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Overexpressed histone deacetylase (HDAC) activity has been linked

with tumor initiation and progression that prompt the development
of histone deacetylase inhibitors (HDACIs) as anticancer agents. HDACI

was reported to be able to activate p21 promoter through the SP1

binding sites in the proximal region of p21WAF1/CIP1 promoter. In this

study, we established a p21WAF1/CIP1 promoter–driven triple-fused
reporter gene system (p21-3H) to evaluate the efficacy of HDACI and

the ganciclovir (GCV)-mediated anticancer effect contributed by

HDACI-induced and p21-driven truncated herpes simplex virus-1

thymidine kinase sr39 mutant (ttksr39) in vitro and in vivo.Methods:
The p21-3H construct was generated and stably or transiently trans-

fected into H1299 cell lines. These cells were treated with trichostatin A

or vorinostat (suberoylanilide hydroxamic acid [SAHA]) to evaluate

the activation of p21 promoter–driven reporter gene expression by
in vitro confocal fluorescence microscopy, luciferase assay, 2′-fluoro-

2′-deoxyarabinofuranosyl-5-ethyluracil (3H-FEAU) cellular uptake, in

vivo bioluminescence imaging, and 9-(4-18F-fluoro-3-hydroxymethyl-
butyl) guanine (18F-FHBG) small-animal PET imaging. The therapeutic

efficacy on p21-3H–expressing tumor xenografts was assessed by

daily administration with SAHA (100 mg/kg intraperitoneally) or GCV

(20 mg/kg) for 9 d, followed by tumor volume measurement. Results:
On treatment with trichostatin A or SAHA, H1299 cells carrying p21-

3H showed a significant increase of luciferase activity, cellular up-

take of 3H-FEAU (Moravek), and DsRed expression. In vivo tumor

xenografts carrying p21-3H also showed increased luciferase activ-
ity by luminescent imaging and enhanced accumulation of 18F-FHBG

by small-animal PET imaging. Furthermore, when cells transfected

with p21-3H or p21/PstI-3H (which lacks p53-binding sites) were
treated, the increase of luciferase activity was similar in both

groups, indicating that HDACI-induced p21 promoter activation is

independent of p53. Both in vitro and in vivo results showed im-

proved therapeutic effect by combined treatment of GCV and

HDACI. Conclusion: We have established an HDACI-inducible,
p21-driven reporter system that has the potential for evaluating

the anticancer effect of HDACIs on cancer cells by multiple molecular

imaging modalities. Furthermore, ttksr39 in a p21-3H reporter con-
struct provides a potential combination with thymidine kinase–mediated

gene therapy to optimize the therapeutic benefit of HDACI.
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Tumor initiation and progression can evolve from genetic mu-
tations or epigenetic abnormalities (1). The transcription of genes
can be regulated by epigenetic modifications including methylation
of CpG islands within promoter regions, acetylation, or deacety-
lation of histone proteins performed by histone acetyltransferase
or histone deacetylase (HDAC), respectively (1–3). These epigenetic
modifications delicately organize the chromatin states to maintain
cellular homeostasis of proliferation, differentiation, and survival;
otherwise, unbalanced epigenetic modifications will lead to inap-
propriate gene silencing, gene overexpression, or tumorigenesis.
HDACs also act on many nonhistone proteins such as transcription
factors (e.g., p53, hypoxia-inducible factor 1-a, nuclear factor-k B),
signal transducers (e.g., signal transducer and activator of transcription
1/3 [STAT1/3]), chaperons (e.g., heat shock protein 90, glucose-
regulated protein 78), and cytoskeleton protein (e.g., tubulin) (4).
Thus, the status of acetylation has been implicated in physiologic
processes including RNA splicing, DNA damage repair, cell cycle
control, apoptosis, nuclear transport, actin remodeling, and chaperon
function (5).
Eighteen HDAC isoforms have been identified and subdivided

into 4 classes (6). Overexpression of HDAC class I (HDAC1, -2, -3,
and -8) has been clinically associated with prostate cancer, gastric
cancer, breast cancer, and colon cancer whereas class II HDAC6 is
relevant to elevated messenger RNA and protein level in oral
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squamous cell carcinoma, compared with normal squamous epi-
thelium (7). Even though it is currently unclear whether HDAC
overexpression is a consequence of or contributor to tumorigenesis,
HDAC overexpression alters the expression and function of tumor-
associated proteins that are involved mainly in cell proliferation, mi-
gration, angiogenesis, and metastasis (6,8). Besides, patients who
had cancer with aberrant HDAC expression showed a positive corre-
lation with poor prognosis (9,10). These clinical observations promp-
ted the development of HDAC inhibitor (HDACI) for anticancer
therapies.
HDACIs are capable of interfering with HDAC activity and re-

