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Suberoylanilide hydroxamic acid (SAHA) is a potent inhibitor of
histone deacetylases (HDACs) that causes growth arrest, differen-
tiation, and�or apoptosis of many tumor types in vitro and in vivo.
SAHA is in clinical trials for the treatment of cancer. HDAC inhib-
itors induce the expression of less than 2% of genes in cultured
cells. In this study we show that SAHA induces the expression of
vitamin D-up-regulated protein 1�thioredoxin-binding protein-2
(TBP-2) in transformed cells. As the expression of TBP-2 mRNA is
increased, the expression of a second gene, thioredoxin, is de-
creased. In transient transfection assays, HDAC inhibitors induce
TBP-2 promoter constructs, and this induction requires an NF-Y
binding site. We report here that TBP-2 expression is reduced in
human primary breast and colon tumors compared with adjacent
tissue. These results support a model in which the expression of a
subset of genes (i.e., including TBP-2) is repressed in transformed
cells, leading to a block in differentiation, and culture of trans-
formed cells with SAHA causes re-expression of these genes,
leading to induction of growth arrest, differentiation, and�or
apoptosis.

H istone acetyl transferases and histone deacetylases
(HDACs) regulate the acetylation of histones (1). Histone

acetylation affects gene expression (2), and inhibitors of
HDACs, such as the hydroxamic acid-based hybrid polar com-
pound suberoylanilide hydroxamic acid (SAHA) (3), induce
growth arrest, differentiation, and�or apoptosis of transformed
cells in vitro (4–6) and inhibit tumor growth in vivo (7–12).
SAHA is in phase I clinical trials for the treatment of solid and
hematological tumors.

HDACs catalyze the removal of acetyl groups from lysine
residues in the amino-terminal tails of the nucleosomal core
histones (2, 13). HDACs can be divided into three classes. Class
I HDACs (HDACs 1, 2, 3, and 8) are similar to the yeast RPD3
protein, are located in the nucleus, and are found in complexes
associated with transcriptional corepressors (13). Class II
HDACs (HDACs 4, 5, 6, 7, 9, and 10) are similar to the yeast
HDA1 protein and are found in both the nucleus and cytoplasm
(13–18). Both class I and II HDACs are inhibited by SAHA and
related hydroxamic acid-based HDAC inhibitors (3, 14). Class
III HDACs form a structurally distant class of NAD-dependent
enzymes that are related to the yeast SIR2 proteins and are not
inhibited by hydroxamic acid-based HDAC inhibitors (19, 20).

Differential display analysis of transformed lymphoid cell lines
revealed that the HDAC inhibitor trichostatin A alters the expres-
sion of less than 2% of transcribed genes (21). One gene whose
expression is induced by HDAC inhibitors is the p21WAF1 gene (4,
22, 23). The p21WAF1 protein is an inhibitor of cyclin-dependent
kinases and inhibits cell cycle progression in the G1 phase of the cell
cycle. p21WAF1 is induced within 2 h of culture of transformed cells
with HDAC inhibitors. Induction by HDAC inhibitors requires an
Sp1 site (23) and is associated with accumulation of acetylated
histones in the promoter region of the gene (24, 25). Expression of
the multidrug resistance 1 gene (MDR1) (26) and the SHP-1 gene
(27) is induced by the HDAC inhibitors and requires the presence

of a functional NF-Y binding site. These studies suggest that there
are at least two classes of genes whose expression is induced by
HDAC inhibitors: one class whose induction requires Sp1 sites in
the promoter (e.g., p21WAF1) and a second that requires NF-Y sites
(e.g., MDR1 and SHP-1).

The current study was designed to identify and characterize
additional target genes of HDAC inhibitors. Using microarray
analysis, we found that SAHA induces the expression of the
thioredoxin-binding protein-2 (TBP-2) gene in LNCaP prostate
cells. The induction of TBP-2 was associated with a decrease in
thioredoxin (TRX) mRNA levels in these cells. We report here
that TBP-2 mRNA levels are reduced in human breast and colon
tumor tissue compared with matched samples of normal tissues.
We cloned the promoter region of the TBP-2 gene and found
that it is directly induced by SAHA and requires a NF-Y site for
this induction. Induction of TBP-2 followed by decreased levels
of TRX may play a critical role in SAHA-induced growth arrest
and�or apoptosis in transformed cells.

