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three things. (1) The supervised classifier obtained by the sta-
tistical analysis by the 5340 genes system is reproducibie even
if it is applied to the data measured by the reduced 200 genes
system. Note that the 50 samples were compietely new data
for the classifier in this case. (2) Our procedure to construct
a supervised classifier according to the LTO analysis is also
reproducible, because the same procedure was successful in
making another classifier with a high prediction accuracy when
applied to the data taken by the mini-chip system. (3) A simpie,
low-cost microarray system, the mini-chip system, is highly
feasible for predicting the prognosis of neuroblastoma.

Genes selected for prognosis prediction

To assess the relationship between the clinically defined sub-
sets of neuroblastoma and the expression of 70 genes that
were selected as top scored with 2 year prognosis according to
the pairwise F score, we conducted an unsupervised clustering
analysis (Figure 5). As expected, part of the type Il (intermedi-
ate) tumors of patients with a poor prognosis showed an ex-
pression pattern that was similar to that of the type lll (unfavor-
able) tumors, and many of them died. On the other hand,
expression profiles of the remaining type Il turmors seemed to
be heterogeneous similarly to those of the type | (favorable)

Posterior

tumors with a good outcome. Most of the tumoers with highly
expressed TrkA and hyperdiploidy, as well as tumors detected
by mass screening, were included in the latter group. Table 2
shows a list of 41 genes that corresponded to the 70 top-
scored genes and their p and q values (Storey and Tibshirani,
2003) in the log rank test, since we found that several genes
were duplicated in the selected 70 genes. Based on the above
clustering, these genes were categorized into two groups
(group F and group UF; the gene groups strongly correlated
with favorable and unfavorable prognosis, respectively} (Figure
5 and Table 2).

The genes in group F tended to show high levels of expres-
sion in the type | tumors, while those in group UF were highly
expressed in the type [li tumors. The former contained genes
that were related to neuronal differentiation (tubufin o, periph-
erin, neuromodulin [GAP43}, and HMP19) and genes that were
related to catecholamine metabolism {dopa decarboxylase
[DDC), dopamine B-hydroxylase [DBH], and tyrosine hydrox-
ylase [TH]). On the other hand, the latter involved many mem-
bers of genes that are related to protein synthesis (ribosomal
protein genes such as RPL18A, RPLPO, RPLS, RPL4, and
RPL7A as well as translation initiation and elongation factor
genes EEFTG and EIF385) and genes that are related to me-
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Figure 5. Expression profiles of 70 genes setected for predicting neuroblastoma prognosis at 2 years

Note that 10 genes for predicting prognosis af 5 years are also included in the 70 genes. The left and lower irees depict hierarchical clustering of the 134
neuroblastoma samples and the 70 genes selected in the present study, respectively. In ihe left free, blue. green, and red colors denote "MYCN single
and stage 1, 2 or 4s tumor” {type |, favorable), "MYCN single and stage 3, 4 fumor” {type II, intermediate}, and "MYCN omplified tumor” [type 1Il,
unfavorable), respectively. The bive and red colors in the expression mairix show the high and low expression, respectively. A gene showing high expression
level likely for unfaverable samples belongs fo the group "UF" {red subfree in the lower tree), while one showing high expression likely for favorable samples

belongs to the group “F" (blue subivee in the lower free).

tabolism (enolase 7 [ENOT] and transketolase [TKT]). The top
10 genes selected for the & year outcome prediction were
RPL18A, ENOT, EEF1G, TUBAS3, GNB2L1, ARHGEF7, GCC2,
DDX1 (duplicated), and PRPH. The MYCN gene was also a
member of 70 genes (group UF) as expected; however, it was

outside of the top 10 genes for the 5 year label. Instead, DDX7,
which is frequently coamplified with MYCN on chromosome
2p24, was a member of the top 10 genes (UF group) for both
of the 2 year and 5 year labels. Confirmation of the differential
expression of the selected genes was further conducted by
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Table 2. Top-ranked genes used for prediction of 2 year and 5 year prognosis of neuroblastoma

Spot name Accession number Gene code Chromosome map Pattern Log rank p ;5 value
F group

Nbla11606 NM_006009 TUBA3 12q13.12 F>UF a 0.000674
Nbla008280 NM_003899 ARHGEF7 13q34 F>UF 0.000001 0.000743
NblaDd260 NM_006082 K-ALPHA-1 12q13.12 F > UF 0.000003 0.000926
Nbia21891 Ug7309 VPS41 p14.1 F» UF 0.000006 0.001096
Nbia03873 NM_D0BG54 RTNG 11q13.1 F > UF 0.00001 0.001282
Nbla11788 NM_006262 PRPH 121312 F>UF 0.000017 0.001522
Nbla10083 NM_000183 HADHB 2p23.3 F > UF 0.000G18 0.001541
Nbla22572 NM_000780 DbC Tpl2.2 F > UF 0.000035 0.00213

Nbla21270 NM_001915 CcYB561 17g23.3 F > UF 0.00018 0.00495

gene071 NM_C00360 TH 11p15.5 F>UF 0.000787 0.012173
MNblz03499 NM_002074 GNB1 1p36.33 F=UF 0.000795 0.012237
MNhlaD4181 AKS5112 AKS5112 5q13.2 F > UF £.001425 0.017462
Nbia00487 ABO75512 C6arf134 6p21.33 F > UF 0.002751 0025273
Nb1a00269 NM_000787 DBH 9q34.2 F>UF 0.00362 0.030407
Nb1a22531 NM_002045 GAP43 3g13.31 F>UF 0.004394 0.034175
MNbla22156 NM_014944 CLSTN1 1p36.22 F>UF 0.005233 0.038274
Nbla00578 NM_006818 AFIQ 1021.3 F>UF 0.009397 0.05354

NblaG0217 NM_032638 GATAZ 3g21.3 F>»UF 0.010245 0.056301
Nbla21384 NM_000743 CHANA3 15q25.1 F»UF 0.072464 0.162629
Nhla11993 NM_015980 HMP19 5q35.2 F > UF 0.204274 0.282486

UF group

Nbla00214 N_000980 RFL18A 19p13.11 F < UF 0.000C02 0.001107
Nbla00013 NiM_005098 GNB2LT 5g35.3 F < UF 0.000006 0.001051
Nblat1459 NM_00493% DDX1 2p24.3 F < UF 0.000024 0.001795
Nolat1148 NM_001002 RPLPO 12q24.23 F < UF 0.000049 0.002548
Nblag0as2 NM_001404 EEF1G 119123 F<UF 0.000055 0,002696
Nbla103958 NM_002593 PCOLCE 7q22.1 F<UF 0.000164 0.005009
Nblad3286 NM_020198 GKo071 17023.3 F < UF 0.000175 0.005204
Nbla23163 NM_003754 EIF355 11p154 F<UF 0.000341 0.007105
MNbfa10579 . NM_181453 Geec2 2q12.3 F < UF 0.000962 0.01407

Nbla00359 NM_DJ3550 MAD1TLT 7p22.3 F < UF 0.00112 0.01525

gene052-1 NM_005378 MYCN 2p24.3 F < UF 0.001253 0.016367
Nbla03925 NM_002295 LAMR1 3p22.2 F < UF 0.001773 0.01931

Nbla23424 NM_001404 EEF1G 11g12.3 F<UF 0.003579 0.030326
Nbla22554 NM_000687 AHCY 20q11.22 F<UF 0.003946 0.032409
gene056 NIVi_000546 TP53 17p13.1 F < UF 0.004087 0.032829
Nblat0873 NM_0D5762 TRIM28 19q13.43 F<UF 0.004984 0.037476
Nolag0501 NM_000969 RPLS 1p22.1 F < UF 0.005786 0.04012

Nbla1G302 NM_001428 ENO1T 1p36.23 F < UF 0.007702 0.048179
Nbla04200 NM_000868 RPL4 16g22.31 F<UF 0.04097 0.120453
MblaD3836 NM_000872 RPL7A 8034.2 F<UF 0.048031 0.132345
Nbla00781 NM_D01064 TKT 3p21.1 F < UF 0.048075 0132342

Although 70 clones were selected as imporlant genes for the supervised classifier, duplicated and muitiplicaled clones are omitied in this table. The 41 genes are
classified into two groups, “F > UF" and "F < UR" when the expressicn in favorable samples is higher than that in unfavorable samples, and vice versa, respectively.
In each group, genes are sorted by log rank p values. The log rank p value for each gene was calculated by comparing survival curves of two patient groups, in which
the expression cof the gene is higher and lower, respectively, than the median over the samples. A “g value” of a gene denotes the estimated false discovery rate among
the genes whose p value is the same or smaller than that of the gene, and is a p-like value while incorporating multiplicity of the statistical test.

using representative 16 favorable and 16 unfavorable tumor
samples that were independent of the 136 samples used in the
present analysis, by semiquantitative RT-PCR (Figure $8; refer
also to Ohira et al., 2003a). We also conducted immunohisto-
chemical analysis for peripherin antibody using tissue sections
prepared from primary neuroblastoma with favorable and unfa-
vorable histology, since peripherin gene is a member of the top
10 genes for both 2 year and 5 year outcome prediction (Table
2). Peripherin protein was positively detected in the cytoplasm
of neuroblastic cells as well as neuritis in all three favorable
histology tumors (Figure S7, FH&NA). Two unfavorable histol-
ogy tumors with poorly differentiated subtype, regardiess of

MYCN status, showed sporadic staining (less than 20% of the

favorable histology tumor) for peripherin protein in neurites.
Peripherin was completely negative in the unfavorable histol-
ogy tumor of undifferentiated subtype (Figure S7, UF&NA).
These results indicate the reliability of our gene selection. in
the log rank test, p values of 18 of 20 genes in group F and of
ali 21 genes in group UF were less than 0.05 (Table 2}, indicat-
ing that these 39 genes can be independent prognostic factors
for primary neuroblastomas.

Discussion

Cur study has disclosed the molecular signature of neuro-
blastoma that predicts patient outcomes by using RNA ob-
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tained from 136 primary neuroblastomas. The highly reliable
statistical analysis by using a neuroblastoma proper cDNA
ricroarray harboring 5340 genes based on an electrically con-
trolled ceramics-based ink-jet method led us to design a cDNA
microarray system harboring 200 genes, which is applicable to
short-term (2 year) and long-term (5 year) prognosis predic-
tions for neuroblastoma.

