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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 screening based on the Sos reecruit-
ment system, we identified protein kinase A catalytic
subunit 8 (PKA-CB) as a novel binding partner of p73.
Co-immunoprecipitation and glutathione S-transferase
pull-down assays revealed that p73a associated with
PKA-CB in mammalian cells and that their interaction
was mediated by both the N- and C-terminal regions of
p73a. In contrast, p53 failed to bind to PKA-CB. In vitro
phosphorylation assay demonstrated that glutathione
S-transferase-p73a-(1-130), which has one putative PKA
phosphorylation site, was phosphorylated by PKA. En-
forced expression of PKA-Cf resulted in significant in-
hibition of the transactivation function and pro-apo-
ptotic activity of p73«, whereas a kinase-deficient
mutant of PKA-CB 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 cAMP-mediated inhibition of p73a. Of particular
interest, PKA-Cp facilitated the intramolecular interac-
tion of p73«, thereby masking the N-terminal trans-
activation domain with the C-terminal inhibitory do-
main. Thus, our findings indicate a PKA-CB-mediated
inhibitory mechanism of p73 function.

p73 has been identified as a structural and functional hom~
olog of the tumor suppressor p53 (1). p53 and p73 share the
same domain organization, consisting of an N-terminal trans-
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 p53 target genes, thus leading to induction of G,/S cell
cycle arrest and apoptosis (1-6). In marked contrast to p53, p73
is expressed as multiple isoforms arising from alternative splic-
ing of the primary p73 transcript (p73«, p738, p73y, p733, p73¢,
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p73m, and p73)) termed the TA variant (1, 3, 7-9). These
alternatively spliced isoforms vary in their C termini and dis-
play different transcriptional and biological properties. Addi-
tionally, the AN variant (ANp73a and ANp738), 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 (13, 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 p53, 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 apoptosis, phosphorylation of
p73 at Tyr-99 by the non-receptor tyrosine kinase c-Abl results
in an increase in its stability and pro-apoptotic activity (16—
18). In addition to c-Abl, the protein kinase C8§ 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 functional interaction between c-Abl and protein
kinase C38 leads to the cross-activation of their kinase functions
(20, 21). Furthermore, the enzymatic activity of Chk1 (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-binding
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 induces the p300-mediated acetylation of p73 at Lys-321,
Liys-327, and Lys-331 in a c-Abl-dependent manner, which is
associated with the efficient recruitment of p73 to the promoter
of the apoptotic target gene p53AIP1. 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 ¢DNA 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 8 (PKA-Cp)! bound to p73«
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. PKA-CB inhibited the p73a-mediated transcrip-
tional activation of the p21"*? and Bax promoters and p73a-
dependent apoptosis in response to camptothecin. On the other
hand, the kinase-deficient mutant of PKA-CS had little effect
on p73«a. Of note, we found that PKA-CB facilitated the in-
tramolecular interaction of p73«. Our results strongly suggest
the PKA-CB-mediated phosphorylation and intramolecular 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 10% heat-incubated fetal bovine serum
(Invitrogen), 100 TU/ml penicillin, and 100 pg/ml streptomycin. p53-
deficient human lung carcinoma H1299 cells were maintained in RPMI
1640 medium supplemented with 10% 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% CO,.

Transient Transfection—COS-7 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 Screening—The CytoTrap two-hybrid system was
purchased from Stratagene (La Jolla, CA). The cDNA encoding the
full-length open reading frame of human p73«a was amplified by PCR
using pcDNA3-p73a 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 restric-
tion sites of pSos to give pSos-p73a. The resulting pSos-p73a“bait”
plasmid was used to identify the ¢cDNA encoding the p73c-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 (cde25He) was cotransformed with pSos-p73a and the ¢cDNA
library using the lithium acetate/heat shock procedure as described
previously (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
cycle 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 KCl, 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
mu Tris-Cl (pH 7.6), 100 mM 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 monoclonal antibody (DO-1, Onco-
gene Research Products, Cambridge, MA), anti-p73 monoclonal anti-
body (Ab-4, NeoMarkers, Inc., Fremont, CA), anti-p21"4*! monoclonal
antibody (Ab-1, Oncogene Research Products), anti-PKA-Ca polyclonal

! The abbreviations used are: PKA-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.

Functional Interaction between PKA and p73

antibody (C-20, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), or
anti-PKA-CB polyclonal antibody (C-20, Santa Cruz Biotechnology,
Inc.), followed by incubation with the corresponding horseradish perox-
idase-conjugated secondary antibodies (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 Assay—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 boiling in SDS sample buffer for 5 min, and subjected to
Western blot analysis. For glutathione S-transferase (GST) pull-down
assays, GST alone or the indicated GST-p73« fusion proteins were
expressed in E. coli strain DH5« and loaded onto glutathione-Sepha-
rose 4B beads (Amersham Biosciences). PKA-CS 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. 3*S-Labeled PKA-CB 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 pl of binding
buffer (50 mm Tris-Cl (pH 7.5), 150 mm NaCl, and 0.1% Nonidet P-40).
Beads were washed extensively with the same buffer, and the radiola-
beled proteins were eluted by boiling 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 1xX PBS and lysed in lysis buffer
B containing 10 mM 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 1X 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)-p73«¢ and FLAG-PKA-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. Nonspecific 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 onto slides, and observed under a Fluoview
laser scanning confocal microscope (Olympus, Tokyo, Japan).

Luciferase Reporter Assay—p53-deficient H1299 cells (5 X 10* cells
in a 12-well plate) were transiently cotransfected with a constant
amount of the indicated expression plasmid (HA-p73«, HA-p738, or
p53), a p53/pT3-responsive luciferase reporter construct (p21"477 or
bax), and pRL-TK encoding Renilla luciferase with or without increas-
ing amounts of the expression plasmid for FLAG-PKA-CB. The total
amount of DNA was kept constant (510 ng) with pcDNAS3 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 ¢cDNA
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, Japan). The primers used for PCR
were as follows: p21"A"L 5 -ATGAAATTCACCCCCTTTCC-3' (sense)
and 5'-CCCTAGGCTGTGCTCACTTC-3' (antisense); and glyceralde-
hyde-3-phosphate dehydrogenase, 5'-ACCTGACCTGCCGTCTAGAA-3'
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Fig. 1. Interaction between p73 and PKA-CB in mammalian cultured cells. A, p73« forms a complex with PKA-CB 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 (third panel) or anti-FLAG (fourth panel)
monoclonal antibody to show the expression of HA-p73a or FLAG-PKA-C, respectively. B, p73« binds to endogenous PKA-C in COS-7 cells. COS-7
cells were transiently transfected with the expression plasmid for FLAG-p73a. Forty-eight hours after transfection, whole cell lysates were
prepared and subjected to immunoprecipitation with anti-PKA-CB (left panels) or anti-PKA-C« (right panels) polyclonal antibody. Immunopre-
cipitation with normal rabbit serum (NRS) was used as a negative control. After immunoprecipitation, coprecipitating FLAG-p73a was detected
by immunoblotting with anti-FLAG monoclonal antibody. C, PKA-CB does not bind to endogenous p53. COS-7 cells were transiently transfected
with the empty control plasmid or with the expression plasmid encoding FLAG-PKA-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-Cp. p53-deficient H1299 cells were transiently cotransfected with the expression plasmids for HA-p73« and FLAG-PKA-CB (first through
third panels). Forty-eight hours after transfection, transfected cells were fractionated into nuclear (N) and cytoplasmic (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 a-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-p73« and FLAG-PKA-CB and processed for immunocytochemical detection using anti-HA and
anti-FLAG antibodies. The merged image shows the nuclear co-localization of p73« and PKA-CB.

(sense) and 5'-TCCACCACCCTGTTGCTGTA-3' (antisense). PCR prod-  teins bound to glutathione-Sepharose beads were washed three times
ucts were separated by 1.5% agarose gel electrophoresis and stained - with kinase buffer (20 mm Tris-Cl (pH 7.5), 100 mm NaCl, and 12 mM
with ethidium bromide. MgCl,). The washed beads were incubated with 30 ul of kinase buffer

In Vitro Kinase Assays—GST or the indicated GST-p73« fusion pro-  containing 2 units of purified PKA catalytic subunit (Sigma), 2 mM
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dithiothreitol, and 10 pCi of [y-32PJATP 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 1 umM) 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-CB—The K76R
mutation was introduced into wild-type PKA-C8 by PCR-based mu-
tagenesis using PfuUltra™ 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-CB(K76R), which was completely sequenced by
the dideoxy chain termination method.