versing aberrant epigenetic states associated with cancer (11).
They induce apoptosis of cancer cells by regulating proapoptotic
and antiapoptotic genes involved in mitochondrial (intrinsic) and
death-receptor (extrinsic) (12,13) apoptotic pathways and suppress
cell proliferation through activation of cell cycle checkpoints
at G1/S or G2/M (12). Moreover, their function in the suppression
of angiogenesis and regulation of host immune responses partly
contributes to anticancer response. Several structurally diverse
HDACIs have been introduced into clinical trials. Some of them
specifically target only 1 class of HDACs, whereas some block
several classes of HDACs such as suberoylanilide hydroxamic acid
(SAHA), which inhibits class I (HDAC1, -2, and -3) and class II
(HDAC6).
SAHA, also known as vorinostat, was reported to induce apoptosis

in human myelomonocytic cells, myeloma cells, acute T-cell leukemia
cells, lymphoma cells (14), and prostate carcinoma (12,14,15). SAHA-
induced differentiation was also observed in prostate cancer cells
(15). In addition, the antitumor activity of SAHA was well dem-
onstrated in several xenografts including human breast cancer,
prostate cancer, and colon cancer (14). Subsequent evaluation of
SAHA in clinical trials led to approval by the Food and Drug
Administration of the first-in-class HDACI for cutaneous T cell
lymphoma treatment (14). Studies of prostate cancer models showed
that SAHA treatment induced transformed cell death or tumor
growth inhibition, without prominent toxicity to normal cells or
experimental mice (15,16). Recently, Lee et al. showed that SAHA-
induced DNA double-strand breaks were accumulated both in nor-
mal and in transformed cells, but DNA damage loci were repaired
in normal cells only after removal of SAHA, suggesting the selective
antitumor activity of SAHA. Furthermore, some DNA repair genes
were downregulated in cancer cells after SAHA treatment and resulted
in failure of DNA repair (17). The safety, toxicity, and promising
response of SAHA have been validated in phase I and II trials of
refractory cutaneous T cell lymphoma. However, for other phase II
trials of solid tumors—including ovarian, breast, colorectal, non–small
cell lung, and head and neck cancers and glioblastoma—SAHA
has only moderate effects (18). Combined regimens of SAHAwith
other chemotherapeutic agents (e.g., taxol, cisplatin) or radiother-
apy are currently under investigation in clinical trials (14,19) to
achieve better therapeutic response.
Treatment of HDACI was reported to alter the cellular transcription

of about 2%–10% of expressed genes (9,20). Glaser et al. identified
8 upregulated genes and 5 downregulated genes in HDACI-treated
cells (20). The p21WAF1/CIP1, a cyclin-dependent kinase inhibitor
with a 33.9 6 7.6-fold change after HDACI treatment, was the
most dominantly upregulated gene. The same phenomenon was
observed in hepatoma cells, in which p21WAF1/CIP1 exhibited
greater than a 5-fold increase in gene expression after treatment
with trichostatin A (TSA [Sigma-Aldrich]) (21). Consistent with
other studies (22,23), these results indicated that p21WAF1/CIP1 is

one of the most common genes induced by HDACI. After this cascade
regulation, we developed an HDACI-inducible reporter gene–express-
ing system that consisted of p21WAF1/CIP1 promoter–regulated in-
frame–fused triple-reporter genes, including monomeric DsRed
(DsRedm), firefly luciferase (fluc; note that fluc refers to the gene
and FLUC to the protein), and truncated herpes simplex virus type
I thymidine kinase sr39 mutant (ttksr39; note that ttksr39 refers to the
gene and tTKSR39 to the protein) (referred to as p21-3H). This de-
sign enables us to not only evaluate the efficacy of HDACI-mediated
transcriptional targeting but also provide a novel combinational sui-
cide therapy that is mediated by the HDACI-thymidine kinase (TK)-
ganciclovir (GCV) synergistic effect. The aim of this study was to
develop a rapid and sensitive reporter system to monitor the tumor
response of HDACI treatment and to enhance the antitumor effect by
TK-mediated gene therapy.

MATERIALS AND METHODS

Plasmid Construction

p21-3H expression vector, which carries a triple-fused reporter gene
controlled by human p21/WAF1 promoter, was constructed. In brief,

a human p21/WAF1 promoter (positions 22,479 to 150) was polymerase
chain reaction (PCR)–amplified from human genomic DNA with

designed primers (hp21 forward: 59-CCACCAGCTAGCCTTCCTC-
ACATCCTCCTT C-39 and hp21 reverse: 59-CAGGATCCACAAGG-
AACTGACTTCGGCA-39). The PCR product was cloned into p3H
reporter vector, which contains DsRedm, fluc, and ttksr39 to generate

p21-3H (24). The p21/PstI-3H was generated by removing p53-binding
sites from the p21 promoter in p21-3H.

