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pying hub positions in signaling pathways.

(Background: MYC is rapidly degraded in cells, and its accumulation is associated with many human malignancies.
Results: Sequential phosphorylation of MYC by protein kinase A (PKA) and polo-like kinase 1 (PLK1) protects MYC from

Conclusion: A MYC-PKA-PLK1 signaling loop exists in cells.
Significance: We highlight the importance of considering possible regulatory feedback loops while targeting molecules occu-
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MYC levels are tightly regulated in cells, and deregulation is
associated with many cancers. In this report, we describe the
existence of a MYC-protein kinase A (PKA)-polo-like kinase 1
(PLK1) signaling loop in cells. We report that sequential MYC
phosphorylation by PKA and PLK1 protects MYC from protea-
some-mediated degradation. Interestingly, short term pan-PKA
inhibition diminishes MYC level, whereas prolonged PKA cata-
lytic subunit & (PKACea) knockdown, but not PKA catalytic sub-
unit B (PKACP) knockdown, increases MYC. We show that the
short term effect of pan-PKA inhibition on MYC is post-trans-
lational and the PKACa-specific long term effect on MYC is
transcriptional. These data also reveal distinct functional roles
among PKA catalytic isoforms in MYC regulation. We attribute
this effect to differential phosphorylation selectivity among
PKA catalytic subunits, which we demonstrate for multiple sub-
strates. Further, we also show that MYC up-regulates PKACJ3,
transcriptionally forming a proximate positive feedback loop.
These results establish PKA as a regulator of MYC and high-
light the distinct biological roles of the different PKA cata-
lytic subunits.

MYC is a basic helix-loop-helix leucine zipper transcription
factor that regulates a large number of target genes important
in cell growth, metabolism, differentiation, proliferation, and
apoptosis (1-6). Complete loss of MYC function results in
embryonic lethality, whereas its overexpression predisposes
cells to malignant transformation (7-9). MYC overexpression
is an early and consistent feature of many human malignancies,
where it is suspected to regulate key events in tumorigenesis.

Because MYC drives the transcription of genes important in
multiple cellular processes, precise temporal regulation of
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MYC is required. Tight regulation of MYC is achieved through
multiple mechanisms at the transcriptional, post-transcrip-
tional, translational, and post-translational levels (10-14).
Once translated, MYC is rapidly turned over in normal cells.
The MYC steady-state level is regulated at the post-transla-
tional level through a series of exquisitely orchestrated
phosphorylation events. Ras-mediated activation of MAPK sta-
bilizes MYC by phosphorylation at Ser-62 within the evolution-
arily conserved MYC box I region (11). Ser-62-phosphorylated
MYC is recognized by GSK3, which phosphorylates Ser-62-
primed MYC at Thr-58. Peptidylprolyl isomerase 1 then cata-
lyzes a cis to trans isomerization of the bond preceding Ser-62,
thereby allowing the trans-specific protein phosphatase 2A to
remove the stabilizing phosphorylation at Ser-62 (15, 16). MYC
phosphorylated at Thr-58, but not Ser-62, is recognized by the
E3 ligase Fbw7, which ubiquitinates MYC at the N terminus
and targets it for proteasome-dependent degradation (11, 17).
Recently, another E3 ligase, Btrcp, was shown to interact
through a previously unknown phospho-degron and oppose
the Fbw7-mediated ubiquitination at the N terminus. PLK1?
phosphorylation within the phospho-degron was reported to
be critical for Btrcp binding (18).

In this study, we demonstrate the existence of a MYC-PKA-
PLK1 signaling loop and show that MYC is regulated both
through transcriptional and post-translational mechanisms by
PKA, in a PKA catalytic subunit isoform-specific manner. This
work also highlights both the promise and potential pitfalls of
global kinase inhibition and emphasizes the need to develop
next generation therapeutic strategies capable of disrupting
specific kinase-substrate interactions.

EXPERIMENTAL PROCEDURES

Antibodies, Reagents, and Vectors—Antibodies were as fol-
lows: c-MYC (N-term) (Epitomics, 1472-1); pan-PKA antibody
(BD Biosciences, 610980); Thr-197 phospho-PKA (Cell Sig-

3 The abbreviations used are: PLK1, polo-like kinase 1; MBP-1, MYC promoter-
binding protein 1, qRT, quantitative RT; RIKA, reverse in-gel kinase assay;
TBP, TATA-binding protein.