Our study demonstrated that the supervised classifier pro-
duced by the 5340 genes system provided a high accuracy
(88.5%)) for the 5 year outcome prediction, with a good balance
between sensitivity (86.7%} and specificity (89.4%). Although
age at diagnosis, disease stage, MYCN amplification, and pa-
tients found by mass screening have been useful prognostic
markers currently used at the bedside, most of them have
either high sensitivity or high specificity (Table 1). The microar-
ray analysis showed the best sensitivity-specificity balance
among the prognostic factors for predicting the outcome of
neuroblastoma. When the classifier is combined with the age
at diagnosis, the disease stage (stage 1, 2, or 4s versus stage
3 or 4) and the MYCN amplification, accuracy, sensitivity, and
specificity increased up to 95.8%, 93.3%, and ©7.0%, respec-
tively. Furthermore, the intermediate subset of neuroblastomas
(type Il), for which a long-term prognosis is usually difficult to
make, was also categorized by microarray analysis into groups
of patients with a favorable prognosis and those with an unfa-
vorable prognosis. These successiul results led us to produce
a rmore practical tool at the bedside, the mini-chip system,
whose accuracy, sensitivity, and specificity were 87.8%, 76.5%,
and 93.8%, respectively, when the classifier constructed by the
3340 genes system was applied to 50 independent samples
measured by the mini-chip system, and were 91.8%, 82.4%
and 96.9%, respectively, when another classifier was con-
structed by applying the LTO procedure to the same data
(Figure 4).

It is well recognized now that gene expression analyses for
cancer prognosis prediction should pay close attention to the
reproducibility of obtained results. A complete crossvalidation
analysis without introducing any information leakage and an
independent test using new samples are necessary. Although
the determination of the appropriate number of genes used in
supervised classifiers should be included in the validation pro-
cedure, it has often been ignored in most microarray studies.
van 't Veer et al. (2002} applied the supervised classification to
the breast cancer gene signature, which is predictive of a short
interval to distant metastases in 78 patients who were initially
devoid of local lymph node metastasis. Although their cross-
validation analysis without the validation of the number of
genes correctly predicted the actual outcome of disease for 63
of 78 patients (80.7%), the accuracy was worse when a com-
plete validation was applied (73.1%). This difference suggests
that even small information leakage may lead to overestimation
of the accuracy. Beer st al. (2002) applied the supervised clas-
sification to the outcome prediction of lung adenocarcinoma,
Their statistical analysis was complete without any information
leakage. They did not report the prediction accuracy, but we
estimated the accuracy to be about 70% from the data in their
paper and found that the prediction by their supervised classi-
fier was not very superior to that by existing prognosis mark-
ers. lizuka et al. (2003) applied the supervised classification

to the prediction of intrahepatic recurrence within 1 year after
curative surgery for hepatocellular carcinoma patients. Al-
though their predictor showed sufficiently high accuracy in an
independent test with 27 samples, their crossvalidation pro-
cedure excluded the validation of the determination process of
the number of optimum genes {steps 5 and 6 in their algo-
rithm). The high crossvalidation accuracy of 100% may be an
overestimation due to the information leakage.

According to the recent study that evaluated statistical meth-
odologies used by microarray studies published between 1995
and April 2003, the three papers above were the only ones
that reported both fairly sound crossvalidation analyses and
independent tests (Ntzani and loannidis, 2003). Our LTQ pro-
cedure includes the validation process of the number of genes
used in the classifier and hence is a complete crossvalidation
process. In addition, the obtained classifier was applied to the
50 independent samples that were measured by the reduced
200 genes system. This is a stronger test than usual indepen-
dent tests but is important for the development of a practical
system at the bedside. In addition, our .TO analysis achieved
an almost unbiased estimation of the accuracy. Our crossvali-
datien analysis using the LTO procedure, the independent test
of the classifier, and the validation of the procedure itself within
a new experimental environment using the mini-chip system
exhibited one of the most conservative and reliable statistical
methodologies. In addition, our gene selection procedure ac-
cording to the pairwise F score tries to extract correlation
structures among genes, based on an idea similar to the ex-
haustive optimization method used in lizuka et al. (2003), Is
beneficial in enhancing the applicability of the mini-chip system
to various prediction problems, namely, short-term and long-
term outcome predictions.

In addition to high accuracy, ancther advantage of our
method is to provide a type of predictive information beyond
the conventional binary prediction like favorable and unfavor-
able, which is ambiguous. The probabilistic output based on
the hypothetical distribution obtained by the LTO analysis, the
posterior probability, was found to show good accordance with
actual survival rate (right bottom panel in Figure 2); this enables
us to make a simple interpretation of the output: a patient with
a posterior value of 0.8 has 80% chance for the 5 year survival,
for example. Moreover, by calculating posterior probabilities for
various future time points, a survival chance curve for each
patient can be depicted (Figure 6). Although the follow-up
period of patient “S057" is 2 years, and the patient is alive at
this time, the individual survival chance curve says that his/her
survival chance estimated from the gene expression pattern
at diagnosis will get smaller than 50% at about 3 years after
diagnosis. Such an individual survival chance curve can be
used in choosing a suitable therapeutic protocol.

Another advantage of our method is that the probabilistic
output is very stable in the presence of noise. Even when an
artificial noise, whose variance is as large as the estimated
noise variance of microarray, was added to expression profile
data, prognosis prediction did not degrade very much (Figure
$8). This robustness was confirmed when the noise variance
went up to 1.0, which was sufficiently greater than the actual
reproduction noise level of 0.4 {Figures S1A-S1C).
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Figure &. Individual survival chance anciysis based on posterior probabil-
ities

LTO estimation of survivol probabilities at 0.5, 1.0, 1.5, ..., 5.0 years aiter
diagnosis for 12 typical patients. Left panel: Information of patients {see
capfion of Figure 2). Right ponei: Estimated posterior probabililies ot 0.5,
1.0. 1.5, ..., 5.0 years ofter diognosis, which predict the time course of pa-
fient's survival chance, A blue or o red mork denotes that the patient is
alive or dead at thot time ofter diagnosis, respectively, For example, the
patient "5108," who died at 40 monihs, is predicted as 100% alive at 0.5
year and 52% alive at 5 year, solely from the microarray analysis at the
diagnosis

The high outcome predictability of our system is attributable
to multiple reasons. The quality of tumor samples is high be-
cause (1} an appropriate system was established for our neuro-
blastoma tissue bank, and (2} handling of tumor tissues is
rather uniform at each hospital, in which informed consent was
obtained. An array, produced by a new apparatus equipped
with a piezo microceramic pump, generates highly reproduc-
ible signals. The noncontact spotting method makes the spot
shape almost a perfect circle. Consequently, the spot excels in
signal uniformity. We did not conduct microdissection of the
136 tumor samples, because the stromal components of the
tumeor, e.g., Schwannian ce'IIS, are already known to be very
important to characterize its biology {Ambros and Ambros,
1995; Ambros and Ambros, 2000). Therefore, a good combina-
tion or selection of these procedures may have provided high
outcome predictability. In addition, the high predictability was
reliably confirmed by the complete crossvalidation analysis and
the independent test. The probabilistic output based on the
LTO analysis can provide a new type of information that will
improve the therapeutic decision at the bedside. In addition,

the probabilistic output is highly robust against noises that may
be involved in test samples (described above); this can be the
major reasen for the high prediction accuracy when the classi-
fier constructed by the 5340 genes system was applied to the
data taken by the mini-chip system.

The impact of the selected genes is strong. The genes with
the highest score in F group genes (F > UF) were tubulin o
members (TUBA3 and K-ALPHA-1, which corresponds to
TUBAT), which have never been reported to be prognostic
factors in neuroblastoma. Their prognostic significance has
also been confirmed by RT-PCR in primary tumors (data not
shown). The high expression of TUBAT in neurcnal cells is as-
sociated with axonal outgrowth during development as well
as with axonal degeneration after axotomy in adult animals
(Knoops and Octave, 1997). The expression of TUBA3 has
been reported to be restricted to adberent, morphologically dif-
ferentiated neuronal and glial cells {Hall and Cowan, 1985). We
have also found that high expression of tubulin tyrosine ligase
and enhanced tubulin tyrosination/detyrosination cycle are as-
sociated with neuronal differentiation in neuroblastomas with
favorable prognosis (Kato et al., 2004). Thus, high mRNA ex-
pression of TUBA gepnes in favorable neuroblastoma may re-
flect differentiated status of tumors. ARHGEF7, Rho guanine
nuclectide exchange factor 7, activates Rho proteins by ex-
changing bound GDP for GTP and can induce membrane ruf-
fling. In our previous paper, we found that many family mem-
bers of such G protein-related genes are highly expressed in
favorable neuroblastomas compared to unfavorable ones
(Ohira et al., 2003a). This may also imply a neuronal maturity
nature of favorable tumors, Peripherin, a type It intermediate
filament protein, was itially found as a cytoskeletal protein in
the peripheral nervous system and in cultured cells of neuronal
origin. This protein is known to be a marker of terminal neu-
ronal differentiation; however, its functional role in neuro-
blastoma has been elusive. The previous evidence indicates
that peripherin is transcriptionally upregulated by treatment
with NGF, an important neurctrophin in neuroblastoma, and
that the protein product is directly phosphorylated by NGF re-
ceptor, TrkA (Aletta et al., 1988). Thus, peripherin may play an
important role as cne of the signal transduction components
involved in elaboration and maintenance of neuronal differentl-
ation. In the UF gene group, many ribosomal protein-related
genes are selected. GNB2LT, a receptor for activated C-kinase
RACK1, is implicated in linking between PKC signaling and ri-
bosome activation (Ceci et al., 2003). The DDX7T gene, which
is frequently coamplified with the MYCN gene in advanced
neuroblastomas (Godbout and Squire, 1393; Noguchi et al.,
1996), is also a member of this group. Its protein product is a
putative RNA helicase and is implicated in a number of cellular
processes involving alteration of RNA secondary structure
such as translation initiation, nuclear and mitochondrial splic-
ing, and ribosome and spliceosome assembly. DDX1 is ranked
at a higher score than the MYCN gene, which is concordant
with the previous reports describing that MYCN mRNA expres-
sion is a weaker prognostic marker than its genomic amplifica-
tion (Slavc et al.,, 1980). Another important prognostic factor,
TrkA, is not included in the top 70 genes but in the 90 (in the
top 20 genes when the 5 year label was used) (data not
shown), probably due to its relatively low levels of mRNA ex-
pression as compared with those of other genes. The prognos-
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tic effect of TrkA expression may be compensated by other
genes which are affected or regulated by TrkA intracellular sig-
naling. Similarly, MYCN-regulated genes such as ribosomal
genes, translation initiation and elongation factors, and laminin
receptor may compensate the effect of MYCN gene expression
in aggressive tumors. 1t is intriguing that high mRNA expression
of pb3 gene is also strongly related to unfavorable outcome.
Although p53 mutation is rare in primary neurcbiastomas, and
its gene product frequently accumulated in cytoplasm, an un-
known mechanism that upregulates p53 expression in aggres-
sive tumors may exist.

Our results showed that the decision by majority by the
genes selected based on microarray data alone can be a prog-
nostic indicator comparative to the existing prognostic mark-
ers, and that the addiiion of the microarray data to the progno-
sis markers improved the outcome prediction (Table 1). The
outcomes of patients belonging to the intermediate subset,
whose prognasis prediction had been very difficult by existing
prognosis markers, were effectively separated into favorable
group and unfavorable group (p < 107%. The posterior value
will help the decision of therapeutic modalities, and outcome
prediction based on the posterior value is extremely robust
against a possible noise. In addition, our practical, low-cost
microarray carrying only 200 genes should make its clinical use
possible. Our further validation by hybridizing RNA obtained
from 50 fresh neuroblastomas on the 200 cDNAs microarray in
a completely independent laboratory indicated that our predic-
tion system is consistent and feasible. Therefore, the applica-
tion of a highly qualified ¢cDNA microarray at the bedside may
bring tailored medicine that allows better treatment of neuro-
blastoma patients.

