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THAP5 was originally isolated as a specific interactor and substrate of the mitochondrial pro-apoptotic
Omi/HtrA2 protease. It is a human zinc finger protein characterized by a restricted pattern of expres-
sion and the lack of orthologs in mouse and rat. The biological function of THAP5 is unknown but our
previous studies suggest it could regulate G2/M transition in kidney cells and could be involved in
human cardiomyocyte cell death associated with coronary artery disease (CAD). In this report, we
expanded our studies on the properties and function of THAP5 in human melanoma cells. THAP5
was expressed in primary human melanocytes as well as in all melanoma cell lines that were tested.
THAP5 protein level was significantly induced by UV irradiation or cisplatin treatment, conditions
known to cause DNA damage. The induction of THAP5 correlated with a significant increase in apop-
totic cell death. In addition, we show that THAPS is a nuclear protein that could recognize and bind a
specific DNA motif. THAP5 could also repress the transcription of a reporter gene in a heterologous
system. Our work suggests that THAP5 is a DNA-binding protein and a transcriptional repressor. Fur-
thermore, THAP5 has a pro-apoptotic function and it was induced in melanoma cells under conditions

that promoted cell death.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

THAP proteins comprise a group of polypeptides defined by the
presence of an approximately 90 amino-acid THAP domain at their
amino-terminus [1]. THAP stands for Thanatos-Associated Protein
(Thanatos means death in Greek) [1]. Twelve human THAP proteins
(THAPO-11) have been identified but most of the studies have been
focused on THAPO (DAP4), THAP1, THAP7, and THAP11 [2-6]. Very
little is known about the function of the other members of the
THAP family. Previous studies suggested that THAP proteins are in-
volved in several important functions including cell proliferation,
apoptosis, cell cycle, chromosome segregation, chromatin modifi-
cation, and transcriptional regulation [1].

The first THAP protein to be studied was THAPO/DAP4 (death
associated protein-4) [4,5]. THAPO has been shown to enhance
apoptosis caused by the overexpression of MST-1 protein [7].
THAP1 has been shown to be a nuclear protein associated with pro-
myelocytic leukemia nuclear bodies and TNF-a induced apoptosis
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[8]. It could also act as a regulator of cell cycle (G1/S phase) by reg-
ulating the expression of the RRM11 gene, a pRb/E2F target protein
[2]. THAP?7 is a chromatin associated transcriptional repressor pro-
tein that could recruit histone deacetylase 3 (HDAC3) and nuclear
hormone receptor corepressors (NCoR) [6,9]. THAP11 has been
shown to suppress cell growth by transcriptional downregulation
of c-Myc [10]. The mouse homolog of THAP11, called Ronin, was
also identified as an essential factor for embryogenesis and embry-
onic stem (ES) cell pluripotency [11].

We have previously reported the isolation of THAPS5 as a specific
interactor and substrate of the mitochondrial serine protease Omi/
HtrA2. THAP5 is a human protein with a restricted pattern of
expression and is found predominantly in human heart [12]. Our
studies showed that THAPS could function as an inhibitor of cell
cycle and was cleaved by the pro-apoptotic protease Omi/HtrA2
during cell death [12]. The level of THAP5 protein was significantly
reduced in the myocardial infarction area of human heart tissues
obtained from patients with coronary artery disease (CAD) sug-
gesting a potential role of this protein in the development and/or
progression of human heart disease [12].

In this work, we extend our studies on the mechanism of the
normal function of THAPS and its potential role in cell death in
melanoma cells. In this report we show, that upon exposure to
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UV irradiation or cisplatin treatment, THAP5 protein was consider-
ably induced. The induction of THAP5 closely mirrored the degree
of apoptotic cell death in the melanoma population and overex-
pression of THAP5 sensitized melanoma cells to UV-induced apop-
tosis. THAP5 was able to bind a specific DNA sequence and repress
the transcription of a reporter gene. In summary, our work defines
THAPS5 as a nuclear protein that is up-regulated by UV irradiation
or cisplatin-induced cellular damage and cell death. The ability of
THAPS5 to bind a specific DNA sequence and repress transcription
suggests a potential role for this protein in the regulation of genes
involved in DNA damage and/or cell death of melanoma cells.