Chromatin Immunoprecipitation (ChIP)—ChIP assays were
performed following a protocol provided by Upstate Biotechnology, Inc.
(Lake Placid, NY). In brief, H1299 cells were transiently cotransfected
with the expression plasmids for HA-p73« (1.2 ug) and FLAG-PKA-CB
(4.8 ug). 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 ul 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 ul 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 h. 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%4%? and bax promoter-specific primers. The primer se-
quences were 5'-CACCTTTCACCATTCCCCTA-3' and 5'-GCAGCCCA-
AGGACAAAATAG-3' for p21"4" and 5'-AAAGCTCAGAGGCCCAAA-
AT-3' and 5'-AGGCTGAGACGGGGTTATCT-3’ for bax.

RESULTS

Identification of PKA-CB as a Novel Binding Partner of p73—
Because the conventional yeast two-hybrid system depends on
the DNA binding as well as the transactivation function of
Gald4, 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 used 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 (cde25Ha) was cotransformed with a bait
plasmid and a human fetal brain ¢cDNA library. Of a total of 1 X
108 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
c¢DNA library was introduced into E. coli, and its nucleotide
sequence was determined. Sequence analysis revealed that the
F115 ¢cDNA clone encodes full-length PKA-CB. Of the PKA
catalytic subunit isoforms (PKA-Ca, PKA-CB, and PKA-Cy),
PKA-CB is highly expressed in brain and reproductive tissues,
whereas PKA-Cu is ubiquitously expressed in mammalian tis-
sues (31, 32).

PKA-CB Associates with p73 in Mammalian 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-p73a. As shown in Fig. 14, the anti-
FLAG immunoprecipitates contained HA-p73«. Used as a con-
trol, HA-p73a was not detectable in the anti-FLAG immuno-
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Fic. 2. Interacting region within p73 for PKA-CB. A, domain
structures of p73 and p53. The transactivation domain (T'AD), DNA-
binding domain (DBD), oligomerization domain (OD), and sterile «
motif domain (SAMD) are indicated. The numbers above the p73 vari-
ants and p53 indicate amino acid numbering. B, interaction of PKA-C
with various p73 variants. Whole cell lysates prepared from H1299 cells
transiently cotransfected with the expression plasmid for HA-p73a,
HA-p738, or ANp73a and with the expression plasmid for FLAG-
PKA-CB were immunoprecipitated (IP) with anti-FLAG monoclonal
antibody. The immune complexes were analyzed by immunoblotting
(IB) with anti-p73 monoclonal antibody (upper panel). The expression
levels of p73 variants (middle panel) and PKA-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 3°S-labeled FLAG-PKA-C8 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-PKA-CB used for in vitro pull-down assays that was directly
loaded on the same gel as a control. GST and GST-p73« 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-
p73a alone. Analysis of the anti-HA immunoprecipitates also
demonstrated that FLAG-PKA-CB 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-p73a were immunoprecipitated with
normal rabbit serum or with the specific antibody against
PKA-CB, followed by immunoblotting with anti-FLAG anti-
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F16. 3. PKA-CB inhibits p73«-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-p73« (4), HA-p738 (B), or p53 (C); 100 ng of the luciferase
reporter construct containing the p53/p73-responsive element derived from the p21"A¥! (left panels) or bax (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 pcDNA3. All transfections were performed in triplicate.
Luciferase activity was measured 48 h post-transfection. The transfection efficiency was standardized for Renilla luciferase activity. The -fold
increase in luciferase activity is compared with that in cells transfected with peDNAS3 alone. D, reverse transcription-PCR analysis. Total RNA
prepared from H1299 cells transiently cotransfected with a constant amount of the expression plasmid for HA-p73a (200 ng) with or without
increasing amounts of the expression plasmid for FLAG-PKA-CB (200, 400, and 800 ng) was subjected to reverse transcription-PCR analysis for
endogenous p21"4*7 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-p73c co-
immunoprecipitated with endogenous PKA-CB. Because the
amino acid sequences of PKA-Ca and PKA-CB are 91% identi-
cal (31), we examined whether endogenous PKA-C« could bind
to p73c. Co-immunoprecipitation experiments revealed that,

- like PKA-CB, endogenous PKA-Ca associated with FLAG-p73«
(Fig. 1B, lower panels). In sharp contrast to p73«, 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 exogenous p73a, we employed the biochemical frac-
tionation of transfected H1299 cells. H1299 cells transiently
cotransfected with the expression plasmids for HA-p73a and
FLAG-PKA-CB were fractionated into nuclear and cytoplasmic
fractions, and the fractions obtained were subjected to immu-
noblotting 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-p73« was detected exclusively
in the nuclear fractions, whereas FLAG-PKA-CB and endoge-
nous PKA-Cp 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 interac-
tion with PKA-Cg, we performed co-immunoprecipitation and
GST pull-down experiments. Fig. 2A depicts the domain struc-
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 immunoprecipitated with anti-FLAG
antibody, followed by immunoblotting with anti-p73 antibody.
As shown in Fig. 2B, HA-p73a and ANp73« co-purified with
FLAG-PKA-CB, whereas the binding of HA-p733 to FLAG-
PKA-Cp was significantly weaker than seen with HA-p73« and
ANp73e, 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-p73a fusion proteins. In vitro translated 3°S-
labeled FLAG-PKA-CB was incubated with glutathione-Sepha-
rose beads complexed either with GST alone or with GST-p73c.
The autoradiogram in Fig. 2C (upper panel) shows that GST-
p73a-(1-130) and GST-p73a-(469-636) were able to interact
with FLAG-PKA-CB. The Coomassie Brilliant Blue staining
shown in Fig. 2C (lower panel) revealed that the glutathione-
Sepharose beads contained equal amounts of GST-p73a fusion
proteins. Taken together, our results suggest that both the
N-terminal (amino acids 63—130) and C-terminal (amino acids
469—636) regions of p73a might be essential for the interaction
with PKA-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 transcriptional 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
p53 together with the luciferase reporter construct controllied
by the p53/pT3-responsive element from the p217**! or bax
promoter in the presence or absence of increasing amounts of
the expression plasmid for FLAG-PKA-Cp. All cotransfections
included pRL-TK to monitor transfection efficiency, and con-
trols included cotransfections with the empty control plasmid.
As shown in Fig. 3A, coexpression of FLAG-PKA-CS and HA-
p73c resulted in marked repression of the p21"A7.. and bax-
luciferase activities induced by HA-p73a in a dose-dependent
manner, and FLAG-PKA-C3 alone had no effect on the reporter
gene activity. In contrast, FLAG-PKA-CB had no obvious ef-
fects on p73B- and p53-mediated transcriptional activation
(Fig. 3, B and C). These results strongly suggest that thereis a
correlation between the capacity of PKA-CB to interact with
p73 or p53 and its ability to inhibit their transactivation func-
tion. To determine whether PKA-CB could inhibit the p73a-
mediated transcriptional 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«a resulted in a remarka-
ble up-regulation of endogenous p21"A7! expression, and coex-
pression of FLAG-PKA-CB and HA-p73« inhibited the p73a-
mediated induction of p21%4¥? in a dose-dependent manner.

To further confirm the inhibitory effect of PKA-CB on the
transcriptional activity of p73q, H1299 cells were transiently
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FiG. 4. PKA-CB inhibits the p73a-dependent accumulation of
endogenous p21"4¥7, H1299 cells were transiently cotransfected with
200 ng of the expression plasmid for FLAG-p73a (4), FLAG-p73p (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-CS (200,
400, and 800 ng). Thirty-six hours after transfection, whole cell lysates
were prepared and subjected to immunoblotting (/B) with the indicated
antibodies (first through third panels). The GFP expression plasmid
was included in each transfection 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-p7383, or FLAG-p53 with or without
increasing amounts of the expression plasmid for FLAG-PKA-
CB, and the protein levels of endogenous p21"4* were deter-
mined by immunoblotting. As shown in Fig. 44, endogenous
p21"AF? was increased by ectopic FLAG-p73a expression,
whereas overexpression of FLAG-PKA-CpB resulted in a reduc-
tion in the level of endogenous p21"4¥? induced by FLAG-
P73, supporting the notion that PKA-CB inhibits the tran-
scriptional activity of p73a. In contrast, PKA-CB had no
detectable effects on the p733- or pb3-dependent induction of
endogenous p21"4! (Fig. 4, B and C), consistent with the
results obtained by luciferase reporter analysis. In addition,
coexpression of FLAG-p73a and FLAG-PKA-CB resulted in a
slight increase in the amounts of FLAG-p73«, whereas FLAG-
PKA-CB had a negligible effect on the amounts of FLAG-p73p
and FLAG-p53 (Fig. 4). FLAG-p73a decayed at slower rates in
the presence of FLAG-PKA-CB than in its absence (data not
shown); however, its physiological implications remain to be
determined.