VOLUME 288+NUMBER 20-MAY 17,2013



naling, 4781S); HA antibody (Roche Applied Science,
11867423001); donkey anti-rabbit, donkey anti-mouse, and
goat anti-rat HRP-linked (Jackson Laboratories). Reagents were
as follows: H89 Insolution (Calbiochem), BI2536 (Selleck
Chemicals, S1109), myristoylated PKI (14 —22) amide (Biomol,
P-210), and MG132 (Sigma). For vector constructs, all proteins
purified from Escherichia coli were expressed using pQE80 vec-
tors (Qiagen). The pCDNA3.1 vector (Invitrogen) was used for
mammalian cell transfections.

Expression and Purification of Recombinant Proteins—All
proteins were cloned with an N-terminal His, tag and
expressed in either E. coli or mammalian cells (COS cells or
PC3 cells). Recombinant proteins were purified under native
conditions using Ni-affinity chromatography. The purified
proteins were further enriched by ion-exchange chromatogra-
phy whenever necessary. The final buffer condition for all pro-
teins used in in vitro kinase assay is 50 mm NaH,PO,, 300 mm
NaCl, 250 mMm imidazole, and 0.1% Tween 20.

Cell Culture and Transfection—PC3, LNCaP, and 22RV1
cells (Invitrogen) were cultured in RPMI 1640 medium con-
taining L-glutamine and supplemented with 10% heat-inacti-
vated fetal bovine serum in 5% CO, at 37 °C. Cells were
transfected using LipoD293 (SignaGen) according to the man-
ufacturer’s instructions. Lipofectamine 2000 (Invitrogen) was
used to transfect siRNA as described previously (19, 20). The
siRNA sequences used for PKACa knockdown are 5'-
AAGCUCCCUUCAUACCAAAGU-3' and 5'-ACUUUGGU-
AUGAAGGGAGCUU-3'. The siRNA sequences used for
PKACP knockdown are 5'-AAGGUCCGAUUCCCAUCC-
CAC-3" and 5'-GUGGGAUGGGAAUCGGACCUU-3".

Western Blotting and Immunoprecipitation—For Western
blot analysis, mammalian cells were harvested 24—48 h post-
transfection and lysed using 150 mm NaCl, 50 mm Tris (pH 7.5),
0.5% Nonidet P-40, and Complete protease inhibitor (Roche
Applied Science). Western blotting was performed as described
previously (21). Total protein from mouse prostate was
extracted during RNA extraction using the protocol described
in the RNeasy Kit (Qiagen). Western blotting was performed as
described (22). PKACP2 protein containing the N-terminal HA
and His, tag was purified from transiently transfected COS and
PC3 cells either by immunoprecipitation using an antibody
against the HA tag or by Ni-affinity chromatography (further
enriched by anion-exchange chromatography).

Quantitative PCR Analysis—Total RNA from mammalian
cells was extracted using the RNeasy Kit (Qiagen) and reverse-
transcribed using the Superscript cDNA synthesis kit (Bio-
Rad). qRT-PCR was performed as per the instruction in the
iScript qRT-PCR kit (Bio-Rad). -Fold difference in gene expres-
sion was determined after normalizing against GAPDH or
TATA-binding protein (TBP) (as mentioned in the legends).
Primers used for qRT-PCR are: MYC (134 bp), 5'-GCTCTCC-
TCGACGGAGTCC-3' and 5'-CCACAGAAACAACATCGA-
TTTCTT-3"; PKACB(240 bp), 5'-TGGTGGGCATTAG-
GAG-3' and 5'-CTTGTGAGTTTTTATATCACTGAC-3';
PKACPB2 (191 bp), 5'-AACCACCTTGTAACCAGTAT-3" and
5-TTTGGCTAGAAACTCTTTCA-3'; TBP (100 bp), 5'-GCC-
AGCTTCGGAGAGTTCTG-3" and 5'-GCACGAAGTGCA-
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ATGGTCTTT-3'; GAPDH (226 bp), 5'-GAAGGTGAAGGT-
CGGAGT-3" and 5'-GAAGATGGTGATGGGATTTC-3".

In Vitro Kinase Assay—In vitro kinase assay was performed
using purified recombinant proteins as described previously
(21, 23). Kinase assay was carried out for 2 h at room tempera-
ture and stopped using 2X Laemmli buffer. After in vitro kinase
assay, the proteins were analyzed by SDS-PAGE, transferred to
a PVDF membrane, and analyzed by autoradiography. The
PVDF membrane was also stained with Coomassie Brilliant
Blue to reveal protein loading.

