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Testicular cancer is highly curable with cisplatin-based ther-
apy, and testicular cancer-derived human embryonal carcinoma
(EC) cells undergo a p53-dominant transcriptional response to
cisplatin. In this study, we have discovered that a poorly charac-
terized member of the death-associated protein family of serine/
threonine kinases, STK17A (also called DRAKI), is a novel p53
target gene. Cisplatin-mediated induction of STK17A in the EC
cell line NT2/D1 was prevented with p53 siRNA. Furthermore,
STK17A was induced with cisplatin in HCT116 and MCF10A
cells but to a much lesser extent in isogenic p53-suppressed
cells. A functional p53 response element that binds endogenous
p53 in a cisplatin-dependent manner was identified 5 kb
upstream of the first coding exon of STK17A. STK17A is not
present in the mouse genome, but the closely related gene
STK17B is induced with cisplatin in mouse NIH3T3 cells,
although this induction is p53-independent. Interestingly, in
human cells containing both STKI17A and STKI17B, only
STK17A is induced with cisplatin. Knockdown of STK17A con-
ferred resistance to cisplatin-induced growth suppression and
apoptotic cell death in EC cells. This was associated with the
up-regulation of detoxifying and antioxidant genes, including
metallothioneins MT1H, MTIM, and MT1X that have previ-
ously been implicated in cisplatin resistance. In addition, knock-
down of STK17A resulted in decreased cellular reactive oxygen
species, whereas STK17A overexpression increased reactive
oxygen species. In summary, we have identified STKI7A as a
novel direct target of p53 and a modulator of cisplatin toxicity
and reactive oxygen species in testicular cancer cells.

The p53 tumor suppressor plays a pivotal role in preventing
tumor formation and is induced in response to a variety of cel-
lular stresses, including DNA damage leading mainly to apo-
ptosis or cell cycle arrest (1). Other recognized actions of p53
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involve regulation of genomic stability, DNA repair, senes-
cence, autophagy, reactive oxygen generation, and metabolism
(1, 2). The actions of p53 are mainly mediated by its potent
transcriptional regulation of specific target genes. Because p53
is highly induced during the DNA damage response, it has a
major, yet still not completely understood, role in determining
whether cancer cells live or die with cytotoxic therapies. Fur-
thermore, p53 regulation and downstream target gene activa-
tion may be cell type- and context-dependent, making it diffi-
cult to unravel the complete p53 transcriptional network (3).
Identifying novel p53 target genes induced during DNA dam-
age may reveal new mechanisms of p53 tumor suppression and
provide new therapeutic opportunities.

Testicular germ cell tumor (TGCT)? patients are cured at a
rate approaching 90% with cisplatin-based combination ther-
apy even when the disease is highly advanced (4). These
responses have been linked to rapid and extensive apoptosis in
patients and in xenografts and cultures of embryonal carci-
noma, the putative stem cells of TGCTs (5, 6). However, the
mechanisms responsible for the hypersensitivity to chemother-
apy are not well understood. Because the p53 gene is rarely ever
mutated in TGCT patients, it has been proposed that p53 may
by uniquely latent during TGCT development and may have a
specialized role in mediating the hypersensitivity of TGCT's to
DNA-damaging agents (5—8). Using microarray analysis, we
previously discovered that the transcriptional response to cis-
platin in embryonal carcinoma cells is dominated by the induc-
tion of p53 target genes (9). In addition to many well known
direct p53 target genes, there were several cisplatin-induced
genes previously unassociated with p53, including the serine/
threonine kinase 17A (STK17A).

STK17A is a member of the death-associated protein (DAP)
family of serine/threonine protein kinases that includes the
prototypic family member DAPK1 along with DAPK2 and
DAPK3 (zipper-interacting protein kinase) (10-12). STK17A
(DRAK1) and STK17B (DRAK?2) are more distantly related and
less characterized members of the DAPK family (13). DAPK1
has been linked to several cell death-related signaling pathways,
including those resulting in autophagic and apoptotic cell

3 The abbreviations used are: TGCT, testicular germ cell tumor; DAP, death-
associated protein; EC, embryonal carcinoma; RE, response element; ROS,
reactive oxygen species; STK, serine/threonine kinase; DAPK, DAP kinase;
Lug, luciferase; TK, thymidine kinase; DN, dominant-negative; PET, paired
end tag.
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death, and DAPK1 expression is repressed in a variety of can-
cers (10—12). Despite many proposed pathways and substrates,
the precise mechanism(s) by which DAP family kinases induce
cell death, including the key substrates that are phosphorylated,
requires further elucidation.