Cell Culture

The non–small cell lung cancer cell line H1299 (CRL5803) and
human lung adenocarcinoma epithelial cell line A549 (BCRC60074)

were purchased from American Type Culture Collection and Biore-
source Collection and Research Center in Taiwan, respectively. These

cells were cultured in RPMI-1640 medium (Gibco-Invitrogen) sup-
plemented with L-glutamine, penicillin (100 U/mL), streptomycin

(100 mg/mL), and 10% fetal bovine serum at 37�C in a humidified atmo-
sphere containing 5% CO2.

Reagents

TSA was dissolved in 100% ethanol at a stock concentration of 1
mg/mL. SAHA was generously provided by Professor Hsin-Ell Wang

and dissolved in dimethyl sulfoxide (DMSO) at a concentration of
50 mM. GCV (Sigma-Aldrich) was dissolved in phosphate-buffered saline

at a concentration of 40 mg/mL. Culture medium was used for further
dilution to proper working concentration for subsequent cell and

animal use.

Transient Transfection and Generation of Stable Cell Lines

For transient transfection, H1299 or A549 cells (1 · 105) were plated
in 12-well plates 24 h before transfection. The transfection mixture for

each well was prepared by mixing 1.5 mg of DNA and 1.5 mL of trans-
fection reagent (Bio-Rad Laboratories) in serum-free medium and then

adding the mixture into the cell culture. Six hours after transfection,
the medium was replaced with fresh complete medium. A plasmid-

containing Renilla luciferase gene cotransfected with p21-3H con-
struct was used to normalize the transfection efficiency. Subsequent

experiments were performed 48–72 h after transfection. To generate
stable cell lines, the transfected cells were trypsinized, and 500 cells

were seeded in 10-mm culture dishes. Drug selection was carried out
by incubating cells with 700 mg/mL G418 of (Sigma-Aldrich) for

approximately 2 wk. Survived individual clones were isolated and
expanded.
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Laser Confocal Microscopy

H1299-p21-3H stable cells or wild-type H1299 (H1299-wt) cells were
seeded in chamber slides (Lab-Tek) and treated with TSA or SAHA.

Twenty-four hours after treatment, cells were washed, permeabilized by
0.5% Triton-X (Sigma-Aldrich), and stained with 496-diamidino-2-phenyl-
indole. Images were acquired using an FV1000 laser confocal microscope
(CLSM, Olympus).

Luciferase Reporter Assay

After cells were seeded and cultured in 12-well plates overnight,

cells were treated with TSA (1 mM) or ethanol. After 24-h treatment,
cells were lysed and assayed for the luciferase activity using a Luciferase

Assay System (Promega) and a luminometer (Wallac 1420 Multilabel
Counter; PerkinElmer Life Sciences). For transient transfection experi-

ments, luciferase activity in each sample was normalized by Renilla
luciferase activity, and the protein concentration of cell lysates was

determined by Bradford protein assay reagent (Bio-Rad Laboratories).
The normalized FLUC activity is represented by the relative lumines-

cence unit (RLU).

In Vitro Cell Uptake Assay

Cells were seeded in 12-well plates (1 · 105 per well) in triplicate
and cultured overnight, followed by TSA (1 mM) or ethanol treatment

for 24 h. Culture medium was then replaced by 0.5 mL of medium
containing 29-fluoro-29-deoxyarabinofuranosyl-5-ethyluracil (3H-FEAU)
(7.4 kBq [0.2 mCi]). Two hours after incubation, the radioactivity of
cells and medium was measured. Medium and 0.5 mL of phosphate-

buffered saline used to rinse the wells were collected in counting vials.
Monolayer cells were lysed by 75 mL of CytoBuster Protein Extraction

Reagent (Novagen) and lysates collected in Eppendorf tubes. After cen-
trifugation at 12,000 rpm for 1 min, 100 mL of supernatant were trans-

ferred to counting vials, and the rest was used to determine total protein
concentration. Samples were mixed with 5 mL of scintillation solution

(PerkinElmer), and the radioactivity of 3H-FEAU in cells or medium was
measured using a b counter (Packard Tri-Carb LS Counter; PerkinElmer).

Data are presented as the ratio of radioactivity of the cell pellet
to that of medium and normalized by total protein concentration

([dpm/g of cells]/[dpm/g of medium]/total protein concentration).

Ethics Statement

All animal studies were approved by the Institutional Animal Care

and Use Committee of National Yang-Ming University and conducted

in accordance with the Principles of Laboratory Animal Care and the
Guide for the Care and Use of Laboratory Animals (National Science

Council, Taiwan, Republic of China).