Reverse In-gel Kinase Assay (RIKA)—50 mg/ml PKACa in 8 M
urea, 50 mm NaH,PO,, 300 mm NaCl, 250 mm imidazole, and
0.1% Tween 20 was co-polymerized in the gel, and RIKA was
performed as described previously (23). RIKA was performed
on a PVDF membrane for PLK1-priming experiments (on-
membrane kinase assay). Purified recombinant MYC and MYC
mutants were resolved by SDS-PAGE and transferred onto a
PVDF membrane. The proteins on the membrane were
refolded using the buffer conditions used in RIKA. The mem-
brane was incubated with purified active recombinant PLK1
(PLK17T2'°P) for 2 h in a buffer containing 20 mm Tris (pH 7.6),
20 mm MgCl,, 50 mm DTT) and [y->**P]ATP. The membrane
was washed with water overnight to remove nonspecifically
bound ATP. Phosphorylation of MYC by PLK1 was detected by
autoradiography.

Protein Identification and Phosphosite Mapping Mass Spec-
trometry—In-gel tryptic digestion was performed as described
previously (23). Desalted tryptic peptides were analyzed by
nano-LC-tandem MS on a linear ion-trap mass spectrometer
(LTQ; Thermo Fisher). Acquired data were searched against a
Homo sapiens protein database or phosphoproteome database
using the TurboSEQUEST algorithm (Thermo Fisher).

Immunofluorescence—Cells were plated on poly-L-lysine-
treated glass coverslips in 6-well plates. PC3 cells were grown
on coverslips and transfected using lipoD293T (Signagen)
according to the manufacturer’s instructions. Transfected cells
were fixed using 2% paraformaldehyde in PBS. Immunofluores-
cence analysis was performed as described previously (22).

RESULTS

PKA Activity Influences the Steady-state Levels of MYC—
During our efforts to identify PKA substrates in prostate cancer
cells, we identified a-enolase as a PKACa substrate (Table 1).
An alternative in-frame internal translation initiating at +291
of the a-enolase mRNA vyields an alternate product termed
MYC promoter-binding protein 1 (MBP1) (24). We confirmed
both ENO1 and MBP1 to be substrates of PKACa by in vitro
kinase assay (Fig. 4E). Because MBP1 is a known transcriptional
repressor of MYC, we sought to determine whether phosphor-
ylation of MBP1 by PKA has an effect on MBP1 function and
steady-state MYC level (25). We monitored changes in endog-
enous MYC level in prostate cancer cells treated with the PKA-
selective small molecule inhibitor H89 by Western blotting.
Pan-PKA inhibition using H89 resulted in decreased MYC
accumulation in prostate cancer cells (Fig. 14). This was found
to be consistent in HeLa and K562 cells as well (Fig. 1B). Inhi-
bition of PKA using the PKA-specific peptide inhibitor PKI also
destabilized MYC (Fig. 1C). Conversely, activation of PKA
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TABLE 1
PKACa substrates identified by mass spectrometry

PKA substrates identified by RIKA were excised from the gel, and protein identity was determined by mass spectrometry.

Predicted
Accession Mascot Peptides Sequence mass Known PKA
Protein name number Rank score matched coverage kDalpI substrate?
%
ATP synthase subunit 8 (ATPB) P06576 1 124 14 38 56.5/5.2 No
Actin, cytoplasmic 1 (B-actin) P60709 1 58 7 24 41.7/5.3 Yes
Triose phosphate isomerase I (TPI ) P60174 1 153 12 63 26.6/6.4 No
Elongation factor 18 P29692 1 131 10 38 31.1/4.9 No
Hetrogeneous nuclear ribonucleoprotein P31943 2 90 9 21 49.1/5.8 No
H (hnRNP H)
40S ribosomal protein SA (p40) P08865 1 70 9 38 32.8/4.7 No
Thyroid receptor-interacting protein 13 Q15645 1 51 12 31 48.5/5.7 No
(TRIP-13)
Ubiquitin carboxyl-terminal hydrolase Q9Y5K5 1 59 19 52 37.5/5.2 No
isozyme L5 (UCHLS5)
Complement component 1Q Q07021 1 65 6 38 31.3/4.7 No
subcomponent-binding protein
Ubiquitin carboxyl-terminal Hydrolase P15374 1 125 9 51 26.1/4.8 No
isozyme L3 (UCHL3)
78-kDa glucose-regulated protein P11021 1 155 15 26 72.2/5.0 No
precursor (GRP 78)
T-complex protein 1 subunit 6 P50990 1 144 25 34 59.5/5.4 No
a-Enolase (ENO1) P06733 1 81 24 54 47.1/7.0 No
Histone-binding protein (RBBP4) Q09028 1 74 7 19 47.6/4.7 No
Peptidyl-prolyl cis-trans isomerase B P23284 1 148 12 52 22.7/9.3 No
precursor
Glucosidase 2 subunit 3 Precursor P14314 1 72 10 21 59.3/4.3 No
Methyl-CpG-binding domain protein 4 Q95243 1 52 20 27 66/9.1 No
Histone H2B CAB02545 1 NA“ 15 NA“ 13.9/10.3 Yes
Family with sequence similarity 82 EAW91638 1 85 10 35 31/6.21 No
“NA, not applicable.
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FIGURE 1. PKA stabilizes MYCin cells. A and B, PKA inhibition using H89 (10 mm, 1 h) decreased the MYC steady-state level in cells. C, PKA-specific peptide inhibitor
PKI (20 mm, 1 h) destabilized MYC. D, PKA activation by forskolin (1 h) results in MYC accumulation. £, MYC mRNA level does not change upon H89 treatment
(n = 3).F, PKA protects MYC from proteasome-mediated degradation. MG132 rescued the effect of PKA inhibition on MYC stability. DMSO, dimethyl sulfoxide.