Experimental Procedures
Cell Culture. LNCaP prostate carcinoma, T24 bladder carcinoma,
and MCF7 breast carcinoma cells were obtained from the
American Type Culture Collection and cultured as suggested.
SAHA was synthesized as described (4) and was dissolved and
diluted in DMSO.

Microarray Analysis. LNCaP human prostate carcinoma cells were
cultured in the presence of vehicle alone (DMSO) or SAHA (7.5
�M) for 0.5, 2, 6, or 24 h, and total RNA was isolated from the
cells by using Trizol reagent (GIBCO�BRL). Poly(A)� mRNA
was isolated from the total RNA by using Oligotex columns
(Qiagen, Valencia, CA). Poly(A)� mRNA from cells cultured
with SAHA was compared with mRNA from cells cultured
without SAHA, using the UniGEM human cDNA array (Incyte,
St. Louis). A 2-fold change was considered as a threshold for real
differences in gene expression.

Northern Blotting. Total RNA (10 �g) was analyzed by Northern
blotting using a 32P-labeled 1.1-kb TBP-2 coding region cDNA
probe or a 500-bp cDNA probe for human TRX according to
Ausubel et al. (28).

Expression of TBP-2 in Normal and Tumor Tissues. Northern blots
containing poly(A)� mRNA extracted from a panel of different
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normal human tissues was obtained from CLONTECH. Blots
were hybridized first with a 32P-labeled 1.1-kb TBP-2 cDNA
probe, then with a 32P-labeled 2.0-kb cDNA probe for �-actin,
as a loading control.

Dot blots of cDNAs from matched pairs of normal and tumor
tissues from human patients were obtained from CLONTECH.
The manufacturer (CLONTECH) normalized the quantities of
cDNA on the blot by using three housekeeping genes: ubiquitin,
23-kDa highly basic protein, and ribosomal protein S9. The blot
was hybridized with the 32P-labeled 1.1-kb TBP-2 cDNA probe
according to the manufacturer’s instructions.

Cloning of the 5� Regulatory Region of the TBP-2 Gene. Rapid
amplification of cDNA ends was performed to determine the
transcriptional start site of the TBP-2 gene, using TBP-2-specific
primer 1 (5�-GTTGGTTTTAAGAGTTAGAAATGACGG-3�)
and nested primer 2 (5�-TAAGGTATTCTTAAGCAGTTT-
GAGC-3�) with Marathon-ready human brain cDNA (CLON-
TECH), according to the manufacturer’s instructions. A product
of approximately 200 bp was amplified, gel-purified, and sub-
cloned, and nine independent clones were sequenced. From this
sequence, two additional primers (5�-CCAATTGCTG-
GAGAAAAGATCCG-3� and 5�-AAGATCCGATCTCCA-
CAAGCACTCC-3�) were designed. These two primers were
used to clone the promoter of the TBP-2 gene by genome
walking with the GenomeWalker kit (CLONTECH). Products
ranging from approximately 1,200 to 1,800 bp were amplified
from three of the genomic libraries (SspI, PvuII, and DraI),
gel-purified, and subcloned for sequencing. Sequencing was
performed at the DNA Sequencing Facility at Cornell University
(Ithaca, NY). At least two clones obtained from each of the three
libraries were sequenced, and all were found to be virtually
identical in the region directly upstream of the 5� untranslated
region of the TBP-2 gene. The sequence for the 1,763-bp SspI
fragment was deposited in GenBank (accession no. AF408392).
During the preparation of this manuscript, the sequence of the
TBP-2 gene was deposited into the GenBank database (acces-
sion nos. AB051901 and AF333001) and the Human Genome
database (accession no. NT�004883).

Luciferase Assays for Analysis of TBP-2 Promoter Activity. Construc-
tion of TBP-2�pGL2-Luc vectors. The 1,763-bp SspI fragment was
subcloned into the multiple cloning site (SacI and NheI sites) of
the pGL-2 luciferase reporter vector (Promega) to make the
pTBP-2-(�2026)-Luciferase construct.