In Vivo Bioluminescence and Small-Animal PET Imaging

The nu/nu nude mice (age, 6–8 wk; female) were purchased from
National Laboratory Animal Center, Taiwan. H1299-p21-3H stable

cells (5 · 106) were subcutaneously injected into the right flank of mice.
Two weeks later when tumors reached 8–10 mm in diameter, mice

were subjected to optical bioluminescent imaging at 0, 3, 6, 24, and 48 h
after intraperitoneal administration of SAHA (100 mg/kg) or DMSO

(1 mL/kg). For imaging, animals were anesthetized by 2% isoflurane
gas in oxygen and then intraperitoneally injected with D-luciferin (150

mg/kg). Fifteen minutes later, mice were placed prone in the imaging
chamber, and signal was acquired by the optical imaging system (IVIS 50

Imaging System; Xenogen Technology). Bioluminescent signal was re-

corded as maximum photons/s/centimeter2/steradian (photon/s/cm2/sr),
displayed in pseudocolors and superimposed on the photographic image

using Living Image Software (version 2.50; Xenogen Technology) pro-
vided by the manufacturer.

For small-animal PET imaging, 9-(4-18F-fluoro-3-hydroxymethylbutyl)
guanine (18F-FHBG) was prepared as previously described (25) and used

in this study. Tumor-bearing mice were imaged before and after

intraperitoneal injection with SAHA (100 mg/kg) or DMSO (1 mL/

kg) using a microPET R4 scanner (Concord Microsystems). In brief, 1
h after tail vein injection of 7.4 MBq (200 mCi) of 18F-FHBG, mice

were anesthetized by 2% isoflurane in oxygen and placed prone on the
scanning bench. Static images were acquired for 10 min. Post-SAHA

treatment imaging was performed 6 h after SAHA administration. A
tumor region of interest was selected and normalized to a contralateral-

muscle region of interest to generate a tumor-to-muscle ratio. The imag-
ing process was done by the small-animal PET Manager, (version 2.2.4;

Concord Microsystems), provided by the manufacturer.

MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-Diphenyltetrazolium

Bromide) Cell Viability Assay

Cells were plated in 96-well plates with 5,000 cells per well. One
day afterward, cells were treated with 1, 2, 4, or 8 mM SAHA com-

bined with or without 5 mM GCV (Sigma-Aldrich). After 72 h of
incubation, medium was replaced by 150 mL of medium containing

10% MTT (Sigma-Aldrich) solution, and cells were incubated for 2 h
at 37�C. To quantify the cell viability, the formazan crystals within

cells were solubilized by 100 mL of DMSO, and the absorbance (570
and 630 nm) was measured by an enzyme-linked immunosorbent

assay reader (Power Wave 340; Bio-Tek Instruments, Inc.). Cell sur-
vival was determined according to the absorbance of each group and

normalized by the absorbance of the nontreated group.

In Vivo Therapy

Tumors derived from 5 · 106 H1299-p21-3H stable cells were estab-

lished as described above. Mice were divided into 4 groups: SAHA
(100 mg/kg), GCV (20 mg/kg), SAHA plus GCV treated, and control.

Drugs were intraperitoneally injected every day for 9 d. Tumor size was
measured by digital caliper every day to evaluate the effect of combined

therapy with HDACI and GCV in vivo.

Statistical Analysis

All statistical tests between control and experimental groups were
analyzed by paired-samples tests with use of SPSS software (version

10; SPSS Inc.). A P value of less than 0.05 was taken to indicate
statistical significance.

RESULTS

Construction of p21WAF1/CIP1 Promoter–Driven Triple-Fusion

Reporter Plasmid

HDACIs such as TSA are reported to be able to activate p21
promoter through the SP1 binding sites in the proximal region
of the p21 promoter (26,27). Thus, a 2.5-kb fragment of human
p21 promoter was cloned into the upstream of a triple-fused
reporter gene (DsRedm, fluc, and truncated mutant ttksr39) to
generate the construct p21-3H. In the construct p21/PstI-3H,
a 237-bp fragment containing 2 p53-binding sequences within
the p21 promoter was removed to examine the effect of p53 on
p21 gene expression (Fig. 1).

FIGURE 1. Scheme of p21-3H and p21/PstI-3H constructs.
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Establishment and Verification of H1299-p21-3H Stable