2. Materials and methods
2.1. Cell culture

Melanoma (MEL-2, MEL-18, MMG1, SMYM, 397mel, 624mel,
888mel, 928mel, SKmel23, RPM-ML, PM-WK, and MM-LH), stom-
ach cancer (MNK7 and MNK28), lung cancer (A549), ovarian cancer
(ES2), normal monkey kidney (Cos7) cell lines were grown in RPMI
1640 medium (Invitrogen) supplemented with 10% FBS. HEK293T
cells were grown in DMEM supplemented with 10% fetal calf ser-
um (Hyclone), 2 mM i-glutamine, 1.5 g/l sodium bicarbonate,
1 mM sodium pyruvate, 50 U/ml penicillin, and 50 pg/ml strepto-
mycin (Invitrogen). MeWo and SK-Mel-28 cell lines were grown
in MEM supplemented with 10% fetal calf serum, 50 U/ml penicil-
lin, and 50 pg/ml streptomycin. Peripheral blood lymphocytes
(PBL) from healthy normal donors were used as controls. Paraf-
fin-embedded archival tissue (PEAT) specimens were obtained
from melanoma patients who underwent surgical resection at
Shinshu University Hospital (Nagano, Japan).

2.2. Quantitative real-time (qRT)-PCR assay

Total RNA was isolated using Tri-Reagent (Molecular Research
Center Inc.). The THAP5 specific primers were 5'-GAAAGGTGCACG
CAAAGTTAAT-3' (forward); 5'-CAGGAGTAAAATGGTCACTACATA
GAA-3' (reverse). GAPDH specific primers were 5'-CCATGTTCGTCA
TGGGTGT-3' (forward); 5-CCAGGGGTGCTAAGCAGTT-3' (reverse).
The gRT-PCR assay was performed with the LightCycler System
and Universal Probe Library Set, Human (Roche Applied Science)
using 250 ng of total RNA. Specific plasmid controls of THAP5 or
GAPDH and standard curves for each gene were generated with a
threshold cycle of six serial dilutions of plasmid templates (106-
101 copies) [13]. THAP5 expression was calculated as a ratio of
the THAP5/GAPDH copy numbers.

2.3. Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed, paraf-
fin-embedded sections from primary or metastatic human mela-
noma. After deparaffinization, endogenous peroxidase was
quenched with peroxidase block (Fisher Scientific). For antigen re-
trieval, the sections were boiled using a microwave for 20 min in
10 mmol/L citrate buffer (pH 6.0), and exposed to blocking solution
(Protein Block Serum-Free, DakoCytomation). The sections were
incubated with polyclonal THAP5 antibody for 60 min. For immuno-
histochemical detection, HRP-labeled anti-rabbit immunoglobulin
antibody was used (DakoCytomation). Sections were counterstained
with Gill’s hematoxylin (Fisher Scientific) and then mounted [14].

2.4. Sub-cellular localization of THAP5 protein

To investigate the sub-cellular localization of the THAP5 pro-
tein, the full-length cDNA (aa 1-395) was cloned in frame into

EGFP-C1 vector (Clontech). MeWo cells were grown on glass cov-
er slips in 12-well plates. Approximately 60% confluent cells
were transiently transfected with 1 pg of the GFP-THAP5 plas-
mid using Lipofectamine (Invitrogen). Twenty-four hours later
cells were washed and fixed in 4% paraformaldehyde and perme-
abilized with 0.2% Triton X-100. The cover slips were washed and
placed on microscope slides using mounting solution. Slides were
observed under a LSM510 confocal laser-scanning microscope
(Zeiss).

2.5. Western blot analysis of THAP5 protein expression

Cell lysates were prepared using RIPA buffer (150 mM NaCl,
50 mM Tris-HCl, pH 7.5, 1% Nonidet P40, 0.25% deoxycholic acid
sodium salt) containing the protease-inhibitor cocktail (Roche)
and resolved by SDS-PAGE. They were then electro-transferred
onto a polyvinylidene difluoride (PVDF) membrane and probed
with polyclonal THAP5 antibody at a 1:5000 dilution followed by
secondary goat anti-rabbit horseradish peroxidase conjugated
antibody. The immunocomplex was visualized using enhanced
chemiluminescence (Pierce) [12].