Deletion constructs of the TBP-2 promoter. Deletion constructs
of the TBP-2 promoter sequence were generated by PCR cloning.
The following primers with the original nested TBP-2-specific
primer end at �264 bp from the translation initiation site were used
to amplify the TBP-2 promoter from the �2026 (1,736 bp) con-
struct to generate 5� deletion mutants: �1049: 5�-TGAGCTCAA-
CAGCACAGGCACGCAGCC-3�;�901:5�-TGAGCTCCAAGA-
GAAGGACAAAGGGC-3�; �784: 5�-TGAGCTCGCCAGGA-
ATAACGACAGGC-3�; �679: 5�-TGAGCTCCAGAAACGTC-
CACACCCG-3�;�604:5�-TGAGCTCCTGGACCCGGGAGAA-
GACG-3�; �530: 5�-TGAGCTCTGCGCCGCTCCAGAGCGC-
3�; �482: 5�-TGAGCTCGTGTCCACGCGCCACAGCG-3�;
�440: 5�-TGAGCTCTGGTAAACAAGGACCGGG-3�; �395:
5�-TGAGCTCGCAGCACGAGCCTCCGGG-3�; and �349: 5�-
TGAGCTCGGCTACTATATAGAGACG-3�.

All of the above primers contained NheI sites (underlined) to
facilitate cloning, and all clones were sequenced before analysis.

Generation of a TBP-2 promoter construct containing mutations
in the inverted CCAAT box. Point mutations that abolish the
inverted CCAAT box site (ATTGG 3 AGTAG) were intro-
duced by PCR-directed mutagenesis (28) using primers 5�-
ACTGAGTAGTCGGGCTCCTGGTAAAC-3� and 5�-

CCGACTACTCAGTGAGATCGCTGTGG-3�. The mutations
were confirmed by DNA sequencing.

Reporter gene assay. 293T cells were plated in 24-well plates in
triplicate and transfected with 100 ng of either pGL-2 vector,
pGL-2-SV40 (simian virus 40) promoter vector (positive control
containing the SV40 promoter), or the pGL2-TBP-2 promoter
constructs, using FuGENE 6 transfection reagent (Roche Applied
Sciences) according to the manufacturer’s instructions. Cells were
harvested after 24–48 h, and luciferase activity was measured by
using the Dual Luciferase Assay System (Promega), according to
the manufacturer’s instructions. For experiments in which SAHA
or other HDAC inhibitors were used, the transfection medium was
replaced with fresh medium containing either vehicle control
(DMSO) or SAHA (0.5, 1, or 2 �M), 12 h after transfection. After
another 12–24 h, the cells were harvested and the lysates were
analyzed for luciferase activity as described above. For the exper-
iment with dominant negative NF-Y mutant, 293T cells were
cotransfected with 100 ng pGL2-TBP-2 �2026 promoter construct
and 6.75 and 12.5 ng NF-YA29 expression vector (29). The total
amount of DNA was adjusted to 200 ng by addition of sonicated
salmon sperm DNA. The treatment with 2 �M SAHA and lucif-
erase assays was performed as described above.

Gel Mobility-Shift Assays. Nuclear extracts were prepared from T24
cell with or without treatment of 7.5 �M SAHA for 12 h as
described (30). The double-stranded DNA oligonucleotide con-
taining the inverted CCAAT box (5�-CGATCTCACTGAttg-
GTCGGGCTCCTG-3�) was 5� end-labeled with [�-32P]ATP
(ICN) using T4 polynucleotide kinase (New England Biolabs),
and purified by using a G-25 sephadex column (Roche Applied
Sciences). Gel mobility-shift assays were performed as described
(26). For the competition studies, both the wild-type double-
stranded oligonucleotide and a mutant double-stranded oligonu-
cleotide containing the inverted CCAAT box mutation as described
above for reporter gene assay were used. For the gel mobility-
supershift assays, nuclear extracts were preincubated with
either rabbit anti-human NF-YA polyclonal antibody, goat
anti-human C�EBP antibody, or preimmune rabbit IgG (Santa
Cruz Biotechnology) at 4°C for 3 h before the addition of the
labeled oligonucleotide.