Cell Line

To evaluate the influence of HDACI on p21 promoter, we established
a H1299 cell line that stably expresses p21-3H gene. H1299 cells
were transfected with a p21-3H construct, followed by treatment
with G418 (700 mg/mL) for 2 wk. Cell colonies that survived drug

selection were subjected to analysis for their
p21-3H expression. Expression of p21-3H
was observed in 3 (clones a, b, and c) of 25
clones after treatment with HDACI, and clone
c was selected for subsequent experiments.
fluc assay showed that clone a had the

lowest basal level of FLUC activity and
showed a 19.6 6 3.0-fold increase after
treatment of TSA. In contrast, clone b inher-
ently had the highest basal gene expression
of FLUC among these clones and showed
a slight increase by TSA treatment (3.6 6
0.4-fold). Clone c showed intermediate
FLUC activity in the absence of TSA and
about an 8.8 6 0.7-fold increase by TSA
triggering. The gene expression activity of
H1299-wt cells was not altered by TSA treat-
ment (Fig. 2A).
TSA induced 3H-FEAU uptake in all 3

stably transduced cell clones, which
showed a significant increase of 3H-FEAU
uptake, compared with that in H1299-wt
cells. After TSA treatment, 3.4 6 0.3-,
5.0 6 0.6-, and 6.5 6 0.7-fold increases
of 3H-FEAU uptake were observed in
clones b, c, and a, respectively, compared
with uptake in the same cells before TSA
treatment (Fig. 2B). In addition to TSA, we
also demonstrated the effect of SAHA in
H1299-p21-3H cells using an IVIS 50 im-
aging system (Xenogen). As shown in Fig-

ure 2C, FLUC activity increased after treatment with different con-
centrations of SAHA, and the 10 mM of SAHA showed the highest
induction effect of 72.0 6 12.5-fold (P , 0.005).

Transcriptional Activity of p21 Promoter Induced by HDACI

The H1299-p21-3H cells and H1299-wt cells were treated with
1 mM TSA for 24 h. Fluorescent microscopic analysis of H1299-
p21-3H cells revealed increased DsRed fluorescent signal in the
cytoplasm in the presence of TSA (Fig. 3A), whereas the H1299-
wt did not show any red fluorescence in the condition with or
without TSA (Fig. 3B). A similar result was observed in H1299-
p21-3H cells treated with SAHA, indicating that the p21 promoter
was TSA- or SAHA-inducible (Fig. 3C). Moreover, SAHA induces
the transcriptional activity of p21 promoter in a dose-dependent
manner.

HDACIs Induced p21-Driven Gene Expression In Vivo

TSA has been demonstrated to induce p21WAF1/CIP1 promoter activity
by p21-3H. However, TSA is not suitable for clinical use because of its
neurotoxicity. Considering the clinical application and side effects on
normal cells, the Food and Drug Administration–approved HDACI
SAHA, which is a TSA analog, was used in the current animal studies.
After D-luciferin injection (3, 6, 24, and 48 h), in vivo biolumi-

nescence imaging was performed on mice bearing H1299-p21-3H
and H1299-wt xenografts (Fig. 4A). The result of FLUC activity
showed that SAHA treatment significantly induced the transcrip-
tion activity of p21WAF1/CIP1 in H1299-p21-3H tumors at all time
points, compared with that in tumors treated with DMSO. FLUC
activity within the tumor reached the maximum value 6 h after
SAHA treatment (Fig. 4B).

FIGURE 2. Activation of p21 promoter–driven FLUC and ttksr39 activity in H1299-p21-3H sta-

ble cells after treatment with TSA or SAHA. fluc assays (A) and 3H-FEAU uptake assays (B) were

performed to analyze change of FLUC and ttksr39 activity with or without TSA (1 μM) treatment

for 24 h. Both FLUC and ttksr39 activity significantly increased after TSA treatment. H1299-wt

cells were used as control group (CTL). (C) H1299-p21-3H stable cells were treated with 1, 2, 5,

10, and 20 μM SAHA and analyzed by IVIS 50 imaging system. FLUC activity in stable cells

increased significantly after SAHA treatment, as compared with cells with no treatment. Total

flux represents photons per second. *P , 0.05.

FIGURE 3. Activation of p21 promoter–driven DsRed expression in

H1299-p21-3H stable clone cells after treatment with TSA or SAHA.

H1299-wt (A) or H1299-p21-3H (B) stable cells were treated without

or with 1 μM TSA. After treatment, DsRed expression was obviously

observed in H1299-p21-3H stable cells, as imaged by confocal laser

scanning microscopy. (C) After treatment of a series of concentrations

of SAHA (0, 2.5, 5, 10, or 20 μM), expression of DsRed in H1299-p21-3H

stable cells increased after increase of SAHA concentration. DAPI (4′6-

diamidino-2-phenylindole) was used for nuclear staining (blue). Bars in

each micrograph represent 40 μm.
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Mice were also subjected to small-animal PET imaging to determine
the tTKSR39 catalytic activity by measuring the accumulation of
18F-FHBG within H1299-p21-3H tumors. A significant increase of
18F-FHBG accumulation in H1299-p21-3H tumors was observed
6 h after SAHA treatment, compared with that in tumors treated with
DMSO or compared with that in the same tumors before SAHA

treatment (Fig. 5). The tumor-to-muscle ratio
of 18F-FHBG accumulation in mice treated
with SAHA was about 1.58 times higher
than that in mice before SAHA treatment.
However, only a 1.15 times change was ob-
served in the control group (Fig. 5B). Slight
induction of p21WAF1/CIP1 expression by
DMSO treatment in a control group was
reported in an earlier study (28).