2.6. Cell death assays

MeWo cells (90% confluent) were treated for 10 h with various
concentrations of cisplatin (1, 5, 10, and 15 mM, respectively). In
another experiment, cells were exposed for 10 h to increasing
doses of UV (25, 30, 35, 40, and 50 mJ/cm?, respectively) using a
Spectroline UV crosslinker (254 nm) [15,16]. Cells were detached
with 1x trypsin-EDTA (Gibco) and washed twice with ice-cold
PBS. Half of them were used for Western blot analysis, and the rest
to estimate apoptosis. Briefly, cells were suspended in 1x binding
buffer and stained with Annexin V (apoptotic cell) and 7-amino-
actinomycin D (7-AAD for necrotic cells). Samples were analyzed
on a FACS Calibur Flow Cytometer (BD Biosciences) [12,17]. MeWo
cells were also transfected with GFPC1 (control) or GFPC-THAP5
plasmid. Thirty-six hours after transfection, cells were exposed to
50 mJ/cm? of UV and 10 h later apoptosis in the population was
estimated.

2.7. Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from MeWo or NIH3T3 cells
using a hypertonic buffer (20 mM Hepes, pH 7.9, 420 mM NacCl,
1 mM EDTA, 1 mM EGTA, 20% glycerol, 20 mM NaF, 1 mM NasVOy,
1 mM Na4P,07, 1 mM DTT, and protease-inhibitor cocktail [18,19].
Extract (3 pg) was incubated with double-stranded 3?P-radiola-
beled WT oligonucleotide probe (5-TGCCTGGTGCAAGTAACT) or a
mutant probe (5-TGCCTGGTACACGTAACT). Protein-DNA com-
plexes were resolved by non-denaturing PAGE and detected by
autoradiography.

2.8. Cyclic Amplification and Selection of Targets (CASTing)

The CASTing procedure was used to select a THAP5-binding site
[20,21]. A randomized DNA template, 5'-TGG GCA CTA TTT ATA
TCA A-N25-AAT GTC GTT GGT GGC CC-3' (where N25 is a 25-base
sequence of random nucleotides) was synthesized and amplified
with primers 5-ACCGCAAGCTTGGGCACTATTTATATCAAC-3' and
5-GGTCTAGAGGGC CACCAACGACAT T-3' in a PCR. MeWo cell ex-
tract was incubated with the pool of ds-oligos for 30 min in
100 pl of binding buffer (20 mM Tris, pH 7.5; 100 mM NacCl;
0.05% NP40; 0.5mM EDTA; 100 pg/ml BSA; 50 pg/ml poly
(dI-dC); 5 pg/ul salmon sperm DNA) at RT. This was followed by
the addition of THAP5 specific antibody and protein G-agarose
beads. After 30 min, the mixture was washed five times in 100 pl
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Fig. 1. Expression and localization of THAPS5 in melanoma cells. (A) THAP5 mRNA expression in various cell lines. THAP5 is expressed at various levels in all human melanoma
cell lines tested. THAP5 expression was also detected in some human gastric, lung and ovarian cell lines but not in Cos7 or PBL cells. (B) Immunohistochemistry of primary
and metastatic melanoma tissues showing distinct THAP5 staining of melanocytes. (C) Sub-cellular localization of the GFP-THAP5 in MeWo cells. Confocal images of MeWo
cells transfected with GFP-THAP5;_395 shows nuclear localization (green in C1). Panel C2 shows cells with DAPI staining for the nucleus and C3 shows merged image of panels
C1, C2 and C3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of NT2 buffer (20 mM Tris, pH 7.5; 100 mM NacCl; 0.05% NP40) [11].
Beads were resuspended in 100 pl of H,0, and THAP5 bound DNA
was purified by phenol/chloroform extraction and ethanol precip-
itation and then resuspended in 10 pl of H,0. Two microliters of
DNA isolated from the first round of THAP5 binding was used in
a second round of PCR amplification and selection. After seven
rounds of PCR amplification, the oligonucleotide enriched popula-
tion for THAP5 binding was cloned into the pGEM-T vector (Prome-
ga). Twenty-five random clones were sequenced and the data were
analyzed using the Multiple EM for Motif Elicitation (MEME) soft-
ware (meme.sdsc.edu).