Results
SAHA Induces Expression of TBP-2 in Transformed Cells. To identify
genes whose expression is modified by SAHA, LNCaP human
prostate carcinoma cells were cultured in the presence of either
DMSO (vehicle control) or 7.5 �M SAHA for 0.5, 2, 6 or 24 h,
poly(A)� mRNA was isolated, and cDNA microarray (Incyte)
analysis was performed. TBP-2 was the only gene detected that was
induced by more than 2.0-fold at early times after culture with
SAHA (30 min). The level of expression of this gene remained
increased in LNCaP cells cultured with SAHA for at least 24 h.

To confirm the microarray results, TBP-2 mRNA levels were
analyzed by Northern analysis in several transformed cell lines
cultured with SAHA. SAHA (2.5 or 7.5 �M) induces TBP-2
mRNA levels within 2 h in LNCaP cells (Fig. 1). The maximum
induction (4-fold) was observed after culture with SAHA (7.5 �M)
for 12 h. At 2.5 �M, SAHA causes complete growth suppression
and at 7.5 �M causes death in these cells (12). SAHA (2.5 or 7.5
�M) induced TBP-2 mRNA within 2 h in each transformed cell line
examined: T24 bladder carcinoma (Fig. 1), ARP-1 human my-
eloma, murine erythroleukemia, 293T kidney carcinoma, and
MCF7 breast carcinoma cell lines (data not shown). A 20-fold
induction of TBP-2 mRNA was observed after 24 h of culture with
SAHA (7.5 �M) in T24 bladder carcinoma cells.

Expression of TBP-2 in Normal and Tumor Tissues. The pattern of
expression of TBP-2 mRNA was examined in a panel of 16
normal human tissues. TBP-2 mRNA was detected in all of the
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tissues examined with the highest levels of expression in skeletal
muscle, kidney, and spleen, and the lowest levels of expression
in the brain (Fig. 2a).

To address whether genes whose expression is induced in
transformed cells by SAHA are down-regulated during tumor-
igenesis, the expression of TBP-2 was analyzed in normal and
tumor tissues. Hybridization of the TBP-2 coding region cDNA
probe to a dot-blot array of cDNAs from matched normal tissues
and primary tumor specimens of patients showed a consistent
reduction in the levels of TBP-2 mRNA expression in colon and
breast carcinomas (Fig. 2b).

SAHA Reduces TRX mRNA Levels in Transformed Cells. TBP-2 has
been identified as a protein that associates with the active

(reduced) form of TRX, a dithiol-reducing redox regulatory
protein (31). Binding of TBP-2 to TRX both inhibits the
thiol-reducing activity and reduces the level of expression of
TRX. To determine whether induction of TBP-2 by SAHA is
associated with reduced TRX levels, Northern blot analysis of
RNA prepared from T24 cells cultured with SAHA (2.5 and 5
�M), using a full-length TRX cDNA probe, was performed. A
decrease in the levels of TRX mRNA was observed within 15 h
of culture with SAHA accompanied by a concomitant increase
in the level of TBP-2 mRNA (Fig. 3). A similar SAHA-induced
decrease in TRX mRNA and increase in TBP-2 mRNA was
detected in ARP-1 and MCF7 cells (data not shown).

Cloning and Characterization of the TBP-2 Promoter. To investigate the
mechanism by which SAHA induces the expression of TBP-2
mRNA, we cloned the TBP-2 promoter region with a combination
of rapid amplification of 5� cDNA ends and genome walking. The
promoter sequence was analyzed with the MATINSPECTOR profes-
sional program (http:��transfac.gbf.de�cgi-bin�matSearch�
matsearch.pl) for the presence of classical promoter features. The
presence of a putative TATA box as well as putative binding sites
for the transcription factors, such as, NF-Y, Myc-Max, E2F, vitamin
D receptor�retinoid X receptor, and NF-�B were identified. The
PROSCAN computer program (version 1.7, http:��bimas.dcrt.nih.
gov�molbio�proscan�) predicted that a TATA box existed at the
same location predicted by MATINSPECTOR.

To confirm that the sequence identified by genome walking
has promoter activity, the obtained sequence was cloned into a
promoter-less pGL-2 luciferase reporter vector, and luciferase
reporter assays were performed. Transfection of the pGL-2-
TBP-2 construct, �2026, into 293T cells yielded reporter gene
activity equivalent to or greater than the SV40-positive control
promoter whereas transfection with pGL-2 vector yielded barely
detectable reporter gene activity (Fig. 4a), indicating that the
cloned TBP-2 promoter is functional.