PKA-CpB Phosphorylates p73—To determine whether p73 could
be a substrate for PKA-CB, the GST-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-32PJATP. Of the GST-p73a fusion proteins tested, only
GST-p73a-(1-130) was phosphorylated by the PKA catalytic sub-
unit (Fig. 54). The N-terminal region of p73a might be involved
in phospharylation by the PKA catalytic subunit.
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Fic. 5. PKA-Cf phosphorylates p73a,
and the kinase-deficient mutant of
PKA-Cp fails to inhibit the transcrip-
tional activity of p73a. A, PKA-CB can
phosphorylate p73« 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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ence of [y-**P]ATP for 30 min at 30 °C. Sam-
ples were then directly boiled in 2x SDS
sample buffer prior to loading them onto
10% SDS-polyacrylamide gels. Following
electrophoresis, gels were dried and pro-
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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 vitro kinase assay (eft panel).
The positions of molecular mass markers
are shown on the left in kilodaltons. B, ki-
nase-deficient PKA-CB retains the ability to
interact with p73a. Whole cell lysates 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 (IB) with anti-p73 mono-
clonal antibody (upper panel). Lysates not
subjected to immunoprecipitation were ana-
lyzed by immunoblotting with anti-p73
(middle panel) or anti-FLAG (lower panel)
monoclonal antibody. C, luciferase reporter
analysis. H1299 cells were transiently co-
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from the p21"4*7 (left panel) or bax (right
panel) promoter, and pRL-TK in the pres-
ence or absence of increasing amounts of the
expression  plasmid for FLAG-PKA-
CB(K76R). Forty-eight hours after transfec-
tion, luciferase activity was determined as
described in the legend to Fig. 4. D, PKA-
CB(K76R) has no detectable effect on the
p73c-dependent induction of endogenous
p21WAF! 11299 cells were transiently co-
transfected with 200 ng of the expression
plasmid for FLAG-p73a and 50 ng of the
GFP expression plasmid with or without in-
creasing amounts of the expression plasmid
for FLAG-PKA-CB(K76R) (200, 400, and 800
ng). Thirty-six hours after transfection,
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pression plasmid was included as a control
for transfection efficiency.

Next, we examined whether the inhibitory effect of PKA-CB
on the transcriptional activity of p73« 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-PKA-
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-CB, the kinase-deficient form of
PKA-CB bound to FLAG-p73« in cells (Fig. 5B). Notably,
luciferase reporter analysis revealed that FLAG-PKA-
CB(K76R) had little effect on the ability of p73a to drive
transcription from the p21"4#! 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 p21%4#? induced by FLAG-p73« as ex-
amined by immunoblotting (Fig. 5D). Taken together, these
results strongly suggest that PKA-CS inhibits p73a-mediated

FLAG-PKA-C 8 {K76R)

transcriptional activation by a kinase activity-dependent
mechanism.

Reduction in the Pro-apoptotic Activity of p73« by PKA-CB
upon DNA Damage—To extend the functional consequences of
the interaction between p73a and PKA-CB, we investigated
whether PKA-CB could affect the pro-apoptotic function of
p73w 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 p73c. H1299 cells were tran-
siently cotransfected with the expression plasmid for FLAG-
p73a 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 uMm for
24 h. After camptothecin action, cell viability was examined by
cell survival assay. As shown in Fig. 64, H1299 cells expressing
FLAG-p73a 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-p73« resulted in a reduction in the cellular
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sensitivity to camptothecin, whereas kinase-deficient PKA-CS
had no significant effect on cell viability. As was also observed
in H1299 cells expressing FLAG-p73a, ectopic expression of
FLAG-p53 enhanced camptothecin-induced apoptosis (Fig. 6B).
In sharp contrast to p73«, wild-type or kinase-deficient
PKA-CB had a negligible effect on p53.

cAMP Analog Inhibits p73a-mediated Transcriptional Acti-
vation—Given the inhibitory effect of exogenous PKA-CSB on
p73a in transfected cells, we sought to determine whether the
activation of PKA attenuates p73a-mediated transcriptional
activation. H1299 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 PKA-activating agent dibutyryl cAMP (Bt,cAMP) in
the presence or absence of the PKA inhibitor H-89. As shown in
Fig. 7A, BtocAMP treatment inhibited p73a-induced p21%WAF?
and bax promoter activation. Intriguingly, the inhibitory effect
of Bt,cAMP was attenuated when cells were exposed to H-89.
Under the identical experimental conditions, endogenous
p21"AF1 wwas significantly induced by exogenously expressed
HA-p73a (Fig. 7B). Densitometric scanning of the immunoblot
revealed that Bt,cAMP treatment decreased the level of
p21WAFL [y 999% relative to that induced by HA-p73a, and the
p21"AF! jevel 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 Iniramolecular Interaction of p73—To
clarify the precise molecular mechanism by which PKA-CB impairs
the transeriptional activity of p73«, we performed ChIP analysis.
Cross-linked chromatin prepared from H1299 cells transiently co-
transfected with the indicated combinations of expression plasmids
was immunoprecipitated with anti-HA antibody, followed by am-
plification with the indicated promoter-specific primers. Under our
experimental conditions, HA-p73« was efficiently recruited to the
p21%AF! and bax promoters in the absence of exogenous PKA-CB
(Fig. 84). No significant decrease in chromatin binding was de-
tected in cells expressing HA-p73« and FLAG-PKA-CB, suggesting
that PKA-Cp has little effect on the sequence-specific DNA binding
activity of p73a.

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 domain of
p73c could be involved in the PKA-CB-mediated down-regula-
tion of p73w, we performed additional luciferase reporter anal-
yses in H1299 cells cotransfected with the expression plasmid
for HA-p730a-(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 p73c, interacted with FLAG-
PKA-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-p73a-(1-548) (Fig. 8B, lower panel), indicating
that the extreme C-terminal region of p73a plays a critical role
in the PKA-CB-mediated inhibition of p73c.

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-CB interacts with p73a through its N- and C-terminal
domains, it is possible that PKA-CS could stimulate the in-
tramolecular interaction between the two domains of p73a,

thereby inhibiting its transcriptional activity. To test this pos-.
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Fia. 6. p73a-mediated increase in sensitivity to camptothecin
is suppressed by wild-type PKA-C, but not by kinase-deficient
PKA-CB. H1299 cells were transiently cotransfected with the expres-
sion plasmid for FLAG-p73a (4) or FLAG-p53 (B) with or without the
expression plasmid encoding FLAG-PKA-CB or FLAG-PKA-CB(K76R).
Twenty-four hours after transfection, cells were exposed to campto-
thecin (final concentration of 1 um) for 24 h, and their viability was
evaluated by 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium 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-CB on the complex formation between HA-p73a-
(1-247) and FLAG-p730-(247-636) was examined. The anti-
p73 antibody used for this assay recognizes the C-terminal
portion of p73 and thus does not detect p73a-(1-247). As shown
in Fig. 8C, HA-p730a-(1-247) efficiently co-immunoprecipitated
with FLAG-p73a-(247-636) in the presence of FLAG-PKA-CB,
whereas FLAG-PKA-CB(K76R) had a negligible effect on the
complex formation between HA-p73a-(1-247) and FLAG-p73a-
(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-Cp 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-C$3 as a p73a-binding protein. PKA-CB
associated with p73« through its N- and C-terminal regions in
mammalian cultured cells and significantly inhibited its trans-
activation function. Under our experimental conditions, PKA-
CB, which did not bind to p53, had a negligible effect on p53.
Intriguingly, PKA-CB might bridge the N-terminal transacti-
vation and C-terminal inhibitory domains of p73«, thereby
rendering p73« 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 p73a-mediated transcriptional activation. A, luciferase reporter analysis. H1299 cells were transiently
cotransfected with 25 ng of the expression plasmid for HA-p73«, 100 ng of the luciferase reporter construct containing the p53/p73-responsive
element derived from the p21™4** (left panel) or bax (right panel) promoter, and 10 ng of pRL-TK. Twenty-four hours after transfection, cells were
left untreated or were treated with Bt,cAMP (db-cAMP; 1 mM) or with Bt,cAMP (1 mM) plus the PKA inhibitor H-89 (10 um) for 24 h. Cell lysates
were then prepared and subjected to the determination of luciferase activity as described in the legend to Fig. 4. B, immunoblot analysis for
p21%AF1 11299 cells were transiently cotransfected with 200 ng of the expression plasmid for HA-p73« 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 M) for 24 h. Whole
cell lysates were then prepared and subjected to immunoblotting (/B) with the indicated antibodies. Densitometry was used to quantify the

IWAFI

amounts of p2 , which were normalized to GFP.

