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Background: KDACis impair GR transactivation of the MMTYV promoter, but their impact on cellular target genes is

unknown.

Results: KDACi or KDAC depletion suppresses transactivation of about 50% of GR target genes.
Conclusion: KDACI1 is required for efficient GR transactivation in a gene-selective fashion.
Significance: Because KDAC:s facilitate GR transactivation, clinical KDACi use may have a major impact on GR signaling.

Nuclear receptors use lysine acetyltransferases and lysine
deacetylases (KDACs) in regulating transcription through his-
tone acetylation. Lysine acetyltransferases interact with steroid
receptors upon binding of an agonist and are recruited to target
genes. KDACs have been shown to interact with steroid recep-
tors upon binding to an antagonist. We have shown previously
that KDAC inhibitors (KDACis) potently repress the mouse
mammary tumor virus promoter through transcriptional mech-
anisms and impair the ability of the glucocorticoid receptor
(GR) to activate it, suggesting that KDACs can play a positive
role in GR transactivation. In the current study, we extended
this analysis to the entire GR transcriptome and found that the
KDACi valproic acid impairs the ability of agonist-bound GR to
activate about 50% of its target genes. This inhibition is largely
due to impaired transcription rather than defective GR process-
ing and was also observed using a structurally distinct KDACi.
Depletion of KDAC1 expression mimicked the effects of KDACi
in over half of the genes found to be impaired in GR transacti-
vation. Simultaneous depletion of KDACs 1 and 2 caused full or
partial impairment of several more GR target genes. Altogether
we found that Class I KDAC activity facilitates GR-mediated
activation at a sizable fraction of GR-activated target genes and
that KDAC1 alone or in coordination with KDAC2 is required
for efficient GR transactivation at many of these target genes.
Finally, our work demonstrates that KDACi exposure has a sig-
nificant impact on GR signaling and thus has ramifications for
the clinical use of these drugs.

Lysine acetylation is a post-translational modification of pro-
teins regulated directly through the actions of lysine acetyl-
transferases and deacetylases (also known as histone acetyl-
transferases and deacetylases). For many years, histones were
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the only proteins known to be acetylated, and the general func-
tions of histone acetylation in transcription are well established.
Long standing models of the role of histone acetylation in tran-
scription cast lysine acetyltransferases (KATs)> as transcrip-
tional coactivators and lysine deacetylases (KDACs) as tran-
scriptional corepressors that act on histones. However, recent
proteomics studies have revealed that lysine acetylation occurs
on well over 1000 proteins involved in a wide variety of essential
cellular functions (1, 2). Many of these proteins are involved in
regulation of transcription and signal transduction, indicating
that KATs and KDACs participate in these processes beyond
their role in regulating histone acetylation. Although the vari-
ous roles of phosphorylation in signaling-regulated transcrip-
tion have been established, the functions of acetylation are
poorly defined for most target proteins.

KDACs comprise a family of proteins that have been divided
into four classes (for a review, see Ref. 3). Class I KDACs
(KDACs 1, 2, 3, and 8) are located in the nucleus and have been
shown to be involved in a variety of nuclear processes. Class II
KDAC:s have been subdivided into IIA and IIB. The IIA mem-
bers have been shown to have little catalytic activity due to an
amino acid change in their catalytic domains (4). In contrast,
the IIB member, KDACS6, has robust catalytic activity and is
largely located in the cytoplasm. Its substrates include tubulin
and hsp90 (5, 6). The Class I1I deacetylases are the NAD *-de-
pendent sirtuins, which are located in multiple cellular com-
partments (for a review, see Ref. 7). KDAC11 is the sole member
of Class IV, and little is known about its activity or function.

Small molecule inhibitors of the Class I and IIB deacetylases
comprise a diverse set of chemicals that inhibit these enzymes
with varying potencies and specificities (8, 9). Some of these
lysine deacetylase inhibitors (KDACis) such as valproic acid,

2The abbreviations used are: KAT, lysine acetyltransferase; KDAC, lysine
deacetylase; KDAC], lysine deacetylase inhibitor; GR, glucocorticoid recep-
tor; VPA, valproic acid; hsp90, heat shock protein 90; MMTV, mouse mam-
mary tumor virus; Dex, dexamethasone; HDAC, histone deacetylase; TSA,
trichostatin A; RT-gPCR, quantitative real time polymerase chain reaction;
Ct, threshold cycle; pol, polymerase; GRE, glucocorticoid response
element.
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vorinostat, and romidepsin are used clinically to treat epilepsy,
bipolar disorder, migraines, and cancer (for a review, see Ref.
10). Vorinostat along with trichostatin A (TSA) are pan-
KDACis, which can impair the activity of both Class I and Class
IIB deacetylases. In contrast, KDACis such as VPA, romidepsin,
and apicidin are Class I-selective and are unable to inhibit
KDACEG at doses attained in vivo. KDACis are currently being
investigated for potential use in treating a variety of additional
diseases, including HIV, inflammatory disorders, and neuro-
logical disorders, and thus, their use in humans may eventually
expand (3, 11). VPA has been used clinically for over 30 years
and has been found to cause metabolic and reproductive side
effects in about 50% of users (12, 13). Our general lack of knowl-
edge about the functions of Class I and II KDACs in signaling is
an obstacle to understanding the physiological impact of these
drugs and to improving their usage so that benefits are maxi-
mized and unwanted side effects are minimized.

The study of steroid receptor signaling has been at the lead-
ing edge of understanding mechanisms of transcriptional reg-
ulation through signaling. It is established that agonist-bound
steroid receptors recruit KATs to target genes and that their
acetyltransferase activity targeted to histones is important for
activation of transcription (14, 15). Studies have also shown
that steroid receptors bound to antagonists can associate with
corepressor complexes that contain KDACs (16-18). These
findings have led to the formulation of a model for steroid
receptor action in which KDACs largely oppose transactivation
of target genes. However, accumulating evidence suggests that
KDAC:s in addition to KATs may be required for activation
of transcription by the glucocorticoid receptor (GR). First,
KDACis impair GR-mediated activation of target genes (19—
22). In the case of the mouse mammary tumor virus (MMTYV)
promoter, this impairment is transcriptional in nature but
independent of chromatin remodeling or histone acetylation
(22). Second, glucocorticoid treatment causes a significant
decrease in histone acetylation at the MMTV promoter over
the time period in which transcription is activated (23). Accord-
ingly, GR associates with KDAC1 both in solution and at the
MMTYV promoter (24). At the peak of GR-induced MMTYV pro-
moter activity, KDACI is deacetylated and active, and deple-
tion of KDAC1 and/or KDAC2 impairs GR-activated MMTV
transcription (25). Altogether these findings make a strong case
that KDACI functions as a coactivator of GR at the MMTV
promoter. However, it is unclear whether this is a general
mechanism that extends to all or only selected cellular GR tar-
get genes or whether other KDACs are involved.

