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ABSTRACT

Dexamethasone (Dex), a ligand for transcription-
nal enhancement of tyrosine aminotransferase
(TAT) and tryptophan 2,3-dioxygenase (TO) ge-
nes, (100 nM) maximally increased these mRNA
levels at 12 h and 7 h in primary cultured rat he-
patocytes and the nuclear fraction, respectively.
Lactacystin (5 pM) and epoxomicin (0.5 pM), 26S
proteasome inhibitors, significantly suppressed
the Dex-dependent maximum increase of TAT
and TO mRNA levels in the cells and the nuclear
fraction. Electrophoretic mobility shift assay de-
monstrated that lactacystin did not affect bind-
ing of glucocorticoid receptor to glucocorticoid
responsive element. Furthermore, lactacystin did
not affect the activation of GRE luciferase re-
porter by Dex transfected to the cells. The re-
sults demonstrate that 26S proteasome is posi-
tively involved in the Dex-dependent increase of
TAT and TO mRNA levels in the cells and sug-
gest that the mechanism of action of 26S pro-
teasome may be degradation of some RNase(s),
which breaks down TAT and TO mRNAs.

Keywords: Glucocorticoid; 26S Proteasome
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1. INTRODUCTION

Glucocorticoids stimulate transcription of target genes
[1], including tyrosine aminotransferase (TAT) [2,3] and
tryptophan 2,3-dioxygenase (TO) [4,5], by activating
glucocorticoid receptor (GR). Activation of GR by glu-
cocorticoids is a multiple-step process that involves the
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ability of GR to recognize and bind to glucocorticoids, to
undergo glucocorticoid-dependent structural transforma-
tion, and to translocate into the nucleus, where it binds to
specific DNA sequences, glucocorticoid response ele-
ments, which are associated with target genes [6,7].

Several findings indicate that 26S proteasome might
suppress or stimulate GR-mediated transcriptional acti-
vation, as follows: 26S proteasome inhibition increases
GR-mediated transcriptional activation by inhibiting pro-
teolysis of GR [8,9], modifying histone and increaseing
phosphorylated form of RNA polymerase II [10], sta-
bilizing the binding of GR to the promoter [11], and re-
ducing the mobility of the GR within the nucleus [8].
268 proteasome degrades Stat3 [12,13] and GRIP-1 [14],
the co-activators of GR-mediated transcriptional activa-
tion [15,16]. On the other hand, 26S proteasome de-
grades c-fos and c-jun [17-19], the co-repressors of GR-
mediated transcriptional activation [20-22].

There is one report showing that proteasome inhibitors
block the degradation of RNase L caused by phorbor-
12-myristate-13-acetac in mouse L929 cells, suggesting
that degradation of target mRNA may be stimulated by
proteasome inhibitors [23].

TAT and TO genes are typical of genes for which tran-
scription is enhanced by glucocorticoids. TAT and TO are
also the main enzymes involved in gluconeogenesis in
rat liver in vivo [24-26]. Primary cultured rat hepatocytes
are a suitable model system for investigation of the phy-
siological functions of 26S proteasome in rat liver in vivo
[27-31].

In the present study, weinvestigated the effects of 26S
proteasome on the dexamethasone (Dex)-dependent in-
crease of TAT and TO mRNA levels using lactacystin
and epoxomicin, 26S proteasome inhibitors, in primary
cultured rat hepatocytes.
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2. MATERIALS AND METHODS
2.1. Materials

Lactacystin was purchased from Kyowa Medical (To-
kyo, Japan). Epoxomicin was purchased from Peptide
Institute (Osaka, Japan).

2.2. Cell Isolation and Monolayer Cultures

Parenchymal hepatocytes were isolated from adult
male Wistar rats, weighing 180 - 200 g, by in situ perfu-
sion of the liver with collagenase [32]. All animal care
and procedure protocols were approved by the care com-
mittee of national institute of health sciences. Hepato-
cytes were suspended at a density of 5 x 10° cells/mL in
Williams’ medium E containing 5% fetal bovine serum, 1
nM insulin, 30 pg/mL kanamycin sulfate, and 1 pg/mL
aprotinin, and cultured at a density of 1 x 10> cells/cm® in
a 10-cm dish precoated with collagen type-1 AC in a
humidified chamber at 37°C with 5% CO, and 30% O,
air. After 2.5 h, the medium was replaced by hormone-
free medium containing aprotinin (1 pg/mL), lactacystin
(5 uM), epoxomicin (0.5 uM), and Dex (100 nM), were
added to hormone-free medium and the cells were fur-
ther cultured for various periods.

