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Histone deacetylase (HDAC) inhibitors have been actively exploited as potential anticancer
agents. To identify gene targets of HDAC inhibitors, we found that HDAC inhibitors such as
sodium butyrate, scriptaid, apicidin and oxamflatin induced the expression of 15-hydro-
xyprostaglandin dehydrogenase (15-PGDH), a potential cyclooxygenase-2 (COX-2) antago-
nist and tumor suppressor, in a time and concentration dependent manner in A549 and

Keywords: H1435 lung adenocarcinoma cells. Detailed analyses indicated that HDAC inhibitors acti-
15-PGDH vated the 15-PGDH promoter-luciferase reporter construct in transfected A549 cells. A
COX-2 representative HDAC inhibitor, scriptaid, and its negative structural analog control, null-
HDAC Inhibitors script, were further evaluated at the chromatin level. Scriptaid but not nullscript induced a
TGF-B significant accumulation of acetylated histones H3 and H4 which were associated with the

Wnt 15-PGDH promoter as determined by chromatin immunoprecipitation assay. Transforming
growth factor-p1 (TGF-B1) also induced the expression of 15-PGDH in a time and concen-
tration dependent manner in A549 and H1435 cells. Induction of 15-PGDH expression by
TGF-B1 was synergistically stimulated by the addition of Wnt3A which was inactive by itself.
However, combination of TGF-B and an HDAC inhibitor, scriptaid, only resulted in an

Tumor suppressor

additive effect. Together, our results indicate that 15-PGDH is one of the target genes that
HDAC inhibitors and TGF-B may induce to exhibit tumor suppressive effects.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction ovascular system [2]. In addition to vasoactivity of prosta-
glandins, prostaglandin E, (PGE,) has been shown to stimulate

15-Hydroxyprostaglandin dehydrogenase (15-PGDH) is a cell proliferation, angiogenesis, cell migration, invasion, and

NAD"-dependent enzyme that catalyzes the oxidation of
prostaglandins and lipoxins at 15(S)-hydroxyl group to 15-
keto-metabolites which exhibited greatly reduced biological
activities [1]. This enzyme is widely expressed in mammalian
tissues and primarily functions to control tissue and circulat-
ing levels of prostaglandins and lipoxins. Lung is particularly
enriched in this enzyme for rapid removal of circulating
vasoactive prostaglandins in order to cytoprotect the cardi-
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resistance of apoptosis [3,4]; prostaglandin F,, (PGF,,) has
been demonstrated to induce cell rounding and the formation
of actin stress fibers [5]; thromboxane A, (TXA,) has been
found to mediate endothelial migration and angiogenesis [6].
These cellular effects of prostaglandins are very much related
to cell transformation and carcinogenesis. Increased levels of
these prostaglandins have been reported in multiple types of
tumors and have been attributed to an enhanced expression of
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a prostaglandin synthetic enzyme, cyclooxygenase-2 (COX-2),
in tumors [7]. However, tissue and circulating levels of
prostaglandins are regulated not only by synthetic enzymes,
but also by catabolic enzymes. It has been shown that the
expression of 15-PGDH is down-regulated in lung, colon and
other tumors [8-10] as opposed to COX-2 being up-regulated in
most tumors [7]. The consequence of this reciprocal expres-
sion of the synthetic enzyme and the catabolic enzyme is the
amplified tissue and cellular levels of prostaglandins which
are conducive to carcinogenesis. Therefore, a rational
approach to cancer therapy would be to inhibit the expression
and/or activity of COX-2 or to stimulate the expression of 15-
PGDH by chemopreventive agents. The former approach has
been intensively studied and well documented [11].