reduce the transcriptional activity of p73«, suggesting that the
kinase activity of PKA-Cg is required for its inhibitory effect on
p73a. 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-
ity is composed of three isoforms: PKA-Ca, PKA-CB, and PKA-
Cvy. PKA-Cw 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, CB2,
Cp3, Cp4, Cp4ab, and Cp4abe) arising from alternative splic-
ing of the primary transcript (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-CB we identified in this study
is PKA-CpB4ab. According to our in vitro phosphorylation assay
using various truncated forms of GST-p73« as substrates, the
N-terminal region of p73« (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 amino
acid sequence of p73a for a putative PKA recognition site(s)
showed three related motifs ("SRAAS®!, 64RVST!®7 and
40?KL.PS*%%). Ser-81 exists in the N-terminal region of p73a. It

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 p73a, failed to inhibit p73a-mediated transcriptional
activation, it is conceivable that the PKA-dependent phospho-
rylation of p73« might serve to modulate its function. Accumu-
lating evidence suggests that, as for p53, post-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 e-Abl, the protein kinase
C8 catalytic fragment, and Chkl, respectively (16-19, 25).
Each of these phosphorylations is associated with the activa-
tion of p73. Alternatively, Pin1 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 transcriptional activity of p73 (42).
Accordingly, the identification of the precise phosphorylation
site(s) of p73a by PKA is necessary to confirm the functional
significance of the PKA-mediated phosphorylation of p73a.
We (36) and others (7, 43) reported that p73« exhibits a low
level of transactivation ability relative to that of p7383, suggest-
ing that the C-terminal extension of p73«a exerts an inhibitory
effect on the transeriptional activity of p73. Another 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 damain (45). In addition, it has been shown that the C
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Fic. 8. PKA-CB-mediated intramolecular interaction of p73«
contributes to the down-regulation of the transcriptional activ-
ity of p73a. A, ChIP assay. H1299 cells were transiently cotransfected
with the expression plasmid for HA-p73« or HA-p73« plus FLAG-PKA-
Cp. Thirty-six hours after transfection, cells were fixed in formaldehyde
and lysed, and DNA was sheared into 200-500-bp fragments by soni-
cation. HA-p73a-bound DNA was immunoprecipitated (IP) with anti-
HA monoclonal antibody. The amounts of HA-p73a bound to the p53/
p73-responsive element within the p21%47* (upper panel) or bax (lower
panel) promoter region were analyzed by standard PCR. B, PKA-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-immunoprecipitation (first panel) or immunoblotting (second and
third panels) (upper panels). H1299 cells were transiently cotransfected
with 25 ng of the expression plasmid for HA-p73«-(1-548), 100 ng of the
luciferase reporter construct carrying the p53/p73-responsive element
of the p21"47* promoter, and 10 ng of pRL-TK with or without increas-
ing amounts of the expression plasmid for FLAG-PKA-CB (25, 50, and
100 ng). Forty-eight hours after transfection, luciferase activity was
determined as described in the legend to Fig. 4 (lower panel). C, the
intramolecular interaction of p73a 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 (IB) 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 et al. (37) found that the transcrip-
tional activity of p63a is significantly inhibited by an intramo-
lecular interaction. In sharp contrast to p53, the extreme C-
terminal region of p63a 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 p73a 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 p73a.
TFurthermore, the co-immunoprecipitation experiments demon-
strated that p73a-(1-247) efficiently coprecipitated with p73a-
(247-636) in the presence of PKA-CB, suggesting that PKA-CB
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-Cf had no significant
effect on the DNA binding activity of p73a. Because the kinase-
deficient mutant of PKA-Cp failed to bridge p73a-(1-247) and
p73a-(247-636), it is likely that the PKA-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. (55) found that c-Myc enhances the activity of
PKA by transactivating the expression of PKA-CB. According
to their results, constitutive expression of PKA-CB results in
the promotion of colony formation in soft agar medium, and
PKA-CB- as well as c-Myc-mediated cellular transformation is
markedly inhibited by H-89, suggesting that PKA might be one
of the downstream mediators of c-Myc function. As described
previously (55-57), PKA directly phosphorylates Bad and gly-
cogen synthase kinase-38 to 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
PKA is at least in part due to the inactivation of p73 and the
subsequent suppression of apoptotic signaling.
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Anaplastic lymphoma kinase (ALK) is a tyrosine ki-
nase receptor originally identified as part of the chi-
meric nucleophosmin-ALK protein in the t(2;5) chro-
mosomal rearrangement associated with anaplastic
large cell lymphoma. We recently demonstrated that
the ALK kinase is constitutively activated by gene am-
plification at the ALK locus in several neuroblastoma
cell lines. Forming a stable complex with hyperphos-
phorylated ShcC, activated ALK modifies the respon-
siveness of the mitogen-activated protein kinase path-
way to growth factors. In the present study, the
biological role of activated ALK was examined by sup-
pressing the expression of ALK kinase in neuroblas-
toma cell lines using an RNA interference technique.
The suppression of activated ALK in neurcoblastoma
cells by RNA interference significantly reduced the
phosphorylation of ShcC, mitogen-activated protein
kinases, and Akt, inducing rapid apoptosis in the
cells. By immunohistochemical analysis, the cyto-
plasmic expression of ALK was detected in most of
the samples of neuroblastoma tissues regardless of
the stage of the tumor, whereas significant amplifica-
tion of ALK was observed in only 1 of 85 cases of
buman neuroblastoma samples. These data demon-
strate the Limited frequency of ALK activation in the
real progression of neuroblastoma. (dm J Patbol
2005, 167:213-222)

Receptor tyrosine kinases (RTKs) play an important role
in regulating diverse cellular processes, such as prolifer-

ation, differentiation, survival, motility, and malignant
transformation. The activation of RTKs typically requires
ligand-induced receptor oligomerization, which results in
tyrosine autophosphorylation of the receptors at tyrosine
residues.’™ By recruiting specific sets of signal trans-
ducer molecules in a phosphorylation-dependent man-
ner, each RTK is capable of inducing individual, specific
cellular responses.* On the other hand, activation of
RTKs by either mutations or overexpression is frequently
found in various human malignancies.®

Anaplastic lymphoma kinase (ALK) is a 200-kd ty-
rosine kinase encoded by the ALK gene on chromosome
2p23. ALK was first identified as part of an oncogenic
fusion tyrosine kinase, nucleophosmin-ALK, which is as-
sociated with anaplastic large cell lymphoma®7 It was
also found as a form of fusion protein with a clathrin heavy
chain (CTCL) in myofibroblastic tumors.® Full-length ALK
has the typical structure of an RTK, with a large extracel-
lular domain, a lipophilic transmembrane segment, and a
cytoplasmic tyrosine kinase domain.®'® ALK is highly
homologous to leukocyte tyrosine kinase (LTK) and is
further classified into the insulin receptor superfamily.
The LTK gene is mainly expressed in pre-B lymphocytes
and neuronal tissues,’'™'® whereas expression of the
normal ALK gene in hematopoietic tissues has not been
detected. Instead, it is dominantly expressed in the neu-
ral system."'® In the developing brains of mice, specific
expression of ALK was seen in the thalamus, mid-brain,
olfactory bulb, and selected cranial regions, as well as
the dorsal root, the ganglia of mice,®'%'¢ suggesting a
specific role in the development of the embryonic ner-
vous system. Currently, however, the function of ALK in
adult normal tissue or carcinogenesis remains an open
question. Several studies have recently indicated
pleiotrophin or midkine as possible ligands for ALK."""®
Although they appeared to induce the functional activa-
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tion of ALK, it is still unclear whether these molecules are
the physiological ligands of ALK.

Neuroblastoma is one of the most common pediatric
tumors derived from the sympathoadrenal linage of the
neural crest. Tumors found in patients under the age of 1
year are usually favorable and often show spontaneous
differentiation and regression.'® Ampilification of the N-
myc gene occurs in approximately 25% of neuroblasto-
mas and correlates with the aggressiveness of the dis-
ease. In addition to N-myc gene amplification, the
expression of various genes has significant correlation
with the stage of and prognosis for neuroblastoma. A
high level of TrkA expression is predictive of a favorable
outcome,®® whereas TrkB is highly expressed in imma-
ture neuroblastomas with N-myc amplification.?’ High ex-
pression of caspase-1, -3, and -8 is correlated with fa-
vorable neuroblastomas.??22 On the other hand, survivin,
which suppresses caspase and promotes the cell sur-
vival signal, is significantly expressed,?* and telomerase
is activated® in unfavorable tumors. There may be a
critical difference in the expression of other molecules,
including RTKs, in neuroblastoma. A recent paper
showed that full-length ALK is detected in almost one-haif
of the cell lines derived from neuroblastomas and neuro-
ectodermal tumors.?® We have recently shown using
mass-spectromelry analysis that ALK is a major phos-
phoprotein associated with hyperphosphorylated ShcC
in several neuroblastoma cell lines.%” In these cells, ALK
was markedly activated, and it induced the constitutive
phosphorylation of ShceC and mitogen-activated protein
kinase (MAPK), regardless of stimulation by epidermal
growth factor (EGF) or nerve growth factor.?” These find-
ings strongly suggest that constitutively activated ALK
kinase plays a physiological role in the development of
neuroblastoma.