In the current study, the involvement of KDACs in activation
of cellular GR target genes was investigated. We show that
exposure to the clinically relevant KDACi VPA has a profound
effect on the GR-activated transcriptome. The most prevalent
effect of VPA was the impaired activation of GR target genes
when co-administered with the synthetic glucocorticoid dexa-
methasone (Dex). We show that about half of such genes are
dependent on KDACI expression for transcriptional activation
by GR. Our results show that the models for the role of KDACs
in GR signaling must be expanded to include an activating func-
tion and raise the possibility that KDACis may modulate endo-
crine signaling.
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EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Anti-acetylated «-tubulin (sc-
23950), a-GR (sc-1002), lamin A/C (sc-6215), GAPDH (sc-
25778), HDAC3 (sc-11417), and HDACS8 (sc-17778) were
obtained from Santa Cruz Biotechnology. The antibodies
against a-tubulin (2144S) and HDAC2 (2540S) were obtained
from Cell Signaling Technology. Anti-acetylated histone H3
(06-599) and anti-HDAC1 (05-100) antibodies are from Milli-
pore. Anti-glucocorticoid receptor (Ab-2) mouse monoclonal
antibody (BUGR2, GR32L) was obtained from Calbiochem.
The secondary anti-mouse (115-035-146) and anti-rabbit (111-
035-144) antibodies were purchased from Jackson ImmunoRe-
search Laboratories, and anti-goat (sc-2056) was purchased
from Santa Cruz Biotechnology. VPA, TSA, and apicidin were
obtained from Sigma-Aldrich.

Cell Culture—Murine hepatoma cells (Hepa-1clc7) were
maintained in minimum essential medium « (Invitrogen) con-
taining 10% fetal bovine serum (FBS) (Gemini Bio-Products)
and 0.1% gentamicin (Invitrogen). Murine mammary adeno-
carcinoma cells (1470.2) were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% FBS and 0.1%
gentamycin.

RNA Analysis—Cells were seeded in 6-well dishes at 2 X 10°
cells/well. The next day cells were treated with VPA (5 mm),
TSA (200 nm), or apicidin (0.5 pg/ml) for 5 h and Dex (100 nm)
for 4 h followed by lysis in TRIzol (Invitrogen). Total RNA was
isolated using the Nucleospin RNA II kit (Clontech). cDNA was
generated using the iScript cDNA synthesis kit (Bio-Rad).
qPCR was performed using the Applied Biosystems StepOne
instrument with SYBR Green Master Mix (Bioline) according
to the manufacturer’s specifications. Exon-exon and exon-in-
tron primer pairs for the various genes tested can be found in
Table 1. In each experiment, the test gene Ct values were nor-
malized against corresponding glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) Ct values to obtain ACt values for
each sample. To determine changes in expression between
treated and untreated samples (AACt), the ACt values for
treated samples were normalized against untreated, control
ACt values for each test gene. In each experiment, primer effi-
ciency was calculated using standard curves and used to con-
vert the AACt values into -fold change, which was then used to
graph results and calculate S.E. The AACt values of two differ-
ent treatments (Dex alone versus Dex + Drug or Dex + control
siRNA versus Dex + KDAC siRNA) were compared using a
paired ¢ test (two-tailed) to determine whether changes were
statistically significant (p =< 0.05).

Expression Profiling—Hepa-1clc7 cells were seeded in 6-well
platesat 5 X 10° cells/well. The next day cells were treated with
VPA (5 mm) for 5 h and Dex (100 nm) for 4 h, and total RNA was
isolated using the Nucleospin RNA II kit. RNA quality control,
labeling, purification, and hybridization were performed by the
Genomics Shared Service at the University of Arizona Cancer
Center. GeneChip Mouse Gene 1.0 ST arrays (Affymetrix) were
used for hybridization. Bioconductor software was used for sta-
tistical analysis of the microarray data. In the data analysis, the
robust multichip algorithm was used for data preprocessing,
including background correction, normalization, and perfect
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TABLE 1

PCR primers used in the study
dGRE, distal GRE; pGRE, proximal GRE.

Gene

Forward primer

Reverse primer

Exon primers

Sgkl CTGCTCGAAGCACCCTTACC TCCTGAGGATGGGACATTTTCA
Ampd3 AAGATGATCCGGTCGCAGTC CCAGGCTTAGAAGTAGCTCCG
Glul GTGAGCCCAAGTGTGTGGAA GAAGGGGTCTCGAAACATGGC
Tgm2 GACAATGTGGAGGAGGGATCT CTCTAGGCTGAGACGGTACAG
Heépd GGGCCACAGTTTCAGCTTC GAGGGTCTGATAGTCCTCCAC
Sdpr CACACACTCCTGGATAAATTGGT GCGAGACTTCTCTAGCAGCTTG
Rorl ACCGCACTGTGTATATGGAGT TGGCGAACTGAGAGCACTTAT
Sts CCAATCCCTGTATCCCTCTTCT CAAGGAGTTCTCAGACAGTTGC
DS8ertd82e AGGGACCACGTACAAGACCAA CCTCAGAGTTAAGGGATGGCTT
Tnsl AGAGACCGTACCCAAGAATGT GTAGGCTGTGATTGTGGTTGT
Tsc22d3 GGTGGCCCTAGACAACAAGA TCTTCTCAAGCAGCTCACGA
Fam107a CCAGACCAGAGTACAGAGAGTG CCATACCCAAGCCCCTTTTGT
Slc35d1 ATGCTCCGGTTAAAGGAGAAGC CAGGAACACCGTTAGCGTTTC
Len2 TGGCCCTGAGTGTCATGTG CTCTTGTAGCTCATAGATGGTGC
Nfkbia TTGGCAATCATCCACGAAGAG GTATTTCCTCGAAAGTCTCGGAG
Zfp36 TCGAAGAGACCCTAACCAGGC GCGTAGTCATCAGGATCGGA
Pfkfb3 CCCAGAGCCGGGTACAGAA GAGCCCCACCATCACAATCAC
Exon-intron primers
Ampd3 AAGGAGCTTGCAGAGCAGAAGTC CAGCTCCCTCAGGTCTCACAACTAT
Tgm?2 TGTCACCAGGGATGAGAGACGG TCCAAATCACACCTCTCCAGGAG
Sts AGAGCTGAGGATGCACAGATAGCA TATGCCTCTTGGGTAATCGTGGCA
Tnsl TTCTCTCACACGCTTCCGGACTTT TACAGCACACACAGGCAAGGAACT
Hépd GAACGCTGAAGGCAAAGCAAGACA GCCTTGCCAGACATCAGGATGAAA
Rorl AGCGTCGTACCATTACCTTCAGCA ATTCTTCCATGAAACGCACAGCGG
ChIP primers
Tnsl TGAGAAAGTGCAGCTGTTGG GCCAACAGGATGTGTCTGTG
Tsc22d3 CTGCCTTTCTCCACCATAGC AAATCTTGTCCCGCAGTCAC
Sdpr GCAACACCACTTGCTTTGAC GCCCCAGAGCTGACTGATAG
Sgkl dGRE CTTCCCTTATCCAGCATGTCTTGTG TGCATCGTGCAATCTGTGGC
Sgkl pGRE ACGTGTTCTTGGCATGGCTAGGA GGGGCGGAAATAAGTCTCTGCTCTA
Zfp36 CTCTATCAAGTCCGCCCAAG GTCCCTCCGGCTCTTGAC
Len2 TTTGGACGCCTCACCCTGTG AAGGGTGAGCAAGCTGAGAGTGAA

