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Fig. (4). Regulation of cardiac innervation patterning. (a) Cardiac sympathetic innervation shows an epicardial-to-endocardial transmural gradient. This
patterning is established by the balance between ET-1/NGF and Sema3a expression in the heart. Note that NGF is expressed abundantly in the working myo-
cardium, whereas Sema3a is expressed specifically in the subendocardium. (b) Appropriate Sema3a-mediated sympathetic innervation patterning is critical for
the maintenance of an arthythmia-free heart. Sema3a™ mice exhibit sinus bradycardia, and SemaTG mice are highly susceptible to ventricular tachyarrhyth-

mias.

tion or structural defects, Given that catecholamine augments sys-
tolic function, it is surprising that the SemaTG mice showed nor-
mal cardiac function. However, patients who underwent heart
transplantation and had denervated hearts did not show heart fail-
ure, while approximately 10% of the patients developed SCD [91].
These results suggest that the regulation of cardiac nerves should be
anew paradigm for the management of SCD.

CONCLUSIONS

Cardiac nerves are highly plastic, and innervation patterning is
strictly controlled by the balance between NGF and Sema3a synthe-
sized in the heart (Fig. 4a). ET-1 regulates NGF expression in car-
diomyocytes, and the ET-1/NGF pathway modulates nerve sprout-
ing and plays critical roles in sympathetic nerve development [20,
40]. NGF is also important in sensory nerve development, and NGF
downregulation may result in sensory neuropathy in diabetic hearts
[21]. On the other hand, Sema3a inhibits neural growth and estab-
lishes appropriate innervation patterning in the heart. The disruption
of sympathetic innervation patterning may lead to SCD, not only in
diseased hearts but also in developing hearts (Fig. 4b) [22]. Knowl-
edge of the mechanisms regulating cardiac innervation patterning in
hearts represents an important step towards the development of
therapies for SCD.
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Physiological and pharmacological processes medi-
ated by glucocorticoids involve tissue- and context-
specific regulation of glucocorticoid-responsive gene
expression via glucocorticoid receptor (GR). How-
ever, the molecular mechanisms underlying such
highly coordinated regulation of glucocorticoid
actions remain to be studied. We here addressed
this issue using atpfal and scnnia, both of
which are up-regulated in response to cortico-
steroids in human embryonic kidney-derived 293
cells, but resistant in liver-derived HepG2 cells.
Hexamethylene bisacetamide-inducible protein 1
(HEXIM1) represses gene expression via, at least,
two distinct mechanisms, i.e. positive transcription
elongation factor b sequestration and direct inteeac-
tion with GR, and is relatively high in HepG2 cells
compared with 293 cells. Given this, we focused on
the role of HEXIM1 in transcriptional regulation of
these GR target genes. In HepG2 cells, hormone re-

sistance of atp7al and scnnfa was diminished by
either knockdown of HEXIM1 or overexpression of
GR. Such a positive effect of exogenous expression
of GR was counteracted by concomitant overexpres-
sion of HEXIM1, indicating the balance between GR
and HEXIM1 modulates hormonal sensitivity of these
genes. In support of this, the hormone-dependent
recruitment of RNA polymerase Il onto atpfaf pro-
moter was in parallel with that of GR. Moreover, we
revealed that not positive transcription elongation
factor b-suppressing activity but direct interaction
with GR of HEXIM1 plays a major role in suppression
of promoter recruitment of the receptor and subse-
quent atp1al and scnnia gene activation. Collec-
tively, we may conclude that HEXIM1 may participate
in tissue-selective determination of glucocorticoid
sensitivity via direct interaction with GR at least
in certain gene sets including atpfaf and scnnfa.
(Molecular Endocrinology 22: 2609-2623, 2008)

LUCOCORTICOIDS ARE secreted from the
adrenal glands under the strict control of the
hypothalamic-pituitary-adrenal axis and maintain
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homeostasis through the regulation of electrolyte
balance, glucose homeostasis, lipid and protein me-
tabolism, and modulation of the immune, cardiovas-
cular, and central nervous system (1-3). On the other
hand, glucocorticoids have been widely and success-
fully used in treating a number of pathological states,
e.g. inflammation and autoimmune disorders (4). It has
been demonstrated that such physiological and phar-
macological processes mediated by glucocorticoids
involve tissue-specific regulation of glucocorticoid-re-
sponsive gene expression (3). Moreover, glucocorti-
coid sensitivity of every single gene has been shown to
differ among cells, tissues, and individuals, and even
fluctuates not only in pathological states, but also
during normal physiological processes, including de-
velopment and the cell cycle (4, 5). Albeit its impor-
tance, the molecular mechanisms underlying highly
coordinated tissue- and context-dependent regulation
of expression of glucocorticoid-target genes remain to
be studied.
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atpial is expressed in all mammalian cells, and its
product Na*, K*-ATPase a1 plays essential roles in
regulating ionic intracellular milieu, the process that is
needed for the regulation of metabolism, proliferation,
differentiation, and cell volume (6). In addition, in kid-
ney, Na*, K*-ATPase al also plays a central role in
the fine control of systemic electrolyte balance
through hormone-regulated sodium reabsorption, in
functional cooperation with amiloride-sensitive Na*
channel, which is encoded by scnnia (7-9). atp1at,
as well as scnnia, is up-regulated in response to
corticosteroids in kidney (7). On the other hand,
particularly in liver, expression of either atp7al or
scnniais not influenced by glucocorticoids, indicat-
ing that these genes are resistant to glucocorticoids,
not in kidney but in liver. Interestingly, their hormone
resistance seems to be corticosteroid signal selec-
tive, because other extracellular stimuli, such as
thyroid hormones (10) and low external potassium
ion (11), were shown to modulate mRNA expression
of atptatl even in liver.

Glucocorticoids elicit their hormone actions via a
signal pathway involving ubiquitously expressed glu-
cocorticoid receptor (GR), a prototypic member of the
nuclear receptor superfamily, which acts as a ligand-
dependent transcription factor (12). It is generally be-
lieved that, upon binding glucocorticoids, GR translo-
cates into the nucleus and binds the glucocorticoid
response element (GRE) on the target gene promoters.
Binding of liganded receptors with target DNA is fol-
lowed by recruitment of mediators and coactivators to
the proximity of the target DNA, resulting in RNA poly-
merase Il (RNAPII) recruitment and activation of tran-
scription (4, 13-19). The recent advent of DNA mi-
croarray technology has revealed that there are only
modest overlaps in glucocorticoid-regulated gene
sets among different cell types. In fact, considerable
numbers of genes are responsive to glucocorticoids
in certain tissues but resistant in others (20-23).
Already several mechanisms have been postulated
for tissue-specific regulation of glucocorticoid ac-
tions including different metabolisms of ligands (24),
tissue-specific cofactor availability (25), and GR
subtype distribution (26).

Hexamethylene bisacetamide-inducible protein 1
(HEXIM1) was originally identified as a nuclear protein,
expression of which was induced when human vas-
cular smooth muscle cells were treated with hexam-
ethylene bisacetamide, an inhibitor of cell proliferation
(27). HEXIM1 has been shown to regulate mRNA ex-
pression via, at least, two distinct mechanisms, i.e.
positive transcription elongation factor b (P-TEFb)-de-
pendent (28, 29) and P-TEFb-independent mecha-
nisms (30). P-TEFb, typically composed of cyclin-de-
pendent kinase 9 (CDK9) and its regulatory partner
cyclin T1 (CycT1), phosphorylates the C-terminal do-
main of RNAPII, thereby stimulating transcription elon-
gation (31-33). P-TEFb recruitment has been reported
in diverse class |l promoters in association with a
certain class of transcription factors, including HIV-1
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Tat (34), nuclear factor-«B (35), signal transducer and
activator of transcription 3 (STAT3) (36), heat shock
factor (HSF) (37), and arylhydrocarbon receptor (AhR)
(38). HEXIM1 exerts its inhibitory effect on P-TEFb in
vivo and in vitro in a 7SK small nuclear RNA (snRNA)-
dependent fashion (28, 29). Upon binding with
HEXIM1 and 7SK snRNA, P-TEFb looses its kinase
activity, resulting in suppression of transcription elon-
gation (39, 40). On the other hand, several reports
described P-TEFb-independent mechanisms of gene
regulation by HEXIM1 (30, 41-47). Among others, we
demonstrated that HEXIM1 directly interacts with GR
and modulates glucocorticoid-responsive gene ex-
pression (30). Moreover, we recently showed that GR,
via its hinge region, interacts with central basic amino
acid-rich region of HEXIM1 (48). At this moment, how-
ever, it remains unknown how genes can differentially
use these distinct functions of HEXIM1: inhibitory ef-
fects on P-TEFb-dependent elongation and GR-medi-
ated transactivation.