In this study, we investigated the biological function of
the constitutively activated ALK kinase in neuroblastoma.
The RNA interference (RNA) technique using specific
sets of small interfering RNA (siRNA) was induced to
inhibit the ALK gene expression in human neuroblastoma
cells with or without gene amplification of ALK. The ef-
fects of disrupted ALK expression on cell survival or
downstream signaling, such as MAPKs or Akt pathways,
are examined to understand the biological meaning of
ALK amplification in neuroblastoma cells. We also per-
formed Southern blot analysis of primary neuroblastoma
tumors from 85 patients to check whether the ALK gene
amplification was actually present in neuroblastoma tis-
sues. Furthermore, we sought the ALK gene expression
in human neuroblastoma tissues using immunohisto-
chemical analysis.

Materials and Methods
Cell Culture

Cell lines of human neuroblastoma were maintained in
RPMI 1640 supplemented with 10% fetal calf serum
(Sigma, St. Louis, MO), penicillin, and streptormycin at
37°C in a humidified 5% CO, incubator.

Reverse Transcription-Polymerase Chain
Reaction (RT-PCR) Analysis

Total RNA was extracted with ISOGEN (Nippongene
Japan, Toyama, Japan) from NB-39-nu and SK-N-MC
cells. The PCR primer pair 5'-AGGTTCTGGCTGCAGA-
TGGT-3' and 5-ACATTGTTCTCTCGAGTGCAGAC-3'
corresponding to the cytoplasmic portion of human ALK
was prepared. As much as 0.25 ug of total RNA was
reverse transcribed and amplified with the SuperScript
One-step RT-PCR with the Platinum Tag kit (Invitrogen
Life Technologies, Carlsbad, CA) in a total volume of 50l
including 2X reaction mix, 0.2 umol/L of each primer,
and 1 ul of RT/Platinum Tag Mix. Amplification conditions
consisted of cDNA synthesis and predenaturation at
50°C for 30 minutes and 94°C for 2 minutes followed by
25 cycles at 94°C for 15 seconds, 58°C for 30 seconds,
and 72°C for 45 seconds. A final amplification for 7 min-
utes at 72°C finished the PCR. The product was sepa-
rated with 1.2% agarose gel electrophoresis and ana-
lyzed using the Quality One System (Bio-Rad, Hercules,
CA).

Immunochemical Analysis of Proteins

Immunoprecipitation and immunoblotting were per-
formed as described previously.?” The polyclonal anti-
bodies against the CH1 domains of ShcC (amino acids
306-371) and the anti-ALK antibody (aALK) that was
against the cytoplasmic portion (amino acid 1379-1524)
of human ALK were prepared as described previous-
ly.27#% An anti-phosphotyrosine antibody (4G10) was
obtained from UBI. Anti-p44/42 MAPKs, anti-phos-
pho-p44/42 MAPKs, anti-Akt, and anti-phospho-Akt
antibodies were purchased from Cell Signaling (Beverly,
MA). Anti-EGF receptor (EGFR), anti-Ret, and anti-TrkA
antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). In vitro kinase assay for ALK was
performed as previously described.?” Anti-ALK immuno-
precipitates were incubated with or without Poly-Glu/Tyr
as an exogenous substrate.

Immunocytostaining

For ALK/TOTO-3, immunostaining using anti-ALK anti-
body was performed at first, and then nuclei were stained
using TOTO-3. The cells seeded on the 24-well plates
were washed with phosphate-buffered saline (PBS) three
times and fixed with 4% paraformaldehyde (methanol
free) for 5 minutes at room temperature. The cells were
rinsed with PBS twice and then permeabilized with 0.2%
Triton X-100 solution in PBS for 10 minutes at room tem-
perature. The cells were blocked with 5% goat serum and
3% bovine serum albumin-Tris-buffered saline for 30
minutes at room temperature. The blocking solution was
drained off, and the cells were incubated with a 1:1000
dilution of ALK for 1 hour at room temperature. The cells
were rinsed with PBS three times and incubated with a
1:2000 dilution of Alexa fluor (Molecular Probes, Eugene,
OR} and 1: 100 dilution of TOTO-3 (Molecular Probes) for
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Table 1. Patient Characteristics of Neuroblastoma Tissues with ALK Gene Gain or Amplification
Primary tumor

Case Age” Location Clinical stage' Copy nos. of ALK* Amplification of N-myc (n)
1 3y5m Adrenal gland I\ 20+ 0.2 + (35)
2 5y0m Peritoneum Y% 1.8 = 0.1 + (>150)
3 2y7m Abdomen v 21x08 + (150)
4 8m Adrenal gland | 30+1.0 -
5 4yom Abdomen v 20*x02 -
6 3y9m Adrenal gland 0 2702 + (>150)
7 tydm Adrenal gland v 2810 + (150)
8 1y7m Adrenal gland I\ 95+22 + (>100)

*Age of onset: year (y), month (m).

tThe staging criterion was based on the International Neuroblastoma Staging System.
The averages of the calcutated copy numbers from three independent biottings are shown.

30 minutes at room temperature. The cells were washed
three times with PBS and mounted in glycerol-based
2.5% 1,4-diazabicyclo[2,2,2]) octan. Confocal laser scan-
ning analysis was carried out. For ALK/TUNEL, we first
carried out TUNEL and then proceeded to standard im-
munocytochemistry using anti-ALK antibody. TUNEL was
performed using the DeadEnd Fluorometric TUNEL Sys-
tem (Promega, Madison, W!) with the following modifica-
tions. The NB-39-nu cells seeded on the 24-well plates
that were treated with siRNAs were washed with PBS
twice and fixed with 4% paraformaldehyde (methanol
free) for 25 minutes at 4°C. The cells were rinsed with
PBS twice and then permeabilized with 0.2% Triton X-100
solution in PBS for 5 minutes at room temperature. The
cells were washed with PBS twice and covered with an
equilibration buffer (from the kit) for 10 minutes at room
temperature. The equilibration buffer was drained off,
and a reaction buffer containing the equilibration buffer,
nucleotide mix, and terminal deoxynucleotidyl trans-
ferase enzyme was added to the cells and incubated at
37°C for 1 hour, avoiding exposure to light. The cells were
incubated for 15 minutes at room temperature with 2X
standard saline citrate to stop the reaction. The cells were
washed with PBS three times and then stained for ALK
using immunofluorescence as follows. The cells were
blocked with 2% bovine serum albumin (Boehringer
Mannheim, Germany) for 30 minutes at room tempera-
ture. The blocking solution was drained off, and the cells
were incubated with a 1:1000 dilution of ALK for 1 hour
at room temperature. The cells were rinsed with PBS
three times and incubated with a 1:40 dilution of rhodam-
ine-conjugated goat anti-rabbit secondary antibody
(Santa Cruz Biotechnology) for 30 minutes at room tem-
perature. The cells were washed three times with PBS
and then mounted and observed in the same manner as
that for ALK/TOTO-3.

DNA Extraction and Southern Blotting

Genomic DNAs derived from neuroblastoma cell lines
were obtained from cultured cells as described using the
procedure of Perucho et al.?® Samples of 85 neuroblas-
toma tissues were collected at the Chiba Cancer Center
and stored as forms of genomic DNA. The characteristics
of some of these patients are shown in Table 1. The stage

criterion was based on the international Neuroblastoma
Staging System.° Samples of 5 pg of DNA digested by
EcoRI were electrophoresed in 0.8% agarose gel and
blotted onto nitrocellulose filters (Hybond-N+; Amer-
sham, Piscataway, NJ). The probes for detecting the ALK
gene, N-myc gene, and ShcC gene were used in our
previous study.?” The intensities of these signals were
measured using a Molecular imager FxPro (Bio-Rad).
This study was approved by the ethical judging commit-
tee of the National Cancer Center and the Chiba Cancer
Center of Japan.

RNA Interference Technique

Twenty-one-nucleotide double-stranded RNAs were syn-
thesized and purified using Dharmacon Research (Lafay-
ette, CO). To suppress the expression of ALK protein, two
different pairs of ALK siRNAs, ALK-siRNA1 and ALK-
siRNA2, were obtained. The sequences were 5'-GAGU-
CUGGCAGUUGACUUCATAT-3" for ALK-siRNA1 and 5'-
GCUCCGGCGUGCCAAGCAGATAT-3' for ALK-siRNAZ2,
corresponding to coding region 153 to 171 and 399 to
417 relative to the first nucleotide of the start codon,
respectively. Entire sequences were derived from the
sequence of human ALK mRNA (accession no.
HSUB2540). An siRNA, targeting a sequence in the firefly
(Photinus pyralis) luciferase mRNA, was used as a nega-
tive control (Dharmacon) (luc-siRNA). We also used a
scramble siRNA, Scramble Duplex I (Dharmacon) (s-
siRNA) as a mismatch siRNA control in addition to
Juc-siRNA.