A variety of chemopreventive agents have been tested for
their anticancer effects. Histone deacetylase (HDAC) inhibi-
tors have emerged recently as promising chemopreventive
agents because they can cause cell growth arrest, differentia-
tion, and/or apoptosis in many types of cancer cells and can
prevent the formation of tumors in animal models [12,13].
HDAC inhibitors have been shown to induce the expression of
a small number of tumor suppressive genes, such as p21WAF!
[14], transforming growth factor-p (TGF-B) receptors [15,16]
and growth-differentiation factor 11, a member of the TGF-$
superfamily [17]. TGF-8 and Wnt ligands are known to
regulate cell fate determination [17]. These two extracellular
factors induce their effects through two distinct signaling
cascades. The TGF-B signalingis initiated by type [ and type II
receptors-activated phosphorylation and association of
Smad proteins which translocate into the nucleus where
they interact with DNA binding partners including histone
deacetylase to regulate gene expression [18]. The Wnt
signaling is activated by ligand initiated and receptor-
mediated inhibition of glycogen synthase kinase-3 that
allows unphosphorylated B-catenin to translocate into the
nucleus where it associates with the lymphoid enhancer
binding factor/T-cell factor (LEF/TCF) transcription factors
and activates Wnt target genes [18]. Several studies have
shown that cooperation between TGF-B and Wnt signaling
pathways plays a significant role in regulating differentiation
and cell fate determination [19,20].

Stimulation of the expression of 15-PGDH in mammalian
cells by various agents has been described in several reports.
Phorbol 12-myristate 13-acetate (PMA) was shown to induce
the expression of 15-PGDH in HL-60 cells [21] and HEL cells [22].
1,25-Dihydroxyvitamin D; was found to stimulate the induc-
tion of the enzyme in human neonatal monocytes [23] and in
human prostate cancer cells [24]. Androgens were shown to
induce the expression of the enzyme in human prostate
cancer cells [25] and the induction of the enzyme was
synergistically stimulated by IL-6 and forskolin [26]. Dexa-
methasone and other glucocorticoids were demonstrated to
induce the enzyme in human lung cancer cells [27] and HEL
cells [28]. Very recently, TGF-B1 was reported to stimulate the
expression of the enzyme in colon cancer cells [28]. Among
these stimulants, TGF-B1 [18], glucocorticoids [28] and 1,25-
dihydroxyvitamin D; [29] have been shown to have anti-
proliferative and prodifferentiation effects. Androgens were
also reported to enhance TGF-B-induced apoptosis in human
prostate cancer cells [30].

In this report, we show that HDAC inhibitors and TGF-p1
induces the expression of 15-PGDH, a potential tumor
suppressive gene [8-10], in A549 human lung adenocarcinoma
cells. Induction by TGF-B1 is synergistically stimulated by the
addition of Wnt3A. These findings support the notion that
HDAC inhibitors and TGF-f1 may exhibit their tumor
suppressive effects by stimulating, at least in part, the
expression of 15-PGDH.

2. Materials and methods
2.1. Materials

Human kidney cell line AD293 and human non-small cell lung
carcinoma (NSCLC) cell lines A549 and H1435 were obtained
from the American Type Culture Collection. NSCLC cell lines
H157 and H460 were kindly provided by Dr. John Yannelli and
Dr. Kyungbo Kim, respectively of the University of Kentucky.
Sodium butyrate (NaBT), sodium dodecyl sulfate (SDS),
dithiothreitol (DTT), leupeptin, soybean trypsin inhibitor,
phenylmethylsulfonyl fluoride (PMSF), and RPMI 1640 were
obtained from Sigma Chemical Co. TGF-B1 and Wnt3A were
supplied by the R & D System. Apicidin, oxamflatin, scriptaid,
MS-275 and trichostatin A (TSA) were purchased from Alexis
Biochemicals. Nullscript was supplied by BIOMOL. SB 431542
was obtained from Tocris Bioscience. Polyvinylidene fluoride
(PVDF) membrane was obtained from the Millipore Corp.
Electro-chemiluminescence (ECL*) plus Western Blotting
Detection System RPN 2132 was purchased from Amersham
Biosciences. A proximal 15-PGDH promoter-luciferase repor-
ter construct (388-bp) was kindly provided by Dr. B. Gellersen
of the University of Hamburg, Germany [31]. This construct
was modified by subcloning the promoter sequence into the
pGL2-enhancer vector for lower background activity. Rabbit
antiserum against human placental 15-PGDH was generated
as described previously [32]. Rabbit antiserum against glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) was gener-
ated as reported previously from our laboratory [33].
Hyperacetylated H3 and H4 antibodies and chromatin immu-
noprecipitation assay kit were obtained from Upstate Bio-
technology. Horseradish peroxidase (HRP)-labeled goat anti
mouse IgG was supplied by Transduction Laboratories. HRP-
labeled goat anti rabbit IgG was from Zymed. PGE, was
supplied by Cayman Chemical Co. 15(S)-[15-H] PGE, was
prepared according to a previously published procedure [34].
Other reagents were obtained from the best commercial
sources.