Experimental procedures

Patients and tumor specimens

Frash, frozen tumor tissues were sent to the Division of Biochemistry, Chiba
Cancer Center Research Institute, from a number of hospitals in Japan
(1996-2002). Informed consent was obtained at each insiitution or hospital.
We randomly selected tumor samples from this neuroblastoma tissue bank
and then successfully conducted hybridization in 136 neuroblastomas con-
sisting of 41 stage 1 tumors, 22 stage 2 tumors, 33 stage 3 tumors, 28 stage
4 tumors, and 12 stage 4s tumors. Among the 136 fresh neurcblastomas,
seventeen tumors were abtained at the delayed primary surgery after giving
chemotherapy, but the other 119 tumors were resected by biopsy or surgery
without giving any therapy. After surgery, patients were treated according
ta the previously described common protocols (Kaneke et al., 1998}, Bio-
logical information on each tumor, including AMYCN gene copy number, TrkA
gene expression, and DNA ploidy, was analyzed in our laboratery, as de-
scribed previously (Hishiki et al., 1998). All the fumors were classified ac-
cording to the International Neurcblastoma Staging System (INSS) (Brodeur
et al., 1893). The stage 4s neuroblastorna shows a speciat pattern of clinical
behaviors, and the tumor itself, as well as its widespread metasiases to the
skin, liver, or bone marrow, usually regresses spontanecusly, For a better
understanding of statistical results, we introduced Brodeur's classification
of neuroblastoma subsets: type | (stages 1, 2, or 4s; a single copy of MYCN;
blue marks in Figure 2}, type Il (stage 3 or 4; a single copy of MYCN; green
marks in Figure 2}, and type 1l (all stages; amplification of MYCN: red marks
in Figure 2) (Brodeur and Nakagawara, 1992). Among 136 tumors that we
analyzed, 66 were found by mass screening of urinary catecholamine me-
tabalites at the age of 6 months, which has been performed nationwide in
Japan from 1984 to 2004 (Sawada et al., 1984). The follow-up duration
ranged between 3 and 241 months (median, 56 months; mean, 57.3
months) after diagnosis. All diagnoses of neurcblastorna were confirmed by
the histological assessment of a surgically resected tumor specimen at
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each hospital. Shimada's classification (Shimada et al., 1984) was per-
formed in 62 out of 136 cases. The macroscopic necroses in the tumor
were excluded from the tissue sampling for molecular analysis. We used
for the microarray analysis only the tumor samples whose adjacent tissues
contained more than 70% tumor cells in the thin sections stained with he-
matoxyiin-eosin. For independent test, 50 (19 were found by mass screen-
ing and 31 were clinically found} tumors (15 of stage 1, 6 of stage 2, 9 of
stage 3, 14 of stage 4, and 6 of stage 4s) were used.

Total RNA was extracted from each frozen tissue according to the AGPC
method (Chomezynski and Sacchi, 1987). RNA integrity, quality, and quan-
tity were then assessed by elecirophoresis on the Agilent RNA 6000 na-
nochip using Agilent 2100 BicAnalyzer [Agilent Technologies, Inc.).

cDNA microarray experiments

We previously obtained approximately 5,000 genes after selecting from
10,000 clones randomly picked up from the mixture of oligo-capping cDNA
libraries, which were generated from three primary neuroblastomas with a
favorable outcome (stage 1; high kA expression and a single copy of
MYCN), three tumors with a poor prognosis (stage 3 or 4; low expression
of TrkA and amplification of MYCN), and a stage 4s tumor (Ohira et al.,
2003a; Ohira et al., 2003b). Using these isolated genes together with 80
known cDNAs that were thought to be neuroblastoma-related genss, we
first constructed a neuroblastorna proper cDNA microarray (named CCC-
NB5000-Chip) camying 5340 cDNA spots {the 5340 genes system). insert
DNAs (average size, approximately 2.5kb) were amplified by polymerase
chain reaction {PCR) from these cDNA clenes, purified by ethanol precipita-
tion, and spotted onto a glass slide at a high density with an ink-jet printing
tool (NGK Insulators, Ltd.).

Ten micrograms each of total RNA were labeled with the CyScribe RNA
labeling kit in accordance with the manufacturer's manual (Amersham Phar-
macia Biotech), fellowed by probe purification with the Qiagen MinElute
PCR purification kit (Qiagen). We used a mixture of equal amounts of RNA
from each of four neuroblastoma cell lines (NB69, NBL-S, SK-N-AS, and
SH-8Y5Y) as a reference. RNAs extracted from primary neurgblastoma tis-
sues and RNAs of the reference mixture were labeled with Cy3 and Cy5
dye, respectively, and were used as probes together with yeast tRNA and
polyA for suppression. Subsequent hybridization and washing were con-
ducted as described previously (Takahashi et al., 2002; Yoshikawa et al.,
2000). Hybridized microarrays were scanned using the Agilent G25054 con-
focal laser scanner (Agilent Technologies, Inc.), and fluorescent intensities
were quantified using the GenePix Pro microarray analysis software (Axon
Instruments, Inc.). The procedure of this study was approved by the Institu-
tional Review Board of the Ghiba Cancer Center.

After selecting genes strongly related to the prognosis of patients with
neuroblastoma {at 2 years and at 5 years after diagnosis), we constructed
a 200 cDNAs microarray on glass slides by the same procedure described
above (the mini-chip systermn). For the independent test using 50 samples,
tumor BNA preparation, probe labeting, and hybridization were conducted
in a completely different laboratery from the original 136 hybridization. in
this independent test, 5 ug each of total RNA were used for fabeling.

Data preprocessing

To remove chip-wise biases of a microarray system, we used the LOWESS
normalization (Cleveland, 1979). When the Cy3 or Cy5 strength for a clane
was smaller than 3, strength was regarded as abnormally small, and the log
expression ratio of the corresponding clone was treated as a missing value.
The rate of such missing entries was less than 1%. After normalizing the
5340 (genes) by 136 (samples) log expression matrix and removing missing
values, each missing entry was imputed to an estimated value by Bayesian
principal component analfysis, which was developed previously (Cba et al.,
2003).

Supervised machine learning and LTO crossvalidation

The 96 samples, whose prognosis at 5 years after diagnosis had been suc-
cessiully checked, were used to train a supervised classifier that predicts
the 5 year prognosis of a new patient. When we considered the short-term
prediction, 126 samples whose 2 year prognosis is known were used. Se-
lection of the genes that are related to the classification is an important
preprocess for reliable prediction. We omitted the genes whose standard
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deviation of the log ratios for the genes obtained over 136 experiments was
smaller than 0.36, so that 1000 genes remained, because the background
noise level was about 0.2-0.3. After the gene screening, the genes were
scored by the pairwise F score, which is a modification of a pairwise corre-
lation method (Bo and Jonassen, 2002}, to conduct gene ranking in an at-
tempt not only to obtain higher discrimination accuracy by using a smaller
number of genes but also to reserve the applicabitity to various outcome
prediction by the set of selected genes (see the Supplemental Data).

We used a well-established technique in the supervised classification
(prognosis prediction), that is, weighted voting with linear discriminators,
where each weight value was calculated as the signal-to-noise ratio (Golub
et al., 1999). In the weighted voting, only n genes with the largest pairwise
£ score were used. The number of top genes, n, strongly affects the predic-
tion accuracy (Figure S3) as found in various microarray studies and hence
should be determined such to maximize the leave one out (LOO) crossvali-
dation accuracy. However, a naive determination process of n may intro-
duce information leakage, and the accuracy optimized by the LOO cross-
validation involves overestimation. To avoid such an overestimation, we
consulted a LTO analysis. The LTO analysis was constituted of inner and
outer loops of LOC (Figure $2A); the gene number n was optimized by the
LOOQ crossvalidation repeating the inner loops, and the optimized classifier
was evaluated by an independent test for a single sample left out at a single
step in the outer loop. Buring repetition of such steps, the test results of
the outer loop were never fed back to the classifier's optimization process
in the inner loops, and hence the tests in the outer loop did not include
any overestimation, and the estimated accuracy involved the smallest bias
as possible.

The posterior value for a single sample was calculated based on the dis-
tribution of the weighted vote (decision by majarity by the genes that join
the vote) f within the 1TO analysis. We regard a real-valued weighted vote
as canrying two kinds of information: its sign predicts the label {favorable or
unfavorable) of the corresponding sample, and its absolute vafue shows the
prediction strength. The posterior probability p for this sample being favor-
able (alive at 5 years) was evaluated as the logit transformation p = exp{B,
+ B/ + explBy + BN}, where parameters g and By were estimated by
the maximum likelihood method, in each step in the outer loop of LTO using
the remaining 95 samples and the corresponding labels (5 year prognosis}.
Then, the posterior probability of the sampte left out in the outer loop was
predicted by the weighted vote f by the classifier constructed in the inner
LOO loops and the parameters B and B, obtained above. There is therefore
no information (eakage in this calculation process of the posterior of the
sampie left aut,

Independent test

Using the 50 independent samples, we performed two kinds of tests. The
first one is an independent test to validate the classifier obtained by our
method and the applicability of our classifier to the mini-chip system, whickh
has been developed as a clinical tool at the bedside (Figure S2B8). According
to the LTO analysis, the supervised classifier was finally constructed by
using all of the 96 training samples measured by the 5340 genes system.
This classifier was evaluated by being directly applied to the 50 samples
measured by the mini-chip system without any information from measure-
ments by the mini-chip system and the 50 test samples. In this test, tumor
RNA preparation, probe labeling, and hybridization were conducted in a
completely different laboratory from that for the 5340 genes system. The
second one is to validate the LTO analysis to construct a supervised classi-
fier by applying the procedure to the data taken by the mini-chip system.

Survival analysis .

The Kaplan-Meier survival analysis was also programmed and used to com-
pare patient survival. To assess the association of selected gene expression
with patient clinical cutcome, the statistical p and g values were calculated
based on the log rank test.

Immunohistochemistry

Immunostaining with the antibody against peripherin protein (Santa Cruz
Biotechnology; 1:400) was performed on six human neuroblastoma tumors
selected from the surgical pathology file at the Depariment of Pathology,
Aichi Medical University. They were all neuroblastoma (Schwannian

stroma—poor} and included three favorable histology tumors {poorly dif-
ferentiated subtype without MYCN amplification [one case); differentiated
subtype without MYCN amplification [two cases}) and three unfavorable his-
tology tumors (undifferentiated subtype without MYCN amplification [one
case}; poarly differentiated subtype with MYCN amplification [one case};
poorly differentiated subtype without MYCN amplification). All tumor tissues
were obtained prior to chemotherapy and irradiation therapy. Four micron
thick sections from the formalin-fixed, paraffin-embedded samptes of these
tumors were treated according to the protocol described previously (Kato
et al., 2004). As for the negative controls, normal goat immunoglobulins
(1:500 dilution; Vector l.aboratories) were applied as the primary antibody.