2.9. Reporter gene studies

HEK293T cells were transfected with Gal4 TK-Luc reporter and
PRL-SV40 Renilla luciferase (Promega), Gal4 DNA-binding protein
(DBD) alone, Gal4 DBD-THAPS5, or Gal4 DBD-THAP7 using Lipofect-
amine 2000 (Invitrogen). PCDNA3 vector was used to keep the total
DNA for each transfection equal [9]. Luciferase activity was mea-
sured according to the manufacturer’s instructions (Promega).

2.10. Statistical analysis

All quantitative data are expressed as mean + SD. Differences
were analyzed by one-way analysis of variance (ANOVA) followed

by Student’s t-test. p<0.05 was considered to be statistically
significant.

3. Results
3.1. Expression of THAP5 in melanoma cells

THAPS5 is highly expressed in the human heart, however human
cardiomyocyte cell lines are not available which severely limits the
study of this protein. Since THAP5 was originally isolated from a
melanocyte cDNA library, we decided to investigate its function
in these cells. Using RT-PCR we monitored the expression of THAP5
mRNA and found it to be expressed at various degrees in all mela-
noma cell lines as well as stomach and lung cancers but no expres-
sion was detected in Cos7 cells or in PBL (Fig. 1A). In addition, using
immunohistochemistry, THAP5 expression was observed in both
primary and metastatic melanomas (Fig. 1B).

3.2. Sub-cellular localization of THAP5 protein

To investigate the sub-cellular location of THAP5 in melanoma
cells, we expressed the full-length THAP5 protein fused to GFP.
The GFP-THAP5 was transfected into MeWo cells and 24 h later
the sub-cellular localization of the GFP-THAP5 protein was moni-
tored using a confocal microscope. Fig. 1C shows the GFP-THAP5
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Fig. 2. THAP5 is induced following UV or cisplatin treatment. MeWo cells were treated with increasing doses of UV and cisplatin and apoptosis monitored by flow cytometry
as described in Section 2 (A1 and B1). Extracts were prepared from the same cell populations and subjected to SDS-PAGE and Western blot analysis using THAP5 antibody.
THAP5 was significantly induced with increasing doses of UV and cisplatin and this corresponds to an increased apoptosis in the treated cells (A2 and B2). B-Actin antibody
was used to verify that equal amount of protein was present in each lane. Bottom panels (A2) and (B2) show densitometry analysis. (C) MeWo cells were transfected with
GFPC vector and GFPC-THAPS5 plasmids. Transfected cells were exposed to UV and cell death was monitored. Data are mean # SD of three different experiments.

protein is predominantly localized in the nucleus of MeWo cells
and is excluded from the nucleoli.

3.3. THAPS is induced in melanoma cells in response to UV irradiation

To investigate any potential role of THAP5 protein in cell death,
MeWo cells were exposed to increasing doses of UV and cell death
was estimated by Annexin V staining and flow cytometry. THAP5
protein level was also monitored by Western blot analysis. These
experiments clearly showed that following UV treatment, there
was a significant increase in THAP5 protein level (Fig. 2, A2). The
induction of THAP5 was dose dependent and closely correlated
with the degree of apoptosis in the cell population (Fig. 2, A1).

3.4. THAP5 protein is induced in MeWo cells treated with cisplatin

We investigated if cisplatin could also modulate THAP5 protein
levels in a similar manner to that of UV irradiation. MeWo cells
were treated with various concentrations of cisplatin and cell
death was monitored as well as THAP5 protein levels. Fig. 2 shows
that cisplatin could induce THAPS protein level (Fig. 2, B2) and this
induction also correlated with an increase in apoptosis (Fig. 2, B1).

3.5. THAPS sensitizes cells to UV-induced cell death

To investigate if THAP5 induction in melanoma cells has a pro-
apoptotic or a cytoprotective function, MeWo cells were transfec-
ted with GFPC1 (control vector) or GFPC-THAP5. Thirty-six hours
after transfection, cells were treated with increasing doses of UV
and 10 h later apoptosis was monitored. There was increased cell
death in cells over-expressing GFP-THAP5 compared to cells
over-expressing GFP alone suggesting that THAP5 could sensitize
melanoma cells to UV-induced cell death (Fig. 2C).