2.2. Cell culture

A549 cells and other human lung adenocarcinoma cells were
maintained in RPMI-1640 medium supplemented with 10%
fetal calf serum (FBS) and 1mg/100 ml gentamicin in a
humidified atmosphere containing 5% CO, at 37 °C. Cells were
plated in 12-well plates (2 ml/well) at about 10° cells/well in
duplicate and grown for 24 h before the cells were starved for
24h in a medium containing 0.1% FBS. The cells were treated
with the stimulant for the indicated length of time as indicated
in the figure legends. Cells were then washed once with PBS
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buffer and sonicated in 50 mM Tris-HCl, pH 8.0 containing
0.1 mM DTT before assaying for enzyme activity or cells were
lysed in cell lysis buffer (20 mM Tris-HCl, pH 8.0 containing
137 mM NaCl, 1 mM CacCl,, 10% glycerol, 1% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, 100 mM 4-(2-aminoethy)benzensul-
fonyl fluoride, and mixed protease inhibitors) and then spun
down to remove debris. The supernatant was subjected to
SDS/PAGE and Western blot analysis.

2.3.  Promoter transfection and luciferase assay

The proximal (388 bp) 15-PGDH promoter-luciferase reporter
construct was modified as described above. A549 or AD293
cells were split to 12-well plates (1 ml) at about 2 x 10° cells/
well and cultured overnight in RPMI-1640 medium supple-
mented with 10% fetal calf serum (FBS) and 1mg/100 ml
gentamicin. The cells were transfected with the 15-PGDH
promoter-luciferase reporter construct or the pGL2-enhancer
vector at the concentration of 1 ng/well using Lipofectamine
2000 according to the manufacturer’s instructions. A lucifer-
ase reporter vector was also transfected as a control. Briefly,
1pg DNA and 1 pl Lipofectamine 2000 reagent was added
separately into 50 pl OpTi-MEMI medium for 5 min at room
temperature, then they were combined and mixed gently by
pipetting up and down for several times. The DNA complex
was then left at room temperature for about 20 min. Serum-
and antibiotics-free RPMI 1640 medium (0.6 ml) was added to
the DNA complex. Following transfection the cells were
incubated in the same medium for 5h before incubation in
the RPMI-1640 medium containing 10% FBS for 18 h. Various
HDAC inhibitors were respectively added and incubated for
additional 48 h. The cells were then washed, lysed completely
in lysis buffer (0.1 M K,HPO,/KH,PO,, pH 7.8, 0.5% Triton X-100
and 1 mM DTT) and spun briefly in a microcentrifuge tube to
pellet the cell debris. The luciferase values were determined by
adding the lysate supernatant to a Titertek fluoroplate and
using 20 mM Tricine (pH 7.8), 2.67 mM magnesium sulfate,
0.1 mM EDTA, 1.07 mM magnesium carbonate, 33.3 mM DTT,
270 pM coenzyme A, 470 uM beetle luciferin, and 530 pM ATP
as a substrate solution in a Titertek Luminoscan.