NB-39-nu cells were trypsinized, diluted with growth
medium containing 10% fetal calf serum, and transferred
to 12-well plates at 6 x 10* cells per well for 24 hours
before transfection. The transfection of siRNA was car-
ried out using jetS! (Poly plus transfection). A total of 100
wl of serum-free growth medium and 4 pl of jetSI per well
were preincubated for 5 to 10 minutes at room tempera-
ture. While the incubation was being performed, 100 ul of
serum-free growth medium was mixed with 5 pl of 20
pmol/L siRNA duplex (100 pmol). Total siRNA amounts of
50, 100, and 200 pmol were checked in preliminary ex-
periments to find out 100 pmol is the minimal and optimal
amount in this scale of RNAI. The 100 pl of jetSl serum-
free medium solution was added to the 100 ul of SiRNA

— 409 —




216  Osajima et al
AJP July 2005, Vol. 167, No. 1

duplex solution, gently mixed, and incubated for 30 min-
utes at room temperature. The growth medium on the
cells was removed, and 800 wul of serum-free medium
was added to each well. A total of 200 ul of the entire
mixture was overlaid onto the cells, and cells were incu-
bated for 4 hours at 37°C in a 5% CO, incubator. After
incubation, 1 ml of medium containing 4% fetal calf se-
rum was added without removing the transfection mixture
(final concentration 2%). The cells were assayed 84
hours after transfection. SK-N-MC cells were seeded in
12-well plates at a concentration of 1.3 X 10° cells per
well. These were treated with siRNAs in the same way as
NB-39-nu and assayed 48 hours after transfection. In the
24-well plate, the cells were seeded at the same concen-
tration as the 12-well plate, and siRNAs and all other
reagents were used at half volume. After transfection, the
cells were examined under a light microscope every day.

Double Staining for ALK and TUNFEL

For double staining, we first carried out TUNEL and then
proceeded to standard immunocytochemistry using anti-
ALK antibody. TUNEL was performed using the DeadEnd
Fluorometric TUNEL System (Promega) with the following
modifications. The NB-39-nu cells seeded on the 24-well
plates that were treated with siRNAs were washed with
PBS twice and fixed with 4% paraformaldehyde (metha-
nol free) for 25 minutes at 4°C. The cells were rinsed with
PBS twice and then permeabilized with 0.2% Triton X-100
solution in PBS for 5 minutes at room temperature. The
cells were washed with PBS twice and covered with an
equilibration buffer {from the kit) for 10 minutes at room
temperature. The equilibration buffer was drained off,
and a reaction buffer containing the equilibration buffer,
nucleotide mix, and terminal deoxynucleotidyl trans-
ferase enzyme was added to the cells and incubated at
37°C for 1 hour, avoiding exposure to light. The cells were
incubated for 15 minutes at room temperature with 2x
standard saline citrate to stop the reaction. The cells were
washed with PBS three times and then stained for ALK
using immunofluorescence as follows. The cells were
blocked with 2% bovine serum albumin (Boehringer
Mannheim) for 30 minutes at room temperature. The
blocking solution was drained off, and the cells were
incubated with a 1:1000 dilution of «ALK for 1 hour at
room temperature. The cells were rinsed with PBS three
times and incubated with a 1:40 dilution of rhodamine-
conjugated goat anti-rabbit secondary antibody (Santa
Cruz Biotechnology) for 30 minutes at room temperature.
The cells were washed three times with PBS and
mounted in glycerol-based 2.5% 1,4-diazabicyclo[2,2,2]
octan. Confocal laser scanning analysis was carried out.

DNA Fragmentation Assay

To detect apoptotic DNA cleavage, DNA fragmentation
assay was performed using an Apoptotic DNA Ladder kit
(Chemicon International, Inc., Temecula, CA). The cells
seeded on the 12-well plates that were treated with
siRNAs as previously mentioned were collected in 1.5-ml

microcentrifuge tubes. The cells were washed with PBS,
centrifuged, and lysed with 20 ul of TE lysis buffer. The
lysates were incubated with 5 pl of enzyme A (RNase A)
at 37°C for 10 minutes and then at 55°C for 30 minutes
after the addition of 5 ul of Enzyme B (Proteinase K).
Afterward, 5 ul of ammonium acetate solution and 100 ul
of absolute ethanol were added, and the samples were
kept at —20°C for 10 minutes. The samples were centri-
fuged, and the pellets were washed with 70% ethanol.
Then the DNA pellets were dissolved in 30 ul of DNA
suspension buffer. DNA fragmentations were visualized
by electrophoresis on 2% agarose gel containing
ethidium bromide.

Immunohistochemistry

As for positive control, tumor xenograft was made by
injection of NB-39-nu cells subcutaneously in 5-week-old
SCID mice. Immunohistochemical staining with ALK an-
tibody (aALK) (1:1000), was performed on 16 human
neuroblastoma tumors selected from the surgical pathol-
ogy file at the Department of Pathology, Aichi Medical
University based on the results of histopathology evalu-
ation®” and N-myc status. All of those tumor samples
were obtained before chemotherapy and irradiation ther-
apy and included nine favorable histology cases with
nonamplified N-myc (FH&NA), two unfavorable histology
cases with amplified N-myc (UH&A), and five unfavorable
histology cases with nonamplified N-myc (UH&NA).

Four-micrometer-thick sections from the formalin-fixed and
paraffin-embedded tissue samples were deparaffinized and
microwaved for three times for 5 minutes in Na-citrate buffer
(pH 6.0} for antigen retrieval. The slides were first immersed in
0.3% hydrogen peroxide in methanol for 20 minutes and then
in 10% normal goat serum for 30 minutes. The primary anti-
body («ALK) was then applied at 4°C overnight, followed by a
standard staining procedure using the Vectastain ABC kit
(Vector Laboratories, Burlingame, CA). Sections were counter-
stained with hematoxylin for light microscopic review and eval-
uation. ALK was always positively detected in the cytoplasm of
NB-39-nu tumor xenograft and in the cytoplasm and neuritic
processes of normal ganglion cells in the separate positive
control sections as well as in the test sections as built-in con-
trol, whenever available. As for the negative controls, normal
rabbit immunoglobulins (1:500 dilution; Vector Laboratories) or
preimmune serum for a ALK (1:1000 dilution} was applied as
the primary antibody.

Results

Significant Amplification of the ALK Gene and
Constitutive Activation of ALK Kinase in Three
Neuroblastoma Cell Lines

As shown in Figure 1A, NB-39-nu, Nagai, and NB-1 cells
have significant levels of amplification of the ALK gene
(30—-40 copies per cell) among 25 neuroblastoma and neu-
roepithelioma cell lines examined. Other cell lines such as
SK-N-MC have only one copy of the ALK gene just like the
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Figure 1. Marked gene amplification of the ALK locus and significant elevation of kinase activity of ALK in NB-39-nu, Nagai, and NB-1 cells. A: To detect ALK
gene amplification, samples of 10 ug of DNA were digested with EcoRl. Fragments of about 2.5, 3.1, 6.1, and 8.1 kb were detected using the *?P-labeled probe
prepared as previously described.?” Amplification of the N-myc gene was detected using the same filter re-hybridized with the probe for N-myc. As a control for
the amounts of DNA, the same filter was re-hybridized with the probe for ShcC. B: In vitro kinase assay of ALK in neuroblastoma cells immunoprecipitated with
ALK was performed as previously described.?” Kinase reaction was performed without (top panel) or with (bottom panel) poly-Glu/Tyr (4:1) as exogenous
substrates. Autophosphorylated ALK protein is marked by an arrow. Phosphorylated poly-Glu/Tyr is detected as smear indicated by the bracket. C: The
expression patterns of other receptor tyrosine kinases in neuroblastoma cell lines. Each cell line was harvested, and about 30 pg of whole-cell lysates was

subjected to Western blot analysis using the antibodies as indicated on the right. RET proteins are marked by arrows.

other types of solid tumor cell lines used as controls. In vitro
kinase assay revealed outstanding ALK kinase activity in
these three cell lines compared with other cells (Figure 1B),
which is consistent with our previous study.?” To examine
whether overexpressed and activated ALK affects the ex-
pression of other RTKs in these cells, protein expression
levels of RTKs, including EGFR, Ret, and TrkA, are com-
pared with other cell lines. Significantly high levels of ex-
pression of EGFR and TrkA were observed in two of three
cell lines overexpressing ALK (Figure 1C, top and bottom).
Ret expression was commonly elevated in all three cell lines
with activated ALK, especially in Nagai and NB-39-nu (Fig-
ure 1C, middle), consistent with previous study by Northern
blotting.®2 Although it is unknown whether overexpression
of these RTKSs is related to overexpression of ALK, no ob-
vious down-regulation of other RTKs was found in these
ALK-amplified cell lines.