3.6. Identification of a THAP5-DNA-binding sequence

THAPS5 has an atypical zinc finger domain (THAP domain) at its
amino-terminus. A similar domain, in the human THAP1 and
mouse THAP11 has been shown to bind a specific DNA sequence
[3,11]. To determine whether THAP5 possesses sequence-specific
DNA-binding activity and identify a consensus DNA-binding site,
we used a modified PCR-based approach, CASTing (Cyclic Amplifi-
cation and Selection of Targets). We used a pool of oligonucleotides
consisting of a random 25-nucleotide sequence flanked by two
known sequences used for PCR. The oligonucleotide pool was
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Fig. 3. THAP5 recognized a specific DNA sequence. (A) Identification of a consensus DNA-binding site for THAPS5. This consensus sequence was created from a pool of 25
independent THAP5 bound oligonucleotides recovered at the end of seven rounds of selection. The DNA sequences were analyzed by the motif-discovery program MEME. (B)

Electrophoretic mobility shift assay showing THAP5 binding to the consensus DNA s
with anti-THAP5 antibody; lane 4, NIH3T3 extract; lane 5, MeWo extract plus 100 M

equence. Lane 1, control (no extract); lane 2, MeWo nuclear extract; lane 3, MeWo extract
excess of cold THAP5 specific probe (WT); and lane 6, MeWo extract plus 100 M excess of

mutant probe incubated with 32P-labeled wild type probe. (C) Specificity of THAP5 binding. First four lanes show THAP5 binding to the labeled WT probe. Lane 1, control (no
extract); lane 2, MeWo nuclear extract; lane 3, MeWo extract with anti-THAP5 antibody; lane 4, NIH3T3 extract. Lanes 5 and 6 show reduced binding of THAPS5 to the labeled
mutant probe. Lane 5, control (no extract); lane 6, MeWo nuclear extract; lane 7, MeWo extract with anti-THAP5 antibody; lane 8, NIH3T3 extract.

mixed with MeWo nuclear extract and the THAP5/dsDNA complex
was immunoprecipitated using a THAP5 specific polyclonal anti-
body. The precipitated dsDNA was separated from any bound pro-
teins and re-amplified by PCR. This process was repeated to enrich
for oligonucleotides bound specifically to THAP5. After seven
rounds of selection and amplification, the dsDNA was cloned into
PGEM-T vector. The dsDNA inserts from 25 individual clones were
sequenced and a consensus DNA-binding site for THAP5 was iden-
tified using the Multiple EM for Motif Elicitation (MEME) software
(meme.sdsc.edu) (Fig. 3A).

3.7. DNA-binding site specificity of THAP5

To verify that the in vitro selected consensus DNA sequence rep-
resents a bona fide binding site for THAPS5, electrophoretic mobility
shift assays (EMSA) were performed. We used 3?P-labeled ds-
oligonucleotides representing the THAP5 consensus sequence (WT
5'-TGCCTGGTGCAAGTAACT-3’). After incubation with MeWo
nuclear extracts the protein-DNA complexes were resolved in a
non-denaturing polyacrylamide gel and detected by autoradiogra-
phy. Fig. 3B shows a specific complex that corresponds to THAP5
bound to DNA. This complex was inhibited by THAP5 antibodies
and was not seen when NIH3T3 extract was used since THAP5 has
no homolog in murine cells. In a competition experiment, excess of
WT cold probe could successfully compete out the THAP5-DNA
complex. In addition, another ds-oligonucleotide that had the con-
sensus DNA-binding site modified in positions 3 and 6 was used. This
mutant oligonucleotide also showed some weak binding with
THAPS5 (Fig. 3C). These experiments suggest, although the nucleo-
tides at positions 3 and 6 were very important for binding to THAP5,
there are other nucleotides in the consensus DNA-binding sequence
that were involved in this specific protein-DNA interaction.