To test whether SAHA induces the activity of the cloned TBP-2
promoter, 293T cells were transfected with reporter constructs and
cultured with SAHA. The activity of the TBP-2 promoter fragment
was induced in a dose-dependent manner by SAHA (Fig. 4b). The
activity of the SV40 control promoter was induced by SAHA, but
not to the same extent as the TBP-2 promoter (Fig. 4b). The activity
of the TBP-2 promoter was also induced by m-carboxycinnamic acid
bishydroxamic acid (CBHA) a related hydroxamic acid-based hy-
brid polar inhibitor of HDAC activity (data not shown).

To determine which potential transcription factor binding sites
are important for TBP-2 gene transcription and induction by
SAHA, a series of deletion constructs was generated (Fig. 5a).
Transient transfection assays showed that promoter constructs

Fig. 1. Induction of TBP-2 mRNA levels in transformed cells by SAHA. LNCaP
prostate carcinoma and T24 bladder carcinoma cells were cultured with
vehicle alone (0) or SAHA (2.5 or 7.5 �M) for the indicated times. Total RNA was
extracted from the cells, and the levels of TBP-2 were determined by Northern
blotting using a 1.1-kb 32P-labeled TBP-2 cDNA probe (Upper for each cell line).
Blots were rehybridized with a �-32P-labeled 18S oligonucleotide probe to
indicate RNA loading and are shown (Lower for each cell line). Similar results
were obtained for a total of six transformed cell lines.

Fig. 2. Expression of TBP-2 in normal and tumor tissues. (a) Multiple tissue
Northern blots, containing poly(A)� RNA from the indicated tissues (CLONTECH),
were hybridized with a 1.1-kb 32P-labeled TBP-2 cDNA probe (Upper). The bolts
were rehybridized with a 2.0-kb probe for �-actin, as a control for loading
(Lower). sk. muscle, skeletal muscle; per. bl. leuk., peripheral blood leukocytes. (b)
A dot blot containing matched samples of cDNA extracted from normal human
tissues and tumors (CLONTECH) was hybridized with a 1.1-kb 32P-labeled TBP-2
cDNA probe. Samples of colon and breast tumors (T) are shown, with the cDNA
from the normal tissue (N) shown directly above each corresponding tumor
sample.

Fig. 3. Expression of TRX in transformed cells cultured with SAHA. T24
bladder carcinoma cells were cultured with vehicle alone (0) or 2.5 or 5 �M
SAHA for 6, 15, or 24 h. RNA was extracted and analyzed by Northern blotting
for levels of TRX, using a 500-bp 32P-labeled cDNA probe (Top). The blots were
subsequently rehybridized with the 1.1-kb 32P-labeled TBP-2 cDNA probe to
confirm induction of TBP-2 (Middle) and a �-32P-labeled 18S oligonucleotide
probe to indicate RNA loading (Bottom).
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�2026 to �482 varied in luciferase activity by 4-fold (Fig. 5b), most
likely representing loss of transcription factor activator or repressor
binding sites. Deletions beyond �482 resulted in a consistent drop
in transcriptional activity. Addition of SAHA (2 �M) to transfected
cells caused an induction of luciferase activity of 12- to 20-fold after
24 h of culture for promoter constructs �2026 to �482 (Fig. 5c).
However, promoter constructs �440 to �349 showed reduced
levels of induction (2- to 3-fold) in response to SAHA (Fig. 5c). This
finding suggested the presence of a site between promoter con-
structs �482 and �440 that is critical for optimal induction of
TBP-2 by HDAC inhibitors. This region of the promoter contains
putative E box and inverted CCAAT box sites. Several transcription
factors, including NF-Y (32), bind to the inverted CCAAT box. We
introduced two point mutations into the inverted CCAAT box
(ATTGG3AGTAG) and generated pGL-2-luciferase constructs
to test the activity and SAHA inducibility of the inverted CCAAT
box mutant promoter. The �482 construct consisting of the mu-
tated inverted CCAAT box showed a lower level of induction
(3.7-fold) by SAHA than the wild-type �482 construct, which was
induced 21-fold (Fig. 5d). These results indicate that the inverted
CCAAT box in the TBP-2 promoter is critical for the optimal