2.3. Total RNA Extraction

At 2.5 h after the plating, the medium was replaced by
hormone-free medium containing aprotinin (1 pg/mL) in
the presence or absence of lactacystin orepoxomicin. Af-
ter 2 h, the cells were cultured in the presence or ab-
sence of Dex without changing the medium at the indi-
cated time. Total RNA was extracted from cells or nu-
clear fractions using Trizol®reagent (Invitrogen, Cergy
Pontoise, France) in accordance with the manufacturer’s
protocol.

2.4. Isolation of Nuclear Fraction for Total
RNA Isolation

At 2.5 h after the plating, the medium was replaced by
hormone-free medium containing aprotinin (1 pg/mL) in
the presence or absence of lactacystin. After 2 h, the cells
were cultured in the presence or absence of Dex without
changing the medium at the indicated time. Nuclear frac-
tions were isolated from approximately 15 x 10° cells
using Nuclei EZ PREP Nuclei Isolation kit (Sigma-Al-
drich, St. Louis, Mo.) in accordance with the manufac-
turer’s protocol.

2.5. Real-Time Quantitative PCR

An equal amount of RNA (approximately 1 pg) in
each experiment was reverse-transcribed using a Ther-
moscript RT-PCR System (Invitrogen, Cergy Pontoise,
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France) and oligo (dT), in a final volume of 40 pL, in
accordance with the manufacturer’s protocol. Subse-
quently, 2 uLL of cDNA was used as a template for real-
time PCR analysis in a Light Cycler system (Roche Ap-
plied Science, Mannheim, Germany), in accordance with
the manufacturer’s instructions. For TAT-1, TO-1 and
28S rRNA, the PCR program consisted of 40 cycles of
10sat94°C, 10 s at 60°C, and 12 s at 72°C; for TAT-2, of
40 cycles of 10 s at 94°C, 10 s at 60°C, and 6 s at 72°C;
and for TO-2, of 40 cycles of 10 s at 94°C, 10 s at 60°C,
and 6 s at 72°C. The primer sequences of TAT-1 were
5’-TAC TCA GTT CTG CTG GAG CC-3’ and 5’-GCA
AAG TCT CTA GAG AGG CC-3’ [33], those of TO-1
were 5’-AGA GTA CCT GTC TCC AGC AT-3’ and
5’-ACC AGG TAC GAT GAG AGG TT-3, those of 28S
rRNA were 5’-CCA GAG CGA AAG CAT TTG CCA-3’
and 5’-GGC ATC ACA GAC CTG TTA TTG CTC-3’,
[34] those of TAT-2 were 5° -CGA GAG GCA TGG ACT
CCT AC-3’ and 5°-GGA CAT GTC AGA GGG TCT
CA-3’, and those of TO-2 were 5°-TGG GAA CTT GAT
TCT GTT CGT GAG-3’ and 5’-TCC AAG GCA GTC
ATT GTT TCC A-3’. TAT-1 and TO-1 primers were used
for total RNA extracted from the cells. TAT-2 and TO-2
primer were used for total RNA extracted from the nu-
clear fraction. TAT and TO levels were normalized to the
levels of 28S rRNA.

2.6. Isolation of Nuclear Fraction for
Electrophoretic Mobility Assay

At 2.5 h after the plating, the medium was replaced by
hormone-free medium containing aprotinin (1 pg/mL) in
the presence or absence of lactacystin (5 uM). After 2 h,
Dex (100 nM) was added to the culture medium without
changing the medium. The cells were cultured for 1h,
and then nuclear fractions were prepared from appro-
ximately 5 x 10° cells using NE-PER"™ Nuclear and cyto-
plasmic Extraction Reagents (Thermo Fisher Scientific,
Waltham, MA, USA) in accordance with the manufac-
turer’s protocol.