In contrast to DAPKI, there is substantially less evidence to
associate STK17A and STK17B with apoptosis or cell death.
Although possessing moderate homology in the catalytic kinase
domain, STK17A and STK17B both lack the death domain and
the Ca®"/calmodulin regulatory domain of DAPK1 (10-13).
One prior report demonstrated that overexpression of STK17A
in NIH3T3 cells negatively impacted colony formation, imply-
ing that STK17A may also possess prodeath activity (13). Inter-
estingly, STKI7A is present near a chromosomal breakpoint
region between human and rodents and is not present in the
mouse or rat genome (14). Knock-out of STK17B in the mouse
suggests that this protein negatively regulates T cell activation
but appears not to directly regulate apoptosis in this setting (15,
16).

Here we demonstrate that STKI7A is a novel, direct target
gene of p53. STK17A was up-regulated by the DNA-damaging
agent cisplatin in various cell lines in a p53-dependent manner,
and p53 directly bound to an upstream element in the STK17A
gene. Knockdown of STK17A in human embryonal carcinoma
(EC) cells resulted in cisplatin resistance associated with
increased expression of detoxifying and antioxidant genes and
decreased levels of reactive oxygen species (ROS), demonstrat-
ing that STK17A plays a role in mediating cisplatin toxicity in
TGCTs.

EXPERIMENTAL PROCEDURES

Cell Culture and Drug Treatments—NT2/D1, U20S, 293T,
and NIH3T3 (American Tissue Culture Collection (ATCC))
were cultured in DMEM with 10% fetal bovine serum supple-
mented with glutamine and antibiotics. The derivation of the
NT2/D1 resistant cell line NT2/D1-R1 was described previ-
ously (17). HCT116 colon cancer cell lines p53+/+ and
p53—/— were a gift from Dr. B. Vogelstein (The Johns Hopkins
University) and cultured in DMEM. MCF10A immortalized
breast epithelium cells and the MCF10A/Ap53 cell line stably
transfected with p53 shRNA were described previously and
were generously provided by Dr. A. Eastman (Dartmouth Med-
ical School) and cultured in DMEM/F-12 supplemented with
10% FBS, 8 ug/ml insulin, 29 ng/ml epidermal growth factor,
and 500 ng/ml hydrocortisone (18). ED1 cells are a mouse lung
cancer cell line kindly provided by Dr. E. Dmitrovsky (Dart-
mouth Medical School) and were cultured in RPMI 1640
medium with 10% serum (19). The glioblastoma cell line A172
was cultured in DMEM and 5% serum and was a kind gift from
Dr. M. Israel (Dartmouth Medical School). Cisplatin (Bristol
Laboratories Ltd.) treatments were performed at the concen-
trations and time points indicated.

Real Time PCR and Immunoblot Analysis—Reverse tran-
scription was performed on 1 ug of RNA using the TagMan RT
kit (Applied Biosystems). The cDNA (20 ng) was used with
SYBR Green (Applied Biosystems) for quantitative real time
PCR assays using the AAC, method normalized to GAPDH and
the ABI Prism Sequence Detection System 7700. Primers are
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provided in supplemental Table S1. For Western analysis, cells
were lysed in radioimmune precipitation buffer and separated
by SDS-PAGE as described previously (9). Antibodies to
STK17A (IMG-157-1, Imgenex), p53 (DO-1, sc0126, Santa
Cruz Biotechnology, Inc.), and actin (C-11,sc01615, Santa Cruz
Biotechnology, Inc.) were used.

Chromatin Immunoprecipitation (ChIP) Assays—Briefly, 1 X
107 cells/15-cm dish were treated for 6 h with 2.0 um cisplatin
and 10 h later fixed with 1% formaldehyde for 10 min at 37 °C.
Cells were lysed in ChIP lysis buffer in the presence of protease
inhibitors and sonicated on ice for 11 X 15-s pulses with 20%
amplitude on a Vibra Cell sonicator (Danbury, CT). Diluted
samples were incubated overnight with p53 DO-1 or mouse
IgG control antibodies (sc2025, Santa Cruz Biotechnology,
Inc.) prebound to G protein-coupled Dynabeads (Invitrogen).
Following wash steps, antibody complexes were eluted and
incubated for 65 °C overnight, and DNA was then purified
using the QIAquick PCR amplification kit (Qiagen). Enrich-
ment for target sequences was performed using real time PCR
normalized to 10% input. Primers are provided in supplemental
Table S1.