Supplemental data

The Supplemental Data include Supplemental Experimental Procedures
and ten supplemental figures and can be found with this article online at
http://www.cancercell.org/cgi/content/full/7/4/337/DC1/.
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Post-translational modifications play a crucial role in
regulation of the protein stability and pro-apoptotic
function of p53 as well as its close relative p73. Using a
yeast two-hybrid sereening based on the Sos recruit-
ment system, we identified protein kinase A catalytic
subunit § (PKA-C8) as a novel binding partner of p73.
Co-immunoprecipitation and glutathione S-transferase
pull-down assays revealed that p73a associated with
PEA-Cf in mammalian cells and that their interaction
was mediated by both the N- and C-terminal regions of
P73c. In contrast, p53 failed to bind to PKA-CB. In vitro
phosphorylation assay demonstrated that glutathione
S-itransferase-p73a-~(1-130), which has one putative PEKA
phosphorylation site, was phosphorylated by PKA. En-
forced expression of PKA-Cg resulted in significant in-
hibition of the transactivation function and pro-apo-
ptotic activity of p73a, whereas a kinase-deficient
mutant of PKA-CS had no detectable effect. Consistent
with this notion, treatment with H-89 (an ATP analog
that functions as a PKA inhibitor) reversed the dibu-
tyryl eAMP-mediated inhibition of p73c. Of particular
interest, PKA-Cp facilitated the intramolecular interac-
tion of p73a, thereby masking the N-terminal trans-
activation domain with the C-terminal inhibitory do-
main. Thus, our findings indicate a PEA-CB-mediated
inhibitory mechanism of p73 function.

P73 has been identified as a structural and functional hom-
clog of the tumor suppressor p53 (1). p53 and p73 share the
same domain organization, consisting of an N-terminal {rans-
activation domain, a central sequence-specific DNA-binding
domain, and a C-terminal oligomerization domain. As ex-
pected, several pieces of evidence suggest that p73 can bind to
the p53-responsive element and transactivate an overlapping
set of pb3 target genes, thus leading to induction of G4/3 cell
cycle arrest and apoptosis (1-6). In marked contrast to p53, p73
is expressed as multiple isoforras arising from alternative splic-
ing of the primary p73 transcript (p73a, p738, p73y, p735, p73s,
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p737, and p78f) termed the TA variant (I, 3, 7-9). These
alternatively spliced isoforms vary in their C termini and dis-
play different transeriptional and biclogical properties. Addi-
tionally, the AN variant (ANp73a and ANp73p), which is gen-
erated by alternative promoter utilization, lacks the
N-terminal transactivation domain and exhibits dominant-
negative behavior toward wild-type p73 as well as p53 (10-12).
Recently, we (14} and others (18, 15) demonstrated that p73
directly transactivates the expression of its own negative reg-
ulator (ANp73), creating an autoregulatory feedback loop in
which both the activity of p73 and the expression of ANp73 are
regulated. Thus, the pro-apoptotic activity of p73 is determined
by the relative expression levels of its TAp73 and dominant-
negative ANp73 variants in cells.

In sharp contrast to pb3, it was initially reported that p73
was not induced by DNA damage (1). However, recent studies
demonstrated that, in response to a subset of DNA-damaging
agents, p73 is positively regulated by multiple post-transla-
tional modifications, including phosphorylation and acetyla-
tion. During cisplatin-mediated apoptesis, phosphorylation of
p73 at Tyr-99 by the non-receptor tyrosine kinase ¢-Abl results
in an increase in its stability and pro-apoptotic activity (16—
18). In addition to c-Abl, the protein kinase C3 catalytic frag-
ment has the ability to phosphorylate p73 at Ser-289 and
contributes to the accumulation of p73 during the apoptotic
response to cisplatin treatment (19). It is worth noting that the
physical and funectional interaction between c-Abl and protein
kinase C35 leads to the cross-activation of their kinase functions
(20, 21). Furthermore, the enzymatic activity of Chkl (check-
point kinase-1) is enhanced in response to DNA damage (22—
24), and Chk1 has the ability to phosphorylate p73 at Ser-47
upon DNA damage, thereby enhancing its transactivation abil-
ity and pro-apoptotic activity without affecting the level of total
p73 protein, whereas Chk2 has no detectable effect on p73 (25).
Alternatively, Zeng et al. (26) found that the acetyltransferase
p300/CBP (cAMP-responsive element-binding protein-pinding
protein) interacts with the N-terminal region of p73 and stim-
ulates p73-mediated transcriptional activation and apoptosis.
Recently, Costanzo et al. {27) reported that doxorubicin treat-
ment indueces the p300-mediated acetylation of p73 at Lys-321,
Lys-327, and Lys-331 in a c-Abl-dependent manmer, which is
associated with the efficient recruitment of p73 to the promoter
of the apoptotic target gene p534AIP1. Additionally, it has been
shown that p300-mediated acetylation of p73 results in its
significant stabilization in a prolyl isomerase Pinl-dependent
manner {28}. .

To identify cellular protein(s) that could interact with full-
length p73« and regulate its function, we screened a human
fetal brain cDNA library using a yeast two-hybrid method
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based on the Sos recruitment system. We report here that
protein kinase A catalytic subunit g (PKA-Cg)! bound to p73c
in cells, but not to p53, and that their interaction was mediated
by the N- and C-terminal regions of p73a. In vitro kinase
assays revealed that the catalytic subunit of PKA phosphoryl-
ated p73a. PXA-CB inhibited the p73a-mediated transcrip-
tional activation of the p21"**? and Bax promoters and p73c-
dependent apoptosis in response to camptothecin. On the other
hand, the kinase-deficient mutant of PXA-CB had little effect
on p73a. Of note, we found that PKA-C8 facilitated the in-
tramolecular interaction of p73a. Qur results strongly suggest
the PKA-CB-mediated phosphorylation and intramelecular in-
teraction of p73 to be a novel inhibitory mechanism of p73
function.

EXPERIMENTAL PROCEDURES

Cell Culture and Cell Lines—SV40-transformed African green mon-
key kidney cells (COS-7) were grown in Dulbecco’s modified Eagle's
medium supplemented with 109% heat-incubated fetal bovine serum
(Invitrogen), 100 1U/ml penicillin, and 100 pg/ml streptomycin. p53-
deficient human lung carcinoma H1299 cells were maintained in RPMI
1640 medium supplemented with 109 heat-incubated fetal bovine se-
rum and antibiotic mixture. The cells were cultured at 37°C in a
water-saturated atmosphere of 95% air and 5% CQ,,

Transient Transfection—COS-T cells grown to 50-70% confluence in
60-mm dishes were transfected with the indicated expression plasmids
using FuGENE 6 transfection reagent (Roche Applied Science) follow-
ing the protocol recommended by the manufacturer. H1299 cells trans-
fection was performed using Lipofectamine 2000 transfection reagent
(Invitrogen) according to the manufacturer's instructions,

Yeast Two-hybrid Sereening—The CytoTrap two-hybrid system was
purchased from Stratagene (La Jolla, CA). The cDNA encoding the
full-length open reading frame of human p73a was amplified by PCR
using pcDNA3-pT3n as template. The PCR product, which was pro-
duced by additional upstream 5'-BamHI and downstream 3'-Sall re-
striction sites, was digested completely with BamHI and Sall; purified
on agarose gel; and directly inserted in-frame into the identical restrie-
tion sites of pSos to give pSos-p78a. The resulting pSos-pT3a“bait”
plasmid was used to identify the ¢cDNA encoding the p73a-binding
protein from a human fetal brain ¢DNA library cloned into the pMyr
plasmid (Stratagene). The screening was carried out according to the
manufacturer’s instructions. Briefly, a temperature-sensitive yeast
strain (cdc25Hao) was cotransformed with pSos-p73a and the cDNA
library using the lithium acetate/heat shock procedure as described
previgusly (29). Transformants were allowed to grow on selection me-
dium containing glucose for 2 days at 25 °C and then transferred onto
selection medium containing galactose. Plasmid DNAs were isolated
from the colonies exhibiting galactose-dependent growth at 37 °C and
transformed into Escherichia coli. Finally, the nucleotide sequences of
the positive cDNA clones were determined by the dideoxy terminator
eycle sequencing using an ABI automated DNA sequencer {Applied
Biosystems, Foster City, CA).

Western Blot Analysis—Transfected cells were washed twice with
phosphate-buffered saline (PBS) and lysed in ice-cold lysis buffer A (25
mu Tris-Cl (pH 7.5}, 137 mm NaCl, 2.7 mm XCl, and 1% Triton X-100)
containing protease inhibitor mixture (Sigma). After a brief sonication,
whole cell lysates were centrifuged at 15,000 rpm for 10 min at 4 °C to
remove insoluble materials, and the protein concentrations of the su-
pernatants were determined using the Bio-Rad protein assay reagent.
Protein samples were boiled in SDS sample buffer for 5 min, resolved by
10% SDS-PAGE, and transferred onto Immobilon-P membranes (Milli-
pore, Bedford, MA). The membranes were blocked overnight with 50
m¥ Tris-Cl (pH 7.6), 100 mn NaCl, and 0.1% Tween 20 containing 5%
nonfat dry milk and then incubated at room temperature for 1 h with
anti-FLAG monoclonal antibody (M2, Sigma), anti-green fluorescence
protein (GFP) monoclonal antibody (1E4, Medical and Biological Labo-
ratories, Nagoya, Japan), anti-p53 monaoclonal antibody {DO-1, Onco-
gene Research Products, Cambridge, MA), anti-p73 monoclonal anti-
body (Ab-4, NeoMarkers, Inc., Fremont, CA), anti-p21%*"* monoclonal
antibody (Ab-1, Oncogene Research Products), anti-PKA-Ce polyclonal

1 The abbreviations used are: PI{A-C, protein kinase A catalytic sub-
unit; PBS, phosphate-buffered saline; GFP, green fluorescence protein;
GST, glutathione S-transferase; HA, hemagglutinin; ChiP, chromatin
immunoprecipitation; Bt,cAMP, dibutyryl cAMP.
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antibody (C-20, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), or
anti-PXA-CB polyclonal antibody (C-20, Santa Cruz Biotechnology,
Inc.), followed by incubation with the corresponding horseradish perox-
idase-conjugated secondary antibedies (Jackson ImmunoResearch Lab-
oratories, Inc., West Grove, PA), Following the last wash, horseradish
peroxidase-labeled antibodies were detected using an enhanced chemi-
luminescence detection system (ECL, Amersham Biosciences) accord-
ing to the manufacturer’s instructions.