2.7. Electrophoretic Mobility Shift Assay

Electrophoretic mobility assay was performed using
the Light Shift® Chemiluminescent EMSA Kit (Thermo
Fisher Scientific, Waltham, MA, USA) in accordance
with the manufacturer’s protocol. GR probe is composed
of a double-stranded DNA oligo with biotin labeling. The
sequences of GR probe were 5’-AGG ATC TGT ACA
GGA TGT TCT AGA TCC AAT-3’ and 5’-ATT GGA
TCT AGA ACA TCC TGT ACA GAT CCT-3’. The
product information shows the GR probe contains a DN-
A consensus sequence that binds to GR. Equal amounts
of protein (approximately 2.5 pg) from each nuclear ex-
tract were incubated at room temperature for 20 min in
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1x binding buffer (10 mM Tris, 50 mM KCI, 1 mM DTT,
pH 7.5, 2.5% Glycerol, 5 mM MgCl,, 0.05% NP-40, 50
ng Poly (dI-dC)) plus 2 pmol of GR probe labeled with
biotin (GP-0019) (Signosis, Sunnyvale, CA, USA) in the
presence or absence of 10 ng of competitor DNA in a
final volume of 20 pL. Samples were loaded onto a pre-
run 5% (w/v) nondenaturing acrylamide gel (Bio-Rad,
Hercules, CA, USA) in 0.5X TBE, electorophoresed for
35 min at 100 V, and electroblotted to an Amersham
Hybond "-N" (GE Healthcare, Chalfront St. Giles, UK)
for 30 min at 380 mA (~100 V). The membrane was cro-
ss-linked for 10 min at 254 nm, and dried. Detection was
performed using a Chemiluminescent Nucleic Acid De-
tection Module (Thermo Fisher Scientific, Waltham, MA,
USA). Competitor DNA was synthesized by Hokkaido
Bio System Co., Ltd. (Hokkaido, Japan). The sequences
of the competitor DNA were the same as those for GR
probe described above. 5’-AGG ATC TGT ACA GGA
TGT TCT AGA TCC AAT-3’ and 5’-ATT GGA TCT
AGA ACA TCC TGT ACA GAT CCT-3’. Recombinant
GR protein (5.2 mg/mL), a component of Glucocorticoid
Receptor Kit (Abcam, Cambridge, UK) was used as a
positive control. Nuclear protein concentration was mea-
sured using the Bradford method (Bio-Rad, Hercules,
CA, USA).

2.8. Western Blot Analysis of Albumin

Cytosol was prepared from approximately 5 x 10° cell-
sin the final volume of 0.2 mL, as follows: Cells were
washed with ice-cold PBS after 2.5 h of culture, har-
vested with a rubber policeman, suspended 20 times,
sonicated 4 times for 15 s each, and centrifuged at
100,000 x g for 1 h. Nuclear fractions were isolated from
approximately 5 x 10° cells at the final volume of 0.2 mL
by various procedures as described above. Fifteen micro-
liters of each nuclear extract and cytosol were subjected
to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis on a 7.5% gel and electroblotted to a PVDF
membrane (GVHP; Millipore, Billerica, MA, USA). Af-
ter blocking the membrane with 5% skimmed milk,
Western blot analyses were performed using anti-albu-
min antibody (Cappel, Aurora, OH, USA). Detection was
performed using an ECL detection system (Amersham
Biosciences, Piscataway, NJ, USA).

2.9. Luciferase Assay

Cells (7.21 x 10%) were seeded in a 48-well tissue cul-
ture plate and prepared following the methods described
above. After 2.5 h, the cells were washed two times with
100 pL of kanamycin, serum, and hormone-free WE. The
medium was replaced by 100 pL of kanamycin, serum,
and hormone-free WE containing aprotinin (1 pg/mL).
Transient transfection of luciferase reporter plasmids p-
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GL4.36 (Promega, Madison, WI, USA) was performed
using 2 ug of the plasmids and Lipofectamine (Life Tec-
hnologies Japan Ltd., Tokyo, Japan) in accordance with
the protocol recommended by the manufacturer. After 18
h of culture, the medium was replaced with 90 uL of the
medium in the presence or absence of lactacystin (5.55
uM). After 2 h, 10 pL of fresh medium in the presence or
absence of Dex (1 uM) was added to the cells. After 24 h,
luciferase assays were performed using the Pica Gene
Dual Sea Pansy Luminescence kit (Toyo ink CO., Ltd.,
Tokyo, Japan) in accordance with the manufacture’s
protocols. For protein measurement, similarly prepared
cells were lysed with 100 pL of 1N NaOH instead of cell
lysis buffer provided with the kit at 37°C for 1 h, to avoid
interference of the lysis buffer with the protein assay.
Cell protein concentration was measured using the Lowry
method (Bio-Rad, Hercules, CA, USA). Luciferase ac-
tivity was expressed as relative light intensity per mil-
ligram of protein.