Reporter  Assays—A  350-bp fragment containing
STK17Ap53RE1 and located 5.0 kb upstream of the transcrip-
tional start site of human STK17A was generated by PCR using
genomic DNA from NT2/D1 cells and primers 5'-TTGCTC-
CTTATCTAGGCTCCTTA and 5-GATGGAGTCTACTC-
CTGTTGAGA. The product was cloned into pCR2.1-TOPO
(Invitrogen) and then inserted into the BamHI and XholI sites of
TK-Luc (kindly provided by Dr. J. DiRenzo, Dartmouth Medi-
cal School) to generate STK-TK-Luc. A version of STK-TK-Luc
in which p53RE1 was mutated from GGGCATGCTCAG-
GCAAGTCCto GGGaATaCTCAGGaAAaTCC (where lower-
case letters indicate the mutations) was constructed using
QuikChange site-directed mutagenesis (Stratagene). All con-
structs were sequence-confirmed. Cells were plated at 1.5 X 10°
cells/well of a 6-well plate. FUGENE transfections were per-
formed with 0.6 ug of reporter, 0.2 ug of Renilla TK and 0.5 pg
of either p53 expression plasmid, dominant-negative p53 (DN-
p53) (17), or empty vector control. Cells were harvested 24 h
following transfection, and Dual-Luciferase reporter analyses
were performed (Promega). Luciferase activity was normalized
against Renilla activity.

RNAi Knockdown—Lentiviral silencing shRNAs targeting
human STK17A (TRCN0976, STK17Ashl and TRCNO0975,
STK17Ash2) were purchased from Open Biosystems along
with pLKO.1 control. Lentiviral stocks were generated from
293T cells as described previously (20). NT2/D1 cells were
cultured with lentiviral stocks for 24 h, and stable pools were
selected with 1.0 wg/ml puromycin. Two independent
siRNAs were designed that target sequences AAGACUC-
CAGUGGUAAUCUAC and CGGCAUGAACCGGAGGC-
CCAU of human p53 in NT2/D1 cells and GAAUGAGGC-
CUUAGAGUUAUU and UAACUCUAAGGCCUCAU-
UCUU of mouse p53 in NIH3T3 cells (Dharmacon). A final
concentration of 120 nm siRNA was transfected using Oligo-
fectamine reagent (Invitrogen) as described previously (21).
The siRNA duplex control used was the Scramble II
sequence (Dharmacon).
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Cell Proliferation, Apoptosis, and ROS Assays—Cell prolifer-
ation and survival were assessed with Cell-Titer Glo (Promega).
Cells were plated at 5 X 10%*/well of a 6-well plate and the next
day treated with the indicated dosages of cisplatin for 3 days.
For acute treatments, cells were treated with cisplatin for 6 h
and then assayed 3 days later. For cell cycle analysis, 7 X 10°
cells/10-cm dish were treated the next day with cisplatin for 6 h
and assayed 24 h later. For continuous treatment, 5 X 10° cells
were treated with cisplatin for 3 days. Adherent and floating
cells were fixed in 70% ethanol and stained for 4 h with pro-
pidium iodide prior to analysis on a BD Biosciences FACScan
flow cytometer. The percentage of cells with sub-G; DNA was
determined using CellQuest software.

For ROS detection, cells were incubated with 10 um 2',7'-
dichlorodihydrofluorescein diacetate (Molecular Probes) for 30
min at 37 °C in Opti-MEM (Invitrogen) supplemented with
10% serum. After incubation, cells were washed with PBS,
trypsinized, and resuspended in PBS; fluorescence was meas-
ured using a BD Biosciences FACScan; and data were analyzed
with CellQuest software. The human STK17A c¢DNA was
purchased from Origene (SC323411) and subcloned into
pcDNA3.1. 293T cells were transfected with expression vectors
using Lipofectamine 2000 (Invitrogen) and 24 h later assayed
for ROS generation as described above.

Microarray Analysis—Total RNA was isolated with TRI Rea-
gent. Hybridization was performed according to Illumina
guidelines using the Illumina HumanHT-12 v4 Expression
BeadChip array, which provides coverage for more than 47,000
transcripts and known splice variants across the human tran-
scriptome. NT2-PLK and NT2-STK17Ash2 cells were hybrid-
ized in biological duplicate. Raw data were normalized using
the quantile method utilizing GenomeStudio software. Com-
paring the average of duplicate normalized intensity values
yielded 126 transcripts up-regulated 1.5-fold or greater (range,
1.5-3.7-fold) and 209 transcripts down-regulated 1.5 or greater
(range, 1.5-3.4-fold). The genes in Table 1 were selected from
the 126 up-regulated genes. The lists of genes can be provided
upon request.