In the present study, we showed that mRNA ex-
pression of atp7al and scnnia was up-regulated by
treatment with glucocorticoids in human embryonic
kidney-derived 293 cells, but not in human liver cancer-
derived HepG2 cells. Knockdown of endogenous
HEXIM1 in HepG2 cells canceled glucocorticoid re-
sistance of atp7al and scnnfa mRNA expression.
By creating a system that enables differential anal-
ysis of the above-mentioned distinct HEXIM1 func-
tions, we revealed that not P-TEFb-suppressing ac-
tivity but direct interaction with GR plays a major
role in suppression of atpfal activation by attenu-
ating promoter recruitment of the receptor and RNA-
Pli. We may conclude, therefore, that HEXIM1 may
participate in tissue- and gene-selective determina-
tion of glucocorticoid sensitivity via direct interac-
tion with GR, at least in a certain gene set that
includes atp7a1 and scnnia.

RESULTS

Dexamethasone (DEX)-Resistance of atpfaf
and scnn1a Not in 293 Cells but in HepG2 Cells

Expression of atp7al and scnnia is shown to be up-
regulated by glucocorticoids, as well as aldosterone,
in kidney and kidney-derived 293 cells. On the other
hand, in liver, their mRNA expression is induced by
various intra- or extracellular stimuli except for glu-
cocorticoids (see “Introduction”). That is, ato7al and
scnnia appear to be resistant rather selectively
against glucocorticoid-GR system particularly in liver.
To address the molecular mechanism of such tissue-
dependent hormone resistance in gene regulation, we
studied HepG2 cells as a model in comparison with
293 cells. When we analyzed their mRNA expression
levels using quantitative real-time RT-PCR (QRT-PCR),
6 h treatment of 293 cells with 100 nm DEX induced
atp7ail and scnn1a mRNA expression by 1.9-fold and
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Fig. 1. DEX Resistance of atp7a7 and scnnia Not in 293 Cells but in HepG2 Cells

A, 293 cells and HepG2 cells were cultured in phenol red-free Opti-MEM | for 24 h and treated with or without 100 nm DEX for
6 h in the presence or absence of 100 nm TSA, as indicated. Total RNAwas prepared and endogenous mRNA for Na™, K*-ATPase
a1 (atp1at), amiloride-sensitive Na* channel 1« (scnnta), serum and glucocorticoid-regulated kinase 1 (sgk7), alcohol dehydro-
genase 1A (adh1a), and glyceraldehyde-3-phosphate dehydrogenase (gapdh) was measured with qRT-PCR. Samples were
normalized to gapdh mRNA levels, and relative expression levels to vehicle-treated samples are presented as relative mRNA
expression. Error bars represent sb values of at least three independent experiments. B, Cell lysates from 293 cells and HepG2
cells were subjected to Western blot analysis using indicated antibodies.

2.3-fold, respectively (Fig. 1A). In contrast, mRNA ex-
pression of neither atp7al nor scnnia was induced in
the presence of 100 nm DEX in HepG2 cells (Fig. 1A).
Our previous DNA microarray analysis also supported
this notion (data not shown). Note that GR is compa-
rably expressed in HepG2 cells and 293 cells (Fig. 1B),
and that mRNA expression of sgk7 and adha, both of
which are known to be glucocorticoid target genes as
well (20-23), are induced by 1.8-fold and 1.6-fold,
respectively, after DEX treatment in HepG2 cells
(Fig. 1A). It is indicated, therefore, that, despite the
presence of functional GR, mRNA expression of a
particular set of genes, ie. atplal and scnnia,
shows a cell- or tissue-specific resistance to glu-
cocorticoids. Treatment with a histone deacetylase
inhibitor trichostatin A (TSA) increased both basal
and induced mRNA levels of sgk1 and adh1a, but, in
the case of atp7al and scnnla, only basal mRNA
levels were increased without restoration of respon-
siveness to DEX (Fig. 1A). Glucocorticoid insensitiv-
ity of atp7a? and scnnia in HepG2 cells, thus, does
not appear to be related to histone acetylation-de-
pendent mechanisms.
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Cell Type Difference in Hormone-Dependent GR
Recruitment onto GRE in atp7a1 Promoter

In GR-dependent transactivation, binding of liganded
receptors onto target DNA is generally believed to be
an essential trigger for transcription initiation and elon-
gation (12-15). We, therefore, tested in vivo occu-
pancy of atp7al promoter by endogenous GRin com-
parison with sgk? promoter using chromatin
immunoprecipitation (ChIP) assay, because both pro-
moters are known to contain GRE (Fig. 2A) (49, 50). In
HepG2 cells, when sgk1 promoter was tested, GR was
recruited onto the promoter in a time- and hormone-
dependent manner. In contrast, atp7a? promoter did
not recruit GR even in the presence of DEX (Fig. 2A).
Next, to examine the relationship between GR recruit-
ment and ongoing transcription, we compared GR bind-
ing and RNAPII binding on atp7al promoter after DEX
treatment. RNAPII binding, as well as that of GR,
was not increased after DEX treatment in HepG2 cells.
In clear contrast, RNAPII binding was enhanced after DEX
treatment in concert with increase of GR binding in 293
cells (Fig. 2B). These results indicate that glucocorticoid
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Fig. 2. Cell Type Difference in Hormone-Dependent GR Recruitment onto atp7a? Promoter GRE

A, HepG2 cells were cultured in phenol red-free Opti-MEM | for 24 h and treated with 1 um DEX for the indicated time periods.
ChIP assays were performed with anti-GR polyclonal antibodies, and recovered GRE-containing DNA fragments were measured
with gRT-PCR. GREs in sgk1 and atp7a 5'-flanking regions are indicated as gray boxes. The positions of the primers are shown
as numbered arrows. Values are expressed as percentage of immunoprecipitated DNA to input. Error bars represent so values
of at least three independent experiments. B, HepG2 cells and 293 cells were cultured as described in panel A and treated with
1 um DEX for 60 min. ChIP assays were performed with the indicated antibodies and primer sets as described in Materials and

Methods. IP, Immunoprecipitation.

resistance of atp7al promoter may be due to cell type-
dependent deficiency of GR recruitment despite the pres-
ence of the receptor.

Endogenous HEXIM1 Negatively
Modulates Glucocorticoid-Mediated
Transcriptional Activation

It was previously described that HEXIM1 mRNA is ubig-
uitously expressed but its expression levels are variable
among human tissues (27). Protein expression levels of
endogenous HEXIM1 also show a great diversity among
tissues in mice; HEXIM1 expression levels appeared to
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be low in kidney compared with those in liver, brain, lung,
spleen, and heart (Fig. 3A). These tissue-dependent dif-
ferences of HEXIM1 expression levels were also ob-
served in human tissue-derived cell lines, i.e. HepG2
cells abundantly express HEXIM1 compared with 293
cells (Fig. 3A). Together with the fact that certain GR
target genes, e.g. atp7al and scnnia, are resistant to
hormone treatment in HEXIM1-rich HepG2 cells, we hy-
pothesized that HEXIM1 may participate in cell type-
dependent hormone resistance at the level of transcrip-
tional regulation of these genes.