match correction, and then log, -fold change analysis was per-
formed to detect candidate genes that were either up- or down-
regulated. Results of the expression profiling data are in the
process of submission to the Gene Expression Omnibus (GEO).

Co-immunoprecipitation—Hepa-1clc7 and 1470.2 cells
were seeded at a density of 2 X 10° cells/150-mm plate. After
48 h, they were treated with VPA or TSA for 0, 1, and 5 h.
Following treatment, cells were trypsinized, washed with Dul-
becco’s PBS, and pelleted by centrifugation. The cell pellet was
resuspended in ice-cold HEDW buffer (10 mm HEPES, pH 7.4,
1 mMm EDTA, pH 8.0, 10 mm sodium tungstate, 2 mm DTT, and
protease inhibitor mixture (Roche Applied Science)). Cells
were then lysed using a Dounce homogenizer, and glycerol was
added to a final concentration of 10%. The lysate was centri-
fuged at 100,000 X g for 45min to obtain the cytosolic extract.
Protein A-agarose and protein G-agarose slurry were used to
preclear 500 ug of cytosolic protein diluted in HEDW buffer
containing 10% glycerol. To this supernatant, 5 ug of either
anti-GR (BuGR2) antibody or anti-GFP antibody and a mixture
of protein A-agarose and protein G-agarose beads were added
and rotated for 2 h at 4 °C. The beads were pelleted and washed
three times with buffer containing 10 mm HEPES, pH 7.4, 1 mm
EDTA, pH 8.0, 10 mm sodium tungstate, 50 mm NaCl, and 0.5%
Tween 20. The bound proteins were eluted by addition of 2X
SDS-PAGE buffer followed by incubation at 95 °C for 4—5 min
prior to separation by SDS-PAGE.

Western Blotting—Cell lysates for analysis of acetylated a-tu-
bulin and histone H3 and KDAC expression were prepared by
adding 2X SDS-PAGE buffer to treated cells. Proteins were

28902 JOURNAL OF BIOLOGICAL CHEMISTRY

separated by SDS-PAGE and transferred onto a nitrocellulose
membrane (Bio-Rad) at 400 mA for 2.5 h. The membrane was
blocked with 2% nonfat dry milk for 1 h followed by exposure to
primary antibodies at 4 °C overnight. After subsequent expo-
sure to secondary antibodies, the membrane was washed three
times with 1X TBS and 0.1% Tween 20 solution. The proteins
were visualized usinga 1:1 ratio of hydrogen peroxide and lumi-
nol (Pierce) with the ChemiDoc XRS+ molecular imager
(Bio-Rad).

siRNA-mediated KDAC Knockdown—Hepa-1clc7 cells were
plated in 24-well dishes at a density of 2 X 10* cells/well in
antibiotic-free minimum essential medium «. DharmaFECT
Reagent 1 (Dharmacon) was used according to the manufactur-
er’s specifications to transiently transfect the cells with siRNA.
KDAC:s 1, 2, 3, and 8 were depleted using the corresponding
ON-TARGETplus SMARTpool ORF siRNA (Dharmacon).
Successful knockdown was confirmed by Western blotting.
Lamin siRNA and non-targeting siRNA were used as controls.

Chromatin Immunoprecipitation—Hepa-1clc7 cells were
seeded at a density of 2.2 X 10° cells/15-cm plate. After 48 h,
they were treated with either VPA for 2 h, Dex for 1 h, or a
combination of both. The cells were then fixed with 1% form-
aldehyde at room temperature for 10 min and neutralized using
0.125 M glycine. Fixed cells were scraped using ice-cold PBS
with 2% FBS, washed once with ice-cold PBS, and resuspended
in lysis buffer (0.625% SDS, 10 mm EDTA, and 50 mwm Tris, pH
8.0). Chromatin was then fragmented to 200500 bp at 4 °C
with 35 cycles (30 s on, 30 s off) in a Bioruptor (Diagenode). Five
percent of the supernatant was removed for use as input.
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The remaining sonicated chromatin was precleared with
protein A- and protein G-agarose (pretreated with 1 mg/ml
salmon sperm DNA and 1 mg/ml BSA) for 45 min. The chro-
matin equivalent of 1 X 107 cells was then rotated overnight at
4 °C with either antibody against acetylated histone H3 (Milli-
pore 06-599) or no antibody. Protein A- and protein G-agarose
beads (Pierce) were added, and incubation continued for 45
min. Following incubation, the beads were pelleted and washed
sequentially once with low salt buffer (0.1% SDS, 1% Triton
X-100, 2 mm EDTA, 20 mm Tris, pH 8.0, and 150 mm NaCl),
high salt buffer (0.1% SDS, 1% Triton X-100, 2 mm EDTA, 20
mwm Tris, pH 8.0, and 500 mMm NaCl), and lithium chloride buffer
(0.25 m LiCl, 1% Nonidet P-40, 1% sodium deoxycholate, 1 mm
EDTA, and 10 mMm Tris, pH 8.0) and twice with TE buffer (10
mM Tris, pH 8.0 and 1 mm EDTA). All buffers contained pro-
tease inhibitor mixture and 100 nm TSA. Bound chromatin was
eluted with sequential washes of high SDS buffer (1.5% SDS and
0.1 M NaHCOj in TE buffer) and low SDS buffer (0.5% SDS and
0.1 M NaHCO, in TE buffer). Cross-links were reversed by incu-
bation at 65 °C in 200 mm NaCl and 10 mg RNase A for 5 h
followed by proteinase K digestion at 45 °C in 10 mm EDTA and
40 mm Tris, pH 6.8 for 2 h. DNA was extracted twice with
phenol-chloroform-isoamyl alcohol (25:24:1) and ethanol-pre-
cipitated in the presence of glycogen.