Statistics—When a value for statistical significance is pro-
vided, a two-sample, two-tailed ¢ test assuming unequal vari-
ance was performed.

RESULTS

STK17A Is Induced in Response to Cisplatin in a p53-depen-
dent Manner—Testicular cancer patients can be cured with
cisplatin-based chemotherapy even when the disease is highly
metastatic (4). In prior studies, it was shown that acute treat-
ment of the testicular cancer-derived human EC cell line
NT2/D1 with cisplatin mediates a transcriptional response
dominated by the up-regulation of known p53 target genes (9).
One gene up-regulated in the screen but not previously known
to be a p53 target gene was the poorly characterized DAP family
kinase STKI17A.

Because it has been suggested that p53 may be an important
mediator of chemotherapeutic toxicity in testicular cancer and
other tumor types and because DAPK family members have
previously been associate with apoptosis, it was investigated
whether STK17A is a direct target of p53 in EC and other tumor
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cells. Cisplatin induced STK17A in a dose-dependent manner
inNT2/D1 cells but not in a cisplatin-resistant derivative, NT2/
D1-R1, previously shown to have a defect in p53 signaling (Fig.
1A) (17). Furthermore, the STK17A homolog STK17B was not
induced with cisplatin in NT2/D1 cells (Fig. 14). Importantly,
STK17A but not STK17B was also induced in human osteosar-
coma U20S and human glioblastoma A172 cells (Fig. 1, B and
1C). STK17A is missing from the mouse and rat genomes likely
due to a consequence of it residing at an evolutionary chromo-
some rearrangement (14). Interestingly, in mouse NIH3T3 and
mouse ED1 cells, STK17B was significantly induced with cis-
platin (Fig. 1, D and E). Importantly, cisplatin induction of
STK17A protein also occurred in NT2/D1 and A172 cells (Fig.
1F). Furthermore, STK17A was also induced with the DNA-
damaging agents vinblastine, doxorubicin, and etoposide (sup-
plemental Fig. S1). These data indicate that STK17A is induci-
ble upon genotoxic stress in multiple cell contexts and suggests
that DNA damage-mediated induction of STK17B may com-
pensate for the absence of STK17A in mouse cells.

To investigate the p53 dependence of cisplatin-mediated
STK17A and STK17B induction, several isogenic systems of
p53 repression were used. Cisplatin induction of STK17A was
substantially repressed in NT2/D1 cells treated with two inde-
pendent p53 siRNAs to a degree similar to that of the known
p53 target gene p21 (Fig. 24). STK17A was induced with cispla-
tin in HCT116p53+/+ cells; however, induction was greatly
diminished in the p53-deleted cell line HCT116p53—/—, again
similar to the pattern of p21 expression (Fig. 2B). Similar results
suggesting that STK17A induction is p53-dependent were
obtained in MCF10A cells either expressing wild-type p53 or
stably expressing shRNA to p53 (MCF10A/Ap53) (supple-
mental Fig. S2). In contrast to the situation with STK17A,
STK17B expression was unaffected by cisplatin in both
HCT116p53+/+ and HCT116p53—/— cells (Fig. 2B). Further-
more, the cisplatin induction of mouse STK17B in NIH3T3
cells was unaffected by p53 siRNA treatment that efficiently
repressed p21 induction (Fig. 2C). Thus, cisplatin induction of
STK17A is p53-dependent in a variety of cell contexts in con-
trast to the induction of mouse STK17B in NIH3T3 cells.

STKI7A Is a Direct Transcriptional Target of p53—The
p53MH algorithm was used to search for p53 binding sites
within the human STK17A gene (22). In total, 62 kb of sequence
was interrogated, including all STK17A exons and introns and
12 and 5 kb of 5'- and 3’-untranslated sequence, respectively. A
100% consensus matching p53-responsive element (STK17A-
p53RE1) was found 5.0 kb upstream of the transcriptional start
site of STK17A (Figs. 3A and 4B). Importantly, this site has no
gap between the two p53 binding half-sites, which is the situa-
tion for the vast majority of p53 sites found with genome-wide
p53 ChIP sequencing analysis (23). In addition, four weaker
intronic consensus sites were found (Fig. 34 and supplemental
Table S2). Interestingly STK17A-p53REL1 is within a region pre-
dicted to be an enhancer based on the presence of the
H3K4Mel histone mark (Fig. 34). Furthermore, STK17A-
p53RE1 was within a site identified by Wei et al. (23) using p53
ChIP followed by sequencing (Fig. 34). We could not find a p53
consensus binding sequence within the only other predicted
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FIGURE 1. STK17A is induced with cisplatin in a variety of cell lines. A, STK17A is induced with cisplatin in cisplatin-sensitive human NT2/D1 cells but not in
cisplatin-resistant NT2/D1-R1 cells. Real time PCR analysis was performed on RNA harvested 24 h following a 6-h cisplatin treatment. B and C, STK17A but not
STK17B is induced with cisplatin in human U20S osteosarcoma and A172 human glioblastoma cells treated with cisplatin as in A. Expression was measured by
real time PCR. D and E, STK17B is induced with cisplatin in mouse NIH3T3 and mouse lung cancer ED1 cells. Real time PCR analysis was performed on RNA
harvested 24 h following a 6-h cisplatin treatment. F, STK17A protein is induced with cisplatin in NT2/D1 and A172 cells as determined by Western analysis. The
band representing STK17A is directly below the two nonspecific bands. All data points represent the average of biologic triplicates. Error bars are S.D.*,p < 0.01;