2.4.  Chromatin immunoprecipitation (ChIP) assay

A549 cells were cultured with scriptaid (1 M) for 4,12 or24 h, or
with nullscript (1 pM) and scriptaid (1 uM) for 4 h. ChIP assay
using acetylated histone H3 or H4 was carried out according to
the acetylated histone H3 ChIP kit manufacturer’s instructions.
Briefly, histone/DNA complexes were fixed with 10% formalde-
hyde for 10 min, and the treated cells scraped from plates were
lysed inlysis buffer. The DNA was sheared by 2 x 10 s of a probe
sonicator set at 20% power. An aliquot of the chromatin
preparation was set aside and designated as the input fraction.
The histone/DNA complexes were precleared and incubated
with 2 pg of antiacetylated histone H3 or H4 antibody. The
overnight immunoprecipitate was harvested with salmon
sperm DNA/protein A-agarose beads. The protein was digested
with proteinase K and the DNA was recovered by phenol/
chloroform extraction and ethanol precipitation followed by
analysis by the PCR. The PCR reaction was: 94 °C for 3 min
followed by 30 cycles of 94 °Cfor20's,59 “Cfor30s,72 °Cfor30s,

and final extension at 72 °C for 10 min. Primers for the 15-PGDH
promoter were sense: 5'-GGTAGGCTACCAGCGGCTCT-3' and
antisense: 5'-GTTCCCATCTCGTAATCAGTGG-3'. The PCR pro-
duct was 280-bp in length. Five microliters of the reaction
mixture was separated by electrophoresis on a 3% agarose gel
and the PCR product was visualized under UV using ethidium
bromide staining.

2.5. 15-PGDH assay

15-PGDH was routinely assayed by measuring the transfer of
tritium from 15(S)-[15->H]-PGE, to glutamate by coupling 15-
PGDH with glutamate dehydrogenase as described previously
[34]. Briefly, the reaction mixture contained: NH4Cl, 5 pmol; a-
keto-glutarate, 1umol; NAD*, 1pumol; 15(S)-[15-*H]PGE,,
1nmol, 30,000 cpm; glutamate dehydrogenase, 100 ng and
crude enzyme extract in a final volume of 1 ml of 50 mM Tris—
HCI, pH 7.5. The reaction was allowed to continue for 10 min at
37 °C and terminated by the addition of 0.3 ml of 10% aqueous
charcoal suspension. The radioactivity in the supernatant
after centrifugation (1000 x g, 5 min) was determined by liquid
scintillation counting. Calculation of the amount of PGE,
oxidized was based on the assumption that no kinetic isotope
effect was involved in the oxidation of 15(S)-hydroxyl group of
15(S)-[15->H]PGE, as a substrate.

2.6.  Western blotting

To determine the expression of various proteins in the lung
cancer cells following various stimulations, Western blot
analysis was performed as described previously [25]. Briefly,
cells were harvested by trypsinization and lysed in lysed
buffer (50 mM Tris-HC], pH 8.0, 150 mM NaCl, 2 mM EDTA,
1mM DTT, 0.1% SDS, 1% Nonidet P-40, 1 pg/ml leupeptin and
soybean trypsin inhibitor, 0.5 mM PMSF) for 30 min on ice.
Approximately 50-150 pg of protein extracts were loaded on a
12% polyacrylamide gel. Next, the separated proteins were
electroblotted from the gel onto PVDF membrane and then
blocked with a blocking buffer (5% non-fat dry milk in
1 x TBST, i.e. 20 mM Tris-HCI, pH 7.6 containing 0.8% NaCl
and 0.1% Tween-20) at room temperature for 1h. The
membrane was incubated with the primary antibodies in
blocking buffer, followed by incubation with HRP-labeled
second antibodies. Bands were visualized using the ECL
Western blotting system.

2.7.  Statistical analysis

Each enzyme assay was performed twice. Each experiment
was repeated at least three times (n=3). The data were
expressed as the mean + S.E. Statistical significance was
assessed by Student’s t-test. A value of P < 0.05 was considered
statistically significant.

