was not
sustained, insofar as the poly(A) tail length of nuclear P450R
RNA returned to its basal length of ~100 A by 12 h after T3
treatment. Likewise, the poly(A) tail length of cytoplasmic
P450R RNA returned to its basal length at 16 h. This time
course is clearly distinct from the accumulation of cytoplas-
mic P450R mRNA, which is maximally elevated 16 to 24 h
after T3 injection (Li et al., 2001). One interpretation of these
findings is that P450R mRNA poly(A) tail lengthening is
associated with the initial burst of T3-stimulated P450R
transcription but is not sustained [compare maximal induc-
tion of nuclear P450R precursor RNA 12 h after T3 admin-
istration (Li et al., 2001)]. A mechanistic link between T3-
induced P450R transcription and T3-stimulated nuclear
P450R RNA polyadenylation is suggested by the fact that
both processes were blocked by actinomycin D (Fig. 6), even
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Fig. 6. Actinomycin D blocks T3-stimulated increase in P450R mRNA level (A—C) and the increase in P4A50R mRNA poly(A) tail length (D and E). Rats
were killed 12 or 24 h after actinomycin D injection and livers were removed for isolation of RNA. Cytoplasmic (A) and nuclear (B) RNA samples were
analyzed on Northern blots in comparison with P450 2C6 RNA, which is not T3-inducible and serves as a control. Note that the time course for
cytoplasmic P450R induction seen in A (induction not detected until after 12 h) is somewhat delayed compared with that seen in the separate animal
experiment shown in Fig. 1, where partial induction was already apparent by 12 h. C, PhosphorImaging quantitation of cytoplasmic and nuclear of
P450R RNA levels normalized to P450 2C6 RNA levels, based on the data shown in A and B. Data graphed are mean values * half-range (n = 2
rats/data point). Actinomycin D (Act D) inhibited the induction of nuclear P450R RNA by 56% at 8 h and by 77% at 12 h. D and E, RNase H analysis
of cytoplasmic (D) and nuclear liver PA50R RNA (E) isolated from control or T3-treated rats (8-, 12-, or 24-h T3 treatment, as marked), without or with
actinomycin D treatment. Actinomycin D blocks the T3-stimulated increase in poly(A) tail length seen in the nuclear RNA fraction at 8 h (D, lanes
3 and 4 versus lane 7) and in the cytoplasm at 12 h (E, lanes 10 and 11 versus lanes 4 and 5). E, lane 1 shows the 166-nt 3’ fragment released from
12-h T3-induced P450R RNA upon RNase H digestion with ON-338 and ON-293 in combination. Lane 14 is a 24-h T3-induced RNA control sample
without RNase H treatment.



Post-Transcriptional Thyroid Regulation of P450 Reductase

though actinomycin D is not an inhibitor of the nuclear
poly(A) polymerase per se. The inhibitory effect of actinomy-
cin D on T3-induced P450R RNA polyadenylation may reflect
a need for ongoing P450R transcription for the enhanced
nuclear polyadenylation to be manifest or, alternatively, may
reflect a requirement for a T3-induced gene product to in-
crease P450R nuclear polyadenylation activity. Further
study is needed to clarify this question.

Poly(A) tail length is an important regulatory feature in
eukaryotic mRNAs, with cytoplasmic mRNA stability and
translational activity often increased in mRNAs having a
longer poly(A) tail (Ross, 1995). In the case of P450R, how-
ever, the increased polyadenylation of the cytoplasmic RNA
seen at 12 h does not seem to be associated with a burst of
translational activity, as suggested by data from an earlier
study, where P450R protein and activity levels were moni-
tored over the same time course used in the present hyper-
thyroid rat liver model (Ram and Waxman, 1992). Investiga-
tion of the effects of T3 on hepatic P450R RNA stability
revealed a substantial (>6-fold) destabilization of this mRNA
in T3-treated rat liver. This destabilization was observed
24 h after T3 treatment, when cytoplasmic P450R mRNA
levels were maximally induced (,,, of PA50R mRNA =16 h in
euthyroid liver compared with ¢,,, ~ 2.5 h in hyperthyroid
liver). Nuclear P450R RNA also exhibited a comparatively
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Fig. 7. Decrease in P450R mRNA half-life in T3-treated rat liver. Cyto-
plasmic and nuclear liver RNA was extracted from untreated or T3-
induced rats at the indicated times after further transcription of P450R
RNA was blocked by injection of actinomycin D. Samples were analyzed
for P450R RNA by Northern blotting, and hybridization signals were
quantitated and graphed on a semilogarithmic plot. The P450R mRNA
level at the time of actinomycin D injection was assigned an arbitrary
value of 1 for each treatment group. Curve A, cytoplasmic P450R RNA in
the absence of T3 treatment; curve B, T3-induced nuclear P450R RNA;
curve C, T3-induced cytoplasmic P450R RNA. Each data point corre-
sponds to an individual rat liver RNA sample (i.e., n = 2—4 rats per time
point for each experiment). For the experiments shown in curves A and C,
actinomycin D (¢ = 0 h) was injected 24 h after T3 injection. For experi-
ment B, actinomycin D (¢ = 0 h) was injected 12 h after T3 injection, when
nuclear P450R RNA is maximally elevated.
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short half-life in T3-induced liver (¢,,5, ~ 5 h, determined 12 h
after T3 treatment, when liver nuclear P450R RNA is max-
imal), although it could not be established whether this re-
flects destabilization compared with the corresponding unin-
duced nuclear P450R RNA, which was expressed at too low a
level for reliable half-life measurement. The decrease in cy-
toplasmic P450R mRNA stability in T3-treated liver is, how-
ever, unrelated to the stimulatory effect of T3 on P450R
polyadenylation, which as noted above, is transient and was
no longer detectable 16 h after T3 administration. Accord-
ingly, the mechanism whereby T3 destabilizes cytoplasmic
P450R mRNA at 24 h is unclear. However, in view of the
absence of P450R RNA structural alterations, this destabili-
zation seems likely to involve a trans-acting factor control-
ling mRNA decay (Wilson and Brewer, 1999) (e.g., a T3-
regulated P450R RNA-binding protein). The destabilization
of P450R RNA by T3 is likely to contribute to the dramatic
decline in the induced P450R message that is seen in hyper-
thyroid rats, both in the nucleus (by 24 h after T3 treatment)
and the cytoplasm (36 h after T3) (Ram and Waxman, 1992;
Li et al., 2001). T3 effects on mRNA turnover described
previously include both mRNA stabilization [pituitary
growth hormone and liver HMG-CoA reductase RNAs (Mur-
phy et al., 1992; Simonet and Ness, 1988)] and mRNA desta-
bilization [epidermal growth factor and pituitary thyro-
tropin-B RNAs; (Kesavan et al., 1991; Krane et al., 1991)].

The functional significance of the two post-transcriptional
effects of T3 on P450R RNA described in this study is uncer-
tain. As noted above, the transient increase in cytoplasmic
P450R poly(A) tail length is not associated with any apparent
increase in P450R mRNA translatability, as suggested by the
absence of a T3-stimulated increase in P450R protein levels
at this point in time (Ram and Waxman, 1992). One conse-
quence of the subsequent destabilization of cytoplasmic
P450R mRNA may be to limit the extent to which T3 induces
liver P450R activity, perhaps as a mechanism to moderate
P450R-dependent redox metabolism and oxidative stress.
Additional post-transcriptional effects of T3 on P450R can be
anticipated, as indicated by the apparent reduced transla-
tional activity of PA50R mRNA observed in hyperthyroid rat
liver (Ram and Waxman, 1992).
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