Input and bound DNA was amplified in 2X SYBR buffer
(Bioline) using real time qPCR (ABI StepOnePlus). Primer
sequences are listed in Table 1. Ct values for the bound DNAs
were normalized against the input Ct values (ACt), and the
various treatments were normalized against control (AACt).
Primer efficiency was calculated using standard curves and
used to convert the AACt value into -fold change. The ACt
values from the various treatments were compared with those
of untreated control within each experiment and were used in a
paired ¢ test (one-tailed) to determine whether changes were
statistically significant. Values of p = 0.05 were deemed
significant.

RESULTS

Effects of VPA Treatment on Expression of GR-regulated
Genes—Our previous studies showed that the KDACi TSA
inhibits both basal and GR-activated transcription of the
MMTYV promoter (22, 26). To determine whether these find-
ings could be extended to cellular genes, we took a candidate
approach, selecting known GR target genes that are activated in
the presence of glucocorticoids in a variety of cell types (27). We

ments, the KDACis were added to the cells 1 h prior to addition of Dex, which
continued for 4 h. A and B, analysis of selected GR target genes by RT-qPCR.
The results are represented as -fold inductions relative to the control
(untreated). C, effect of VPA on the GR-regulated transcriptome. Cellular RNA
was processed for hybridization to microarrays (Affymetrix Mouse GeneChip
ST 1.0). Genes whose expression was significantly changed relative to
untreated cells were identified for each treatment condition as described
under “Experimental Procedures.” The heat map shows only the genes signif-
icantly changed by Dex treatment over three biological replicates. Columns
2-4 represent -fold change relative to untreated cells. Column 1 represents
the -fold change of the combination treatment compared with Dex alone,
indicating the impact of VPA on Dex-regulated gene expression. Denoted to
the right of the heat map are groups of genes (7-3, 4A, and 4B) that show
similar expression patterns in response to the various treatments and are
described under “Results.”
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FIGURE 2. Effect of TSA and VPA on GR-hsp90 interactions. Hepa-1c1c7
cells (A and B) or 1470.2 cells (C) were treated with TSA (200 nm) (A and C) or
VPA (5 mwm) (B) for up to 5 h. Cytosolic extracts were generated. Overall levels
of GR and hsp90 were measured by Western blot. GR-hsp90 interaction was
measured by immunoprecipitation (/P) with GR or GFP antibody (Ab) followed
by Western blotting with antibodies to GR or hsp90. The results are represent-
ative of two to three independent experiments.

exposed a mouse hepatoma line, Hepa-1clc7, to the KDACi
VPA in the presence and absence of Dex and measured expres-
sion of these genes by RT-qPCR. We chose VPA because it is
clinically relevant and causes reproductive and metabolic side
effects that suggest an impact on nuclear receptor signaling (13,
28, 29). Our analysis identified four genes at which VPA
impaired Dex-activated gene expression as shown in Fig. 1A.
Remarkably, three of these genes were not activated at all in the
presence of Dex and VPA (Fig. 1A, compare VPA+ Dex with
Control). The same four genes were also activated by Dex in a
mouse mammary adenocarcinoma-derived cell line (1470.2).
As shown in Fig. 1B, cotreatment with Dex and VPA or the
pan-KDACi TSA also resulted in impaired glucocorticoid
activation.

The fact that we quickly identified four GR-activated genes
sensitive to the presence of KDACi in two cell lines of different
tissue origin suggested that KDACi may have a significant
impact on the GR-regulated transcriptome. Thus, we carried
out expression profiling of the Hepa-1clc7 cells treated with
VPA in the presence and absence of Dex. Genes that were sig-
nificantly regulated by Dex alone were extracted from the
expression profiling data to identify how VPA exposure affects
their expression in the presence or absence of Dex as shown by
the heat map in Fig. 1C. The expression patterns of the genes
activated by Dex can be organized into four groups that are
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denoted to the right of the heat map. The first group contains
genes that are activated by Dex but unaffected by VPA treat-
ment. The fact that this group is rather small in number indi-
cates that VPA exposure has profound effects on expression of
GR target genes.

The second group contains two clusters of genes that are
activated by either Dex or VPA. At these GR target genes, VPA
alone mimics the effects of Dex. In the presence of both drugs,
the extent to which these genes are activated is unchanged rel-
ative to Dex treatment alone. This is evidenced by the lack of
green or red signal in the first column of the heat map, which is
a comparison of the -fold change in the presence of VPA plus
Dex versus Dex alone. The third group of genes is very small and
contains those at which the combination treatment results in
more activation than either drug alone. However, the increase
in activation at these genes is rather small, indicating additive
rather than synergistic effects.

The fourth group of genes is the largest: ~50% of the total
number of GR-activated genes. These genes show impaired
activation by Dex when VPA is present as evidenced by the
green signal in the Dex/VPA versus Dex column. These genes
cluster into two main groups, indicated by 44 and 4B in Fig. 1C.
Dex activation of genes in group 4A is moderately impaired by
VPA. In addition, VPA treatment alone has either no effect or
only a weak effect on expression of these genes, suggesting that
the predominant effects of VPA are manifested upon activation
of the GR. In contrast, Dex activation of the genes in group 4B is
strongly impaired as indicated by the bright green signal in col-
umn 1. Although VPA treatment alone shows little to no effect
on basal expression of some of these genes, others are strongly
repressed by VPA alone (column 2). Thus, the effects of VPA on
expression of these genes may be both independent of and
dependent on GR activation.

Impact of VPA on GR-Hsp90 Interaction—The impaired acti-
vation of many GR target genes in the presence of VPA indi-
cates that GR signaling is negatively impacted in some way. In
the absence of ligand, GR is complexed with the molecular
chaperone hsp90. This interaction is important to maintain the
GR in a ligand binding-competent conformation. Acetylation
of hsp90 is known to inhibit its ability to interact with GR and
other steroid receptors, resulting in impaired binding to ligand
and receptor degradation (5, 30). Hsp90 is deacetylated primar-
ily by the Class IIB KDACS. It is possible the GR-hsp90 inter-
actions may be disrupted by TSA or VPA so we carried out
co-immunoprecipitation experiments to measure this directly.
Hepa-1clc7 cells were exposed to TSA or VPA for up to 5 h.
Cytosolic extracts were prepared and subjected to immunopre-
cipitation with GR antibody. In the presence of the pan-KDACi
TSA, GR-hsp90 complexes were disrupted quickly in Hepa-
1clc7 cells (Fig. 2A). Accordingly, GR levels declined over 5-h
TSA treatment. Interestingly, we performed the same experi-
ment in the mouse mammary adenocarcinoma-derived cell line
1470.2 in which we had shown that TSA treatment impairs GR
transactivation (Fig. 1B). In contrast to the Hepa-1clc7 results,
the GR-hsp90 complex remained intact over the 5 h of treat-
ment, and GR levels did not decline (Fig. 2C). Thus, the
impaired transactivation observed in the 1470.2 cells in the
presence of TSA is not likely due to negative effects on GR
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processing. The difference in response of the two cell lines to
TSA may reflect differences in the rate at which hsp90 is
acetylated.