3. Results

A variety of HDAC inhibitors were examined for their effect on
the induction of 15-PGDH expression in NSCLC cells. These
inhibitors stimulated the expression and activity of 15-PGDH
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Fig. 1 - Concentration dependent induction of 15-PGDH
expression by HDAC inhibitors (HDAC-Is) in A549 cells. (A)
A549 cells were treated with an increasing concentration
of HDAC-Is as indicated for 48 h. Cells were washed, lysed
and assayed for 15-PGDH activity as described in Section
2. (@) Sodium butyrate (NaBT); (A) scriptaid (SCT); (W)
apicidin (APN); () oxamflatin (OXF); (—) nullscript (NUT).
(B) Induction of 15-PGDH expression by various HDAC-Is at
their optimal concentrations. A549 cells were treated with
the indicated concentrations of HDAC-I and assayed for
15-PGDH activity (lower panel) by enzyme assay and for
immunoreactivity (upper panel) by Western blot as
described in Section 2.

T e — —

15-PGDH
GAPDH

4I!l!'llllli'lll!lil!lllillll.
Time (Hours) 0 20 34 46 72

Fig. 2 - Time dependent induction of 15-PGDH expression
by scriptaid. A549 cells were treated with scriptaid (1 pM)
for the indicated length of time. Cells were washed,
sonicated and assayed for 15-PGDH activity (upper panel)
and for immunoreactivity (lower panel) as described in
Section 2.
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Fig. 3 - Activation of the 15-PGDH promoter by HDAGC-Is.
A549 or AD293 cells were transiently transfected with the
388-bp 15-PGDH promoter-luciferase reporter construct
(upper panel) or AD293 cells were transiently transfected
with the promoter construct or the vector control (lower
panel) for 18 h and then various HDAC-Is at the indicated
concentrations were added for 48 h. Cells were washed,
lysed and assayed for luciferase activity as described in
Section 2.

in A549 cells in a dose dependent manner as shown in Fig. 1A.
Sodium butyrate appeared to stimulate the expression to a
highest degree although it took much higher concentrations to
induce the expression. Nullscript which is a known inactive
control of scriptaid was not able to stimulate the expression as
expected. A summary of various HDAC inhibitors at their
optimal concentrations to stimulate the expression and
activity of 15-PGDH in A549 cells is shown in Fig. 1B. A similar
stimulation of 15-PGDH expression by a HDAC inhibitor,
scriptaid, was also observed in H1435 cells (data not shown).
Trichostatin A was also examined and found to be very toxic to
A549 cells at routinely used concentration of 1 uM. Induction
of 15-PGDH expression was also time dependent as demon-
strated by the use of scriptaid (Fig. 2). Maximal induction can
be achieved in two days following the addition of scriptaid. To
confirm that HDAC inhibitors regulates 15-PGDH expression at
the transcriptional level, AD293 or A549 cells were transfected
with the 388-bp 15-PGDH promoter-luciferase reporter con-
struct followed by treatment with vehicle or with HDAC
inhibitors (upper panel) or AD293 cells were transfected with
the 388-bp 15-PGDH promoter construct or with the pGL2-
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Fig. 4 - Scriptaid induces accumulation of acetylated histones H3 and H4. (A) Time dependency. A549 cells were stimulated
with 1 pM scriptaid for the indicated length of time. Crosslinked chromatin from each time point was incubated with
acetylated histones H3 (Ac-H3) and H4 (Ac-H4) antibodies or normal rabbit IgG (NRIgG). Inmunoprecipitates from each
antibody were aliquotted and analyzed by the PCR with primers specific for the 15-PGDH promoter as described in the
Section 2. (B) Comparison of scriptaid and nullscript. A549 cells were treated with 1 pM nullscript (N) and 1 pM scriptaid (S)
respectively for 4 h, and the DNA-histone complexes were incubated with Ac-H3 and Ac-H4 antibodies or normal rabbit IgG
(NRIgG). Immunoprecipitates from each antibody were aliquotted and analyzed by the PCR with primers specific for 15-