Immunoprecipitation and Pull-down Assqy—For immunoprecipita-
tion, cell lysates were prepared in lysis buffer A. Equal amounts of
protein extracts were pre-absorbed with protein G-Sepharose beads
(Amersham Biosciences) for 1 h at 4 °C, and the precleared lysates were
incubated with the indicated antibodies for 2 h at 4 °C, followed by
incubation with protein G-Sepharose beads for an additional 1 h at 4 °C.
The immune complexes were then washed three times with lysis buffer
A, eluted by beiling in SDS sample buffer for 5 min, and subjected o
Western blot analysis. For glutathione S-transferase (GST} pull-down
assays, GST alone or the indicated GST-p73a fusion proteins were
expressed in E. coli strain DH5« and leaded onto ghitathione-Sepha-
rose 4B beads (Amersham Biosciences), PKA-CB was generated in vitro
in the presence of [**S]methionine using the TNT quick-coupled in vitro
transcription/translation system (Promega Corp., Madison, WI) accord-
ing to the manufacturer’s instructions. **S-Labeled PKA-CS was incu-
bated with GST or GST-p73« fusion proteins bound to glutathione-
Sepharose beads for 2 h at 4 °C in a total volume of 400 gl of binding
buffer (50 mum Tris-Cl (pH 7.5), 1560 mm NaC), and 0.1% Nonidet P-40).
Beads were washed extensively with the same buffer, and the radiola-
beled proteins were eluted by beiling in SDS sample buffer for 5 min.
Following electrophoresis, gels were destained, dried, and exposed to an
x-ray film with an intensifying screen at —80 °C.

Cell Fractionation—Transfected COS-7 cells were fractionated into
nuclear and cytoplasmic fractions as described previously {30). In brief,
cells were washed twice with ice-cold 1x PBS and lysed in lysis buffer
B containing 10 my Tris-Cl (pH 7.5), 1 mm EDTA, 0.5% Nonidet P-40,
and protease inhibitor mixture for 30 min at 4 °C. Cell lysates were
centrifuged at 15,000 rpm for 10 min at 4 °C to separate soluble {cyto-
plasmic) from insoluble (nuclear) fractions. The pellets were washed
extensively with lysis buffer B and further dissolved in 1 SDS sample
buffer. The nuclear and cytoplasmic fractions were analyzed by immu-
noblotting with anti-lamin B monoclonal antibody (Ab-1, Oncogene
Research Products) or with anti-a-tubulin monoclonal antibody (Ab-2,
NeoMarkers, Inc.).

Immunofluorescence Microscopy-~H1299 cells were grown on cover-
slips and transiently cotransfected with the expression plasmids for
hemagglutinin (HA)-p73a and FLAG-PEKA-CB. Forty-eight hours after
transfection, cells were fixed with 3.7% formaldehyde in PBS for 30 min
at room temperature and permeabilized with 0.2% Triton X-100 for 5
min. Nenspecific binding sites were blocked by treating cells with PBS
containing 3% bovine serum albumin. The cells were incubated with
anti-HA polyclonal and anti-FLAG monoclonal antibodies for 1 h, fol-
lowed by incubation with fluorescein isothiocyanate- and rhodamine-
conjugated secondary antibodies (Invitrogen), The coverslips were
washed with PBS, mounted ento slides, and observed under a Fluoview
laser scanning confocal microscope (Olympus, Tokyo, Japan).

Luciferase Reporter Assay—p53-deficient H1299 cells (5 % 107 cells
in a 12-well plate) were transiently cotransfected with a constant
amount of the indicated expression plasmid (HA-p73«, HA-p733, or
p53}, a p53/pT3-responsive luciferase reporter construct (p21WAF? or
bax), and pRL-TK encoding Renille luciferase with or without increas-
ing amounts of the expression plasmid for FLAG-PKA-CB. The total
amount of BNA was kept constant (510 ng) with pcDINAS per transfec-
tion. Forty-eight hours after transfection, cells were lysed and assayed
for luciferase activity using the Dual-Luciferase reporter assay system
(Promega Corp.} according to the manufacturer’s recommendations.
The transfection efficiency was normalized based on pRL-TK reporter
activity.

Reverse Transcription-PCR—H1299 cells were transiently cotrans-
fected with the indicated combinations of expression plasmids. Twenty-
four hours after transfection, total RNA was prepared using an RNeasy
mini kit (Qiagen Inc.) according to the manufacturer’s protocol. One
microgram of total RNA was used to synthesize the first-strand ¢DNA
using random primers and SuperScript II reverse transcriptase (In-
vitrogen). Reverse transcription was carried out at 42 °C for 90 min,
and reverse transcripts were amplified by standard PCR with rTag
DNA polymerase (Takara, Ohtsu, Fapan). The primers used for PCR
were as follows: p21%"" 5 ATGAAATTCACCCCCTTTCC-3' (sense)
and 5'-CCCTAGGCTGTGCTCACTTC-3' (antisense); and glyceralde-
hyde-3-phosphate dehydrogenase, 5-ACCTGACCTGCCGTCTAGAA-3’
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Fic. 1. Interaction between p73 and PEA-Cf in mammalian cultured cells. A, p73« forms a complex with PKA-Cp in COS-7 cells. Whole
cell lysates prepared from COS-7 cells transiently cotransfected with the indicated combinations of expression plasmids were immunoprecipitated
(IP) with anti-FLAG or anti-HA monoclonal antibody. Immunoprecipitates were analyzed by immunoblotting (IB) with anti-HA (first panel} or
anti-FLAG (second panel} monoclonal antibody. Whole cell lysates were immunoblotted with anti-HA (¢hird panel) or anti-FLAG (fourth panel)
monoclonal antibody to show the expression of HA-p73e or FLAG-PKA-CB, respectively. B, p73« binds to endogenous PEA-C in COS-7 cells. COS-7
cells were transiently transfected with the expression plasmid for FLAG-p73e. Forty-eight hours after transfection, whole cell lysates were
prepared and subjected to immunoprecipitation with anti-PKA-CB (left panels) or anti-PKA-Cea (right panels) polyclonal antibody. Immunopre-
cipitation with normal rabbit serum (NES) was used as a negative control. After immunoprecipitation, coprecipitating FLAG-p73x was detected
by immunoblotting with anti-FLAG monoclonal antibody. C, PKA-CS does not bind to endogenous p53. COS-7 cells were transiently transfected
with the empty control plasmid or with the expression plasmid enceding FLAG-PEKA.CB. Forty-eight hours post-transfection, whole cell lysates
were prepared and subjected to immunoprecipitation with anti-p53 monoclonal antibody or normal mouse serum (NMS), followed by immuno-
blotting with anti-p53 (upper panel) or anti-FLAG (lower panel} monoclonal antibody. D, subcellular localization of exogenous and endogenous
PKA-CB. p53-deficient H1299 cells were transiently cotransfected with the expression plasmids for HA-p73a and FLAG-PKA-CB (first through
third panels). Forty-eight hours after transfection, transfected cells were fractionated into nuelear (V) and cytoplasmie (C) fractions as described
under “Experimental Procedures.” Each fraction was adjusted to an equal volume, and the aliquots of these fractions were separated by 10%
SDS-PAGE, followed by immunoblotting with the indicated antibodies. These fractions were analyzed for lamin B (fourth panel) and e-tubulin
(fifth panel) to show the validity of our fractionation technique. E, nuclear co-localization of p73 and PKA-CB. H1299 cells plated on coverslips were
cotransfected with the expression plasmids for HA-p78a and FLAG-PKA-CS and processed for immunocytochemical detection using anti-HA and
anti-FLAG antibodies. The merged image shows the nuclear co-localization of p73a and PKA-CB.

(sense) and 5'-TCCACCACCCTGTTGCTGTA-3' (antisense). PCR prod-  teins bound te glutathione-Sepharose beads were washed three times

ucts were separated by 1.5% agarose gel electrophoresis and stained
with ethidium bromide.

In Vitro Kinase Assays—GST or the indicated GST-p73w fusion pro-
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with kinase buffer (20 mn Tris-Cl (pH 7.5), 100 mm NaCl, and 12 mMm
MgCl,). The washed beads were incubated with 30 pl of kinase buffer
containing 2 units of purified PKA catalytic subunit {(Sigma), 2 mmM
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dithiothreitol, and 10 £Ci of [y-*2P]ATP for 30 min at 4 °C. The reaction
mixtures were boiled in 2X SDS sample buffer for 5 min, and the
proteins were separated by 10% SDS-PAGE. The gels were dried and
processed for autoradiography.

Cell Survival Assays—H1299 cells were seeded in 6-well plates and
allowed to attach. Cells were then cotransfected with the indicated
expression plasmids. Twenty-four hours after transfection, cells were
exposed to camptothecin (final concentration of I pM) for 24 h. Cell
viability was measured by a colorimetric assay with modified 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide as the substrate.

Construction of a Kinase-deficient Mutant of PKA-C—The K76R
mutation was introduced into wild-type PEA-CB by PCR-based mu-
tagenesis using PfulUlira™ high fidelity DNA polymerase (Stratagene)
according to the manufacturer’s protocol. The following oligonucleotide
primers were used: 5'-AGGATCTTAGATAAGCAGAAGGTT-3' (the un-
derlined segment encodes Arg at position 76) and 5'-CATGGCATA-
ATACTGTTCAGTGGCT-3'. This yielded the expression plasmid
pcDNA3-FLAG-PKA-CR(K76R), which was completely sequenced by
the dideoxy chain termination method.

Chromatin Immunoprecipitation (ChIP)—ChIP assays were
performed following a protocol provided by Upstate Biotechnelogy, Inc.
{Lake Placid, NY). In brief, H1299 cells were transiently cotransfected
with the expression plasmids for HA-p78e (1.2 ug) and FLAG-PKA-CS
(4.8 pg). Thirty-six hours after transfection, cells were cross-linked with
1% formaldehyde in medium for 15 min at 37 °C. Cells were then
washed with ice-cold PBS and resuspended in 200 ul of SDS-sample
buffer containing protease inhibitor mixture. The suspension was soni-
cated 10 times for 30 s with a 1-min cooling period on ice between times
and precleared with 20 pl of protein A-agarose beads blocked with
sonicated salmon sperm DNA for 30 min at 4 °C., The beads were
removed, and the chromatin solution was immunoprecipitated
overnight with anti-HA monoclonal antibody at 4 °C, followed by incu-
bation with protein A-agarose beads for an additional 1 h at 4 *C. The
immune complexes were eluted with 100 pl of elution buffer (1% SDS
and 0.1 M NaHCO,) and formaldehyde cross-links were reversed by
heating at 65 °C for 6 h. Proteinase K was added to the reaction mix-
tures and incubated at 45 °C for 1 k. DNAs of the immunoprecipitates
and control input DNAs were purified using a QIAquick PCR purifica-
tion kit (Qiagen Inc.) and then analyzed by regular PCR using the
human p21%*Y! and bex promoter-specific primers, The primer se-
quences were 5'-CACCTTTCACCATTCCCCTA-3" and §'-GCAGCCCA-
AGGACAAAATAG-3 for p21%\W! and 5'-AAAGCTCAGAGGCCCAAA-
AT-3' and 5’-AGGCTGAGACGGGGTTATCT-3" for bax.