2.10. Statistical Analysis

Data were analyzed using Student’s t-test and p-values
less than 0.05 were considered to be statistically signifi-
cant.

3. RESULTS

3.1. Effect of Lactacystin and Epoxomicin
on Dex-Dependent Increase of TAT and
TO MRNA Levels in the Cells

Time courses of increase of TAT and TO mRNA levels
by Dex showed that the increase of TAT and TO mRNA
levels reached maximal levels; 9.8-fold and 130-fold after
12 h, respectively (Figures 1(a) and (b)). TAT and TO
mRNA levels decreased gradually after 12 h.

Lactacystin and epoxomicin inhibited Dex-dependent
increase of TAT mRNA level at 12 h by approximately
90% and 99%, respectively (Figure 2(a)). Similarly, lac-
tacystin and epoxomicin inhibited the control mRNA Ie-
vel by approximately 90%. Lactacystin and epoxomicin
inhibited Dex-dependent increase of TO mRNA level by
approximately 90% (Figure 2(b)). The control level was
inhibited by lactacystin, but not by epoxomicin. These
findings indicate that inhibition of Dex-dependent in-
crease of TAT and TO mRNA levels was common to 26S
proteasome inhibitors, but not specific to a certain 26S
proteasome inhibitor. Based on these findings, lacta-
cystin was used in the following experiments. Lacta-
cystin or epoxomicin was routinely added at 2h before
adding Dex, because preliminary results showed that the
addition of lactacystin at 0 h or 2 h before the addition of
Dex inhibited Dex-dependent increase of TAT activity by
64% or 75%, respectively, suggesting that the prior addi-
tion of lactacystin or epoxomicin at 2 h may more effi-
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Figure 1. Time course of Dex-dependent in-
crease of TAT and TO mRNA in the cells. (a)
and (b) show the time course of Dex-depen-
dent Increase of TAT and TO mRNA in the
cells, respectively. The data are expressed as
the mean £ S.D. of 3 independent experiments,
using triplicate dishes in each experiment. The
results are shown relative to the value pro-
duced by hepatocytes cultured for 12 h in the
presence of Dex. 'p < 0.01, compared with the
value by hepatocytes cultured in the absence
or presence of Dex.

ciently inhibit Dex-dependent increase of TAT and TO
mRNA levels than that at 0 h before the addition. The
morphologies of the cells were not different from each
other in the presence or absence of these inhibitors based
on microscopic observation (data not shown), suggesting
that the suppression of Dex-dependent increase of TAT
and TO mRNA levels by these inhibitors was not due to
their cytotoxicity to the cells.

3.2. Effect of Lactacystin on Dex-Dependent
Increase of TAT and TO MRNA Levels in
the Nuclear Fraction

Dex-dependent increase of TAT mRNA level was
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_.
'S
S

—_
S N
S O
T

TAT mRNA level (%)
(3 I e ]
S o o O

0 | B L
PO S & s
O R
&2 2
QQ \)‘b‘ Qo \)‘Zr
< T
&
(@)
140
*
<120 F *
S
=100 |
3 g L
=
9&: 60
S 40t
Foo0 *
| —|
0 | I 1
R S & & &
~® o{*‘\ ‘bc;% < 0\0 ‘bﬂ%
§) N S P
SR X‘OQ nY
& o
(b)

Figure 2. Effect of lactacystin and epoxomicin
on Dex-dependent increase of TAT and TO
mRNA levels in the cells. (a) shows the effect
of lactacystin and epoxomicin on Dex-depen-
dent increase of TAT mRNA level in the cells;
(b) shows the effect of lactacystin and epoxo-
micin on Dex-dependent increase of TO mRNA
level in the cells. The data are expressed as the
mean £S.D. of 3 independent experiments, us-
ing triplicate dishes in each experiment. The
results are shown relative to the value pro-
duced by hepatocytes cultured in the presence
of Dex. *p < 0.01, **p < 0.05, compared with
the value by hepatocytes cultured in the ab-
sence or presence of Dex.

shown at 7 h, reaching approximately 3-fold (Figure
3(a)). TO mRNA level started to increase at 1 h, reach-
ing 126-fold at 7h (Figure 3(b)).