PGDH promoter as described in Section 2.

enhancer vector (lower panel), and the luciferase activity was
determined in cells after treatment with HDAC inhibitors.
Fig. 3 shows that the levels of inducibility in response to
various HDAC inhibitors in either A549 or AD293 cells are
qualitatively comparable to those of 15-PGDH activity demon-

15-PGDH " |

GAPDH —— s e ——

strated in Fig. 1. However, the degree of activation of the
promoter by HDAC inhibitors was greater than that of the
enzyme activity. This is primarily due to relatively high basal
enzyme activity before stimulation. Again, a known inactive
analog of scriptaid, nullscript, failed to stimulate the induction.
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Fig. 5 - Induction of 15-PGDH expression by TGF-$1 in A549 cells. (A) A549 cells were treated with TGF-1 (0.5 ng/ml) for the
indicated length of time. (B) A549 cells were incubated with an increasing concentration of TGF-B1 for 48 h. (C) A549 cells
were incubated with an increasing concentration of TGF-$1 (¢) or Wnt3A (A) or both (A) for 48 h. (D) A549 cells were treated
with TGF-B1 (0.5 ng/ml) in the absence and presence of SB-431542 for 48 h. A549 cells were washed, lysed and assayed for
15-PGDH immunoreactivity by Western blot or for 15-PGDH activity by enzyme assay as described in Section 2.
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Fig. 6 — Activation of the 15-PGDH promoter by TGF-g1.

A549 cells were transiently transfected with the 388-bp

15-PGDH promoter-luciferase reporter construct for 18 h

and then TGF-B1 at the indicated concentrations were

added for 48 h. Cells were washed, lysed and assayed for
luciferase activity as described in Section 2.

Therefore, the proximal 388-bp region appears to contain the
minimal promoter needed for the responsiveness of HDAC
inhibitors tested.

We next examined the effect of scriptaid and its inactive
control nullscript on the acetylation of histones H3 and H4
associated with the 15-PGDH promoter in A549 cells. As shown
in Fig. 4A, ChiP assay indicates that following treatment with
scriptaid the levels of the PCR product (280 bp) of a fragment of
the 15-PGDH promoter that was associated with hyperacety-
lated histones H3 and H4 precipitated by specific antibodies
were increased in a time dependent manner. On the contrary,
Fig. 4B shows that the inactive control nullscript did not result
in a significant 280-bp fragment after 4h of treatment as
compared to scriptaid. Normal immunoglobulin control
showed no specific 280-bp fragment.
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Fig. 7 - Induction of 15-PGDH expression by TGF-g1 and
scriptaid. A549 cells were treated either with TGF-p1
(0.5 ng/ml) or with scriptaid (1 nM) or with both for 48 h.
Cells were washed, lysed and assayed for 15-PGDH
activity as described in Section 2.

TGF-B1 was previously shown to induce the expression of
15-PGDH in colon cancer cells [9]. Similarly, TGF-B1 was found
to stimulate 15-PGDH expression in A549 cells in a time
(Fig. 5A) and dose (Fig. 5B) dependent manner as shown by
Western blot and activity assay (Fig. 5C). Wnt3A did not appear
to induce the expression by itself. However, it stimulated
synergistically TGF-B1-induced 15-PGDH expression in A549
cells as shown in Fig. 5B and C. Stimulation of 15-PGDH
expression by TGF-B1 appeared to be mediated by TGF- type I
receptor since the inhibitor of type I receptor kinase, SB 431542
[35], attenuated the stimulation as demonstrated in Fig. 5D.
Similar stimulation of 15-PGDH expression by TGF-B1 as
demonstrated by Western blot was also observed in H1435
cells (data not shown). Promoter analysis also indicated that
TGF-B1 induced the expression of luciferase activity in a
concentration dependent manner as shown in Fig. 6. Combi-
nation of TGF-B1 and a HDAC inhibitor, scriptaid, showed an
additive effectin inducing 15-PGDH expression in A549 cells as
shown in Fig. 7.