RESULTS

Identification of PEA-CB as a Novel Binding Partner of p73—
Because the conventional yeast two-hybrid system depends on
the DNA binding as well as the {ransactivation function of
Gald, it is quite difficult to use a full-length transcriptional
regulator with a transactivation domain as bait. To identify
potential p73-interacting cellular protein(s), we wused full-
length p73a as bait in a new CytoTrap yeast two-hybrid screen
relying on the Sos recruitment system. A temperature-sensi-
tive yeast strain (cdc25H«) was cotransformed with a bait
plasmid and a human fetal brain ¢cDNA library. Of a total of 1 X
10% primary transformants grown on medium containing glu-
cose at 30 °C, one clone (termed F115) exhibited galactose-de-
pendent growth at 37 °C, The plasmid DNA derived from the
cDNA library was introduced into E. eoli, and its nucleotide
sequence was determined. Sequence analysis revealed that the
F115 cDNA clone encodes full-length PRA-CB. Of the PKA
catalytic subunit isoforms (PXA-Ca, PKA-CB, and PEKA-Cy),
PKA-CB is highly expressed in brain and reproductive tissues,
whereas PKA-Cg is ubiquitously expressed in mammalian tis-
sues (31, 32).

PEA-C3 Associates with p73 in Mammalion Cultured
Cells—To confirm the interaction between PKA-CB and p73
detected by the CytoTrap yeast two-hybrid system, co-immu-
noprecipitation experiments were carried out using whole cell
lysates prepared from COS-7 cells expressing exogenous
FLAG-PKA-CB and HA-p73c. As shown in Fig. 14, the anti-
FLAG immunoprecipitates contained HA-p73a. Used as a con-
trol, HA-p73a was not detectable in the anti-FLAG immuno-
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g, 2. Interacting region within p73 for PKA-CS. A, domain
structures of p73 and p53. The transactivation domain (TAD), DNA-
binding domain (DBD), oligomerization domain (0D}, and sterile a
motif domain (SAMD) are indicated. The rumbers above the p73 vari-
ants and p53 indicate amino acid numbering. B, interaction of PKA-C3
with various p73 variants. Whole cell lysates prepared from H1209 cells
transiently cotransfected with the expression plasmid for HA-p73a,
HA-p738, or ANp73a and with the expression plasmid for FLAG-
PEA-CB were immunoprecipitated (IP) with anti-FLAG monaclonal
antibody. The immune complexes were analyzed by immunoblotting
(IB) with anti-p73 monaclonal antibody (upper panel). The expression
levels of p73 variants {middie panel) and PEA-CB (lower panel) in whole
cell lysates were monitored by immunoblotting with the indicated an-
tibodies. C, in vitro GST pull-down assays. Bacterially expressed GST
or the indicated GST-p73a fusion proteins were incubated with in vitro
translated **S-labeled FLAG-PKA-CB and precipitated with glutathi-
one-Sepharose 4B beads (50% slurry). After extensive washing, the
bound proteins were separated by 10% SDS-PAGE and processed for
autoradiography (upper panel). 1/50 Input indicates the radiolabeled
FLAG-PEA-CB used for in vitro pull-down assays that was directly
loaded on the same gel as a control. GST and GST-p73«a fusion proteins
were stained with Coomassie Brilliant Blue (lower panel). The positions
of molecular mass markers are indicated on the left in kilodaltons.

precipitates of COS-7 cells expressing FLAG-PKA-CB or HA-
p73c alone. Analysis of the anti-HA immunoeprecipitates also
demonstrated that FLAG-PKA-CS co-immunoprecipitated
with HA-p73c. Next, we examined whether endogenous
PKA-CB could interact with p73a. To this end, whole cell ly-
sates prepared from COS-7 cells transfected with the expres-
sion plasmid for FLAG-p73« were immunoprecipitated with
normal rabbit serum or with the specific antibody against
PEA-CB, followed by immunoblotting with anti-FLAG anti-
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FiG. 3. PEA-Cg inhibits p73a-mediated transcriptional activation, A-C, luciferase reporter assays. H1299 cells (5 X 10* cells/12-well
plates) were transiently cotransfected with 25 ng of the expression plasmid for HA-p73a (4), HA-p738 {B), or p53 (C); 100 ng of the luciferase
reporter construct containing the p53/p73-responsive element derived from the p21™ (left panels) or box (right panels) promoter; and 10 ng of
Renilla luciferase plasmid (pRL-TK) with or without increasing amounts of the expression plasmid for FLAG-PKA-CB (25, 50, and 100 ng). The
total amount of the plasmid DNA per transfection was kept constant (510 ng) with pcDNAS. All transfections were performed in triplicate.
Lnciferase activity was measured 48 h post-transfection. The transfection efficiency was standardized for Renillo luciferase activity. The -fold
increase in luciferase activity is compared with that in cells transfected with pcDNA3 alone. D, reverse transcription-PCR analysis. Total RNA
prepared from H1299 cells transiently cotransfected with a constant amount of the expression plasmid for HA-p73« {200 ng) with or without
increasing amounts of the expression plasmid for FLAG-PKA-Cg (200, 400, and 800 ng) was subjected to reverse transcription-PCR analysis for
endogenous p21"*** mRNA expression (upper panel). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression levels were used

as an internal control (lower panel).

body. As shown in Fig. 1B (upper panels), FLAG-p73a co-
immunoprecipitated with endogenous PEA-CS. Because the
amino acid sequences of PRKA-Ca and PKA-CPB are 91% identi-
cal (31), we examined whether endogenous PRA-Ce could bind
to p73a. Co-immunoprecipitation experiments revealed that,
like PKA-CR, endogenous PKA-Ca associated with FLAG-p73a
(Fig. 1B, lower panels). In sharp contrast to p73e, p53 failed to
interact with FLAG-PKA-CB under our experimental condi-
tions (Fig. 1C).

To investigate the subcellular distribution of PKA-CB in the
presence of exogencus p73«, we employed the biochemical frac-
tionation of transfected H1299 cells. H1299 cells transiently
cotransfected with the expression plasmids for HA-p73e and
FLAG-PKA-CB were fractionated into nuclear and cytoplasmic
fractions, and the fractions obtained were subjected to immu-
nobletting with the indicated antibodies. The purity of the
nuclear and cytoplasmic fractions was verified by immunoblot-
ting with anti-lamin B and anti-e-tubulin antibodies, respec-
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tively. As shown in Fig. 1D, HA-p73x was detected exclusively
in the nuclear fractions, whereas FLAG-PKA-CS and endoge-
nous PKA-Cg8 and PKA-Ca were present in both the cytoplas-
mic and nuclear fractions. As expected, confocal microscopy of
immunostained H1299 cells expressing FLAG-PKA-CB and
HA-p73« revealed that both proteins co-localized in the cell
nucleus (Fig. 1E).

Identification of the Interacting Region within p73—To ex-
amine which region(s) of p73 could be engaged in the interae-
tion with PKA-CB, we performed co-immunoprecipitation and
GST pull-down experiments. Fig. 2A depicts the domain strue-
tures of various p73 variants used for co-immunoprecipitation
experiments. Whole cell lysates prepared from H1299 cells
transiently cotransfected with the indicated combinations of
expression plasmids were Immuncprecipitated with anti-FLAG
antibody, followed by immunoblotting with anti-p73 antibody.
As shown in Fig. 28, HA-p73a and ANp73« co-purified with
FLAG-PKA-CB, whereas the binding of HA-p738 to FLAG-
PKA-CB was significantly weaker than seen with HA-p73« and
ANp73a, suggesting that the C-terminal region of p73« might
be required for the interaction with PKA-CB. To verify these
results, in vitro GST pull-down assays were carried out using a
series of GST-p73« fusion proteins. In wvitro translated 35S-
labeled FLAG-PKA-CB was incubated with glutathione-Sepha-
rose beads complexed either with GST alone or with GST-p73a.
The autoradiogram in Fig. 2C (upper panel) shows that GST-
P73a-(1-130) and GST-p73a-(469-636) were able to interact
with FLAG-PEA-CS. The Coomassie Brilliant Blue staining
shown in PFig. 2C (lower panel) revealed that the glutathione-
Sepharose beads contained equal amounts of GST-p73« fusion
proteins. Taken together, our results suggest that both the
N-terminal (amino acids 65-130)'and C-terminal (amino acids
469—-636) regions of p73a might be essential for the interaction
with PEKA-CB.

PKA-CB Inhibits p73a-mediated Transcriptional Activa-
tion—In view of the ability of PKA-CB to interact with p73c, we
next examined whether PKA-CB could affect p73« function as
a transeriptional regulator. For this purpose, p53-deficient
H1299 cells were transiently cotransfected with a constant
amount of the expression plasmid for HA-p73«, HA-p738, or
ph3 together with the luciferase reporter construct contrelled
by the pb3/p73-responsive element from the p21WAFL or pox
promoter in the presence or absence of increasing amounts of
the expression plasmid for FLAG-PEA-CS. All cotransfections
included pRI-TK to monitor transfection efficiency, and con-
trols included cotransfections with the empty confrol plasmid.
As shown in Fig. 34, coexpression of FLAG-PKA-CS and HA-
p73a resulted in marked repression of the p21™4™. and bax-
luciferase activities induced by HA-p73« in a dose-dependent
manner, and FLAG-PKA-C8 alone had no effect on the reporter
gene activity. In contrast, FLAG-PKA-CS had no obvious ef-
fects on p733- and p53-mediated transeriptional activation
(Fig. 8, B and C). These results strongly suggest that there is a
correlation between the capacity of PKA-C8 to interact with
P73 or p53 and its ability to inhibit their transactivation func-
tion. To determine whether PKA-CS could inhibit the p73c-
mediated transeriptional activation of endogenous p21%4%7, we
performed reverse transcription-PCR analysis using total RNA
prepared from H1299 cells transiently cotransfected with the
indicated combinations of expression plasmids, As shown in
Fig. 3D, ectopic expression of HA-p73« resulted in a remarka-
ble up-regulation of endogenous p21"4¥7 expression, and coex-
pression of FLAG-PKA-CB and HA-p73« inhibited the p73c-
mediated induction of p21%4*7 in a dose-dependent manner.

To further confirm the inhibitory effect of PKA-CB on the
transeriptional activity of p73«, H1299 cells were transiently
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Fic. 4. PKA-C8 inhibits the p73«-dependent accumulation of
endogenous p21"AT7, 11299 cells wers transiently cotransfected with
200 ng of the expression plasmid for FLAG-p73« (A}, FLAG-p733 (B), or
FLAG-p53 (C) and 50 ng of the GFP expression plasmid with or without
increasing amounts of the expression plasmid for FLAG-PKA-CB (200,
400, and 800 ng). Thirty-six hours after transfection, whole cell lysates
were prepared and subjected to immuncblotting (IB) with the indicated
antibedies {first through third panels). The GFP expression plasmid
was included in each transfeetion as a transfection efficiency control,
and the expression levels of GFP were detected with anti-GFP mono-
clonal antibody {fourth panels).

cotransfected with a constant amount of the expression plas-
mid for FLAG-p73a, FLAG-p738, or FLAG-p53 with or without
increasing amounts of the expression plasmid for FLAG-PKA-
CB, and the protein levels of endogenous p21%A7 were deter-
mined by immunaoblotting. As shown in Fig. 44, endogenous
p21%A4"7 was increased by ectopic FLAG-p73a expression,
whereas overexpression of FLAG-PKA-CS resulted in a reduc-
tion in the level of endogenous p21%4*7 induced by FLAG-
p73c, supporting the notion that PKA-C8 inhibits the tran-
scriptional activity of p73c. In contrast, PKA-CB had no
detectable effects on the p738- or p53-dependent induction of
endogenous p21%A*? (Fig. 4, B and ©), consistent with the
results obtained by luciferase reporter analysis. In addition,
coexpression of FLAG-p73a and FLAG-PKA-Cg resulted in a
slight increase in the amounts of FLAG-p73¢, whereas FLAG-
PEKA-CB had a negligible effect on the amounts of FLAG-p738
and FLAG-p53 (Fig. 4). FLAG-p73« decayed at slower rates in
the presence of FLAG-PKA-CE than in its absence {data not
shown); however, its physiological implications remain to be
determined.