Given this, we then addressed whether endogenous
HEXIM1 contributes to glucocorticoid insensitivity of
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Fig. 3. Endogenous HEXIM1 Negatively Modulates Glucocorticoid-Mediated Transcriptional Activation

A, Cell lysates from various tissues from adult mice were subjected to Western blot analysis using indicated antibodies. B,
HepG2 cells were infected with Adsictrl or AdsiHEXIM1 in phenol red-free Opti-MEM | at MOI of 100 for indicated time periods.
Whole-cell extracts were prepared, and protein expression levels of endogenous HEXIM1, GR, and a-actinin were assessed in
Western blotting. C, HepG2 cells were infected with the recombinant adenoviruses for 36 h as described in panel B and stimulated
with 100 nm DEX for 6 h. Total RNA was prepared and mRNA for atp7a?, scnnia, and gapdh was measured with qRT-PCR.
Samples were normalized to gapdh, and relative expression levels to vehicle-treated samples are presented as relative mRNA
expression. Error bars represent sp values of at least three independent experiments. D, HepG2 cells were infected with the
recombinant adenoviruses for 36 h as described in panel B and stimulated with 1 um DEX for indicated time periods. ChiP assays
were performed with the indicated antibodies as described in Materials and Methods. IP, Immunoprecipitation.

atplal and scnniain HepG2 cells. For that purpose,
we constructed the recombinant adenoviruses ex-
pressing small interfering RNA (siRNA) against
HEXIM1 named Adsi-HEXIM1, and unrelated siRNA
named Adsictrl, as described in Materials and Meth-
ods. Figure 3B shows that infection of AdsiHEXIM1
diminished endogenous HEXIM1 protein expression
down to less than 10% of the control without signifi-
cant alteration of GR protein expression level. Again,
mRNA expression of atp7al and scnnia was not sig-
nificantly induced in the presence of 100 nm DEX in
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Adsictrl-infected HepG2 cells (Fig. 3C). Infection of
AdsiHEXIM1 had little effect on basal levels of but
significant effect on DEX-inducibility of atp7al and
scnnia (Fig. 3C). Using atp7al as a model, we then
studied the influence of knockdown of endogenous
HEXIM1 on hormone-dependent GR recruitment onto
atp7al promoter in ChIP analysis. As shown in Fig. 3D,
GR was recruited in a time-dependent manner onto
the promoter after DEX treatment in AdsiHEXIM1-in-
fected cells. Moreover, RNAPII was also incorporated
to the promoter in parallel with GR recruitment (Fig.
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3D). Similar results were obtained when scnnia pro-
moter was used for ChIP assay (data not shown).
These findings strongly support the notion that protein
levels of endogenous HEXIM1 might determine GR
recruitment onto these promoters and subsequent

Shimizu et al. * HEXIM1 Modulates Glucocorticoid Sensitivity

GR and HEXIM1 Stochastically Contribute to
Hormone-Dependent Transcriptional Regulation
of GR-Target Genes

To test relative contribution of GR and HEXIM1 in the

glucocorticoid-responsive transcription of atp7a? and
scnnia in HepG2 cells.

expression of atplal, we overexpressed FLAG-GR
alone or in combination with HEXIM1 in HepG2 cells
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Fig. 4. GR and HEXIM1 Stochastically Contribute to Hormone-Dependent Transcriptional Regulation of GR-Target Genes

A, HepG2 cells were infected with the recombinant adenoviruses expressing FLAG-GR and HEXIM1 in phenol red-free
Opti-MEM [ at MOI of 5 for 24 h as indicated. Cells were lysed and subjected to Western blot analysis using the indicated
antibodies. B, HepG2 cells were infected with the recombinant adenoviruses as described in panel A and treated with or without
100 nm DEX for 6 h. Total RNA was prepared, and mRNA for atplat, sgk1, and gapdh was measured with qRT-PCR. Samples
were normalized to gapdh, and relative expression levels to vehicle-treated samples are presented as relative mRNA expression.
Error bars represent s values of at least three independent experiments. C, HepG2 cells were infected with the recombinant
adenoviruses in phenol red-free Opti-MEM | for 24 h as indicated and treated with or without 1 um DEX for 20 min. ChIP assays
were performed with anti-GR antibodies as described in Materials and Methods. IP, Immunoprecipitation.
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using recombinant adenoviruses. Westemn blots showed
that the protein levels of expressed FLAG-GR and
HEXIM1 were approximately 5-fold and 8-fold compared
with those of endogenous GR and HEXIM1, respectively
(Fig. 4A). In HepG2 cells, overexpression of FLAG-GR
restored glucocorticoid responsiveness and resulted in
DEX-dependent induction of atp7a’ mRNA by 1.8-fold,
which was again canceled by coexpression of HEXIM1
(Fig. 4B). We may propose, therefore, that high-level
expression of HEXIM1 relative to GR confers tissue-
specific glucocorticoid resistance of atp7a7 in HepG2
cells. This is also the case in scnn7a mRNA expression
(data not shown). Interestingly, mRNA expression of
sgk1 was also negatively affected by exogenous expres-
sion of HEXIM1 (Fig. 4B). Our ChIP assay revealed that
GR overexpression restored hormone-dependent re-
cruitment of GR to atp7al promoter in a dose-depen-
dent manner, which was again canceled by overexpres-
sion of HEXIM1 (Fig. 4C). In the case of sgk1 promoter as
well, overexpression of GR further increased hormone-
dependent GR recruitment, which was antagonized by
exogenous HEXIM1 (Fig. 4C). These findings strongly
support the notion that GR and HEXIM1 stochastically
contribute to hormone-dependent transcriptional regu-
lation of both atp7a? and sgk1, and that atp7a1 promoter
is more susceptible to HEXIM1.
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Knockdown of HEXIM1 Enhanced
P-TEFb-Dependent Gene Expression

In addition to suppressing GR recruitment onto the
target DNA, HEXIM1 is originally reported to inactivate
kinase activity of P-TEFb, thereby suppressing tran-
scription elongation (see Introduction). To investigate
whether knockdown of HEXIM1 in our system affects
P-TEFb-dependent mRNA expression as previously
reported (51), we analyzed mRNA expression of sev-
eral genes, expression of which has been reported to
be critically regulated by P-TEFb at the step of tran-
scription elongation.

mRNA level of cypTal was increased after stimu-
lation with 1 h treatment of 10 nm 3-methylchol-
antrene (3MC) by 3.7-fold, probably via activation of
AhR and subsequent recruitment of P-TEFb onto
cyplal promoter (38), and AdsiHEXIM1 further en-
hanced this 3MC effect by 5.0-fold (Fig. 5A). IL-6-
mediated expression of junB mRNA (14-fold), which
is mediated by STAT3 (52), was also enhanced by
AdsiHEXIM1 (22-fold). Finally, heat shock-mediated
amplification of mMRNA expression of hspala and fos
(11-fold and 8.1-fold, respectively), which is medi-
ated by HSF1 (53, 54), was further enhanced by
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Fig. 5. Knockdown of HEXIM1 Enhanced P-TEFb-Dependent Gene Expression

A, HepG2 cells were infected with Adsictrl or AdsiHEXIM1 as described in Fig. 3B and stimulated with 10 nm 3MC, 100
ng/ml IL-6, or culture at 42 C (heat shock) for 1 h as indicated. Endogenous mRNA for cytochrome P450, family 1, subfamily
A, polypeptide 1 (cyp1at), JunB (junB), heat shock 70-kDa protein 1A (hspata), Fos (fos), and gapdh was measured with
gRT-PCR. Samples were normalized to gapdh, and relative expression levels to the Adsictrl-infected and unstimulated
samples are presented as relative mRNA expression. Error bars represent sp values of at least three independent
experiments. B, HepG2 cells were infected with the recombinant adenoviruses and stimulated as described in panel A.
Nuclear extracts were prepared, and protein expression levels of endogenous AhR, STAT3, HSF1, CDK9, and a-actinin were

assessed by Western blotting.
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Fig. 6. P-TEFb-Binding and GR Binding Are Separable for HEXIM1