**, p < 0.05. Data are representative of at least two independent experiments.

p53 ChIP-PET from that study, although this ChIP-PET is ~2
kb from STK17A-p53RE2 (Fig. 3A).

ChIP analysis utilizing a p53 antibody demonstrated a 3-fold
enrichment of endogenous p53 binding to STK17A-p53RE1
compared with the non-p53 target gene GAPDH. This -fold
enrichment in binding increased to up to 45-fold in the pres-
ence of cisplatin (Fig. 3B). No enrichment of the STK17A-
p53RE1 fragment was obtained with a control IgG antibody,
and there was no binding of p53 detected in a region 30 kb
upstream of the STK17A gene (Fig. 3B). The known p53 target
gene p21 was used as a positive control and showed consider-
ably more p53 binding compared with STK17A-p53RE1. How-
ever, this difference in ChIP signal is also seen with many other
p53 target genes as a result of the very tight binding of p53 to the
p21 enhancer (23). In a direct comparison of STK17A-p53REs,
p53 bound only to STK17A-p53REL, and this binding was sim-
ilar in extent to the binding of p53 to the previously character-
ized p53RE of the direct p53 target gene PLK2 (Fig. 3C) (23).
Two gene desert regions were used as additional negative
controls.

We cloned a 350-bp region containing STK17A-p53RE1 in
front of the basal thymidine kinase promoter driving luciferase
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expression. HCT116p53+/+ and HCT116p53—/— cells
were transfected with either control reporter (TK-Luc) or
the STK17A reporter construct (STK-TK-Luc). Only in
HCT116p53+/+ cells did STK-TK-Luc have appreciable activ-
ity above that of the control reporter, and the activity was sub-
stantially repressed with addition of DN-p53 (Fig. 4A).
STK17A-TK-Luc also had activity in p53 wild type-containing
NT2/D1 cells that was again inhibited by DN-p53. Mutating
four bases in the p53 binding motif of STK17A-RE1 abolished
this activity (Fig. 4B). Furthermore, STK17A-Luc demon-
strated activity similar to that of the TK-Luc control and
STK17A-Luc-Mut reporters in human glioblastoma cells har-
boring mutant p53, and transfection of wild-type p53 increased
activity only in cells transfected with the intact STK17-p53RE1
reporter. The reporter data, together with the above ChIP
results, establish that STK17A-p53RE1 is a functional p53-re-
sponsive element in the STK17A gene, thereby strongly indicat-
ing that STK17A is a novel and direct p53 target gene.
STK17A Knockdown Results in Decreased Sensitivity to Cis-
platin Associated with Decreased Apoptosis in NT2/D1 Cells—
EC cells are hypersensitive to DNA-damaging agents that are
associated with curability of testicular cancer (24). To assess the
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FIGURE 2. STK17A is induced with cisplatin in a p53-dependent manner. A, cisplatin induction of STK17A in NT2/D1 cells is repressed with p53 siRNA
knockdown. Expression analysis of p53 (top panel), STK17A (middle panel), or p21 (bottom panel) in NT2/D1 cells mock-transfected or transfected with either
control siRNA (scbl) or two independent siRNAs targeting p53 and then treated with cisplatin for 6 h followed by real time PCR analysis 24 h later. *, p < 0.01
compared with identically treated control cells. B, STK17A is up-regulated following cisplatin (Cisplat) treatment of wild-type HCT116 cells (HCT116p53+/+)
but to a much lesser extent in the isogenic p53-deleted line (HCT116p53—/—), whereas STK17B is not induced with cisplatin and not repressed in
HCT116p53—/— cells. Cells were treated with cisplatin and harvested as in A for real time PCR analysis of STK17A (top), STK17B (middle), and p21 (bottom).*, p <
0.02; **, p < 0.05 compared with no cisplatin treatment. C, STK17B is up-regulated with cisplatin in a p53-independent manner in NIH3T3 cells. Expression of
p53 (top panel), STK17B (middle panel), or p21 (bottom panel) in NIH3T3 cells mock-transfected or transfected with either control siRNA (scbl) or two indepen-
dent siRNA targeting mouse p53 and then treated with cisplatin for 6 h followed by real time PCR analysis 24 h later. *, p < 0.02 compared with the identically
treated mock control. All data points represent the average of biological triplicates. Error bars are S.D. Data are representative of at least two independent
experiments.