Inhibition of Activated ShcC, MAPKs, and Akt
by Suppressing Activated ALK

To investigate the effect of suppressing the ALK expres-
sion level in ALK-amplified neuroblastoma cells using the
RNAI technique, we synthesized two different RNA du-
plexes directed against nucleotide positions 153 to 171
and 399 to 417 within coding region ALK cDNA (ALK-
siRNA1 and ALK-siRNAZ2, respectively). Because co-
transfection of ALK-siRNA1 and ALK-siRNA2 was very
effective in suppressing ALK expression, we performed
all experiments presented here using a combination of
two siRNAs, although similar results were obtained using
only ALK-siRNA2. A sequence against the firefly lucif-
erase gene (luc-siRNA) was used as a negative control.
The expression of ALK protein is remarkably elevated in

NB-39-nu and Nagai compared with other neuroblastoma
cell lines, such as SK-M-MC (Figure 2A), caused by gene
amplification.?” The RNA duplexes were transfected into
NB-39-nu cells with ALK gene amplification and SK-
N-MC cells containing only a single copy of the ALK
gene. We also tried to introduce ALK-siRNAs in several
different neuroblastoma cell lines with or without ALK
amplification in addition to NB-39-nu and SK-N-MC cells,
resulting in partial or no reduction of ALK expression
presumably due to the unsuccessful introduction in those
cells. Therefore, we decided to use these two cell lines to
perform further analysis of the effect of ALK knockdown
by RNAI technique. RT-PCR analysis revealed that ALK
mRNA level was reduced in both NB-39-nu cells and
SK-N-MC cells treated with ALK-siRNAs, not in the cells
treated with luc-siRNA and s-siRNA (Figure 2B). Both
expression and phosphorylation of ALK kinase were sig-
nificantly suppressed in the NB-39-nu cells treated with
ALK-siRNAs compared with a mock-transfection contro!
or cells treated with luc-siRNA (Figure 2C). In these cells,
phosphorylation of ShcC was also suppressed despite
the unchanged total amount of ShcC (Figure 2C), dem-
onstrating that ShcC is a potent substrate of activated
ALK kinase and that activation of ALK is actually respon-
sible for the hyperphosphorylation of ShcC in these can-
cer cells. While the expression of downstream molecules,
such as p44/42 MAPKs and Akt, was not affected by
ALK-siRNAs, phosphorylation of these molecules was
markedly reduced (Figure 2C). These results suggest
that the Ras-MAPK pathway and the phosphatidylinositol
3-kinase/Akt pathway are dominantly regulated by acti-
vated ALK kinase in these cells. Interestingly, in SK-N-MC

cells treated with ALK-siRNAs, phosphorylation levels of

ShcC, p44/42 MAPKs, and Akt were not affected by
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Figure 2. Suppression of ALK expression by siRNAs and changes in downstream molecules NB-39-nu cells and SK-N-MC cells. A: Expression levels of ALK protein
in neuroblastoma cell lines including NB-39-nu and SK-N-MC. Each cell line was harvested, and about 30 pg of whole-cell lysates was subjected to Western blot
analysis using cALK. B: mRNA levels of Alkin NB-39-nu cells. The cells were lysed at 84 hours after transfection and analyzed by RT-PCR. —, mock transfection;
L, cells treated with luc-siRNA; S, cells treated with s-siRNA; A, cells treated with ALK-siRNAs; M, marker. C: NB-39-nu cells were harvested 84 hours after
transfection. About 10 ug of whole-cell lysates or 250 pg of lysates immunoprecipitated with aShcC was subjected to Western blot analysis using the antibodies
as indicated on the right. —, mock transfection; L, cells treated with luc-siRNA; A, cells treated with ALK-siRNAs. D: SK-N-MC cells were harvested 48 hours after
transfection. About 10 ug of whole-cell lysates was subjected to Western blot analysis using the antibodies as indicated on the right. Bands of SheC are marked
by arrows. —, mock transfection; L, cells treated with luc-siRNA; A, cells treated with ALK-siRNAs.

ALK-siRNAs despite further suppression of the basal ALK
expression level (Figure 2D), indicating that these path-
ways are not under the controf of ALK in SK-N-MC cells.

Induction of Apoptosis by Suppression of
Activated ALK

At 84 hours after transfection, apoptotic morphological
changes, such as cell rounding, cytoplasmic blebbing, and
irregularities of shape, were observed in NB-39-nu cells
treated with ALK-siRNAs, whereas no significant changes
were seen in the mock-transfected cellis or in the luc-siRNA
and the s-siRNA treated cells {Figure 3A). These morpho-
logical changes were not observed in SK-N-MC celis
treated with ALK-siRNAs (data not shown). At 90 hours after
transfection, NB-39-nu cells treated with ALK-siRNAs
started to detach from the dish due to cell death.

"~ To examine the localization of expression of ALK ki-
nase, we performed double staining by anti-ALK anti-

body and TOTO-3, which stains the nucleus, in several
neuroblastic cell lines. As shown in Figure 1D, unexpect-
edly, ALK protein overexpressed in NB-39-nu cells is
localized in both membrane and cytoplasm. ALK staining
was very weak in cell lines such as YT-nu and SK-N-MC
with one copy of the ALK gene, however, its localization
appeared to be the same as in NB-39-nu (data not
shown). It was observed that the expression of ALK was
completely lost after the RNAi-induced suppression of
ALK (Figure 3C, top). To confirm whether the cell death
resulted from apoptosis, cells were also analyzed by
immunofluorescent TUNEL staining in NB-39-nu cells.
TUNEL staining was clearly positive in these cells at 84
hours after transfection (Figure 3C, middle), indicating
that apoptosis was induced in NB-39-nu cells treated with
ALK-siRNAs. No significant TUNEL staining was ob-
served in the mock-transfected cells or the luc-siRNA
treated cells. Finally, DNA fragmentation assay was per-
formed to measure the endonuclease activity accompa-
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Figure 3. Induction of apoptosis in NB-39-nu cells treated with ALK-siRNAs. A: NB-39-nu cells on the dish were observed 84 hours after ransfection under a light
microscope. —, mock transfection; L, cells treated with luc-siRNA; S, cells treated with s-siRNA; A, cells treated with ALK-siRNAs. B: Cytoplasmic expression of
ALK by immunocytostaining. The cells were stained for the expression of ALK (red) and apoptotic cells by TOTO-3 (blue). C: Cells on 24-well plates were fixed,
and TUNEL assay was followed by staining with «ALK (GST). The cells were stained for the expression of ALK (red) and apoptotic cells by TUNEL (green). —,
mock transfection; L, cells treated with luc-siRNA; A, cells treated with ALK-siRNAs. D: DNA fragmentation assay in NB-39-nu cells and SK-N-MC cells treated with
SiIRNAs. Genomic DNA was extracted 84 hours and 48 hours after transfection in NB-39-nu and in SK-N-MC, respectively. They were analyzed using
electrophoresis. —, mock transfection; L, cells treated with luc-siRNA; A, cells treated with ALK-siRNAs; M, marker.

nied by apoptosis. The formation of significant DNA frag-
mentation was observed in the NB-39-nu cells but not in
SK-N-MC cells treated with ALK-siRNAs (Figure 3D), in-
dicating that cell apoptosis was induced through the
suppression of ALK only in the NB-39-nu cells. This sug-
gests that signaling pathways downstream of activated
ALK dominantly regulate the survival of neuroblastoma
cells with amplified ALK; therefore, the loss of ALK pro-
tein results in apoptotic changes to these cells.

Expression of ALK in Primary Neuroblastoma
Tissues

immunochistochemically, ALK was positively detected both
in the cytoplasm of the neuroblastic cells and in the fine
meshwork of neuropil of seven of nine tumors with favorable
histology cases with nonamplified N-myc (FH&NA) (Figure
4, B and C). All seven unfavorable histology tumors (two

UH&A tumors and five UH&NA tumors) were positive in the
cytoplasm and/or in the fine meshwork of neuropil for ALK
(Figure 4A). There was no correlation between the fre-
quency or intensity of ALK-staining and histology of neuro-
blastoma tissues, showing majority of neuroblastoma sam-
ples showed a detectable amount of ALK. There was no
significant staining using preimmune serum from the same
rabbit as that for anti-ALK antibody (data not shown). Es-
sentially the same results were obtained using a mouse
monoclonal antibody against human ALK (ALK1: DAKO)
(data not shown).