A, Schematic illustration of wild-type (wt) and mutant HEXIM1 used in this study. BR encompassing 150177 amino acids are
depicted as a solid box. Numbers depict positions of amino acids. Nucleotide and amino acid sequences in the BR are shown.
Substitutions of nucleotides are shown in uppercase letters. wt (SR) and 168-177A (SR) have nucleotide substitutions in the target
nucleotide sequence for AdsiHEXIM1 without affecting original amino acid sequence. 159-167A (SR) and dBR+SV (SR) are
resistant to AdsiHEXIM1 by nature. B, Hela cells were cotransfected with empty vector or expression plasmids for indicated
FLAG-tagged mutant HEXIM1. Whole-cell lysates were prepared and subjected to FLAG-affinity purification as described
in Materials and Methods. Western blot analysis of input lysates (lanes 1-5) and affinity-purified fractions (lanes 6-10)
were performed using anti-FLAG peptide, anti-CycT1, and anti-CDK9 antibodies. C, COS7 cells were cotransfected with
empty vector or expression plasmids for indicated HA-tagged mutant HEXIM1 along with either FLAG-tagged GR (middle
panel) or FLAG-tagged PPAR vy (lower panel) expression plasmid. Cells were treated with 100 nm DEX (middle panel) or 100
nm TGZ for 2 h. Nuclear extracts were prepared and immunoprecipitated with anti-HEXIM1 antibodies. Western blot analysis
of input extracts (lanes 1-5) and immunoprecipitated fractions (lanes 6-10) were performed using anti-HA peptide and
anti-FLAG peptide antibodies. a.a., Amino acids; IP, immunoprecipitation; NE, nuclear extract; NLS, nuclear localization
signal.
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AdsiHEXIM1 (17-fold and 14-fold, respectively). Note therefore, that P-TEFb activity was enhanced in
that protein expression levels of AhR, STAT3, HSF1, HEXIM1-knocked down cells and that the P-TEFb-
and CDK9 were not significantly influenced by in- dependent elongation process was up-regulated in
fection of AdsiHEXIM1 (Fig. 5B). We may conclude, certain genes.
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P-TEFb Binding and GR Binding Are Separable
for HEXIM1

To highlight the GR target gene-selective role of
HEXIM1, we established an experimental system that
enables us to clarify which function of HEXIM1 is im-
portant in regulation of GR-target gene expression,
P-TEFb suppression or GR sequestration. In short,
endogenous HEXIM1 was knocked down by infection
of AdsiHEXIM1, and mutant HEXIM1, which lacks ei-
ther P-TEFb-suppressing activity or direct interaction
with GR, or both, was exogenously complemented. To
obtain such a mutant HEXIM1, we focused on basic
region (BR) of HEXIM1 and made alanine substitution
and domain swap mutants, as schematically depicted
in Fig. A, because we and others previously showed
that BR is essential for nuclear localization, interaction
with GR, and P-TEFb-inhibition (28, 30, 41, 55). Be-
cause siRNA against HEXIM1 in AdsiHEXIM1 was de-
signed to target the region corresponding to amino
acids 159-165 (Fig. 6A), the expression plasmids for
siRNA-resistant wild-type (SR) and 168-177A (SR)
were created with several nucleotide substitutions in
HEXIM1 cDNA without affecting original amino acid
sequence (Fig. 6A). In indirect immunofluorescence
analysis, every mutant HEXIM1 protein was expressed
in the nucleus in transfected cells (data not shown).
To verify the presence or absence of the interaction
between P-TEFb and these mutant FLAG-tagged
HEXIM1, we, after transfection of their expression
plasmids into Hela cells, immunoprecipitated cell ly-
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sate with anti-FLAG monoclonal antibody, and blots
were probed with the antibodies against major P-TEFb
subunits CycT1 and CDK9. As expected, substitution
of BR to the nuclear localization signal from simian
virus (SV) 40 large T antigen, resulting in dBR+SV
(SR), completely abolished binding of CycT1 and
CDK9 (Fig. 6B). Alanine substitution of amino acids
159-167, which was shown to disrupt the interaction
with 7SK snRNA (55), diminished consecutive recruit-
ment of CycT1 and CDK9 (Fig. 6B), as seen in
dBR+SV (SR). On the other hand, alteration of amino
acids 168-177 to alanines did not affect binding of
CycT1 or CDK (Fig. 68B). ‘
Using these HEXIM1 mutants, we also studied the
physical interaction between HEXIM1 and GR. For this
purpose, hemagglutinin (HA)-tagged wild-type (SR)
and mutant HEXIM1 were expressed in COS7 cells
along with either FLAG-tagged GR or FLAG-tagged
peroxisome proliferator-activated receptor y (PPARY)
as a control and immunoprecipitated with anti-
HEXIM1 antibodies. As shown in Fig. 6C, GR bound
not only wild-type (SR) but also HEXIM1 mutants with
alanine substitution, but the swap mutant dBR+SV
(SR) did not bind GR. These results may suggest that
amino acids 159-177 of HEXIM1 are not critical for
binding GR, but protein configuration of BR and its
proximity is important for GR recognition. In contrast,
PPARy did not bind wild-type (SR) or any mutant
BEXIM1 (Fig. 6C). To further confirm that these
HEXIM1 mutants, especially 159-167A (SR), retain not
P-TEFb-inhibition but GR suppression, we tested their
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Fig. 7. Differential Functions of HEXIM1 on P-TEFb- and GR-Dependent Gene Expression

A, COS7 cells were cotransfected with empty vector or expression plasmids for the indicated HA-tagged mutant HEXIM1 along
with GR expression plasmid and GRE reporter plasmid. Four hours later, media were replaced, further cultured for 20 h, and
treated with vehicle or 100 nm DEX for 18 h as indicated. Cells were lysed and subjected to luciferase assay. Results are presented
as relative light units (RLU) per microgram of protein in the lysates. Error bars represent sp values of at least three independent
experiments. Protein expression levels of GR and HA-HEXIM1 were assessed in Western blotting. B, COS7 cells were cotrans-
fected with empty vector or expression plasmids for indicated HA-tagged mutant HEXIM1 along with PPARYy expression plasmid
and PPARRE reporter plasmid. Media were replaced 4 h later, further cultured for 20 h, and treated with vehicle or 100 nm TGZ
for 18 h as indicated. Cells were lysed and subjected to luciferase assay. Results are presented as RLU per microgram of protein
in the lysates. Error bars represent sb values of at least three independent experiments. Protein expression levels of PPARy and

HA-HEXIM1 were assessed by Western blotting.
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functions in a GRE-luciferase reporter gene assay (Fig.
7A). PPARy-dependent reporter gene assay served as
a control (Fig. 7B), because neither wild-type (SR) nor
any mutant HEXIM1 was capable of binding PPARy
(Fig. 6C). HEXIM1 dBR+SV (SR}, which lacks binding
activity to either P-TEFb or GR, did not significantly
affect either reporter gene activity, as expected (Fig.
7, A and B, top). With respect to GR-driven reporter
gene expression, any alanine-substituted HEXIM1
mutant suppressed ligand-dependent activation of
the reporter gene as well as wild type (SR), indicat-
ing its functional interaction with GR (Fig. 7A, top). In
clear contrast, PPARy-mediated activation of the
reporter gene was repressed solely by wild-type
(SR) and 168-177A (SR) (Fig. 7B, top). In these
experimental settings, protein expression of FLAG-
tagged GR or FLAG-tagged PPARy was not signif-
icantly affected by HEXIM1 mutants (Fig. 7, A and B,
bottom). It is concluded, therefore, that these
HEXIM1 mutants can serve an efficient tool for de-
lineating mechanism of suppressing expression of
particular genes by HEXIM1, i.e. P-TEFb suppres-
sion or GR binding.
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P-TEFb Is Not Involved in HEXIM1-Mediated
Suppression of Glucocorticoid Responsiveness