using forskolin increased MYC levels (Fig. 1D). Although these
results were consistent with our initial hypothesis, the rapid
kinetics suggested that the effect could be the result of a direct
interaction between PKA and MYC. To determine whether the
effect of PKA on MYC is transcriptional, we evaluated changes
in MYC mRNA levels upon PKA inhibition by qRT-PCR. The
MYC mRNA level did not change upon H89 treatment, sug-
gesting the effect of PKA inhibition on MYC to be post-tran-
scriptional (Fig. 1E). Because MYC is degraded in cells via the
26S proteasome, we determined whether inhibition of protea-
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some activity rescues the effect of PKA inhibition on MYC
accumulation. MG132 rescued the effect of PKA inhibition,
thereby demonstrating that PKA protects MYC from 26S pro-
teasome-mediated degradation (Fig. 1F).

MYC Phosphorylation at Ser-279 by PKA Stabilizes MYC—
To determine whether PKA can phosphorylate MYC, we per-
formed in vitro kinase reactions using recombinant PKACa
and MYC in the presence of [y-**P]ATP. PKA efficiently phos-
phorylated MYC, and the phosphorylation was inhibited by
H89 (Fig. 2, A and C). LC-MS? analysis identified Ser-279 as a
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FIGURE 2. PKA phosphorylates MYC at Ser-279. A, PKACa phosphorylates MYC in vitro. B, PKACa phosphorylates MYC at Ser-279. Top, LC-MS? spectra of the
peptide SESGSPSAGGHSKPPHSPLVLK from nonphosphorylated recombinant MYC are shown. A region spanning Ser-279 is shown to reveal the nonphosphor-
ylated state at Ser-279. The b ions corresponding to Glu-278 and Ser-279 are labeled using red arrows. The corresponding amino acid in the peptide is also
labeled in red. The mass difference between these ions is also indicated. A complete list of ions for the given peptide is listed in supplemental Table S1. Bottom
panels, LC-MS? spectra of the peptide RSESGSPSAGGHSKPPHSPLVLK from PKA-phosphorylated recombinant MYC is shown. A region spanning Ser-279 is
shown to reveal the phosphorylated state at Ser-279.The b ions corresponding to Ser-277 and phosphorylated Ser-279 (also designated by an asterisk) are
labeled using a red arrow. The corresponding amino acid in the peptide is also labeled in red. The positions of the hypothetical Glu-278 and nonphosphorylated
Ser-279 ion are indicated by the black arrow. The mass difference between these ions is also indicated. A mass increase of 80 Da was observed in the
phosphorylated peptide, demonstrating that Ser-279 is phosphorylated. A complete list of ions for the given peptide is listed in supplemental Table S2.
C, mutating Ser-279 to alanine diminished MYC phosphorylation by PKA in vitro. Addition of H89 completely abolished phosphorylation of MYC by PKA.
Arrowheads indicate phosphorylated MYC. D, PKA phospho-acceptor sites on MYC are predicted by in silico phosphorylation prediction tool GPS 2.0 (43).
Ser-279 s a predicted phospho-acceptor site of PKA on MYC (highlighted in yellow). E, the region containing Ser-279 in MYC is evolutionarily conserved

across species.