VPA treatment of Hepa-1clc? cells (Fig. 2B) did not affect
the GR-hsp90 complex nor change GR levels. This is consistent
with studies showing that VPA does not inhibit KDAC6 effi-
ciently (8). Like hsp90, a-tubulin is primarily deacetylated by
KDACS6. To confirm that VPA does not inhibit KDAC6 in our
system, we treated the Hepa-1clc7 cells with either TSA or
VPA and used an acetyl-specific a-tubulin antibody to measure
tubulin acetylation. We observed that VPA has no effect on
a-tubulin acetylation, whereas TSA potently induces it (data
not shown) in accordance with the fact that it is a pan-KDACi
effective against both Class I KDACs and KDACS6. Altogether
these results indicate that impaired GR transactivation is not
due to a disruption in GR processing caused by KDACiI treat-
ment. This is supported by our findings that there are genes at
which activation by Dex is unaffected by VPA treatment (Figs.
1Cand 4C). A defect in GR processing that affects ligand bind-
ing would likely impact all GR target genes.

VPA Exposure Blunts Dex-induced Transcription—The
expression profiling results clearly show that impaired GR
transactivation in the presence of VPA is gene-selective, sug-
gesting that VPA impacts the genes at the transcriptional level.
To address this question, we measured levels of nascent,
unspliced transcripts from six GR target genes at which trans-
activation was impaired using exon-intron primer sets in RT-
qPCR (Table 1). Hepa-1clc7 cells were treated with Dex or a
combination of Dex plus VPA for up to 4 h as shown in Fig. 3.
The results clearly show that at four of the six genes transcrip-
tional activation by Dex was blunted. Transcription from the
Ampd3 and Tnsl genes barely increased at all with the combi-
nation treatment over a time frame in which Dex alone caused
significant increases in transcription (Fig. 3, A and D). At the
Tgm?2 and St5 genes, transcription did increase in response to
the combination treatment, but the increase was much smaller
than that induced by Dex alone (Fig. 3, B and C). Interestingly,
we did not observe significant differences in transcription from
the Rorl and H6pd genes between the combination treatment
and Dex alone (Fig. 3, E and F). GR transactivation of these
genes was significantly repressed by KDACi as determined by
measurement of mRNA (see Fig. 4B). The lack of change in
transcription indicates that expression of these genes is
impacted by VPA at the post-transcriptional level.

A Structurally Distinct KDACi Impacts GR Transactivation
Similarly to VPA—It is clear from our results that VPA can
impair GR-induced transcription, but the role of its KDAC-
inhibiting properties is an open question. VPA is known to have
direct effects on two classes of proteins: KDACs and enzymes
that breakdown the neurotransmitter y-aminobutyric acid
(GABA). However, it also modulates the activity of several sig-
naling pathways through unknown mechanisms that could
involve KDACs or unrecognized targets (for a review, see Ref.
31). One approach to investigate the role of KDAC inhibition in
the negative effect of VPA on GR transactivation is to deter-
mine whether a structurally distinct KDACi has similar effects.
KDACis are a structurally diverse set of small molecules. VPA is
a simple aliphatic acid, whereas apicidin is a cyclic tetrapeptide
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(Fig.4A). They are both Class I-selective KDACis, and their vast
structural differences are likely to cause distinct off-target
effects. Thus, if VPA and apicidin have distinct effects on GR
target genes, then the impaired GR transactivation caused by
VPA exposure may not be mediated through KDAC inhibition.

We treated Hepa-1clc7 cells with either VPA or apicidin in
the presence or absence of Dex and assayed their effects on two
groups of genes. The first group consisted of 13 genes at which
Dex induced mRNA levels at least 2-fold and VPA impaired
Dex-induced gene expression. Apicidin treatment had remark-
ably similar effects on these genes when compared with VPA.
Results from five such genes are shown in Fig. 4B. In the absence
of Dex, both apicidin and VPA had modest repressive effects on
four of the five genes. In the presence of Dex, both apicidin and
VPA significantly impaired activation of all genes by Dex. The
second group of genes examined consisted of four genes at
which VPA had no significant effect in the expression profiling
experiment. Fig. 4C shows that both apicidin and VPA had little
effect on the expression of these genes. Importantly, neither
significantly impaired GR transactivation as determined by sta-
tistical analysis. Altogether apicidin and VPA had similar
effects on GR transactivation across 17 GR target genes,
strongly suggesting that the impairment of GR transactivation
we observed is mediated through the KDAC-inhibiting activity
of these small molecules.

VPA Induces Histone H3 Acetylation at GRE Regions of Tar-
get Genes—Histone acetylation has been found to be very
dynamic in active regions of the genome, indicating that both
KATs and KDAC:s are present and active (for a review, see Ref.
32). This is consistent with more recent ChIP-sequencing stud-
ies that showed that KDACs are enriched at active or poten-
tially active genes along with KATs (33-35). Chromatin immu-
noprecipitation was performed to determine whether short
term VPA treatment increases histone H3 acetylation in the GR
binding regions of six GR-activated genes. (Chromosomal
sequence positions and locations of these regions relative to the
target gene are shown in Table 2.)

Fig. 5 shows that VPA induces histone H3 acetylation at five
of seven GR binding regions examined. Significant Dex-in-
duced GR binding was confirmed by ChIP assay (data not
shown). The Tnsl, Tsc22d3, Sdpr, and Sgkl genes are in the
group of VPA-impaired GR target genes (Figs. 14, 6D, and 8E).
Asshown in Fig. 5, A and B, VPA increased the average level of
H3 acetylation at GREs in all of these genes. Interestingly, two
GREs in the SgkI gene showed different responses to VPA (Fig.
5B). Histone H3 acetylation was unaffected by VPA at the prox-
imal GRE in the SgkI promoter, whereas it was increased at the
distal GRE found downstream of the gene. This finding in par-
ticular shows that the VPA-induced changes in H3 acetylation
are not due to nonspecific inhibition of KDACs in the nucleo-
plasm but reflect changes in activity of KDACs present in spe-
cific gene regions. Finally, we tested two genes at which GR
transactivation was unaffected by VPA, Zfp36 and Lcn2 (Fig.
4C). Fig. 5C shows that VPA increased H3 acetylation at one but
not the other. These results show that histone acetylation in the
GR binding regions of most of these genes is highly dynamic,
strongly indicating the presence of active KDACs.
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FIGURE 3. Effects of VPA on Dex-induced transcription. Hepa-1c1c7 cells were treated with either Dex (100 nm) or a combination of VPA (5 mm) plus Dex. In

the latter, cells were exposed to VPA for 1 h prior to the addition of Dex. Cells were harvested at 30, 60, 120, and 240 min after Dex addition. RNA was isolated

and subjected to RT-gPCR using intron-exon primers sets to measure nascent transcripts. The graphs represent -fold changes in nascent transcripts for each

treatment time relative to levels in untreated cells for the Ampd3 (A), Tgm2 (B), St5 (C), Tns1 (D), Ror1 (E), and H6pd (F) genes. The results shown were derived from

three to five independent experiments. Error bars represent S.E.