Lactacystin inhibited Dex-dependent increase of TAT
and TO mRNA levels at 7 h by the level in lactacys-
tin-treated cells and 60%, respectively, but did not affect
the control levels (Figures 4(a) and (b)).The increase of
TO mRNA level by Dex at earlier time points may more
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20 Figure 4. Effect of lactacystin on Dex-dependent in-
0 crease of TAT and TO mRNA levels at 7 h in the nuclear

fraction. Figures 4(a) and (b) show the effect of lacta-
0 1 3 5 7 9 cystin on Dex-dependent increase of TAT and TO
Time (h) mRNA levels in the nuclear fraction, respectively. The

data are expressed as the mean +S.D. of 3 independent
(b experiments, using triplicate dishes in each experiment.
The results are shown relative to the value produced by
hepatocytes cultured in the presence of Dex. p < 0.01,
compared with the value by hepatocytes cultured in the
presence of Dex.

Figure 3. Time course of Dex-dependent increase of
TAT and TO mRNA Levels in the nuclear fraction. Fig-
ures 3(a) and (b) show the time course of Dex-depen-
dent increase of TAT and TO mRNA levels in the cells,
respectively. The data are expressed as the mean £S.D.
of 3 independent experiments, using triplicate dishes in
each experiment. The results are shown relative to the
value produced by hepatocytes cultured for 9 h in the
presence of Dex. p < 0.01, *p < 0.05, compared with

3.3. Effect of Lactacystin on GR Binding to

Glucocorticoid Responsive Element in
Nuclear Fraction

the value by hepatocytes cultured in the presence of
Dex at each time point.

The results of electrophoretic mobility shift assay showed
that GR-glucocorticoid responsive element (GRE) com-
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plex was formed between GR in the nuclear extract pre-
pared from Dex-treated cells and GRE, because the band
was detected at the same position in the positive control
using GR (Figure 6, Lanes 1, 6). The specificity was
confirmed by the disappearance in the presence of com-
petitor DNA (Figure 6, Lanes 1 - 4). Lactacystin did not
affect the intensity or position of GR-GRE complex
(Figure 6, Lanes 1, 3).The observed non specific bands
probably show the non specific complexes composing of
GRE and some proteins other than GR.

3.4. Western Blot Analysis of Albumin in the
Nuclear Fraction

The verification of the nuclear fraction preparations was
performed by measuring the contamination of albumin.
Albumin was detected at the position of its molecular
weight of 63 kDa in the cytosolic fraction used as the
positive control, but not detected in the nuclear fractions
prepared for RT-PCR and electrophoretic mobility assay
(Figure 7).

3.5. Effect of Lactacystin on GRE Promoter
Activity in the Cells

Dex increased GRE luciferase reporter activation by
approximately 9-fold. Lactacystin did not affect the acti-
vation of GRE luciferase reporter by Dex or the control
levels (Figure 8).