PKA phospho-acceptor site on MYC (Fig. 2B and supplemental
Tables S1 and S2). The ability of PKA to phosphorylate a
MYC®?”°A mutant in vitro was nearly extinguished compared
with WT-MYC (MYC¥T), demonstrating Ser-279 as the major
PKA phospho-acceptor site on MYC (Fig. 2C). Ser-279 is a pre-
dicted PKA phosphorylation site and is situated within an evo-
lutionarily conserved region between the N-terminal transacti-
vation and C-terminal DNA binding domains in MYC (Fig. 2, D

AV N
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and E). Furthermore, the region spanning Ser-279 is predicted
to be solvent-exposed and intrinsically disordered (data not
shown). Such intrinsically disordered domains have been impli-
cated in the regulation of protein stability (26).

To determine whether the site phosphorylated by PKA on
MYC is accessible and able to be phosphorylated in vivo, we
transfected His,-3XHA-tagged MYC in PC3 cells. The cells
were harvested 36 h post-transfection, lysed (using 150 mm
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FIGURE 3. PKA phosphorylation at Ser-279 stabilizes MYC. A, scheme illustrates the RIKA-based approach used to determine whether the PKA phosphor-
ylation site is phosphorylated in vivo. B, the PKA RIKA gel shows phosphorylation of untreated and HF-treated MYC purified from PC3 cells (top); Unphosphor-
ylated MYC refers to the fraction of MYC not phosphorylated at a PKA site in vivo at the time of purification (bottom). A corresponding Western blot showing
MYClevels (bottom) was used to normalize the phosphorylation signal on RIKA gel. C,immunofluorescence analysis co-localization of endogenous PKACa and
MYC in PC3 cells is shown. D, ectopically expressed MYC"T is destabilized upon PKA inhibition whereas MYC>27°? levels are not affected by H89. HA-tagged
MYCWTand MYC>?7?A were transfected into PC3 cells. Anti-HA immunoblotting was performed to detect levels of transfected MYC following H89 treatment (20

M, 1 h). Tubulin was used as loading control.

NaCl, 50 mm Tris (pH 7.5), 0.5% Nonidet P-40 and Complete
protease inhibitor), and MYC was purified using Ni-affinity
chromatography. The purified MYC was divided in half. One
half was completely dephosphorylated by hydrogen fluoride
(HF) treatment as described (27). The remaining half was left
untreated and contained the pool of MYC molecules that
retained their in vivo phosphorylation status. We performed a
RIKA with PKA in the gel on the HF-treated and untreated
purified MYC samples. If MYC is phosphorylated in vivo at the
site phosphorylated by PKA in vitro (in a RIKA), then we would
expect an increase in phosphorylation signal in the HF-treated
samples (because these sites would be dephosphorylated upon
HF treatment and become available to be phosphorylated dur-
ing the RIKA). Total levels of MYC loaded in these samples
were quantified by anti-HA Western blotting, and the change in
phosphorylation signal was calculated after normalization as
described previously (27). This process is illustrated in Fig. 3A.
We observed ~50% increase in MYC phosphorylation upon HF
treatment, suggesting that 50% of the in vivo MYC population
in the cells was phosphorylated at the PKA site under the given
culture conditions (Fig. 3B). Importantly, endogenous PKA and
MYC co-localized to the nucleus (Fig. 3C).

To ascertain whether MYC phosphorylation at Ser-279 by
PKA affected the MYC steady-state level, HA-tagged MYC™"
and MYCS27°2 were transfected into PC3 cells, and the effect of
PKA inhibition on their accumulation was analyzed. Whereas
MYCYT was destabilized upon H89 treatment, the steady-state
level of MYC®*”°* was unresponsive to PKA inhibition (Fig.
3D). Further, the MYC®*”° steady-state level was considerably
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lower compared with MYCY™ (Fig. 3D). These data demon-
strate that phosphorylation at Ser-279 by PKA plays a role in
stabilizing MYC in cells. No difference in subcellular localiza-
tion between the endogenous MYC, HA-tagged MYCY" and
HA-tagged MYC®*”°* mutant was observed (data not shown).