Interestingly, Dex treatment significantly increased H3
acetylation at only three of seven GREs, and with the exception
of the distal SgkI GRE, the changes were smaller than those
induced by VPA. Cotreatment with Dex and VPA did not result
in higher levels of H3 acetylation than were observed with VPA
alone. Steroid receptors are well established to recruit KATs to
target genes. Our findings suggest that histones may not be
their primary substrates in these cases.

Depletion of KDACI Impairs GR Transactivation at the Major-
ity of KDACi-impaired Genes—A role for Class I KDACs in GR
transactivation is implicated by the above results because VPA and
apicidin are Class I-selective KDACis. To test this directly, we per-
formed siRNA-mediated depletions of all the Class I KDACs indi-
vidually. We then assayed their effects on GR transactivation at 13
target genes impaired by VPA treatment as well as four target
genes that were unaffected. KDAC1 depletion (Fig. 64, inset) had
the most significant effect, and the responses of the 17 target genes
could be classified into three groups.
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In the first group, KDAC1 depletion fully mimicked the
degree of impairment in GR transactivation observed with VPA
treatment as shown in Fig. 6. This group encompasses over half
of the 13 KDACi-impaired GR target genes examined. Relative
to the amount of Dex activation observed in the presence of a
control siRNA, -fold inductions by Dex were significantly
impaired in the presence of KDAC1 siRNA (Fig. 6, A and C). For
each of these genes, the magnitude of the impairment (control
versus KDAC1 siRNA) was similar to that seen when compar-
ing -fold induction by Dex in the presence and absence of VPA
(compare VPA/Dex with Dex conditions in Fig. 6, B and D). In
contrast, depletion of KDACs 2, 3, and 8 had no significant
effect on Dex activation of any of these genes (data not shown).
Thus, KDACL is likely to be sufficient in facilitating transacti-
vation at these GR target genes.

At the second group of genes, KDACI depletion partially
impaired GR transactivation relative to VPA. Depletion of
KDACT significantly reduced the magnitude of Dex induction
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FIGURE 4. The Class I-selective KDACis apicidin and VPA have very similar
effects on GR-activated gene expression. Hepa-1c1c7 cells were treated
with VPA (5 mwm) or apicidin (0.25 wg/ml) for 5 h and Dex for 4 h. In the com-
bination treatments, the KDACis were added 1 h prior to Dex with continued
treatment for 4 h. RNA was isolated and subjected to RT-qPCR. A, the distinct
chemical structures of VPA and apicidin. B, effects of apicidin on GR target
genes found to have impaired transactivation in the presence of VPA. C,
effects of apicidin on GR target genes at which transactivation was unaffected
by VPA. The graphs shown are the summary of three to five independent
experiments and represent -fold changes relative to untreated cells. Asterisks
indicate a significant change in -fold induction under the combination treat-
ments relative to Dex alone as determined using the paired t test. *, p < 0.05;
** p =< 0.01. Error bars represent S.E.

of the Fam107a and Ampd3 genes (Fig. 7A) but to a smaller
extent than observed with VPA (Fig. 7D). In addition, like the
genes described above, individual depletion of the other Class I
KDACs had no effect on GR transactivation at these genes (data
not shown). KDACs 1 and 2 are known to form homo- or het-
erodimers and are reported to be present in the same com-
plexes (36). Thus, we considered the possibility that both
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TABLE 2
Positions of GR binding regions and location relative to GR target gene
dGRE, distal GRE; pGRE, proximal GRE; chr, chromosome.

Gene Position” Location
Tnsl chr1:73,921,071-73,921,546 Intronic GRE
Tsc22d3 chrX:135,884,061-135,884,464 1.6 kbp downstream of gene
Sdpr chr1:51,233,235-51,233,746 350 bp upstream of Exonl
Sgkl dGRE  chr10:21,694,174—21,694,484 5.2 kbp downstream of gene
Sgkl pGRE  chr10:21,682,962-21,683,307 1 kbp upstream of gene
Zfp36 chr7:28,084,970-28,085,703 200 bp downstream of gene
Len2 chr2:32,210,118-32,210,462 500 bp upstream of Exonl

“ Sequence positions were derived from the UCSC Genome Browser, mouse ge-
nome build February 2006.

KDACs 1 and 2 are required for efficient transactivation of
these promoters. Fig. 7C shows that simultaneous depletion
of KDACs 1 and 2 (Fig. 7B) severely impaired transactivation of
the Faml107A gene, indicating that these KDACs cooperate to
facilitate GR action in this context. In contrast, the co-depletion
did not recapitulate the strong effects of either VPA or apicidin
(Figs. 4B and 7D) on transactivation of the Ampd3 gene. This
result suggests that other KDACs cooperate with KDAC1 to
facilitate transactivation in this gene context.

The third group of genes consists of those resistant to
KDACI1 depletion. Of 13 genes at which VPA impaired GR
transactivation, four fell into this group as shown in Fig. 84.
Individual depletion of the other Class I KDACs also had no
effect on these genes (data not shown). In addition, three of the
four GR target genes at which VPA had no effect on transacti-
vation (Fig. 4C) were also resistant to KDAC1 depletion as
shown in Fig. 8B. The fourth, Pfkfb3, showed a small but signif-
icant inhibition of GR transactivation upon KDAC1 depletion.
Thisis likely to be an indirect effect of KDAC1 depletion for two
reasons. First, co-depletion of KDACs 1 and 2 had no signifi-
cant effect on this gene (Fig. 8D), and second, exposure to nei-
ther VPA nor apicidin had a significant effect on transactivation
of Pfkfb3 (Fig. 4C).