4, Discussion

HDAC inhibitors represent a novel and diverse class of agents
that act by promoting the acetylation of several histones
including histone H3 and H4 leading to uncoiling and
relaxation of chromatin structure [12,13]. Chromatin relaxa-
tion permits the expression of diverse genes involving those
involved in differentiation, apoptosis and cell cycle arrest [40].
Four different subclasses of HDAC inhibitors have been
developed including: (a) short-chain fatty acids such as butyric
acid; (b) hydroxamic acids such as scriptaid, trichostatin A and
oxamflatin; (c) cyclic tetrapeptides such as apicidin; (d)
benzamides such as MS-275. We have examined at least
one compound from each subclass and have found that
compounds from each subclass induced the expression of 15-
PGDH. The expression of 15-PGDH was assessed by several
means. Firstly, the expression was determined by an enzyme
activity assay which was shown to be specific for 15-PGDH
since the only tritium in the substrate [*H]-PGE, was labeled at
C-15 and was transferred to glutamate by coupling with
glutamate dehydrogenase following oxidation of the sub-
strate. Secondly, the expression was estimated by 15-PGDH
specific antibodies using Western blot. Thirdly, the expression
was determined at the promoter level using a 388-bp 15-PGDH
promoter-luciferase reporter construct. Fourthly, the expres-
sion was assessed by analyzing hyperacetylated histones
which were associated with the 15-PGDH gene promoter. All
different means confirmed that HDAC inhibitors induced 15-
PGDH expression. The present study represents the first to
establish that HDAC inhibitors induce 15-PGDH expression in
A549 cells.

Induction of 15-PGDH by HDAC inhibitors occurred in a
time and dose dependent manner. Sodium butyrate, a
classical HDAC inhibitor, induced the greatest degree of 15-
PGDH expression at mM concentration, a level comparable to
that seen in studies of induction of other tumor suppressive
genes, such as p21"VAF! [36] and 15-lipoxygenase-1 [37]. Other
synthetic HDAC inhibitors induced 15-PGDH expression also
at concentrations comparable to those for the induction of
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p21WAFL [38 39]. Concentrations higher than the indicated
concentration of each synthetic inhibitor shown in Fig. 1B
appeared to be toxic to A549 cells. Therefore, maximal
induction of 15-PGDH expression could not be reached. The
need of the HDAC inhibition in inducing 15-PGDH expression
can be best illustrated by the use of scriptaid/nullscript pair.
Scriptaid, an improved HDAC inhibitor with lower toxicity
than trichostatin A [40], was shown to be effective in inducing
15-PGDH expression. Nullscript which is almost identical in
structure to scriptaid except for a three-carbon (rather than
five-carbon) linker was reported to be inactive in inhibiting
HDAC [40]. It also failed to induce 15-PGDH expression further
supporting the notion that the inhibition of HDAC is essential
to stimulate 15-PGDH expression by HDAC inhibitors.
Mechanisms that are involved in the induction of 15-PGDH
expression by HDAC inhibitors remain to be elucidated. We
have demonstrated that a promoter of 388-bp was responsive
to various HDAC inhibitors examined indicating that this
promoter region contains some needed cis-acting elements for
interacting with the transcriptional factors involved. It has
been suggested that different HDAC inhibitors use distinct
mechanisms to regulate gene expression. Either a Spl site or a
NF-Y site (CCAAT box) has been shown to be involved in HDAC
inhibitors-induced target gene expression. Sp1 site has been
reported to be the target promoter element for HDAC inhibitor
activation of p21"WAT?, tyrosine hydroxylase, and hTERT genes
[41-43]. NF-Y site has been demonstrated to mediate the
activation of the genes for TGF-B type Il receptor, thioredoxin-
binding protein 2, and multi-drug resistance 1 by HDAC
inhibitors [16,44,45]. Within the 388-bp of the promoter of 15-
PGDH, both a Sp1 site (—125/—116) and a NF-Y site (—273/—-268)
are identified. Whether any of these two sites or other sites is
involved in HDAC inhibitor-induced 15-PGDH gene expression
remains to be determined. Further experiments using various
promoter mutants at these sites may provide the information.
TGF-B plays a critical role in regulating cell proliferation
and differentiation [18]. It also possesses tumor suppressive
activity in a variety of different human cell types [18]. We have
shown earlier that 15-PGDH behaves as a tumor suppressor in
A549 cells [8]. It is possible that the tumor suppressive activity
of TGF-B may, in part, be due to the induction of 15-PGDH
expression by TGF-B. In this report, we demonstrated that
TGF-B1 induced 15-PGDH expression in a time and dose
dependent manner in A549 cells. Promoter analysis also
showed that TGF-B1 stimulated the luciferase activity in a
dose dependent manner although the concentrations needed
appeared to be higher than those used in stimulating the
expression of 15-PGDH in A549 cells. This is probably due to
the possibility that the length of the promoter construct used
(388 bp) for analysis may not contain all the needed responsive
elements. The induction of 15-PGDH expression by TGF-p1
was found to be mediated by type I receptor since its specific
kinase inhibitor SB-431542 blocked the induction. We could
also show that TGF-B1 stimulated 15-PGDH expression in
another NSCLC cell line H-1435. However, we could not show
the induction in two other NSCLC cell lines that we examined,
namely, H157 and H460. This could be due to the defective or
reduced expression of signaling molecules in the TGF-g signal
transduction pathway in these cell lines since human cancer
cells frequently demonstrate resistance to the normal growth-