importance of STK17A in the response of EC cells to cisplatin, was seen with both continuous (3-day) (Fig. 5C) and acute (6-h)
NT2/D1 cells with stable shRNA knockdown of STK17A were cisplatin treatments (data not shown) and was reproducibly
generated. STK17Ash2 efficiently knocked down both basal ~demonstrated utilizing three separately derived selections of
and cisplatin-induced expression of STK17A, whereas STK17Ash lentiviral cells.

STK17Ashl gave an intermediate effect that was more pro- It was apparent that the increase in cell number with cisplatin
nounced at the level of protein expression (Fig. 5, A and B). in STK17Ash2 cells was in large part due to a decrease in cell
STK17A knockdown resulted in decreased sensitivity to cispla- ~ death by the observation of fewer floating cells in the medium.
tin in NT2/D1 cells as demonstrated by increased proliferation  There was a substantial decrease in apoptosis in STK17Ash2 cells
and survival of STK17Ash2 cells compared with control cells  after cisplatin treatment compared with controls as assessed by the
with STK17Ash1 cells demonstrating an intermediate pheno- level of cells with sub-G; DNA content (Fig. 6, A and B). The
type (Fig. 5C). The increase in cell number in STK17Ash2 cells  decrease in apoptosis in STK17Ash2 cells was seen under both
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detect STK17A-p53RE4 and STK17A-p53RE5 due to their close proximity. Two additional ChIP experiments were performed in biological duplicate and
demonstrated greater than 20-fold-enrichment of p53 binding to STK17A-p53RE1.

continuous (3-day) and acute (6-h) cisplatin treatments (Fig. 6, A STK17A Regulates ROS—Little is known concerning the bio-
and B). Furthermore, the G, arrest seen with cisplatin treatment logical function of STK17A apart from its association with
was similar in STK17Ash2 and control cells, indicating that decreased colony formation when overexpressed in NIH3T3
STK17A knockdown does not greatly alter DNA damage-acti- cells (13). To further understand the cisplatin resistance in
vated cell cycle checkpoints in NT2/D1 cells (Fig. 6B). STK17A knockdown cells, genome-wide gene expression in
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fections. Error bars are S.D. *, p < 0.02. Data are representative of at least two
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NT2/D1-PLK control and NT2/D1-STK17Ash2 cells was com-
pared. Taking the average of biological duplicate samples
resulted in 126 transcripts with increased expression in NT2/
D1-STK17Ash?2 cells compared with control cells and 209 tran-
scripts with lower expression. Many of the 126 transcripts up-
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compared with identically treated NT2/D1 control cells. Data points are the
average of biological triplicates. Error bars are S.D. Data are representative of
three independent experiments.

regulated with STK17A knockdown have known roles in
protective detoxification and antioxidation responses to cancer
therapeutics (Table 1), including three members of the metal-
lothionein gene family. Increased metallothionein expression is
a commonly proposed mechanism of cisplatin resistance, and
three metallothionein species were confirmed to be overex-
pressed in STK17A knockdown cells (Fig. 7A) (25). This is in
contrast to levels of members of the BCL2 family of pro- and
antiapoptotic mediators that were unchanged upon STK17A
knockdown (supplemental Fig. S3).