Because GR transactivation of the Famli07a gene was
dependent on both KDACs 1 and 2, we carried out simultane-
ous depletion of these proteins to examine their effects on the
group of genes resistant to KDAC1 depletion. We observed
partially impaired transactivation of three of these genes. The
Nfkbia gene showed a very small but significant inhibition of
GR transactivation upon co-depletion of KDACs 1 and 2 (Fig.
8D). This is again likely to be an indirect effect because KDACis
did not affect transactivation of this gene (Fig. 4C). Dex activa-
tion of Sdpr and Slc35d1 (Fig. 8C) was also significantly inhib-
ited upon co-depletion of KDACs 1 and 2. Because the magni-
tude of the impairment was small, it is possible that this
represents an indirect effect of the co-depletion. However,
unlike Nfkbia, GR transactivation of the Sdprand Slc35d1 genes
was potently suppressed by both VPA and apicidin (Fig. 8E),
indicating that other KDACs in addition to KDACs 1 and 2
cooperate to directly facilitate transactivation by GR. Two
genes (Rorl and H6pd) at which GR transactivation was
strongly impaired by the two KDACis were resistant to individ-
ual and simultaneous depletion of KDACs 1 and 2 (Fig. 8, A and
C, and data not shown). Interestingly, these genes are also those
at which Dex-induced transcription was unaffected by the pres-
ence of VPA (Fig. 3, E and F).
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FIGURE 5. Histone H3 acetylation is sensitive to VPA treatment at GR
binding regions. Hepa-1c1c7 cells were treated with Dex (100 nm) for 1 h,
VPA (5 mm) for 2 h, or a combination of VPA (5 mm) plus Dex. In the latter, cells
were exposed to VPA for 1 h prior to the addition of Dex for an additional
hour. Chromatin immunoprecipitation was performed with an antibody
against acetylated histone H3. The graphs show -fold changes in the level of
histone H3 acetylation for each of the treatments relative to untreated and
are a summary of three to four independent experiments. A, results for VPA-
impaired GR target genes Tns1, Tsc22d3, and Sdpr. B, results for two GREs in
the VPA-impaired SgkT gene. C, results for the VPA-unaffected genes Zfp36
and Lcn2.*, p = 0.05; **, p =< 0.01. Error bars represent S.E.

DISCUSSION

The action of KDAC:s is generally thought to be inhibitory to
transcription, including that activated by steroid receptors. Our
study shows that exposure to KDACis has a major impact on
the GR-regulated transcriptome. Specifically, we demonstrate
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FIGURE 6. KDAC1 depletion fully mimics the effect of VPA at seven GR
target genes.Aand C,Hepa-1c1c7 cells were transfected with control (Ctrl) or
KDAC1 siRNAs as described under “Experimental Procedures.” Forty eight
hours after transfection, cells were treated with or without Dex (100 nm) for
4 h. RNA was isolated from cells and subjected to RT-gPCR. The graphs are a
summary of four to five independent experiments and show -fold inductions
in the presence of Dex relative to the corresponding untreated control for
cells transfected with either control or KDAC1 siRNAs. Asterisks denote signif-
icant changes between Dex-treated cells transfected with KDAC1 siRNA rela-
tive to control siRNA. B and D, Hepa-1c1c7 cells were treated as described in
the legend to Fig. 1. The graphs summarize the results of three to five inde-
pendent experiments and show -fold inductions for each treatment condi-
tion relative to control, untreated cells. Asterisks represent significant changes
between cells treated with Dex alone and cells treated with Dex plus VPA. *,
p = 0.05; **, p = 0.01. Error bars represent S.E.

that Class I KDAC activity enables efficient GR-induced tran-
scription at a sizable fraction of GR-activated cellular target
genes and establish that KDAC1 is a major player in facilitating
GR transactivation.

Our expression profiling showed that VPA treatment inhib-
ited GR-induced transactivation at about 50% of Dex-induced
genes, raising the interesting possibility that KDACs may gen-
erally facilitate rather than impair GR transactivation. KDAC6
has been shown to facilitate GR signaling through deacetylation
of hsp90. However, VPA treatment did not disrupt the
GR-hsp90 interaction nor induce GR degradation, indicating
that it does not cause global defects in GR processing. Analysis
of nascent transcripts showed that VPA either prevents or
blunts Dex-induced transcription at the majority of genes
tested. Combined with a lack of effect on GR processing, this
result strongly indicates that VPA impacts GR action primarily
at the transcriptional level.

Interestingly, VPA had no significant effect on Dex-induced
transcription at the RorI and H6pd genes, but it impaired the
accumulation of mRNA, suggesting an effect on post-transcrip-
tional processes. This is noteworthy because it is often assumed
that short term changes in mRNA levels in response to drugs or
hormones reflect changes in transcription. A large proteomics
study reported that many proteins involved in RNA processing
were acetylated (1), thereby raising the possibility that KDACs
regulate gene expression at the post-transcriptional level. The
Rorl and Hé6pd genes are further set apart from the other GR
target genes examined in that they were resistant to all the
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FIGURE 7. KDAC1 and KDAC2 cooperate in transactivation of the
Fam107a gene. A-C, Hepal-c1c7 cells were transfected with siRNAs and
treated as described in the legend to Fig. 6. B, Western blot of KDAC1 and
KDAC2 in cells that had been transfected with control (Ctrl) siRNA or with
siRNAs against both KDAC1 and KDAC2. GAPDH levels are shown as a loading
control. The graphs in A and C are a summary of four to five independent
experiments and show -fold inductions in the presence of Dex relative to the
corresponding untreated control for cells transfected with control or KDAC1
siRNAs (A) or with control or KDAC1 plus KDAC2 siRNAs (C). Asterisks denote
significant changes between Dex-treated cells transfected with siRNAs tar-
geted against KDACs relative to control siRNA. D, Hepa-1c1c7 cells were
treated as described in the legend to Fig. 1. The graphs summarize the results
of three to five independent experiments and show -fold inductions for each
treatment condition relative to control, untreated cells. Asterisks represent
significant changes between cells treated with Dex alone and cells treated
with Dex plus VPA. *, p = 0.05; **, p < 0.01. Error bars represent S.E.
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FIGURE 8. Multiple KDACs cooperate in transactivation of some GR target
genes. A-D, Hepa-1c1c7 cells were transfected with siRNAs and treated as
described in the legend to Fig. 6. The graphs shown are a summary of four to
five independent experiments and show -fold inductions in the presence of
Dex relative to the corresponding untreated control for cells transfected with
control or KDAC1 siRNAs (A and B) or with control or KDAC1 plus KDAC2
siRNAs (C and D). Asterisks denote significant changes between Dex-treated
cells transfected with siRNAs targeted against KDACs relative to control
siRNA. E, Hepa-1c1c7 cells were treated as described in the legend to Fig. 4.
The graph shows a summary of three to five independent experiments and
represents -fold changes relative to untreated cells. Asterisks indicate a signif-
icant change under the combination treatments relative to Dex alone as
determined using the paired t test. *, p < 0.05; **, p < 0.01. Error bars repre-
sent S.E.

KDAC depletions performed, suggesting that a distinct combi-
nation of KDACs may influence post-transcriptional regulation
of gene expression.