p53-Independent Induction of

p21WAF1/CIP1 Expression

To verify that SAHA activates the
p21WAF1/CIP1 promoter through Sp1 sites
rather than a p53-dependent pathway, we gen-
erated a construct p21/PstI-3H by removing
the p53-binding sequence from p21/3H
(Fig. 1). Luciferase assay was performed on
H1299 (p53 null) and A549 (p53 wild-type)
cells after transient transfection of p21-3H
or p21/PstI-3H and SAHA treatment. In-
troduction of both constructs induced an
approximately 4 and 8 times increase in
FLUC activity in A549 and H1299 cells,
respectively, after treatment with SAHA
for 24 h (Fig. 6). Although p21/PstI-3H
lacks the p53-binding site, the increase of
FLUC activity after SAHA treatment was
almost the same in p21/PstI-3H and p21-3H–
transfected cells. These results suggested that
SAHA activated the p21WAF1/CIP1 promoter
through a p53-independent pathway re-
gardless of the p53 status of cell lines.

Evaluation of Enhanced Cytotoxicity

by GCV Treatment In Vitro and In Vivo

In our design, tTKSR39 expression is tightly regulated by p21
promoter and can be effectively upregulated by SAHA treatment
(Fig. 5). HSV1-TK has been widely used as an imaging reporter
and a suicide therapeutic gene when administered with the pro-
drug GCV. Thus, it is expected that TK–GCV can enhance the
effect of SAHA treatment on cancer. To know whether combined

treatment with SAHA and GCV enhance
the cytotoxicity, H1299-p21-3H or H1299-wt
cells were treated with SAHA alone or to-
gether with GCV (5 mM), and then the cell
viability was determined by MTT assay. In
the groups treated with SAHA alone, both
H1299-wt and H1299-p21-3H cells showed
similar cell viability (Fig. 7A). Combined
treatment of SAHA and GCV did not in-
duce any improvement of cytotoxicity in
H1299-wt cells but significantly enhanced
cell death in H1299-p21-3H cells. Notably,
when treated with 5 mM GCV and without
SAHA, H1299-p21-3H cells showed a cell
viability of 0.57 6 0.01 because a certain
level of ttksr39 expression was induced
by the basal transcriptional activity of p21
promoter. These data showed that therapeu-
tic effect contributed by combined treatment

FIGURE 4. In vivo luminescence imaging of activation of p21-driven fluc gene expression. (A)

H1299-p21-3H stable cells were implanted and grown subcutaneously on nude mice. Before and

3, 6, 24, and 48 h after intraperitoneal administration of SAHA (100 mg/kg) or DMSO (1 mL/kg),

mice were subjected to in vivo luminescence imaging after D-luciferin intraperitoneal injection

(150 mg/kg). (B) Total flux (photons/s) in region of interest over tumor region was analyzed using

Living ImageR 2.50 software. Each point represents mean ± SE (n 5 4). *P , 0.05.

FIGURE 5. In vivo imaging of activation of p21-driven ttksr39 gene expression. (A) Mice bearing

H1299-p21-3H tumors were subjected to small-animal PET imaging using 18F-FHBG before and

6 h after SAHA (100 mg/kg) or solvent DMSO (1 mL/kg) injection. (B) Specific 18F-FHBG accu-

mulation, which represents expression and activity of TK in tumor region, was analyzed and

normalized by activity in contralateral muscle region (tumor-to-muscle ratio). Each bar represents

mean ± SD (n 5 4). *P , 0.05. Max 5 maximum; Min 5 minimum; NS 5 not significant.
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with SAHA and GCV was more effective than an individual
regimen.
We also treated H1299-p21-3H tumor–bearing mice with SAHA

and GCV to evaluate the antitumor effect. According to the results
shown in Figure 4B, the maximal fold increase of FLUC activity
in H1299-p21-3H tumors was observed 6 h after SAHA injection.
Thus, in the following animal study, GCV was given to mice 6 h
after SAHA administration. On treatment with SAHA alone or
GCV alone, H1299-p21-3H tumor volume increased approximately
3-fold in 9 d, whereas tumors treated with DMSO showed a 9-fold
increase in volume (Fig. 7B). After combined treatment with SAHA

and GCV, tumor growth was significantly inhibited. These
results clearly demonstrated that HDACI-induced ttksr39 expres-
sion is a promising combination candidate in HDACI anticancer
treatment.