Furthermore, the antioxidant gene expression profile
associated with STK17A knockdown correlated with a
decrease in both basal and cisplatin-induced intracellular
ROS levels (Fig. 7B), whereas transient overexpression of
STK17A in 293T cells resulted in an increase in ROS levels
(Fig. 7C). The extent of the alterations in ROS levels with
STK17A modulation is comparable with similar shifts in
ROS levels in other systems (26 -29). These data indicate
that STK17A may play a role in enhancing ROS by repressing
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TABLE 1

Genes induced with STK17A knockdown in NT2/D1 cells

Gene symbol Gene description Function Signal NT2-PLK Signal NT2-STKsh2 Fold change
MT1M Metallothionein 1M Drug detox and protection from oxidative stress 198.0/155.6 384.5/347.8 2.07
MT1H Metallothionein TH Drug detox and protection from oxidative stress 388.1/364.7 657.7/655.0 1.74
NUDT1 Nucleoside diphosphate linked moiety X-type 1  Repair oxidative damage to DNA 1862.2/2029.6 3161.9/3294.8 1.66
MT1X Metallothionein 1X Drug detox and protection from oxidative stress ~ 6222.3/6890.7 10462.9/10608.3 1.61
NUDT9 Nucleoside diphosphate linked moiety X-type 9 Repair oxidative damage to DNA 162.5/167.8 249.2/275.4 1.59
Cccs Copper chaperone for superoxide dismutase Activator of SOD 357.7/364.0 555.2/577.6 1.57
ATOX1 Antioxidant protein 1 homolog (yeast) Copper chaperone and antioxidant 607.3/661.4 1012.2/948.3 1.55
SOD2 Superoxide dismutase 2 Detox; antioxidant; destroyer of superoxide 328.9/367.5 531.7/525.8 1.52
GSTO1 Gluathione S-transferase omega 1 Drug detox and protection from reactive oxygen  1884.3/2078.5 3027.3/2959.2 1.51

the expression of genes involved in detoxification and anti-
oxidation. In conclusion, this study identifies STKI7A as a
novel p53 target gene and provides molecular and biologic
evidence that it is involved in apoptotic responses mediated
by cisplatin in EC cells.

DISCUSSION

TGCTs are one of the few solid tumors cured with conven-
tional chemotherapy in advanced stages (4). The underlying
mechanisms are unclear, although one proposed mechanism is
linked to the characteristically high levels of wild-type p53 in
TGCTs (5-8). Here we have identified STK17A as a novel p53
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target gene in TGCT-derived EC cells and show that STK17A is
a modulator of the cytotoxic cisplatin response in EC cells. Evi-
dence that STK17A is a direct p53 target gene includes demon-
stration of p53-dependent up-regulation of STK17A in
response to cisplatin in a variety of isogenic cell models and
demonstration that endogenous p53 binds to an upstream
p53RE within the STK17A gene. In addition, STK17A-p53RE1
was able to drive p53-dependent transcription when fused to a
heterologous reporter gene.

We previously showed through microarray analysis that
the transcriptional response to cisplatin in EC cells was dom-
inated by p53 target genes (9). In that original screen, strin-
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gent cutoffs were used to compile a list of 46 genes up-regu-
lated with cisplatin in EC cells. Of these genes, 20 were
known direct target genes of p53, and evidence was provided
via gene-specific and global p53 siRNA analyses that many of
the remaining genes were likely new p53 target genes (9).
Remarkably, since this publication, nine additional genes of
the original 46, DRAM1 (FLJ11259), GPR87, PHLDA3, GLS2,
TIGAR (C12o0rf5), RPS27L, PAIl, CAVI, and now STKI7A
have been validated as novel direct p53 target genes (21,
28-37). These findings suggest a hyperactivity of p53 in EC
cells that may reflect their germ cell origins. It is tempting to
speculate that hyperactivity of p53 in EC and by extension
the curability of TGCT's could be a by-product of safeguard
mechanisms designed to protect the germ line from delete-
rious mutations.
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Our data indicate that STK17A has a role in mediating cis-
platin-induced apoptosis in NT2/D1 cells. STK17A knock-
down conferred reproducible but modest (~2-fold) decreased
sensitivity to cisplatin in NT2/D1 cells. Several previous studies
have shown that TGCT lines have a rather modest 2—4-fold
greater cisplatin sensitivity compared with other cancer types,
which has been suggested to account for the difference between
cure and failure in the clinical setting of large tumor burden,
suggesting that even small changes in sensitivity may have clin-
ical relevance (for a review, see Ref. 38). Furthermore, the level
of resistance seen in STK17A knockdown NT2/D1 cells is sim-
ilar to what we have reported previously when p53 itself is
knocked down in NT2/D1 cells (~3-fold resistance) (9). The
response to DNA-damaging agents and mechanisms of anti-
cancer drug resistance are complex and multifactorial. It is
likely that STK17A is one of several mediators of the cisplatin
response in TGCT cells. We were unable to generate stable
STK17A-overexpressing NT2/D1 cells, which may be related to
the previous report of toxicity when STK17A was overex-
pressed in NIH3T3 cells (13). However, it is noteworthy that the
cisplatin-resistant NT2/D1 line, NT2/D1-R1, failed to up-reg-
ulate STK17A in response to cisplatin (Fig. 14). In addition,
down-regulation of STK17A was closely associated with oxalip-
latin resistance in colon cancer cells and etoposide resistance in
melanoma cells (39, 40).