Finally, we differentially evaluated the importance
of P-TEFb-suppressing and GR-binding activities of
HEXIM1 in regulating glucocorticoid sensitivity of
glucocorticoid-inducible mRNA expression of atpTal
and scnnta. Hela cells were transfected with the ex-
pression plasmids for HEXIM1 (SR) mutants, infected
with AdsiHEXIM1, and treated with the cognate li-
gands, after which RNA was isolated for qRT-PCR
analyses. In HEXIM1 knocked-down cells, mRNA ex-
pression of cyplal, which is known to be P-TEFb
dependent (38), was stimulated by 10-fold in response
to 6 h treatment with 10 nm 3MC (Fig. 8A). Adding back
of wild-type (SR) HEXIM1 repressed induction of
mRNA expression of cypat, to 3.3-fold, suggesting
that ectopically expressed HEXIM1 (SR) functionally
suppressed P-TEFb activity (Fig. 8A). However, neither
159-167A (SR) nor dBR+SV (SR) repressed cyplal
expression, confirming that the suppression of P-TEFb
activity may be critical for the repression (Fig. 8A). In
support of this, 168-177A (SR), which binds P-TEFb
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Fig. 8. P-TEFb Is Not Involved in HEXIM1-Mediated Suppression of Glucocorticoid Responsiveness

A, Hela cells were transfected with 3 ug of empty vector or expression plasmids for the indicated HA-tagged mutant HEXIM1.
Cells were infected 4 h later with AdsiHEXIM1 in phenol red-free Opti-MEM | at MO! of 100 for 36 h, and treated with vehicle or
10 nm 3MC (top panel), or 100 nv DEX (middle and bottomn panels) for 6 h. Endogenous mRBNA levels for cyptat, atptat, scnnia,
and gapdh were measured with qRT-PCR. Samples were normalized to gapdh mRNA, and mRNA induction levels by cognate
ligands are shown in fold induction. Error bars represent so values of at least three independent experiments. B, HepG2 cells were
infected with FLAG-GR-expressing adenovirus (MOI of 50) along with LacZ- or mutant HEXIM1-expressing adenoviruses (MOl of
40) in phenol red-free Opti-MEM | for 24 h, and the cells were treated with 1 um DEX for 20 min. ChiP assays were performed
with polyclonal anti-GR antibodies as described in Materials and Methods. Error bars represent s values of at least three

independent experiments. |P, Immunoprecipitation.
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(Figs. 6B and 7B), suppressed AhR-mediated tran-
scription as well as wild type (SR) (Fig. 8A). These
effects of wild-type (SR) and mutant HEXIM1 were also
observed in the other P-TEFb-regulated genes de-
picted in Fig. 5A (data not shown). With respect to GR
target genes, mRNA expression of atp7a? and scnnla
was stimulated by 1.8-fold and 2.1-fold, respectively,
in response to 6 h treatment with 100 nv DEX in
HEXIM1 knocked-down cells (Fig. 8A). Complementa-
tion of wild-type (SR) HEXIM1 or 168-177A (SR) sig-
nificantly repressed induction of mRNA expression of
atplal and scnnia (Fig. 8A). In contrast to cyplaft,
159-167A (SR) suppressed glucocorticoid-induced
enhancement of mRNA expression of atplal and
scnnla comparable to that of wild type (SR) (Fig. 8A),
indicating that P-TEFb-binding activity of HEXIM1 is
dispensable but GR-binding activity is important for
the suppression. Consistently, dBR+SV (SR), which
does not bind GR, did not affect mRNA induction of
atptai and scnnia (Fig. 8A). The importance of GR
binding of HEXIM1 was also confirmed in ChIP assay.
Recombinant adenovirus-mediated expression of 159-
167A in HepG2 cells suppressed DEX-dependent re-
cruitment of FLAG-GR onto atp7al promoter, whereas
dBR+SV did not (Fig. 88). Using scnnfa, we obtained
identical results (data not shown). Taken together, we
may conclude that direct interaction between GR and
HEXIM1 is critical for HEXIM1-mediated glucocorticoid
resistance of atp7a? and scnnta in HepG2 cells.

DISCUSSION

As described in the introductory section, HEXIM1 is
currently considered to be a multifunctional protein,
acting at a specific stage of gene expression. In the
present study, we intended to characterize endoge-
nous HEXIM1 function for modulation of GR-mediated
transcriptional regulation. For that purpose, we fo-
cused on atp?a? and scnnia, because expression of
these genes is resistant in HEXIM1-rich HepG2 celis to
treatment with DEX (Fig. 1A). Treatment with histone
deacetylase inhibitor did not result in liberation of
these genes in HepG2 cells (Fig. 1A), suggesting that
the observed DEX resistance is not due to irreversible
alteration in higher order chromatin structure or his-
tone acetylation-related chromatin packaging. In sup-
port of this, these genes retain responsiveness to
other extracellular stimuli in liver and HepG2 cells
(Refs. 10 and 11 and data not shown). We showed
that, in HepG2 cells, knockdown of HEXIM1 by siRNA
not only canceled the DEX resistance but also rather
enhanced DEX-responsive mRNA expression of these
genes (Fig. 3C). Moreover, our ChlP assay clearly
demonstrated that siRNA-mediated knockdown of
HEXIM1 restored hormone-dependent GR recruitment
onto the promoters of those genes in parallel with
corresponding increase in RNAPII binding (Fig. 3D).
Such effect of reduction in endogenous HEXIM1 level
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was mimicked by exogenous overexpression of GR
(Fig. 4, B and C), indicating that GR-HEXIM1 ratio
could be a determinant of glucocorticoid resistance/
sensitivity of those genes. As anticipated, overexpres-
sion of HEXIM1 turned those promoters more or less
resistant to DEX {Fig. 4B).

Endogenous HEXIM1 seems to negatively modulate
all GR target genes but not completely diminish DEX
responsiveness of all of them in HepG2 cells (Fig. 4),
indicating that efficiency of the suppression by
HEXIM1 is dependent on gene context. Indeed, our
previous DNA microarray analyses showed that the
extent of reducing DEX responsiveness by overex-
pressed HEXIM1 was variable among different genes
in HepG2 cells (30). It is also reported that GRE occu-
pancy with GR in alveolar epithelial A549 cells is gen-
erally restricted to such genes that are actually regu-
lated by glucocorticoids in those cells {21). This
observation strongly supports the idea that gene-spe-
cific determination of GR recruitment to GRE is impor-
tant in tissue-specific regulation of glucocorticoid-re-
sponsive gene expression at the level preceding
transcription initiation. We recently demonstrated that
HEXIM1 directly binds GR and that GR or other oxos-
teroid receptors are preferential partners of HEXIM1
(48). In this line, we might speculate that HEXIM1
squelches GR in the nucleus and inhibits its access to
target gene promoter, and such negative effect of
HEXIMT is, more or less, shared by many genes. Some
GR-target genes, including atp7a? and scnnfa, there-
fore, might be particularly susceptible to HEXIM1 and
resistant to glucocorticoids in HEXIM1-rich cells, i.e.
HepG2 cells. Certain promoters, e.g. sgk7 promoter,
allow hormone-dependent GR binding in HepG2 cells,
strongly supporting the notion that promoter recruit-
ment of GR is determined in a gene context-depen-
dent manner as previously predicted in other GR-reg-
ulated genes (56).