PKA Phosphorylation at Ser-279 Primes MYC for PLKI
Phosphorylation—A recent report showed the region spanning
Ser-279 to constitute a phospho-degron (Fig. 4A4). PLK1-medi-
ated Btrcp binding within this region was shown to stabilize
MYC (18). However, neither the events preceding PLK1 phos-
phorylation nor the PLK1 phospho-acceptor site(s) on MYC is
known. Because both PLK1 and PKA phosphorylate residues
within this phospho-degron, we sought to clarify their roles.
We found that the effect of combined inhibition of PKA and
PLK1 on MYC stability is more profound compared with inhib-
iting either kinase alone (Fig. 4B). We hypothesized three pos-
sible scenarios: (i) PKA and PLK1 phosphorylate the same res-
idue on MYC (i.e. Ser-279) and hence elicit a similar response;
(if) PKA and PLK1 phosphorylate mutually independent resi-
dues on MYC within the phospho-degron; and (iii) PKA phos-
phorylates MYC at Ser-279, which primes PLK1 to phosphory-
late an adjacent residue within the phospho-degron by relieving
the inhibitory effect of the polo-box domain or by making an
adjacent site a more favorable PLK1 phospho-acceptor (Fig.
4C). To distinguish among these models, we performed an in
vitro kinase reaction using recombinant PLK1"%'°” and recom-
binant MYC, which was either prephosphorylated by PKA in
vitro using nonradiolabeled ATP (primed) or not prephosphor-
ylated by PKA (unprimed). Hiss-tagged MYC purified from
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3 h) and PLK1 (50 nm BI2536, 3 h) destabilized MYC. The effect of combined inhibition of PKA and PLK1 was more profound compared with inhibiting either
kinase alone. Data from multiple experiments were quantified and are presented = S.E. (error bars). DMSO, dimethyl sulfoxide. C, scheme illustrates the three
possible mechanisms through which PKA and PLK1 could regulate MYC stability by phosphorylation within the phospho-degron. D, MYC phosphorylation by
PKA primes phosphorylation by PLK1. Prephosphorylation of recombinant MYC by PKA (using nonradiolabeled ATP) prior to phosphorylation by PLK1 resulted
in enhanced PLK1 phosphorylation (using [y->?P]ATP) (top). Addition of H89 completely blocks subsequent phosphorylation of MYC by PKA. Coomassie
staining shows protein loading (bottom). E, in vitro kinase assay shows enhanced phosphorylation of MYC*?7°P by PLK1 compared with MYC"". F, on-mem-
brane kinase assay shows enhanced phosphorylation of MYC®27P by PLK1 compared with MYC"" and other MYC mutants. G, PLK1 phosphorylates MYC at
Ser-281. PLK1 phosphorylation of MYC®?7°P was diminished upon mutation of Ser-281 to alanine (MYC>279P/52814),

E. coli was prephosphorylated by in vitro kinase assay using
recombinant PKACaandnonradiolabeled ATP. Nonphosphor-
ylated MYC served as the unprimed control. Subsequently, H89
(30 M), was added to all reactions to inhibit PKA activity. The
absence of radiolabeling upon further incubation (1 h at room
temperature) of the reactions containing MYC, PKA and H89
with [y-**P]ATP confirmed complete inactivation of PKA by
H89. Recombinant PLK172'°P and [y-3?P]ATP was then added
to these tubes containing either primed or unprimed MYC. The
in vitro kinase reaction was allowed to proceed for 1 h at room
temperature. Radioactive labeling of MYC by PLK1">'" was
assessed by running the reaction on a SDS-polyacrylamide gel,
transferring to a PVDF membrane followed by autoradiogra-
phy. We used the PLK17%'°® mutant version of PLK1 because it
was previously shown to be constitutively active. The mutation
at Thr-210 mimics the phosphorylation of PLK1 at this site
within the activation loop, and phosphorylation at Thr-210 is
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necessary for PLK1 activation (28). We observed that the phos-
phorylation signal of MYC by PLK1"*'°P (using [y->*P]ATP)
was higher when MYC was primed by PKA (using nonradiola-
beled ATP) compared with unprimed MYC (Fig. 4D). This
result suggested that PKA phosphorylation at Ser-279 on MYC
primes subsequent MYC phosphorylation by PLK1. To confirm
this, we generated the phospho-mimetic mutant at Ser-279
(MYC®27°P) and performed an in vitro kinase assay using
PLK1™2'°P We observed that PLK1 phosphorylation of the
MYC®*”°P mutant was dramatically higher compared with
MYC¥T and other MYC mutants (Fig. 4E). We also compared
the ability of PLK1"%'°P to phosphorylate other MYC substitu-
tion mutants in the region and found MYC®*”°" to be a more
efficient PLK1 substrate compared with MYCY™ and other
mutants (Fig. 4F). These results showed that MYC phosphoryl-
ation at Ser-279 increases the efficiency of subsequent
PLK1"'°P phosphorylation of MYC, possibly at an adjacent
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FIGURE 5. PLK1 phosphorylates MYC at S281. LC-MS® spectra of PLK1 phosphorylated MYC®?”°®, The peak indicating phosphorylation at Ser-
281 is indicated using a red arrow. Inset, LC-MS? spectra of the peptide RSEDGSPSAGGHSKPPHSPLVLK from PLK1 phosphorylated recombinant
MYC. Region spanning Ser-281 is shown to reveal the phosphorylated state at Ser-281.The b ions corresponding to phosphorylated Ser-281 and Gly-280
are labeled using red arrows. The position of the hypothetical nonphosphorylated Ser-281 ion is indicated using a black arrow. The mass difference
between these ions is also indicated. A mass increase of 80 Da was observed in the phosphorylated peptide, demonstrating that Ser-281 is

phosphorylated.