DISCUSSION

Overexpressed HDAC activity has been linked with the con-
densed chromatin structure and results in repressed gene transcription
through an epigenetic process. Because the epigenetic alterations
are involved in cancer initiation and progression, HDAC seems to be
an ideal target to be inhibited (6). HDAC inhibitors are a promising
new therapeutic drug that causes cell cycle arrest and promotes cell
differentiation and apoptosis in several cancer cell types, and several
agents are in clinical trials. However, current clinical trials reveal that
the therapeutic effect of HDACIs as a single drug is limited in most
solid tumors. TSAwas discovered early and has been widely used in
studying the function and mechanism of HDACIs because of its pow-
erful inhibition of tumor growth. In this study, we used TSA to test
the p21-3H platform initially. However, neurocytotoxic effects oc-
curred when a high dosage of TSAwas used. Moreover, the metabolic
inactivation of TSA makes it inactive in vivo and unable to inhibit
human melanoma tumor growth (29). When clinical usefulness was
taken into consideration, SAHA, an analog of TSA, was chosen for
our experiments.
p21Waf1/Cip1/Sdi1 is thought to play an important role in tumor

suppression because of its ability to inhibit cell cycle progression
and DNA replication after DNA damage (30). The transcriptional
activation of the p21 in response to a variety of stressful stimuli
can be upregulated by p53 (e.g., DNA damage or mutant RAS) or
mediated by a p53-independent mechanism (e.g., TGFb or mimosine).
HDACI treatment causes hyperacetylation of histone H3 and H4 at
the p21WAF1/CIP1 promoter, which can recruit transcriptional fac-
tors (RNA polymerase II, p300/histone acetyltransferase, Sp1 and
Sp3) to activate p21WAF1/CIP1 expression (22). In animal experi-
ments, spontaneous or chemical carcinogen-induced tumors were

more easily formed in p21-deficient mice in
comparison with wild-type mice, suggesting
that p21 may be a tumor suppressor. It seems
that the anticancer activity of HDACI and
HDACI-induced tTKSR39 expression through
p21 activation might lead to tumor suppres-
sion in a synergistic manner (30). However,
several oncogenic functions of p21 (e.g.,
genome destabilization, antiapoptosis, and
overexpression of secreted antiapoptotic
and mitogenic factors) have been reported
in tumor cells under certain conditions
depending on cellular context, localiza-
tion of p21, and circumstances (31). p21
can protect tumor cells from apoptosis be-
cause an active cell cycle, which is sensi-
tive to anticancer drugs, is inhibited by
p21 to arrest the cell cycle and to induce
a senescencelike state in cancer cells (32).
Therefore, the exact function of p21 in-
duced by HDACI in cancer therapy needs
further investigation. Despite the uncer-
tain role of p21 in cancer, many studies
pointed out the ability of SAHA to in-
duce p21 expression, which provides a

FIGURE 6. HDACI-mediated activation of p21promoter activity is

p53-independent. H1299 (p53 null) and A549 (p53 wild-type) cells were

transiently transfected with p21-3H or p21/PstI-3H construct. After

treatment of 2 μM SAHA for 24 h, cells were lysed for further luciferase

assay. Luciferase activity increased significantly in both transfected

A549 and H1299 cells treated with SAHA (dark gray), compared with

those without SAHA treatment (light gray). Increase of luciferase activity

was observed in A549 cells transfected with p21-3H or p21/PstI-3H

(4.1- and 3.9-fold, respectively) after SAHA treatment. Increase was

observed in H1299 cells transfected with p21-3H or p21/PstI-3H (8.3-

and 8.9-fold, respectively). RLU 5 relative luminescence unit.

FIGURE 7. Enhancement of cytotoxicity by HDACI and GCV treatment in vitro and in vivo. (A)

H1299-p21-3H and H1299-wt cells were subjected to SAHA treatment with a series of concen-

trations (0, 1, 2, 4, and 8 μM) combined with or without GCV (5 μM). After treatment, MTT assay

was performed to determine cell viability. Combined treatment of SAHA and GCV significantly

enhanced cytotoxicity of H1299-p21-3H cells, as compared with that of H1299-p21-3H cells

treated with SAHA alone or H1299-wt cells treated with both SAHA and GCV. Each point repre-

sents mean ± SD (n 5 5). *P , 0.005. **P , 0.001. (B) Mice bearing H1299-p21-3H tumors were

divided into 4 treatment groups: SAHA (100 mg/kg), GCV (20 mg/kg), SAHA plus GCV, and

control. Drugs were injected daily intraperitoneally for 9 d, and tumor size was measured by

digital caliper every day. Tumors with combined treatment of SAHA and GCV showed significant

growth inhibition, as compared with those treated with SAHA alone or GCV alone. Each point