Amplification of the ALK Gene in Primary
Neuroblastoma Tissues

It is essential to show whether ALK overexpression or

‘gene ampilification occurs in actual human neuroblas-

toma tissues in addition to neuroblastoma cell lines.

— 413 —



220 Osajima et al
AJP July 2005, Vol. 167, No. 1

Therefore, the mRNA amount of ALK kinase was first
examined by RT-PCR on 32 primary neuroblastoma tis-
sues (16 tissues with N-myc amplification and 16 tissues
without N-myc amplification). Two of 32 cases showed
slight elevation of ALK mRNA expression using several
primer sets beyond the average expression level (data
not shown).

To obtain more precise information about the copy
numbers of ALK, we next analyzed the genomic DNAs of
primary neuroblastoma tissues using Southern blot anal-
ysis. Whole purified DNA samples of tumors from 85
patients were examined. About the same number of N-
myc-positive and N-myc-negative samples were col-
lected to examine the relation between Al and N-myc
amplification. The intensities of signals on Southern blot
membranes corresponding to the ALK gene and control
ShcC gene, which is located on 9922, were measured
using a Molecular Imager FxPro (Bio-Rad), and the ratio
of ALK signals to ShcC signals was calculated for each
sample. Because more than 80% (70 samples) showed
consistent ratios with each other in each experiment,
these samples are treated as putative “single copy” con-
trols. As several other samples showed apparently ele-
vated intensity ratios, suggesting ALK amplification,
relative copy numbers of ALK were calculated in com-
parison with average intensity ratios of putative single
copy controls in each experiment. The results showed
that there was significant ALK gene amplification in 8 of
85 patients (9.4%) (Figure 5). Seven of these eight cases,
however, had only 1.8 to 3.0 copies of the ALK gene,
suggesting a moderate gain of chromosomal focus rather
than severe amplification. There was only one case that
had outstanding amplification of ALK with approximately
10 copies. N-myc gene amplification was also detected

Figure 4. lmmunohistochemical staining for ALK
(X1000). Positive staining is seen in both cytoplasm
and neuritis of the neuroblastic cells of undifferen-
tiated (A) (case 11, UH), poorly differentiated (B)
(case 5, FH), and differentiating (C) (case 7, FH)
subtypes in neuroblastoma category. D: Positive
control of NB-39-nu xenograft tumor, E: Positive
control of normal ganglion cells.

in this case. The characteristics of the eight patients with
ALK gain or amplification are shown in Table 1. Whereas
seven of eight patients were classified as Stage Il or IV
(one as Stage Ill and six as Stage V), the rest was
classified as Stage 1. The case with ALK ampilification had
N-myc amplification and was classified as Stage V.
Seven of eight patients were more than 1 year of age.

Discussion

Studies on ALK kinase demonstrate that activated ALK is
involved in malignant tumor formation as forms of fusion
proteins that force oligomerization of this kinase. We re-
cently showed that the intact form of ALK protein is con-
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Figure 5. Detection of gene amplification of ALK and N-myc in primary
neuroblastoma tissues. ALK was amplified in eight cases, and five of these
eight cases are shown. The probe for ALK was removed from the filters, and
the filters were re-hybridized in turn with other probes. Of eight cases with
ALK amplification, N-myc amplification was detected in six cases and not
detected in two cases. The probe for ShcC was used as a control for the
amounts of DNA. M, marker.
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stitutively activated by ALK gene amplification in three
neuroblastoma cell lines, indicating a novel mechanism
of activation of ALK kinase in malignancies.?” In this
study, amplification of the ALK gene was detected in
primary neuroblastoma tissues for the first time. This sug-
gests that activated ALK kinase plays a real role in the
pathophysiology of neuroblastoma, such as giving a
more malignant phenotype to the tumors by perturbing
signal transduction. Recently, Motegi et al®® showed that
ALK transmits both mitogenic and differentiation signals,
and that the MAPK pathway plays an important role in
these effects in SK-N-SH cells without ALK gene amplifi-
cation. Together with the fact that activated ALK sur-
passes regulation by other RTKs in cell lines with ALK
gene amplification,®” our new results showing apoptotic
changes caused by the suppression of activated ALK
protein clearly demonstrate the dominant role of ALK
kinase in the survival of the ALK-amplified type of
neuroblastoma.

The frequency and copy numbers of gene amplifica-
tion of ALK were significantly lower in neuroblastic tumors
compared with neuroblastic cell lines. Remarkable am-
plification of the ALK gene was detected in 1 tumor tissue
of 85 tumor samples examined. Three neuroblastoma cell
lines with ALK amplification had more than 30 copies of
ALK, whereas primary neuroblastoma containing ALK
gene amplification had within a range of 2 to 10 copies.
This may be due to underestimation of the copy number
in the tumor cells because of contamination of stromal
celis and lymphocytes into the tumor tissues.>*3° There
may also be a mechanism in which cells with a higher
copy number of ALK become the major population during
the establishment of cell lines because of their growth
advantage. Immunohistochemical analysis demon-
strated, however, universal cytoplasmic expression of
ALK in a wide range of neuroblastoma tumor samples,
suggesting some transcriptional or posttranslational reg-
ulation of the ALK amount might exist in neuroblastoma
cells. Although, due to the condition of the samples, we
were unable to obtain information on the copy numbers of
the ALK gene as for the samples used in the immunochis-
tochemical analysis, further immunohistochemical
screening may reveal neuroblastoma tissues with an out-
standing amount of ALK protein because of gene
amplification.

The N-myc gene was also amplified in this tumor and in
all three cell lines with ALK ampilification (NB-39-nu, Na-
gai, and NB-1). N-myc is located on 2p24.3 and ALK is on
2p23.2, suggesting that there is a tendency to synchronic
amplification between N-myc and ALK. We were unable
to conclude that there was an association between ALK
amplification and prognosis mainly due to the limited
number of positive samples and the short-term follow-up.
Moreover, the ALK gene locus appears too far from the
N-myc gene locus to be within a single amplicon. Further
analysis in a greater number of samples with longer
follow-up is necessary.

The activation of ALK results in hyperphosphorylation
of SheC in neuroblastoma cells, and NB-39-nu cells
treated with ALK-siRNAs show suppressed tyrosine

phosphorylation of ShcC, followed by apoptotic changes
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to these cells, suggesting that ShcC is a physiological
substrate of the activated ALK kinase and that the ALK-
ShcC pathway dominantly controls the survival of NB-
39-nu cells even with the existence of other RTKs, such
as EGFR, TrkA, and Ret. In neuronal celis, both ShcB
(Sli/SCK) and ShcC (Rai/N-Shc) can bind activated RTKs,
including the EGFR and Trk receptor.®673° Mice lacking
both ShcB and ShcC exhibit a significant loss of sympa-
thetic neurons, suggesting that ShcB and ShcC act in
supporting sympathetic development and survival.2® A
recent study also showed that ShcC is a physiological
substrate of Ret kinase and that it exerts a prosurvival
function in neuronal cells.*® Although high levels of TrkA
expression correlate with a favorable outcome of neuro-
blastoma patients,2® TrkA expression was significantly
high in NB-39-nu and Nagali, which derive from tumors
with a poor prognosis. This discrepancy may also be
explained by the overwhelming control of cell survival by
ALK kinase in these cell lines. Neuronal apoptosis is
regulated through the action of critical protein kinase
cascades, such as the phosphatidylinositol 3-kinase/Akt
pathway and the Ras-MAPK pathway.*"*? Apparently,
neither pathway is properly controlled by EGF or nerve
growth factor in NB-39-nu cells or Nagai cells.*” Here, we
also demonstrated that the suppression of activated ALK
blocks MAPKs and Akt in these cells, resulting in apopto-
sis. On the other hand, the activity of MAPKs and Akt was
not reduced by the suppression of a single copy of ALK
in SK-N-MC cells. These results suggest that activation of
ALK kinase completely remodeled the cellular signaling
transduction pathways through ShcC so that cell survival
entirely depended on signals originating from ALK
kinase.

In conclusion, phosphorylation of several signaling
molecules and cancer survival might be under the control
of activated ALK kinase when gene amplification of ALK
is as significant as in NB-39-nu cells, although the fre-
quency of gene amplification in neuroblastoma tissues is
not high. Cytoplasmic expression of ALK in neuroblas-
toma cells may suggest distinct function of this kinase in
cell proliferation and survival. These findings further sug-
gest that activated ALK kinase will be indispensable in-
formation for prognosis and treatment of neuroblastoma
although the frequency is low.
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