site. LC-MS? analysis of MYCS*”°P phosphorylated in vitro
using PLK172'°P revealed Ser-281 as the PLK1 phospho-acceptor
site on MYC (Fig. 5). MYC52”°® phosphorylation by PLK1*2*°P
was significantly compromised in the MYCS?9P=2814 double
mutant (Fig. 4G), thus confirming Ser-281 as the major PLK1
phospho-acceptor site on MYC that is primed by Ser-279
phosphorylation.

PKA Isoform-specific Transcriptional Repression of MYC—
Three different genes encode PKA catalytic subunits in
humans: Ca, C3, and Cy. The Ca and Cp isoforms have mul-
tiple splice variants. To validate the effect of PKA inhibition on
MYC and to dissect the role of individual PKA catalytic subunit
isoforms in stabilizing MYC, we knocked down either PKAC«
or PKACp using siRNA in PC3 cells. Analysis of siRNA-treated
samples yielded an unexpected but intriguing result. Contrary
to our expectation based on chemical PKA inhibition, knock-
down of PKACw increased MYC steady-state level in PC3 cells
(Fig. 6A). In contrast, PKACB knockdown caused a slight
decrease in MYC levels. Because siRNA knockdown occurs
over an extended time period, we hypothesized that the result
of PKACa knockdown on MYC could be through an indirect
mechanism. Comparison of MYC mRNA after siRNA-
mediated knockdown of PKA catalytic subunits revealed that
prolonged knockdown of PKACe, but not PKACPS, increased
the steady-state MYC mRNA level (Fig. 6B). These data reveal a
link between PKACw activity and MYC transcription and, for
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the first time, show that the different PKA catalytic subunits
perform distinct biological functions.

PKA Catalytic Subunit Isoforms Have Both Overlapping and
Distinct Substrates—The ability of PKA catalytic subunits to
have a distinct effect on the transcription of MYC suggested
exclusive, nonredundant roles for PKA isoforms. We hypothe-
sized that the different PKA catalytic subunit isoforms have
distinct substrate profiles and hence elicit different responses
upon activation. To test this hypothesis, we profiled and com-
pared the substrates of PKA catalytic subunit isoforms by RIKA
(23). To identify PKACa substrates, the PKACa RIKA was first
standardized (Fig. 7A). LNCaP cell lysate was fractionated by
anion-exchange chromatography, and a one-dimensional
PKACa RIKA on the enriched fractions was performed to iden-
tify fractions containing PKA substrates (data not shown). Frac-
tions containing PKACa substrates were used for two-dimen-
sional PKACa RIKAs. The signal on RIKA gels was aligned with
parallel silver-stained gels (Fig. 7B). PKA substrates were
excised from the silver-stained gels and identified by mass spec-
trometry (Table 1). We validated a subset of the identified Ca
substrates by in vitro kinase reaction using purified recombi-
nant proteins (Fig. 7C).

To address whether substrate diversity contributes to the
observed functional nonredundancy among PKA catalytic sub-
units, we tested the ability of PKACB1 and PKAC2 isoforms to
phosphorylate these identified PKACa substrates in vitro. Cat-
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FIGURE 6. PKA catalytic subunits regulate MYC differentially. A, long term knockdown of PKACa by siRNA (48-72 h) resulted in increased MYC protein level
whereas knockdown of PKACPB subunit caused a slight decrease in MYC protein level. Western blotting using pan-PKAC antibody confirmed knockdown of
PKACa. PKACB knockdown was confirmed by semiquantitative PCR (Fig. 6B). The change in MYC level was quantified using ImageJ software and normalized
to the corresponding B-actin level. B, the effect of PKACa knockdown on MYC is transcriptional. Semiquantitative PCR and Northern blot analysis reveal an

increase in MYC mRNA upon siRNA knockdown of PKACa but not PKACB.