induction of the TBP-2 promoter by SAHA. Electrophoretic mo-
bility-shift assays using nuclear extracts prepared from control and
SAHA-treated T24 cells were performed to determine whether
NF-Y binds this inverted CCAAT box in the TBP-2 promoter. A
specific protein-DNA complex was detected (Fig. 6a, lanes 2 and 8).
The wild-type unlabeled competitor blocked the formation of the
complex (Fig. 6a, lanes 3 and 9), but the inverted CCAAT box
mutant competitor had no effect (Fig. 6a, lanes 4 and 10). Super-
shift analysis was then performed to identify the proteins bound to
the inverted CCAAT box. The polyclonal antibody against NF-YA
resulted in a supershift of the protein–DNA complex, whereas an
antibody against another CCAAT box binding protein C�EBP did
not alter the mobility of the complex. These results indicate that the
inverted CCAAT box site in the TBP-2 promoter is capable of
binding NF-Y. Similar results were observed from the nuclear
extracts of untreated (Fig. 6a, lanes 2–7) and cells cultured with
SAHA (Fig. 6a, lanes 8–13).

To further investigate the role of NF-Y in SAHA induction of
the TBP-2 promoter a dominant negative NF-YA mutant ex-
pression vector, NF-YA29, was cotransfected with �2026 pGL2-
TBP-2 promoter construct into 293T cells. NF-Y29 is a dominant
negative form of NF-YA with a mutation of 3 aa in the DNA
binding domain. NF-Y29 forms a complex with NF-YB (and
NF-YC), but fails to bind the CCAAT box (29). NF-YA29
decreased the TBP-2 promoter induction by SAHA (Fig. 6b).
Taken together, these results support a role for NF-Y in the
induction of TBP-2 transcription by SAHA.

Discussion
In this study we show that inhibition of HDAC activity in trans-
formed cells with SAHA increases the level of TBP-2 mRNA.
TBP-2 is a TRX binding protein. The expression of the TBP-2 gene
was induced by SAHA in several human transformed cell lines,
including prostate carcinoma, bladder carcinoma, myeloma, breast
carcinoma cell lines, and murine erythroleukemia cells. All of these
cell lines are growth inhibited by SAHA (4, 12, 33) at concentra-
tions that cause induction of TBP-2 mRNA.

TBP-2 was initially identified as a gene induced in HL-60 cells
cultured with 1,2-dihydroxyvitamin D3 (34). TBP-2 associates with
the active (reduced) form of TRX, a dithiol-reducing redox regu-
latory protein (31). Binding of TBP-2 to TRX inhibits the thiol-
reducing activity and reduces the level of TRX (31). We found that
T24, MCF-7, and ARP-1 cells cultured with SAHA for 15 h or

Fig. 4. The cloned TBP-2 promoter is functional and induced by SAHA. 293T
cells were transfected with 100 ng of either an empty pGL2 vector, a pGL2-
SV40 positive control vector, or the TBP-2 construct (�2026). (a) Firefly lumi-
nescence was measured 24 h after transfection. (b) The transfection medium
was removed 12 h after transfection and replaced with medium containing
DMSO alone or SAHA (0.5, 1, or 2 �M). Luminescence was measured 24 h later
and normalized for total protein concentration of each sample. Fold induction
is obtained by normalizing the luciferase value in the presence of SAHA
against luciferase value in the absence of SAHA.