FPKA-CB Phosphorylates p73—To determine whether p73 could
be a substrate for PKA-Cg, the GS8T-p73« fusion proteins used
for the in vitro pull-down assay were incubated with the commer-
cially available PKA catalytic subunit purified from bovine heart
and [y-*2PJATP. Of the GST-p73a fusion proteins tested, only
GST-p73a-(1-130) was phosphorylated by the PKA catalytic sub-
unit (Fig. 5A). The N-terminal region of p73«a might be involved
in phosphorylation by the PKA catalytic subunit.
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FiG. 5. PKA-CB phosphorylates p73a,
and the kinase-deficient mutant of
PEKA-Cp fails to inhibit the transcrip-
tional activity of p73a. A, PKA-CB can
phosphorylate p73w in vitro. GST or GST-
p73« fusion proteins bound to glutathione-
Sepharose beads were incubated with the
purified catalytic subunit of PKA in the pres-
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cessed for autoradiography (right panel).
GST and GST-p73« fusion proteins were
stained with Coomassie Brilliant Blue and
used for in witro kinase assay (left panel).
The positions of molecular mass markers
are shown on the left in kilodaltons. B, ki-
nase-deficient PKA-Cp retains the ability to
interact with p73«. Whole cell lysaies pre-
pared from COS-7 cells transiently cotrans-
fected with the indicated combinations of ex-
pression plasmids were immunoprecipitated
(IP) with anti-FLAG monoclonal antibody,
and the immunoprecipitates were analyzed
by immunoblotting (B} with anti-p73 mono-
clonal antibody (upper panel). Lysates not
subjected to immunoprecipitation were ana-
lyzed by immuncblotting with anti-p73
{middle ponel) or anti-FLAG (Jower panel)
monoclonal antibody. C, luciferase reporter
analysis. H1299 cells were transiently co-
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p73a-dependent induction of endogenous
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transfected with 200 ng of the expression
plasmid for FLAG-p73c and 50 ng of the
GFP expression plasmid with or without in-
creasing amounts of the expression plasmid
for FLAG-PKA-CA(K76R) (200, 409, and 800
ng). Thirty-six hours after transfection,
whole cell lysates were prepared and ana-
lyzed by immunoblotting for the expression
levels of endogenous p21"¥A™, The GFP ex-
pression plasmid was included as a control
for transfection efficiency,
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Next, we examined whether the inhibitory effect of PKA-CB
on the transcriptional activity of p73a is dependent on its
kinase activity. As described previously (33, 34), PKA-
CB(K76R), in which Lys-76 within the ATP-binding motif is
replaced with Arg, showed very little catalytic activity. We
therefore constructed an expression plasmid for FLAG-PEA-
CB(K76R) and tested whether PKA-CB(K76R) could bind to
p73a and also repress p73a-mediated transcriptional activa-
tion. Co-immunoprecipitation experiments demonstrated
that, like wild-type PKA-CS8, the kinase-deficient form of
PKA-C3 hound to FLAG-p73a in cells (Fig. 5B). Notably,
luciferase reporter analysis revealed that FLAG-PEKA-
CB(K76R) had little effect on the ability of p73a to drive
transcription from the p21"A¥? and bax promoters (Fig. 5C).
In accordance with the results from luciferase reporter anal-
ysis, FLAG-PKA-CB(K76R) failed to reduce the expression
levels of endogenous p21WA* induced by FLAG-p73« as ex-
amined by immunoblotting (Fig. 5D). Taken together, these
results strongly suggest that PKA-CB inhibits p73a-mediated

117

+

IB; Anti-FLAG I
1B: Anti-FLAG
B: Anti-p21WAF1 i S

iB: Anti-GFP

FLAG-PKA-C B{K76R)

Bax

Fold activation

+ o+

G e |-AFLAGHT3

- &5 6 s wem olT|-aFLAG-PKA-CKTER)
R 3 TS i

[ o o o o e |<crP

+ +

+  +

transcriptional activation by a kinase activity-dependent
mechanism,

Reduction in the Pro-apoptotic Activity of p73a by PEKA-CB
upon DNA Damage—To extend the functional consequences of
the interaction between p73« and PKA-CB, we investigated
whether PKA-Cf8 could affect the pro-apoptotic function of
p73c in response to DNA damage. For this purpose, we used a
low apoptotic dose of camptothecin to facilitate the detection of
a potential induction mediated by p73«. H1299 cells were tran-
siently cotransfected with the expression plasmid for FLAG-
pP73a or FLAG-p53 with or without the expression plasmid
encoding FLAG-PKA-CB or FLAG-PKA-CB(K76R) and then
treated with camptothecin at a final concentration of 1 um for
24 h. After camptothecin action, cell viability was examined by
cell survival assay. As shown in Fig. 64, H1299 cells expressing
FLAG-p73« alone exhibited an enhanced sensitivity to apopto-
sis following exposure to camptothecin, which was consistent
with previous observations (35). Of note, coexpression of FLAG-
PKA-CB and FLAG-p73a resulted in a reduction in the cellular
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sensitivity to camptothecin, whereas kinase-deficient PKA-CB
had no significant effect on cell viability. As was also observed
in H1299 cells expressing FLAG-p73«, ectopic expression of
FLAG-p53 enhanced camptothecin-induced apaptosis (Fig. 6B).
In sharp contrast to p73e, wild-type or kinase-deficient
PKA-CB had a negligible effect on p53.

cAMP Ancalog Inhibits p73a-medicted Transcriptional Acti-
vation~-Given the inhibitory effect of exogenous PKA-CR on
P73« in transfected cells, we sought to determine whether the
activation of PKA attenuates p73o-mediated transeriptional
activation. 1299 cells were transiently cotransfected with or
without the expression plasmid for HA-p73¢ along with the
luciferase reporter construct driven by the p53/p73-responsive
element from the p21"A™ or bax promoter. Twenty-four hours
after transfection, cells were either left untreated or treated
with the PRA-activating agent dibutyryl cAMP (Bt,eAMP) in
the presence or absence of the PKA inhibitor H-89. As shown in
Fig. 7A, Bt,cAMP treatment inhibited p730-induced p21™WAr?
and bax promoter activation. Intriguingly, the inhibitory effect
of Bt,cAMP was attennated when cells were exposed to H-89.
Under the identical experimental conditions, endogenous
p21%4*" was significantly induced by exogenously expressed
HA-p73« (Fig. 7B). Densitometric scanning of the immunoblot
revealed that Bt,cAMP treatment decreased the level of
p21%AFL by 299 relative to that induced by HA-p73e, and the
p21"AF? Javel was partially restored in the presence of H-89, in
accordance with the results obtained by luciferase reporter
analysis. Thus, it is likely that the elevation of intracellular
cAMP and the subsequent PKA activation contribute to the
reduction in p73a-mediated transcriptional activation.

PKA-CB Stimulates the Intramolecular Interaction of p73—To
clarify the precise molecular mechanism by which PKA-CS impairs
the transcriptional activity of p73e, we performed ChIP analysis.
Cross-linked chromatin prepared from H1299 eells transiently co-
transfected with the indieated combinations of expression plasmids
was immuneprecipitated with anti-HA antibody, followed by am-
plification with the indicated promoter-specific primers. Under our
experimental conditions, HA-p73a was efficiently recruited to the
p21"A™! and bax promoters in the absence of exogenous PKA-CS
(Fig. 84). No significant decrease in chromatin binding was de-
tected in cells expressing HA-p73a and FLAG-PKA-CB, suggesting
that PKA-Cf has little effect on the sequence-specific DNA binding
activity of p73c.

It has been reported recently that the extreme C-terminal
regions of p73« and p63a (another member of the p53 family)
have an inhibitory effect on their transactivation potential (7,
36, 37). To assess whether the C-terminal inhibitory demain of
P73 could be involved in the PKA-CB-mediated down-regula-
tion of p73«, we performed additional luciferase reporter anal-
yses in H1299 cells cotransfected with the expression plasmid
for HA-p73a-(1-548) and FLAG-PKA-CB. As shown in Fig. 8B
(upper panel), HA-p73a-(1-548), which lacks the extreme C-
terminal extension of wild-type p73e, interacted with FLAG-
PEKA-CB as determined by co-immunoprecipitation experi-
ments. It is worth noting that, in contrast to wild-type p73a,
FLAG-PKA-CB had no detectable effect on the transcriptional
activity of HA-p73e-(1-548) (Fig. 8B, lower panel), indicating
that the extreme C-terminal region of p73a plays a critieal role
in the PKA-CB-mediated inhibition of p73a.

Serber et al. (37) reported that the extreme C-terminal do-
main binds to the N-terminal transactivation domain of p63
and inhibits its transactivation potential. Considering that
PKA-CpB interacts with p73« through its N- and C-terminal
domains, it is possible that PKA-CB could stimulate the in-
tramolecular interaction between the two domains of p73a,
thereby inhibiting its transeriptional activity. To test this pos-

Functional Interaction between PKA and p73

A 120

Cell survival (%)

FLAG-pT3 o
FLAG-PKA-C 8
FLAG-PKA-C 8 {KT6R}
Camptothecin

+1 11
+ 1+
+4+ 11
+1+
+{++
+4+ 1+

Cell survival (%)

FLAG-pS3 -
FLAG-PKA-C 8 -
FLAG-PKA-C 8 (K76R) -
Camplothacin +

F1H
F4+ 1
10+
1+
1+

F1c. 6. p73a-mediated increase in sensitivity to camptothecin
is suppressed by wild-type PEA-Cg, but not by kinase-deficient
PEA-Cg. H1299 cells were transiently cotransfected with the expres-
sion plasmid for FLAG-p73a (A) or FLAG-p53 (B) with or without the
expression plasmid encoding FLAG-PKA-C8 or FLAG-PKA-CB(K76R).
Twenty-four hours afier transfection, eells were exposed to campto-
thecin (final concentration of 1 pn) for 24 h, and their viability was
evaluated by 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolivm bro-
mide assay. *, p < 0.01 versus +FLAG-PKA-CB.

sibility, we performed co-immunoprecipitation analysis. Whole
cell lysates prepared from COS-7 cells transiently transfected
with the indicated combinations of expression plasmids were
immunoprecipitated with anti-p73 antibody, followed by im-
munoblotting with anti-HA antibody, and the possible effect of
FLAG-PKA-CS on the complex formation between HA-p73a-
(1-247) and FLAG-p73c-(247-636) was examined. The anti-
p73 antibody used for this assay recognizes the C-terminal
portion of p73 and thus does not detect p73w-(1-247). As shown
in Fig, 8C, HA-p73a-(1-247) efficiently co-immunoprecipitated
with FLAG-p73x-(247—636) in the presence of FLAG-PKA-CB,
whereas FLAG-PEA-CB(K76R) had a negligible effect on the
complex formation between HA-p730-(1-247) and FLAG-p73¢-
(247-636). The few complexes observed in the absence of
FLAG-PKA-CB could be due to endogenous PKA-CB. These
results strongly suggest that FLAG-PKA-CB contributes to the
intramolecular interaction of p73a between the N-terminal
transactivation and C-terminal inhibitory domains.