We also revealed that P-TEFb-suppressing activity
of HEXIM1 is not prerequisite for glucocorticoid resis-
tance of these genes (Fig. 8A). Furthermore, the fact
that 159-167A binds GR and suppresses GR recruit-
ment to the target gene (Figs. 6C and 8B} again em-
phasizes the importance of the suppression of GR
recruitment through direct GR-HEXIM1 interaction in
the mechanisms of glucocorticoid resistance by
HEXIM1. These results highlighted the role of HEXIM1
in P-TEFb-independent and gene-selective suppres-
sion of mRNA expression. The bimodal roles of
HEXIM1 may differentially contribute to suppressing
mRNA expression in a gene context-dependent man-
ner. In this fine, it should be noted that other transcrip-
tion factors, such as estrogen receptor (45) and
CCAAT/enhancer binding protein « (44), which were
shown to directly interact with HEXIM1, may also be
controlled by HEXIM1 through a P-TEFb-independent
mechanism. Moreover, the interaction of HEXIM1 with
these transcription factors has been shown to be a
molecular basis for various physiological or patholog-
ical actions of HEXIM1 (44, 45).
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Our previous observation revealed that HEXIM1/GR
complexes reside in a distinct subnuclear area (30).
Given this, HEXIM1 might prevent intranuclear GR
from accessing to the promoter and decrease the
amount of available GR for transcription. Since we
revealed that the central and C-terminal regions of
HEXIM1 are indispensable for its proper nuclear local-
ization and GR repression (Refs. 41 and 48, and data
not shown), HEXIM1 might anchor at as yet unknown
but saturable subnuclear structure via these regions.
Increasing evidence indicates that the C-terminal
region of HEXIM1 possesses various functions, e.g.
P-TEFb-binding (57, 58), self-cligomerization (59-61),
and interaction with transcription factors (44, 51). Re-
cently, nucleophosmin was shown to bind HEXIM1 via
BR and promote its degradation (62). Taken together,
it may be indicated that subnuclear localization and
function of HEXIM1 might be tightly controlied via
multimodal interactions among distinct HEXIM1 do-
mains and various nuclear machineries to elicit fine
tuning of transcriptional control of gene expression. In
any case, an important question to be solved is how
multiple functions of HEXIM1 are rationally regulated in
a gene- or tissue-dependent manner.

Expression levels of HEXIM1 vary in different tissues
and are modulated during differentiation and develop-
ment as well as in response to extracellular stimuli (see
“Introduction”). Disturbances of tissue-specific_glu-
cocorticoid responses have been implicated in patho-
physiology of rheumatoid arthritis, osteoarthritis,
Crohn’s disease, ulcerative colitis, asthma, AIDS, os-
teoporosis, and metabolic syndromes (63). Numbers
of proteins have been shown to affect GR activity at
different steps of GR signaling pathway and indicated
to be potentially involved in the pathogenesis of such
diseases that have relations to disturbed glucocorti-
coid responses in particular tissues (63). HEXIM1-me-
diated repression of GR might be one of such mech-
anisms and play pathological roles in certain diseases.
On the other hand, glucocorticoids are still indispens-
able in treatment for a numerous diseases (4, 64).
However, the desired therapeutic effects are often
accompanied by severe side effects. Pharmacological
alteration of the expression levels of HEXIM1, if pos-
sible, might indirectly modulate glucocorticoid effects
in a tissue-specific manner and enable selective ex-
pression of pharmacological actions of glucocorti-
coids in given tissues. Along with development of se-
lective GR modulators (26), HEXIM1 might also be
considered as a drug target for tissue-specific modu-
lation of GR actions.

MATERIALS AND METHODS

Reagents and Antibodies

DEX, troglitazone (TGZ), 3MC, and TSA were purchased from
Sigma-Aldrich (St. Louis, MO). Recombinant human IL-6 was
from Peprotech (London, UK). Other reagents were from
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Nacalai Tesque {Kyoto, Japan) unless otherwise specified.
Polyclonal antibodies against CDKS, STAT3, HSF1, CycTt,
PPARy, GR, and HA-peptide were from Santa Cruz Biotech-
nology, Inc. (sc-484, sc-7179, sc-9144, sc-8127, sc-7196,
$c-8992, and sc-805, respectively; Santa Cruz, CA). Poly-
clonal anti-AhR antibodies were from Biomol (SA-210;
Plymouth Meeting, PA). Polyclonal anti-FLAG-peptide anti-
bodies and monoclonal anti-a-actinin antibody were from
Sigma-Aldrich (F7425 and A5044, respectively). Monoclonal
anti-GR antibody was from BD Biosciences (San Jose, CA).
Monoclonal anti-RNAPII antibody was from Covance Labo-
ratories, Inc. (MMS-126R; Princeton, NJ). Rabbit antihuman
HEXIM1 antiserum and rabbit antimouse HEXIM1 antiserum
were generated against a peptide corresponding from 39-53
amino acids of human HEXIM1 (RVPEEDSRWQSRAFP) and
55-69 amino acids of mouse HEXIM1 (SGSRPGQEGEGGLKH),
respectively. Polyclonal anti-HEXIM1 affinity-purified antibodies
were obtained from antihuman HEXIM1 antiserum with im-
rmunogen-immobilized affinity matrix (Kitayama Labes, ina,
Japan).

Cell Culture and Transfection

HepG2, 293, COS7, and Hela cells were from RIKEN cell
bank (Tsukuba, Japan) and maintained in DMEM supple-
mented with 10% fetal calf serum (Invitrogen, Carlsbad, CA}
and antibiotics in a humidified atmosphere at 37 C with 5%
CO,. Before transfection, cells were washed twice with PBS,
and media were replaced with phenol red-free Opti-MEM |
(Invitrogen). Transient transfection was performed using
Translt-LT1 transfection reagent {Panvera, Madison, W) as
described previously (65). Total amounts of plasmids to
transfect were kept constant by adding empty vector.

Western Blot Analysis

Whole-cell extracts or nuclear extracts were prepared as
described previously (30), resolved in sodium dodecy! sulfate
(SDS)-polyacrylamide gels, and blotted to polyvinylidene flu-
oride membranes. The membranes were incubated with
Blocking One (Nacalai Tesque) at room temperature for 1 h,
incubated with specific antibodies diluted in Blocking One
(1:500 dilution for HA-peptide or 1:2000 for the others) at 4 C
for 18 h, and then, washed three times with TBS-T (25 mm
Tris-HCI, pH 8.0; 125 mm NaCt; 0.1% Tween 20), incubated
with secondary antibodies conjugated to horseradish perox-
idase (GE Healthcare, Buckinghamshire, UK) at room tem-
perature for 30 min, washed three times with TBS-T, and
detected with Chemi-Lumi One L (Nacalai Tesque) according
to manufacturer’s instruction.

Recombinant DNA and Adenoviruses

Expression plasmids for FLAG-tagged HEXIM1 (wild-type
and dBR+SV) were described previously (30). pFLAG-CMV2-
derived mammalian expression plasmids for mutant FLAG-
HEXIM1 (159-167A and 168—177A) were generous gifts from
Dr. Q. Zhou (University of California, Berkeley, CA), cDNA
fragments for wild-type (SR}, 159-167A (SR), 168-177A (SR),
and dBR+SV (SR) HEXIM1 were generated by a standard
PCR protocol using custom-designed primers and subcloned
into pPCMV-HA (TaKaRa, Otsu, Japan) or pFLAG-CMV2 (Sigma-
Aldrich) expression plasmid using blunt-ended EcoRl and
Xhol sites. The expression plasmid for human PPARy, pCMX-
6His-PPARYy, was generated by cloning appropriate PCR
fragments into pCMX-6His vector (65). The PPAR response
element (PPARRE)-driven reporter plasmid p3xPPARRE-
LUC was a kind gift from Dr. E. A. Jansson (Karolinska Insti-
tutet, Stockholm, Sweden). All plasmids constructed above
were verified by DNA sequencing. Recombinant adenovi-
ruses encoding double-stranded hairpin RNAs for siRNA
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against HEXIM1, AdsiHEXIM1, or control siRNA, Adsictr,
were constructed by subcloning expression cassettes from
pSilencer3.1-H1 neo-derived expression plasmids (30} into
adenoviral genome using Adenovirus Expression Vector Kit
(TaKaRa) according to the manufacturer’s instruction. Re-
combinant adenoviruses prepared from 293 cells were puri-
fied with Virakit AdenoMini-24 (Virapur, San Diego, CA) and
titrated using Adeno-X Rapid Titer Kit (TaKaRa).