Fig. 5. Deletion and mutation analyses of TBP-2 promoter. (a) Schematic representation of the putative TBP-2 promoter region and the deletion mutants. The
positions of putative transcription factors binding sites in the promoter are shown: 1, NF-�B binding site; 2, vitamin D receptor�retinoid X receptor responsive
element; 3, E2F binding site; 4, E box; 5, inverted CCAAT box; 6, CCAAT box; 7, E box; 8, TATA box. (b) Activity of deletion mutants. Different lengths of the 5�
flanking region of human TBP-2 gene were amplified by PCR and cloned upstream of the luciferase gene in the pGL-2 vector. The constructs were transfected
into 293T cells and luciferase activity was measured. (c) SAHA induction of deletion mutants. Parallel experiments were carried out as in b except SAHA was added
12 h after transfection. Luciferase activity was normalized against total protein. (d) The inverted CCAAT box is critical for SAHA inducibility. PCR-based
mutagenesis was performed to mutate the inverted CCAAT box in the isolated TBP-2 promoter. The mutant promoter was then cloned into pGL-2 and transfected
into 293T cells with or without SAHA (2 �M) treatment. The TBP-2 promoter construct with the mutations in the inverted CCAAT box has about 8% of wild-type
promoter activity (not shown). Fold induction was calculated as in b and results shown are the average of three independent transfections � SD.
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longer have decreased levels of TRX mRNA, which coincides with
the induction of TBP-2 mRNA. TRX and glutaredoxin are major
cellular protein disulfide reductases (35) and serve as electron
donors for a number of enzymes including ribonoucleotide reduc-
tases and TRX peroxidases. Several transcription factors including
NF-�B, estrogen, and glucocorticoid receptors are substrates for
reduced TRX and show altered activity in reduced versus oxidized
states. TRX also functions in defense against oxidative stress,
growth control, and apoptosis. TRX is secreted from cells and
stimulates proliferation of a variety of human solid tumor cells (36).
Additionally, secreted TRX has cytokine activity (35). TRX is
overexpressed in many human tumors, most notably colon and
gastric cancers (37, 38). Exogenous expression of TRX confers

increased clonogenicity and tumorigenicity to transformed cells and
inhibits cells from undergoing apoptosis in response to a variety of
stimuli (39, 40). Conversely, overexpression of a dominant negative
redox-inactive form of TRX reduces the clonogenicity and tumor-
igenicity of MCF-7 breast cancer cells (39) and WEHI7.2 mouse
lymphocytic leukemia cells (41). Our results suggest that induced
TBP-2 gene expression may be an important mechanism, at least in
part, by which SAHA and related HDAC inhibitors cause growth
arrest and apoptosis of transformed cells. The decreased levels of
the active form of TRX could lead to an accumulation of reactive
oxygen species and inactive forms of proteins required for DNA
synthesis and cell cycle progression, causing growth arrest and�or
enhancing the apoptotic pathway in cancer cells.

The promoter region of the TBP-2 gene was found to contain
a TATA box and binding sites for a number of transcription
factors, several of which are present in complexes containing
HDACs. The activity of the TBP-2 promoter was directly
induced by SAHA and the structurally related HDAC inhibitor
CBHA (m-carboxycinnamic acid bishydroxamic acid) in tran-
sient transfection assays. Deletion analysis of the TBP-2 pro-
moter revealed that a 42-bp region containing an E-box and an
inverted CCAAT box is required for maximal induction of
TBP-2 activity by SAHA. Mutations of the inverted CCAAT box
markedly reduced the ability of SAHA to induce the TBP-2
promoter, supporting that this site is required for optimal
induction by HDAC inhibitors. Electrophoretic mobility-shift
assays showed that the transcription factor NF-Y forms a specific
complex with the inverted CCAAT box in the TBP-2 promoter,
whereas another inverted CCAAT box binding protein C�EBP
does not. Additionally, we find that a dominant negative form of
NF-YA blocks induction of TBP-2 by SAHA. Thus, our findings
are similar to those reported for the multidrug resistance 1 gene
(MDR1) (26) and the SHP-1 gene (27). NF-Y is a transcription
factor consisting of three independent subunits that binds spe-
cifically to the CCAAT box in both orientations (42). Activation
of promoter activity by NF-Y may be mediated by the P�CAF
coactivator, which has histone acetyltransferase activity and is
recruited by NF-Y to the MDR1 promoter (36).

We found that TBP-2 is a ubiquitously expressed gene in
normal tissues and that the expression of TBP-2 is reduced in
human breast and colon tumors. SAHA induces TBP-2 expres-
sion in six human transformed cell lines tested. Taken together,
our results support a model in which the expression of a subset
of genes in transformed cells is repressed, leading to a block in
differentiation. Culture of transformed cells with SAHA results
in re-expression of these genes, which in turn, could lead to
alterations in the expression of other genes and the induction of
growth arrest, differentiation, and�or apoptosis.
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