DISCUSSION

In this study, we have screened a human fetal brain ¢cDNA
library using a new CytoTrap yeast two-hybrid screening
method based on the Sos recruitment system and identified, for
the first time, PKA-CB as a p73c-binding protein. PKA-CB
associated with p73e through its N- and C-terminal regions in
mammalian eultured cells and significantly inhibited its trans-
activation funetion. Under our experimental conditions, PKA-
CpB, which did not bind to p53, had a negligible effect on p53.
Intriguingly, PEKA-CB might bridge the N-terminal transacti-
vation and C-terminal inhibitory domains of p73«, thereby
rendering p73a a latent inactive form. In vitro kinase assay
demonstrated that PKA can phosphorylate p73, and the ki-
nase-deficient mutant of PKA-CB (PKA-CB(K76R)) failed to
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Fic. 7. Effects of Bt,cAMP on p73e-mediated transeriptional activation, A, luciferase reporter analysis. H1299 cells were transiently
cotransfected with 25 ng of the expression plasmid for HA-p73e, 100 ng of the luciferase reporter construct containing the p53/p73-responsive
element derived from the p21"™**? (left panel) or bax (right punel) promoter, and 10 ng of pRL-TK., Twenty-four hours after transfection, cells were
left untreated or were treated with Bt,cAMP (db-cAMP; T mM) or with Bt,cAMP (1 mn) plus the PKA inhibitor H-89 (10 pM) for 24 h. Cell lysates
were then prepared and subjected to the determination of luciferase activity as described in the legend ta Fig. 4. B, immunoblot analysis for
p21%AFI H1299 cells were transiently cotransfected with 200 ng of the expression plasmid for HA-p73a and 50 ng of the GFP expression plasmid.
Twenty-four hours after transfection, cells were treated with or without Bt,cAMP (1 mm) in the presence or absence of H-89 (10 ud) for 24 h. Whole
eell lysates were then prepared and subjected to immunoblotting (IB) with the indicated antibodies. Densitometry was used to guantify the

amounts of p21¥AF! which were normalized to GFP.

reduce the transcriptional activity of p78«, suggesting that the
kinase activity of PKA-Cf is required for its inhibitory effect on
P73«. In accordance with these results, the transient activation
of the cAMP/PKA signaling pathway by Bt,cAMP reduced
p73a-mediated transcriptional activation, whereas the inhibi-
tory effect of Bt,cAMP was attenuated when cells were exposed
to H-89, a specific pharmacological inhibitor of PKA. Collec-
tively, our present findings indicate that the PKA-mediated
phosphorylation and conformational alteration of p73« might
be a novel inhibitory mechanism of its activity.

As described previously (38), the PKA catalytic subunit fam-
ily is composed of three isoforms: PKA-Ce, PKA-CB, and PKA-
Crv. PRA-Co is expressed ubiquitously, whereas PKA-CB is
expressed predominantly in brain and reproductive tissues (31,
32). PKA-CB is expressed as at least six variants (C81, Cp2,
Cp3, Cp4, Cp4ab, and Cpdabe) arising from alternative splic-
ing of the primary transeript {39). These splice variants contain
a unique N terminus, but share a common catalytic domain,
suggesting that they have similar enzymatic activity. Sequence
analysis revealed that the PKA-Cf we identified in this study
is PKA-CpB4ab. According to our in vitro phosphorylation assay
using various truncated forms of GST-p73w as substrates, the
N-terminal region of p73«a (residues 1-130) might contribute to
phosphorylation by PKA. As described previously (40, 41), the
amino acid sequence (R/K)XX(S/T) is a consensus motif for
PKA-dependent phosphorylation. Examination of the amine
acid sequence of p73a for a putative PKA recognition site(s)
showed three related motifs ("®RAAS®, KVSTS? and
402K, PS*%5). Ser-81 exists in the N-terminal region of p73a. It
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is thus likely that this site could be one of the site(s) phospho-
rylated by PKA, although there is no direct evidence for this
possibility. Because PKA-CB(K76R), which retained the ability
to bind to p73e, failed to inhibit p73a-mediated transcriptional
activation, it is conceivable that the PKA-dependent phospho-
rylation of p78a might serve to modulate its function. Accumu-
lating evidence suggests that, as for p53, posi-translational
modifications such as phosphorylation and acetylation regulate
P73. In response to DNA-damaging agents, p73 is phosphoryl-
ated at Tyr-99, Ser-289, and Ser-47 by c-Abl, the protein kinase
C3 catalytic fragment, and Chkl, respectively (16-19, 25).
Each of these phosphorylations is associated with the activa-
tion of p73. Alternatively, Pin recognizes phosphorylated Ser-
412, Thr-442, and/or Thr-482 of p73, thereby activating p73 in
association with the enhanced levels of its acetylation mediated
by p300 (28). On the other hand, cyclin-dependent protein
kinase-dependent phosphorylation of p73 at Thr-86 results in a
significant reduction of the transeriptional activity of p73 (42).
Accordingly, the identification of the precise phosphorylation
site(s} of p73c by PKA is necessary to confirm the functional
significance of the PKA-mediated phosphorylation of p73a.
We (36) and others (7, 43) reported that p73a exhibits a low
level of transactivation ability relative to that of p788, suggest-
ing that the C-terminal extension of p73a exerts an inhibitory
effect on the transcriptional activity of p73. Ancther p53 family
member (p63) also showed similar results (44). Intriguingly,
three-dimensional analysis demonstrated that the C-terminal
region of p53 exists in close proximity to the central DNA-
binding domain (45). In addition, it has been shown that the C
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Fic. 8. PEA-CB-mediated intramolecular interaction of p73«
contributes to the down-regulation of the transeriptional activ-
ity of p73a. A, ChIP assay. H1299 cells were transiently cotransfected
with the expression plasmid for HA-p78a or HA-p73c plus FLAG-PKA-
Cg. Thirty-six hours after transfection, cells were fixed in formaldehyde
and lysed, and DNA was sheared into 200-500-hp fragments by soni-
cation. HA-p73a-bound DNA was immunoprecipitated (/P)} with anti-
HA monoclonal antibody. The amounts of HA-p73« bound to the p53/
p73-responsive element within the p21¥A*? (upper panrel) or bax (lower
panel) promoter region were analyzed by standard PCR. B, PRA-CB
fails to inhibit p73a-(1-548). COS-7 cells were transiently cotransfected
with the indicated combinations of expression plasmids. Forty-eight
hours after transfection, whole cell lysates were prepared and subjected
to co-immunocprecipitation (first panel) or immunoblotting (second and
third panels) (upper panels). H1299 cells were transiently cotransfected
with 25 ng of the expression plasmid for HA-p73a-(1-548), 100 ng of the
luciferase reporter construct carrying the p53/p73-responsive element
of the p21¥A¥? promoter, and 10 ng of pRL-TK with or without increas-
ing amounts of the expression plasmid for FLAG-PKA-Cg (25, 50, and
100 ng). Forty-eight hours afier transfection, luciferase activity was
determined as described in the legend to Fig. 4 (lower panel). C, the
intramolecular interaction of p73e is stimulated by PKA-CB. Whole cell
lysates prepared from COS-7 cells transfected with the indicated com-
binations of expression plasmids were immunoprecipitated with anti-
p73 antibody, followed by immunoblotting (I8) with anti-HA antibody.

terminus of p53 directly interacts with and masks its DNA-
binding domain, thereby inhibiting its DNA binding activity
(46, 47). Recently, Serber e al. (37) found that the transcrip-
tional activity of p63« is significantly inhibited by an intramo-
lecular interaction. In sharp contrast to pb3, the extreme C-
terminal region of p63x binds to the N-terminal
transactivation domain, but not to the DNA-binding domain,
and abrogates its transactivation potential, Given the high
amino acid sequence homology between p73wc and p63a and
their similar domain structure, the transcriptional activity of

Functional Interaction between PKA and p73

P73 might be regulated at least in part by an intramolecular
inhibitory interaction. According to our in vitro pull-down as-
say, PKA-CB bound to the N- and C-terminal regions of p73e.
Furthermore, the co-immunoprecipitation experiments demon-
strated that p73a-(1-247) efficiently coprecipitated with p73a-
(247~636) in the presence of PKA-Cf, suggesting that PKA-Cj3
might promote the intramolecular interaction of p73« to mask
the N-terminal transactivation domain rather than the central
DNA-binding domain and keep it in an inactive form. Indeed,
our ChIP experiments revealed that PKA-CBhad no significant
effect on the DNA binding activity of p73¢. Because the kinase-
deficient mutant of PKA-Cp failed to bridge p73a-(1-247) and
p73a-247-6386), it is likely that the PEXA-mediated phospho-
rylation of p73 plays an important role in the conformational
alteration of p73. However, the precise molecular mechanism
by which PKA-mediated phosphorylation could contribute to
the inhibition of p73 is currently unknown.

It has been shown previously (48-50) that the activation of
PKA has either mitogenic or anti-proliferative effects in mam-
malian cultured cells and that these opposite responses might
be due to the existence of cell type-specific targets of this
signaling pathway. Accumulating evidence indicates that the
anti-apoptotic effect of PKA might be mediated by the activa-
tion of the ERK {(xtracellular signal-regulated kinase) (51, 52)
and phosphatidylinositol 3-kinase/Akt (53, 54) pathways. Re-
cently, Wu et al. (65) found that ¢-Myc enhances the activity of
PEKA by transactivating the expression of PKA-Cg. According
to their results, constitutive expression of PKA-Cj results in
the promotion of colony formation in soft agar medium, and
PRA-CB- as well as ¢-Myc-mediated cellular transformation is
markedly inhibited by H-89, suggesting that PEA might be one
of the downstream mediators of ¢-Mye function. As described
previously (55-57), PKA directly phosphorylates Bad and gly-
cogen synthase kinase-38 te inhibit their apoptosis-inducing
activity. Likewise, our present findings indicate that the PKA-
mediated phosphorylation of pro-apoptotic p73 abrogates its
function. Thus, it is likely that the anti-apoptotic function of
PEKA is at least in part due to the inactivation of p73 and the
subsequent suppression of apoptotic signaling.
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