qRT-PCR

Total RNA was prepared with Sepasol-RNA | super (Nacalai
Tesque), reverse-transcribed with oligo-dT primer using Su-
perScript First-Strand Synthesis System for RT-PCR {Invitro-
gen). gRT-PCR was performed with the LightCycler TagMan
Master, Universal ProbeLibrary Set, Human, and LightCycler
ST300 systems (Roche, Indianapolis, IN) according to man-
ufacturer's instructions. Expression levels of mRNA were cal-
culated on the basis of standard curves generated for each
gene. mRNA for gapdh was used as an internal control.
Sequences of primers used in this study are shown below:

atplat; 5'-ccctggctactttecttt-3' and 5'-ggcacagaaccace-
aggta-3’

scnnla: 5'-aaccaggtctectgcaacc-3' and 5'-gaaagtatag-
cagtttccatacateg-3'

sgk1: 5’-cctgagcttatgaatgccaac-3' and 5'-gccaaggttg-
atttgctgag-3'

adhla: 5'-aaggcccatgaagttcgtatt-3° and 5’-ccacgtggt-
catctgtgc-3’

cyplat: 5'-cccagctcagctcagtacct-3' and 5°-ggagattggg-
aaaagcatga-3’

junb: 5'-atacacagctacgggatacgg-3’ and 5'-gctcggtttca-
ggagtttgt-3’

hspala: 5'-ggagtcctacgccttcaaca-3' and 5'-ccagcacctt-
cticttgtcg-3’

fos: 5'-ctaccactcacccgeagact-3' and 5'-aggtccgtgcaga-
agtcct-3’

gapdh: 5'-agccacatcgctcagaca-3’ and 5'-gcccaatacgacc-
aaatcc-3'

ChiP

ChiP assay was performed with ChiP Assay Kit (Upstate
Biotechnology Inc., Lake Placid, NY) according to the man-
ufacturer’s instructions with minor modification. First, HepG2
cells were cultured in phenol red-free Opti-MEM | for 24 h for
hormone depletion. Then, the cells were treated with 1 um
DEX or 0.1% ethanol (vehicle) for the indicated time periods.
After treatment, the cells were cross-linked in 1% formalde-
hyde for 10 min at 37 C. Cross-linking was stopped with
addition of glycine to medium to a final 125 mm for 5 min at
37 C, after which the cells were rinsed with ice-cold PBS
twice and harvested. Celi pellets were collected and resus-
pended in SDS-lysis buffer (50 mm Tris, pH 8.0; 1% SDS; 10
mm EDTA; 1 pm 4-(2-aminoethyl)-benzenesulfony! fluoride
hydrochloride; 800 nM aprotinin; 15 um E-64; 20 um leupep-
tin-hemisulfate; 50 um bestatin; and 10 um pepstatin A} for 10
min at 4 C. Chromatin was sheared to an average size of 500
bp by sonication of the lysate using a Bioruptor Ultrasonica-
tor (Cosmo-Bio, Tokyo, Japan). Lysates corresponding to
2 % 10° cells were diluted 10-fold in ChIP dilution buffer
(0.01% SDS; 1.1% Triton X-100; 1.2 mm EDTA; 16.7 mm Tris,
pH 8.1; and 167 mm NaCl) and precleared with Salmon
Sperm DNA/Protein A Agarose beads (Upstate Biotechnol-
ogy) at 4 C for 30 min. Supernatants were then collected and
incubated with 5 ug of anti-GR polyclonal antibodies or anti-
RNAPIl monoclonal antibody at 4 C overnight. To collect
immune complex, Salmon Sperm DNA/Protein A Agarose
beads were added and further incubated at 4 C for 1 h. The
beads were then washed twice each with Low-Salt Immune
Complex Wash Buffer {0.1% SDS; 1% Triton X-100; 2 mm
EDTA; 20 mm Tris, pH 8.1; and 150 mm NaCli), High-Salt
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immune Complex Wash Buffer (0.1% SDS; 1% Triton X-100;
2 mm EDTA; 20 mm Tris, pH 8.1; and 500 mm NaCl), LiCl
Immune Complex Wash Buffer (0.25 m LiCl; 1% Nonidet
P-40; 1% deoxycholate; 1 mm EDTA; and 10 mm Tris, pH 8.1},
and Tris-EDTA buffer. Protein-chromatin complex was eluted
with efution buffer (10 mm dithiothreitol, 1% SDS, and 0.1 M
NaHCO,), and reversal of cross-link of eluates was per-
formed in 200 mm NaCl at 65 C for 6 h, after which proteins
were digested with proteinase K at 45 C for 1 h. Precipitated
DNA fragments were recovered by QIAquick DNA purification
kit (QIAGEN, Chatsworth, CA) and quantified with qRT-PCR
using appropriate primer sets. Sequences of primers used in
this study are shown below:

sgk1 —1238: 5'-acctcctcacgtgticttgg-3" and sgk? —982:
5'-caagcaaggctgaaaaatce-3° for GR

sgk1 —~173: 5'-cctctcaatggggacagaac-3' and sgk1 +85:
5'-ccottagcagcctcagttttca-3' for RNAPII

atptal —732: 5'-cgeccticagattctcatit-3' and atp7at —447:
5'-ggactcagggatgctgga-3' for GR

atplal+156: 5'-cectageteectecacttg-3' and atp?al +239:
5'-tcgetggagaatcagagagaa-3' for RNAPIH

FLAG-Affinity Purification

Hela cells (2.5 X 10%) were transfected with 4 ug of pFLAG-
CMV2-derived expression plasmids. After 4 h, media were
replaced with DMEM supplemented with 10% fetal calf se-
rum. After 32 h, cells were lysed in lysis buffer [50 mm Tris-
HCI (pH 8.0), 150 mm NaCl, 1% (wt/vol) Nonidet P-40, 1 um
dithiothreitol, 0.5 pm phenylmethylsulfonyt fluoride], centri-
fuged at 20,000 X g for 20 min. Supernatant was diluted in
FAR buffer [16.7 mm Tris-HCI (pH 8.0), 50 mm NaCt, 0.33%
(wt/vol) Nonidet P-40, 0.33 um dithiothreitol, 0.17 um phenyl-
methylsulfonyl fluoride], applied to anti-FLAG M2-agarose
beads (Sigma-Aidrich), incubated for 2 h at room tempera-
#re. The beads were washed three times with FAR buffer.
Bound proteins were eluted with SDS-sample loading buffer
and subjected to Western blot analysis using anti-FLAG pep-
tide, anti-CycT1, and anti-CDK9 antibodies.

Luciferase Assay

COS7 cells (1 X 10°) were transfected with 2 pg of reporter
plasmids (p2xGRE-LUC or p3xPPARRE-LUC), 2.5 ng of
expression plasmids for the receptors {pCMX-BHis-GR or
pCMX-6His-PPARy), and pCMV-HA-derived HEXIM1 ex-
pression plasmids. After 4 h, media were replaced with fresh
phenol red-free Opti-MEM |, and infected with recombinant
adenoviruses at muitiplicity of infection (MOI) of 100. After
20 h, cells were treated with 100 nm DEX, 100 nm TGZ or
vehicle (0.1% ethanol), and further cultured for 18 h. Cells
were lysed in Cell Culture Lysis Reagent (Promega Corp.,
Madison, WI), and cellular luciferase activity was measured
by using Luciferase Assay System (Promega). Relative light
units were normalized to the protein amounts determined
with BCA Protein Assay Reagent (Pierce Chemical Co., Rock-
ford, IL}.
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Editorialrs

Activation of Mitochondrial Biogenesis by Hormesis

Motoaki Sano. Keiichi Fukuda

Mitochondria play a major role in oxidative energy
production, reduction—oxidation reaction (redox) con-
trol and calcium homeostasis. Although mitochondria contain
DNA with mitochondrial-specific genes. most mitochondrial
proteins are encoded by the nDNA, synthesized in the
cytosol, and imported into mitochondria. The expression of
nuclear genes that encode mitochondrial proteins that func-
tion in metabolic pathways such as the trichloroacetic acid
cycle (TCA). oxidative phosphorylation, heme synthesis, and
in mitochondrial DNA replication and transcription (eg.
mitochondrial transcription factor A [Tfam]), is coordinately
regulated by the transcriptional coactivators PPARYy coacti-
vator (PGC)-la and PGC-1 through activation of nuclear
respiratory factor (NRF)-1 and NRF-2.!