3.8. THAP5 can repress transcription of a reporter gene

Since THAP5 is a nuclear protein we investigated its potential
function as a transcription regulator. For these experiments,
Gal4-THAPS5 fusion protein was used to modulate the expression
of a reporter gene that is under the control of four Gal4 DNA-
binding sites. As a positive control Gal4-THAP7 that was
previously shown to be a potent repressor of transcription in the
same system was used [9]. Fig. 4 shows that the Gal4-THAP5
was able to repress the activity of the reporter gene but to a lesser
extent than the Gal4-THAP?7.
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Fig. 4. THAPS5 is a transcriptional repressor. Different amounts of Gal4-THAP5 or
Gal4-THAP7 vectors were transfected into HEK293T cells along with a Gal4-
luciferase reporter. Luciferase assays were performed 48 h post transfection. Gal4-
THAP5 was able to repress the transcription of the reporter gene but to a lesser
extent than the Gal4-THAP7. Data are means+SD of four independent

experiments.
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4. Discussion

There are 12 human THAP proteins but there is only limited
information on their normal function. Previous studies have fo-
cused on THAPO, THAP1, THAP7, and THAP11 [2-6]. Some of these
THAP family members have been reported to be involved in apop-
tosis. THAPO/DAP4 was identified in a screening of a HeLa cDNA li-
brary for IFN-y induced apoptotic genes [5]. THAP1 has also been
shown to be a pro-apoptotic protein and associate with promyelo-
cytic leukemia nuclear bodies [8].

In this study, we investigated the function of human THAP5
protein in melanoma cells and its potential role in apoptosis.
THAP5 was found to be a nuclear protein and was expressed at var-
ious levels in all melanoma cell lines tested. Additionally, both pri-
mary and metastatic human melanoma tissue showed high levels
of expression of THAP5 protein.

To investigate the potential role of THAP5 in apoptosis, we ex-
posed MeWo cells to UV irradiation or cisplatin treatment. We used
UV to induce cellular stress and apoptosis since it is the most rele-
vant physiological stimulus for this cell type. Cisplatin forms adduct
with DNA and disrupts its structure thereby interfering with replica-
tion and transcription processes [22]. There was a significant induc-
tion of THAP5 protein in response to UV exposure or cisplatin
treatment that closely correlated with the degree of apoptosis in
the cell population. Similar results were also obtained using a differ-
ent melanoma cell line, SK-Mel-28 (results not shown). Further-
more, we show THAP5 induction had a pro-apoptotic function in
melanoma cells exposed to UV. To study the mechanism of THAP5
function we investigated the ability of this protein to recognize a
specific DNA sequence and regulate the transcription of a reporter
gene. THAP proteins constitute the second largest family of zinc fin-
ger proteins after the C2CH family and the few members that have
been studied were shown to have DNA-binding activity and to recog-
nize specific target sequences [23]. We used a modified protocol of
the Cyclic Amplification and Selection of Targets (CASTing) assay
and identified a consensus DNA-binding sequence for THAP5 de-
fined by eleven nucleotides [20]. We confirmed the specificity of
binding using the THAP5 antibody and extracts from mouse NIH3T3
cells that lack THAP5. The consensus DNA-binding site for THAP5
contains two invariant nucleotides (Gs and Ag) that were crucial
for protein interaction. Mutation of both nucleotides (G3A and
A6C) dramatically reduced the formation of THAP5-DNA complex.
In addition, THAPS5 fused to GAL4 was able to repress the transcrip-
tion of a reporter gene in a heterologous system.

5. Conclusion

THAPS5 protein was expressed in various melanoma cell lines as
well as primary and metastatic melanoma cancers. The protein le-
vel of THAP5 was up-regulated following exposure of melanoma
cells to UV irradiation or cisplatin treatment. The induction of
THAP5 under these conditions correlated with the degree of apop-
tosis in the cell population. Overexpression of THAP5 sensitized
melanoma cells to UV-induced cell death suggesting this protein
had a pro-apoptotic function in this system. Additionally, we show
that THAP5S is a DNA-binding protein that recognized a specific
motif and could act as a repressor when expressed in a heterologous
system. Therefore, THAP5 represents a new tissue specific
transcriptional repressor that participates in the apoptotic process
of melanoma cells that is associated with DNA damage.
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