4. DISCUSSION

The present study showed that lactacystin and epo-
xomicin inhibit Dex-dependent increase of TAT and TO
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Figure 5. Effect of laactacystin on Dex-de-
pendent increase of TO mRNA level at 3 h in
the nuclear fraction. The data are expressed
as the mean + S.D. of 3 independent experi-
ments, using triplicate dishes in each expe-
riment. The results are shown relative to the
value produced by hepatocytes cultured for 3
h in the presence of Dex.
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mRNA levels in primary cultured rat hepatocytes, dem-
onstrating that 26S proteasome is positively in volved
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Non specific bands
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Figure 6. Effect of lactacystin on GR binding to GRE in nu-
clear Fraction using electrophoretic mobility assay. The data
shown are representative electrophoretic mobility assay results.
Similar results were obtained from three independent experi-
ments. Lanes 1-2, nuclear extract prepared from the cells treated
with Dex; Lanes 3-4, nuclear extract prepared from the cells
treated with Dex and lactacystin; Lane 5, no addition; Lane 6,
recombinant GR protein.
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Figure 7. Western blot analysis of albumin in the nuclear frac-
tion. The data shown are representative Western blot analysis
results. Similar results were obtained from three independent
experiments. Lane 1, cytosol as the positive control; Lane 2,
nuclear extract prepared for RT-PCR; Lane 3, nuclear extract
prepared for electrophoretic mobility assay.
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Figure 8. Effect of lactacystin on Dex-de-
pendent induction of GRE reporter luciferase
activity in the cells. The data are expressed as
the mean + S.D. of 3 independent experiments,
using triplicate wells in each experiment.

in the Dex-dependent increase of mRNA levels of TAT
and TO, the main gluconeogenic enzymes.

Attempt was made to confirm the Dex-dependent en-
hancement of transcription of TAT and TO genes re-
ported by others [2-5] using nuclear run-on assay [35] as
the first step to investigate the effect of lactacystin on
Dex-dependent enhancement of TAT and TO gene tran-
scription. However, the enhancement was not reproduce-
bly confirmed, and therefore the effect of lactacystin
could not be investigated. The principle of the method
for measuring transcription rate is based on the incorpo-
ration of biotin-labeled nucleotide in the transcript fol-
lowed by its amplification by real time RT-PCR. It is
probable that the time at which the transcriptional en-
hancement initiates reproducibly could not be established
by our methods.

Instead, we measured the mRNA level in the nuclear
fraction, because mRNA in the nuclei is relatively insus-
ceptible to the regulation of its stability compared with
that in the cytosol [36], and therefore the measurement of
mRNA level at the appropriate time point in the nuclear
fraction seems to more accurately reflect the transcript-
tion rate compared with that in the cells. Lactacystin also
inhibited Dex-dependent increase of TAT and TO mRNA
levels in the nuclear faction at 7 h, at which time the in-
crease reached maximum. Stimulation of transcription of
the TO gene by Dex in primary rat hepatocytes cultured
for 2 h reached maximum at 2 h and then gradually de-
creased [5]. Therefore, the increase of TO mRNA level at
3 h may reflect the mRNA synthesized by the maximal
transcriptional enhancement at 2 h. Lactacystin did not
affect the increase of TO mRNA level at 3 h. The results
suggest that lactacystin may not affect the enhancement
of transcription by Dex. The mRNA at 3 h is that synthe-
sized immediately after the transcriptional enhancement
by Dex. Therefore, the degradation by some RNase(s)
may have not have begun yet at 3 h. On the other hand,
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the inhibition of Dex-dependent increase of TO mRNA
level by lactacystin at 7 h may have been caused by the
subsequent degradation of the accumulated TO mRNA
by some RNase(s). There is a report that proteasome in-
hibitors block the degradation of RNase L, as described
in introduction [23]. However, it is uncertain whether the
targets of RNase L were TAT and TO mRNA.

We further investigated the effect of lactacystin on GR
binding to GRE in the nuclear fraction and GRE pro-
moter activity in the cells. The results of electrophoretic
mobility shift assay showed that lactacystin did not affect
the intensity or position of GR-GRE complex in the nu-
clear fraction prepared from Dex-treated cells, indicating
that lactacystin did not affect the GR-GRE interaction.
Furthermore, lactacystin did not affect the activation of
GRE luciferase reporter by Dex, suggesting that lacta-
cystin may not affect the transcriptional enhancement of
TO and TAT genes by Dex, as in the case of GRE lucife-
rase reporter.

In the present study, we focused on the increases of
TAT and TO mRNA levels by Dex as the target of the
proteasome inhibitors, as described in Introduction. Whe-
ther increases of other mRNA levels by Dex are sup-
pressed by the proteasome inhibitors in primary cultured
hepatocytes is an issue for further investigation.

In conclusion, the present findings demonstrate that
26S proteasome is positively involved in the Dex-de-
pendent increase of TAT and TO mRNA levels in pri-
mary cultured rat hepatocytes.
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