Little information is available concerning the function of
STK17A. STK17A is only distantly related to the prototype
DAP kinase DAPK1 (41-45). DAPKI is a cytosolic actin fila-
ment-associated, calcium/calmodulin-dependent, serine/thre-
onine kinase that promotes apoptosis in response to various
stimuli, including FAS, vy interferon, and TNF-« (10). DAPK1
can repress transformation due to activation of p53, and
DAPK1 expression is repressed by promoter methylation in a
variety of cancers (41-45). Interestingly, a prior study has indi-
cated that, like STK17A, DAPK1 is a p53 target gene (46). The
DAP family shares homology in their catalytic domains (10).
However, their extracatalytic domains and biologic properties
differ markedly (10). For example, STK17A lacks the death and
calcium/calmodulin regulatory domains of DAPK1 and in con-
trast to DAPKI1 resides in the nucleus (13). Furthermore, the
key immediate upstream and downstream effectors of the DAP
kinase family are largely unknown. Although our data strongly
indicate that inhibition of ROS production is involved in
decreased sensitivity to cisplatin in STK17A knockdown cells,
precisely how this occurs and whether other mechanisms play a
role will require future investigation. STK17A does not regulate
BCL2 family expression (see supplemental Fig. S3). Further-
more, STK17A appears not to have a role in feedback regulation
of the p53 pathway, as proposed for DAPK1 (42), because
knockdown and overexpression of STK17A did not appreciably
alter p53 induction, p53 target gene activation, or p53-based
reporter activity (data not shown).

Interestingly, STK17A is not present in the mouse or rat
genomes (14). However, the closely related gene STKI7B is
induced with cisplatin in mouse cell lines, although it is not
induced in several human lines that contain both STK17A and
STK17B. These data imply an importance for either STK17A or
STK17B induction upon DNA damage and suggest that
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STK17A and STK17B may have overlapping species- and/or
context-specific roles downstream of the DNA damage re-
sponse. The mechanisms that account for STK17B induction
with cisplatin in mouse cells and the potential role of p53 in this
induction require further study. In mice, STK17B is enriched in
lymphocytes and raises the threshold for T cell activation while
maintaining T cell survival but appears not to have a direct role
in apoptosis in this setting (15, 16). However, other studies sug-
gest a role for STK17B in apoptosis, including UV radiation-
induced apoptosis in rat kidney and rat colon cancer cells (47,
48). Together, these and the present findings suggest a possible
role for STK17B in apoptosis and cell survival during cancer
therapy that warrants further investigation.

Our data demonstrate that knockdown of the nuclear kinase
STK17A induces the expression of several antioxidant and
detoxification genes in NT2/D1 cells, including several of the
metallothioneins. This response could readily explain the
decreased sensitivity to cisplatin in STK17A knockdown cells
because ROS generation has been proposed as a major mecha-
nism of cisplatin antitumor actions, and up-regulation of met-
allothioneins is a commonly invoked mechanism of cisplatin
resistance (25, 49). p53 has been shown to have both pro-oxi-
dant and antioxidant activity due to activation of specific down-
stream targets, including TIGAR, GLS2, PUMA, FDXR, and
PIG3 (28 -30, 50, 51). The decision as to which program is acti-
vated may be related to cell context and the extent of genotoxic
stress (2). Interestingly, p53 has been shown previously to
inhibit the expression of canonical antioxidant genes through
inhibition of NRF2, the master transcriptional regulator that
binds to antioxidant response elements to activate antioxidant
genes (52). In contrast, the DAPK family has not been impli-
cated in ROS regulation in prior studies. Our data demonstrate
that knockdown or overexpression of STK17A results in
decreased and increased ROS levels, respectively, and thus for
the first time associates a member of the DAPK family with
ROS regulation. It will be of interest in the future to determine
whether the regulation of the antioxidant genes and ROS is a
direct or indirect consequence of STK17A knockdown and
whether these actions are shared by other DAPK family
members.

In summary, we have shown for the first time that STK17A is
a DNA damage-inducible, direct p53 target gene with a role in
modulating cell survival, apoptosis, and ROS accumulation.
The data indicate that deregulation of STK17A may have clin-
ical implications for the efficacy of cancer therapies. It will be of
interest to investigate, similarly to the case with p53, whether or
not STK17A has cell context-dependent effects on cell survival
and apoptosis during cancer therapy.
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