In their recent publications, Piantadosi et al provided
insight into the mechanisms underlying the interaction be-
tween mitochondria-derived reactive oxygen species (ROS)
signaling and mitochondrial biogenesis. First, lipid hydroper-
oxide regulates Tfam expression through phosphorylation of
NRF-1 via Akt activation, which promotes nuclear translo-
cation of NRF-1 and binding to the Tfam promoter.? Second,
carbon monoxide (CO) induced mitochondrial biogenesis via
activation of Aktl/PKB and guanylate cyclase. which aug-
mented gene and protein expression of NRF-1 and NRF-2,
PGC-la, and TFAM.? CO-induced mitochondrial ROS result
in the activation of AKT. Third, the anthracycline anticancer
agent doxorubicin suppresses the nuclear program for mito-
chondrial biogenesis, and its associated intrinsic antiapoptosis
proteins. leading to severe mitochondrial DNA (mtDNA)
depletion and apoptosis. CO inhalation or heme oxygenase
(Hmo)l overexpression prevented doxorubicin-induced
mtDNA depletion and apoptosis via activation of AKT and
guanylate cyclase.* Lastly, new work in this issue of Circu-
lation Research® sheds light on the role of NF-E2-related
factor (Nrf)2 as a key transcriptional regulator in mitochon-
drial ROS-dependent induction of NRF-1 mRNA.

There is increasing evidence to suggest that ROS may be a
double-edged sword: although they can be toxic to cells, they
may also play an important role in cell signaling involved in
the antioxidant defense network. ROS are generated from
many sources including the Nox family of NADPH oxidases.
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editors or of the American Heart Association.
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xanthine oxidase. and mitochondria. where ROS are produced as
a byproduct of oxidative energy production. ROS are very
unstable and cannot penetrate lipid membranes: they are
therefore retained within the compartment in which they are
produced. However. ROS can attack neighboring polyunsat-
urated fatty acids of the membrane and trigger a chain
reaction of lipid peroxidation. resulting in the generation of
lipid hydroperoxides and «. B-unsaturated aldehydes. such as
4-hydroxy-2-nonenal (4-HNE) (Figure). They are highly
electrophilic and react with biomolecules. such as proteins
and nucleic acids. generating various adducts. By virtue of
their increased chemical stability. these lipid peroxidation
products can diffuse greater distances compared with their
precursor ROS and can propagate and amplify oxidative
injury. Thus. lipid peroxidation products have been impli-
cated in the development and progression of a variety of
pathological events such as oxidization of LDL, atheroscle-
rosis. ischemiw/reperfusion injury. Alzheimer’s disease. can-
cers, and cell senescence.

However cells are able to sense macromolecular damage
and counteract stress-induced damage to reestablish ho-
meostasis. Electrophilic lipid peroxidation products can trig-
ger a cascade of stress resistant pathways in both a tissue- and
cell type-specitic manner. The induction of stress-protective
mechanisms by stress is referred to as “stress-response
hormesis.”® The principle of stress-response hormesis can be
seen in many contexts. For example, the ninja, a group of
spies and assassins in feudal Japan, were known to regularly
take sublethal doses of poison to build their capacity to
detoxify xenobiotics and thus protect themselves against
assassination with poison. In cell culture, 4-HNE kills cells at
a high dose, whereas pretreatment of cells with low-dose
4-HNE upregulates endogenous antioxidant and phase [1
enzymes, conferring greater tolerance against subsequent
oxidative insult.” An effect of stress-response hormesis may
also be seen in clinical studies that have tested antioxidant
supplements for prevention of cardiovascular events* and
cancers® based on the principle that they should prevent
oxidative stress-induced macromolecular damage. In both
clinical studies. antioxidant supplements may have failed to
identify a beneficial effect because this inevitably attenuates
the cell-signaling pathways necessary for protection against
oxidative stress and reestablishment of redox homeostasis.

Following the induction of oxidative stress, 2 basic leucine
zipper transcription factors, Nrf2 and activating transcription
factor (ATF)4. are activated at the posttranscriptional level
and induce the expression of genes encoding proteins that
function as antioxidants and enzymes involved in phase Il
detoxification and glutathione biosynthesis. Under non-
stressed conditions. Nrf2 is tethered in the cytoplasm by
Keapl. This complex directs Nrf2 polyubiquitination and
degradation. On oxidative stress. Nif2 is liberated from
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Figure. The generation of ROS and the subsequent oxidative
modification of biomolecules are inevitable events in aerobic
organisms. The polyunsaturated fatty acids in membrane lipids
are particularly vulnerable to ROS attack and they undergo per-
oxidation. These lipid peroxidation products form protein and
DNA adducts and have biphasic properties, in that high doses
cause overt toxicity, whereas low doses interact with genetic
signaling systems that upregulate gene expression to counteract
stressor challenges and to re-establish homeostasis. LOOH
indicates lipid hydroperoxides; LCHO, lipid aldehydes.

Nucleus

Keapl and enters the nucleus, where it can form a het-
erodimer with the small Maf transcription factor Nrf2 to
stimulate the expression of antioxidant response element-
containing genes, including NAD(P)H:quinine oxidoreduc-
tase, heme-oxygenase 1, y-glutamylcysteine synthetase, glu-
tathione S-transferase, glutathione peroxidase, glutathione
reductase, cysteine glutamate transporter, and multidrug re-
sistance—associated protein |.'' Oxidative stress leads to the
phosphorylation of the « subunit of translation initiation
factor 2 (elF2a). Phosphorylation of elF2« inhibits general
protein synthesis but specifically upregulates translation of
ATF4. ATF4 forms homodimers and heterodimers with
members of the AP-1 and C/EBP family of proteins to
regulate the expression of genes involved in amino acid
metabolism which provide the precursor amino acids neces-
sary for glutathione biosynthesis. such as phosphoserine
amino transferase, phosphoserine phosphatase, cystathione
y-lysate, and methylenetetrafolate dehydrogenase'? Thus,
Nrf2 and ATF4 coordinately regulate glutathione biosynthe-
sis and the glutathione redox cycle.

Intense muscular contractile activity by exercise results in
oxidative stress. as indicated by altered muscle and blood
glutathione concentrations and increases in protein, DNA,
and lipid peroxidation. Interestingly, it was recently reported
that excess vitamin C supplements decrease training effi-
ciency via the reduction of the exercise-induced expression of
PGC-1. NRF-1, and Tfam.'* This observation further sug-
gests that ROS cannot only be considered to be toxic
byproducts; they also play an important role in the cell
signaling that regulates expression of genes involved in
mitochondrial biogenesis. Piantadosi et al first demonstrated
a role for Nrf2 in ROS-mediated induction of NRF-1. The

NRF-1 promoter contains multiple antioxidant response ele-
ment motifs and mitochondrial-derived ROS enhance Nrf2
binding to the NRF-1 promoter via AKT-mediated derepres-
sion of Nrf2 nuclear translocation. In the heart, however, the
role of Nrf2 signaling in the basal expression, as well as the
induction of antioxidants in pathological circumstances re-
mains unclear.

Mitochondrial DNA copy number and mitochondrial gene
expression are reduced in heart failure. Not surprisingly,
concomitant downregulation of PGC-1la, NRF-1, and Tfam
in the failing heart is observed.'* The mechanism by which
pathophysiological cues downregulate PGC-1/NRF-1/Tfam
expression have only begun to be resolved,'s but it is
tempting to speculate that rescue of PGC-I/NRF-I/Tfam
expression may have beneficial effects on cardiac function.
Indeed, transgenic overexpression of Tfam in the heart
ameliorates the decrease in mitochondrial DNA copy number
and mitochondrial complex enzyme activities in the hearts
and attenuates left ventricular remodeling and failure after
myocardial infarction.'®

The novel concept that mitochondrial biogenesis seems to
be triggered by mitochondrial ROS generation is intriguing.
To move present knowledge toward more general applicabil-
ity, the physiological and pathological relevance of mitochon-
drial ROS-mediated transcriptional and posttranscriptional
activation of NRF-1 via AKT, in the setting of postneonatal
normal growth, exercise-challenged, pressure-challenged, is-
chemic, and failing heart need to be clarified.
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