represents mean ± SD (n 5 5). *P , 0.05. **P , 0.005. #P , 0.05.
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rational design for our p21 promoter–controlled triple-fusion re-
porter construct.
In the current study, H1299-p21-3H showed remarkable activity

of the reporter gene in response to SAHA or TSA, suggesting p21-
3H could be used as an HDACI indicator. The induction effect of
SAHA in transcriptional activity of p21 promoter was in a dose-
dependent manner and changed with time in xenografts. Thus,
p21-3H can be used as a convenient and real-time platform for
monitoring and evaluating the effects of different HDACIs by
a molecular imaging modality. Moreover, the optimal working
concentration of HDACI and duration of acetylation of target
protein, which contribute to the therapeutic efficacy of HDACI,
can also be studied on this platform. The activation of p21
promoter by SAHA appears to be not only an efficient but also
a rapid process. When p21-3H–bearing mice were treated with
SAHA, significant FLUC activity was induced within 3 h and
the induction effect of SAHA persisted for at least 24 h. Because
the drug administration in clinical studies using SAHA is always
once a day (33,34), the therapeutic effect based on ttksr39 should
be efficiently induced and maintained until the termination of the
SAHA regimen. The FLUC activity, which was decreasing grad-
ually 6 h after SAHA administration, might be due to the short
half-life of FLUC and SAHA (18). Another possibility might be
that SAHA showed a therapeutic effect in reducing the number of
cancer cells and consequently decreased reporter gene signals.
The transcription of p21 has been extensively studied and was

shown to be mediated by p53-dependent and p53-independent
mechanisms. Considering that the mutations in p53 occur in at least
50% of human tumors and loss of p53 function in malignant tumors
is highly associated with drug resistance, the influence of p53 on the
p21-3H construct needed to be verified. Our result showed that the
induction activity of SAHA does not depend on the p53 status of
cancer cells. It is consistent with most of the previous studies that
HDACI-induced p21 expression is p53-independent (35). Through
this mechanism, HDACIs can exert antitumor activity both in p53-
wild-type and in p53-deficient cancer cells.
Several studies of p21WAF1/CIP1 regulation were only in vitro (31).

A transgenic mouse model carrying a p21-fluc gene construct has
been established to investigate the endogenous p21 expression in
vivo using a quick and cost-effective optical imaging modality
(36). However, the FLUC activity cannot be evaluated by cellular
level using microscopy. In addition, most of the optical imaging
does not provide optimal tomographic information and quantita-
tive data as compared with 3-dimensional radionuclide imaging
techniques (i.e., PET, SPECT) and is limited to application in
humans. To overcome these shortcomings and to combine the
advantage of fluorescence, bioluminescence, and radionuclide im-
aging techniques, we fused DsRedm with fluc and ttksr39 to gen-
erate a triple-fused reporter gene, and all functions of each reporter
gene have been verified in vitro and in vivo (24,37). This multi-
functional design has provided a powerful HDACI-related anticancer
drug screening platform, which was later demonstrated by Roche
R&D Center (China) Ltd. (38). In this report, p21 and klf2 pro-
moter coupled with a luciferase reporter gene system provided
a cell-based readout for the inhibition of HDACs associated either
with the p21 or with the klf2 promoter. In this cited study (38),
drug selectivity is based on the readout of p21/klf2. klf2 expres-
sion represents an undesirable pharmacologic effect for an HDACI
treatment. In our design, we aimed to extend the screening capa-
bility to in vivo application. fluc and ttksr39 are readily the report-
ers monitored by in vivo imaging modalities and therefore offer

the preclinical value in in vivo anticancer drug testing. Moreover,
ttksr39 is not only a reporter gene in terms of molecular imaging
but also a therapeutic gene that makes the tumor cell susceptible to
being killed by GCV. Because the level of TK expression affects the
therapeutic efficacy of the TK–GCV system and the doses of GCV,
which contribute to immunosuppressive side effects (39), some
researchers have tried to induce the promoter activity by radiation
and hypoxia (40). In the current study, we used HDACIs as tran-
scriptional inducers to regulate target gene expression (p21), and
a better therapeutic effect was observed using cotreatment with
SAHA and GCV prodrug than SAHA treatment alone in vitro
and in vivo. Because of the absence of pleiotropic effects and an
artificial or complicated experimental setting, using HDACI to ma-
nipulate gene expression would be superior to steroid hormones or
a tet system (41).

CONCLUSION

We have demonstrated the effective induction of p21-controlled
DsRedm protein, FLUC, and ttksr39 using SAHA. This triple-fused
reporter gene construct provides a high-throughput platform for
estimating the efficacy and screening of drugs that can induce
p21 expression of HDACIs using multiple molecular imaging mo-
dalities. Moreover, the p21-3H construct may provide a potentially
feasible HDACI-inducible TK/GCV gene therapy that can im-
prove the antitumor effect of SAHA.
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