Our study clearly shows that VPA impairs Dex-induced tran-
scription through its ability to inhibit KDACs. First, the
responses of 17 GR-activated genes to the structurally dis-
tinct KDACi apicidin were remarkably similar to the responses
elicited by VPA, suggesting that the effects of VPA are not
likely to be mediated through non-KDAC targets. Second,
siRNA-mediated depletion of KDACs impaired GR transacti-
vation at many genes found to be sensitive to KDACi. Further-
more, the action of KDACs in facilitating GR transactivation is
likely to be mediated directly at the target genes affected. Short
term VPA treatment increased levels of histone H3 acetylation
in the GRE regions of five of six GR target genes tested, indicat-
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ing that Class I KDACs are present and active in these gene
regions prior to GR binding. These KDACs could thus poten-
tially interact with GR or deacetylate components of GR-as-
sembled transcription complexes to facilitate transcription.
This is consistent with the findings of Qiu and co-workers (24,
25, 37) who showed that KDACs 1 and 2 are both present at the
MMTYV promoter prior to GR binding. KDAC1 and GR interact
at the MMTYV promoter but do not cycle on and off with the
same kinetics (25), suggesting that their association with the
promoter is not interdependent. In addition, Chng et al. (38)
showed that KDACs 1-3 are associated with androgen receptor
binding regions of target genes in the presence and absence of
androgen. Global analyses of Class I KDAC localization have
consistently shown enrichment in active or transcriptionally
competent regions of the genome (33-35).

The siRNA experiments established that KDAC1 plays a
major role in facilitating efficient GR transactivation. For seven
of 13 genes at which VPA impaired GR transactivation, KDAC1
depletion fully mimicked the effects of VPA, indicating that it is
the predominant KDAC involved. At an additional gene
(Fam107a), co-depletion of KDACs1 and 2 was required to fully
mimic the effects of VPA or apicidin. For three of 13 genes at
which VPA or apicidin significantly impaired GR transactiva-
tion (Ampd3, Sdpr, and Slc35d1), depletion of either KDAC1 or
both KDACs 1 and 2 caused a partial impairment of GR trans-
activation. Thus, in these gene contexts, it is possible that
KDAC:s 1 and 2 directly facilitate GR action but do so in coop-
eration with at least one other KDAC. We did not attempt co-
depletion of KDACs 1-3 because of potential deleterious
effects on cell survival. Altogether our study shows that
KDACI, acting alone or sometimes in concert with KDAC2,
makes a positive and significant contribution to GR-induced
transcription in a variety of gene contexts.

KDACs 1 and 2 have been found in the same complexes,
specifically the Sin3, co-repressor of RE1 silencing transcrip-
tion factor (CoREST), and nucleosome remodeling and histone
deacetylation (NURD) complexes (36), so it is somewhat sur-
prising that depletion of either KDAC1 or KDAC?2 resulted in
different outcomes. Over 50% of the 13 selected genes at which
KDACis impair GR transactivation were dependent on KDAC1
alone. It is possible that KDAC1 is expressed at a significantly
higher level than KDAC2 in our cell line and thus would pre-
dominate in such complexes. However, in K562 cells, KDACs 1
and 2 show differential association with the above-mentioned
complexes (9) and colocalize with distinct sets of transcrip-
tional regulatory proteins at genomic loci containing active
genes (35). These studies suggest that the functions of KDACs 1
and 2 are not entirely redundant. In addition to the large group
of genes at which KDAC1 alone facilitates GR transactivation,
we identified a smaller group of genes at which both KDACs 1
and 2 contribute, suggesting that more than one KDAC-con-
taining complex cooperates with GR to allow efficient activa-
tion of transcription.

Class I KDACs have been shown to facilitate gene expression
activated by other steroid receptors. Welsbie et al. (39) deter-
mined that KDACs 1 and 3 were largely responsible for promot-
ing androgen receptor transactivation in LNCaP cells, whereas
KDACS3 has been shown to potentiate mineralocorticoid recep-
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tor transactivation in HEK293 cells (40). Several studies suggest
a positive relationship between KDAC activity and promoter
association of RNA polymerase (pol) II. KDACi did not inhibit
the association of agonist-bound androgen receptor with the
prostate-specific antigen enhancer, but its ability to recruit
RNA pol II to the prostate-specific antigen gene was dramati-
cally impaired (39). This is strikingly reminiscent of reports on
the MMTYV promoter. In the presence of mutant KDAC1 or
KDAC], GR is able to associate with the promoter and induce
chromatin remodeling (22, 25). The block to transactivation
was in the activation step during which RNA pol II is recruited.
Accordingly, TSA treatment resulted in loss of RNA pol II from
the promoter (26). This relationship may apply to other signal-
ing-activated transcription factors. In the presence of TSA, IL3-
activated Stat5 associated efficiently with target promoters but
was unable to recruit RNA pol II (41).

KDACs may facilitate glucocorticoid-induced transcription
by removing inhibitory acetylation from transcriptional regu-
latory proteins. GR acetylation has been shown to impair (42) or
have no effect on DNA binding (43), suggesting that its impact
may be gene-specific. Acetylation of steroid receptor coactiva-
tor 3 inhibits its ability to interact with the estrogen receptor
(44). In fact, androgen receptor fails to recruit steroid receptor
coactivator 1 and p300 to the prostate-specific antigen
enhancer in the presence of TSA (39). Finally, a major proteo-
mics study found that components of KAT, lysine methyltrans-
ferase, and chromatin remodeling complexes known to be
recruited to steroid-activated genes are acetylated at multiple
sites (1). In these cases, little is known about the functional
impact of acetylation. It is clearly possible that the targets of
KDAC action may be varied and dependent on context, consist-
ent with the gene-selective effects we have documented.

Long held models of steroid receptor transactivation predict
that KDAC inhibition should increase the magnitude of target
gene responses because KATs, which directly facilitate transac-
tivation through histone acetylation, would be unopposed. The
expression profiling identified only a few GR target genes with
moderately increased activation in the presence of Dex and
VPA. The fact that a large fraction of GR target genes showed
the opposite effect as a result of KDACi exposure or KDAC
depletion clearly demonstrates that the current models for
GR transactivation are incomplete probably because they
focus on the stimulatory role of histone acetylation and do
not account for acetylation of non-histone transcriptional
regulatory proteins.

Our findings also have ramifications for the clinical use of
KDACis, which are now used to treat mood and seizure disor-
ders as well as cancer but are also being evaluated to treat a wide
variety of disorders, including neurological and inflammatory
diseases (45). VPA has a striking impact on the GR-activated
transcriptional program that is not limited to a particular cell
type. Few GR-activated genes were completely unaffected by
VPA; the majority were impacted in two ways. First, treatment
with VPA alone activated a subset of GR target genes. Second,
the most prevalent effect of VPA was the moderate to severe
impairment of Dex-induced activation. Overall, these effects of
VPA exposure have high potential to either mimic some of the
effects of glucocorticoids in their absence or change the overall
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cellular response in their presence. Because human exposure to
KDACis is likely to increase, it is important to understand how
these drugs affect endocrine pathways.
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