inhibitory effects of TGF-B [46]. Whether or not this is the
potential reason for the non-responsiveness of these two non-
responsive lung cancer cell lines remains to be determined.
Earlier Markowitz and his co-workers also demonstrated that
TGF-B1 induced 15-PGDH expression in some colon cancer
cells but not others [9]. One of the defective cell lines became
responsive to TGF-B1 after the cells were transfected with type
II receptor of TGF-B [9]. Whether we can restore the
responsiveness to TGF-B in the two non-responsive lung
cancer cell lines still awaits further investigation. The
induction by TGF-B1 in A549 cells was amplified by Wnt3A
which by itself was inactive. Synergism of TGF-g and Wnt
pathways has been demonstrated in the induction of Xenopus
homeobox gene twin (Xtwn) [20]. This has been attributed to
the formation of an effective transcriptional activation
complex consisting of TGF-B relevant Smads and LEF/TCF
transcriptional factors and Wnt associated B-catenin and LEF/
TCF signaling molecules. We anticipate that such a mechan-
ism may be applicable to the synergistic induction of 15-PGDH
expression by TGF-B1 and Wnt3A.

Since HDAC inhibitors are capable of inducing the expres-
sion of signaling molecules such as type I and type Il receptors
of TGF- in the TGF-B signaling pathway [15,16], we decided to
examine if combination of a HDAC inhibitor, scriptaid, and
TGF-B might amplify TGF-B-induced 15-PGDH expression.
However, we did not find a synergistic activation in the
induction. Instead we only observed an additive effect in
inducing 15-PGDH expression in A549 cells. This indicates that
signaling molecules in the TGF-B pathway might have been
expressed in adequate concentration in the resting state.
Alternatively, HDAC inhibitors and TGF-f may work through
converging mechanisms. For example, chromatin remodeling
by the HDAC inhibitors could make SMAD sites accessible to
constitutively phosphorylated SMADs, whereas TGF-f could
increase the levels of phospho-SMADs. Further experiments
are needed to provide more clear-cut answer to the mechan-
isms of interaction between these two different types of
stimulants.
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