alytically active PKACB2 was expressed and purified from
mammalian cells (COS cells or PC3 cells) because PKACB2
purified from E. coli was catalytically inactive (data not shown).
We observed that whereas PKAB1 phosphorylated all of the
tested PKACu substrates (Fig. 7D), PKACB2 phosphorylated
only the telomerase-binding protein among the PKACa sub-
strates tested (Fig. 7E). Addition of the pan-PKA inhibitor H89
diminished the phosphorylation of the telomerase-binding
protein by PKACPB2 (Fig. 7F). These differences in substrate
selectivity were not totally unexpected because PKACa and
PKACP L1 share a very high sequence similarity (92%), whereas
PKACPf2 has an additional 62 amino acids at its N terminus not
present in PKACP1 (Fig. 7G). In silico secondary structure pre-
diction of PKACB2 N terminus revealed an amphipathic helix
region within this unique N terminus (Fig. 7G). We believe that
this region might play a role in the differential substrate selec-
tivity of PKACP2.

Increased PKAC[ Expression in MYC-overexpressing Pros-
tate Epithelial Cells—PKACR is known to be a direct transcrip-
tional target of MYC in rat fibroblasts and lymphocytes (29). In
these cells, it was further suggested that PKACPB plays an
important role in MYC-mediated transformation (29). MYC
overexpression is a consistent and key early event in prostate
cancer, where it drives proliferation (30). Rapidly proliferating
prostate epithelial cells have also been reported to have higher
levels of the PKAC2 isoform (31). These results prompted us
to determine whether MYC overexpression in prostate cancer
cells influences the PKACP level (and the PKACP2 splice vari-
ant), thereby forming a proximate positive feedback loop.
Ectopic expression of MYC in PC3 cells resulted in increased
PKACP and PKACP2 expression (Fig. 84). We then compared
the levels of PKACPB2 protein in the prostates of mice overex-
pressing MYC specifically in the prostate to their age-matched
controls. We observed a positive correlation between MYC
expression and PKCf2 levels in the prostates of multiple mouse
models in which MYC expression was controlled by distinct
prostate-specific promoters (Fig. 8B). We could not compare
levels of PKACP1 protein in these experiments due to the
unavailability of an antibody that would allow us to differen-
tiate between the PKACB1 and PKACa subunits, which have
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the same apparent molecular mass (~42 kDa). Oncomine
analyses of previously published human prostate cancer
microarray datasets revealed that both MYC and PKACp are
overexpressed in human prostate cancer cases (Fig. 8C)
(32, 33). Oncomine analyses of multicancer datasets also
revealed elevated PKACP in prostate cancer (data not
shown) (34, 35).

DISCUSSION

Diverse factors and signaling pathways influence MYC accu-
mulation. In this study, we identified a role for PKA in MYC
regulation and demonstrated the existence of a MYC-PKA-
PLK1 signaling loop in cells. Our data show that MYC tran-
scriptionally up-regulates PKACPB, and PKA in turn protects
MYC from proteasome-mediated degradation through phos-
phorylation at Ser-279, establishing a proximate positive feed-
back interaction. Ser-279 lies within a phospho-degron recently
shown to be important in MYC stability (18). These studies
demonstrated this region to mediate binding of the E3 ligase
Btrcp, which competes with Fbw7 (recruited through Thr-58
phosphorylation) for ubiquitination at the MYC N terminus
(18). Phosphorylation within the degron was shown to be
important for Btrcp recruitment, and PLK1 was suggested to
phosphorylate MYC within this region (18). Our data demon-
strate that MYC phosphorylation at Ser-279 by PKA primes
subsequent PLK1 phosphorylation at Ser-281. Thus, through
sequential phosphorylation, PKA and PLK1 cooperatively sta-
bilize MYC.

Interestingly, whereas brief pharmacologic pan-PKA inhibi-
tion diminished MYC level, prolonged PKACa knockdown
resulted in transcriptional up-regulation of MYC. These results
provide an example of contrasting functional responses
between short term and long term kinase inhibition. Further-
more, unlike in the case of PKACa knockdown, we observed no
change in MYC mRNA level upon PKACP knockdown, dem-
onstrating functionally distinct roles for PKA catalytic isoforms
in the transcriptional regulation of MYC. We hypothesized this
transcriptional response to be mediated through a PKACa-spe-
cific substrate, possibly a transcription factor that regulates
MYC transcription. Although the PKACu target(s) critical for
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FIGURE 7. PKA catalytic subunits have distinct substrate selectivity. A, two-dimensional PKACa RIKA using an LNCaP whole-cell protein extract. Numbers on the
top left and right corners indicate pH of the IPG strip. The autoradiograms from gel containing catalytically active PKACe (top) and the kinase-dead PKAC« control
(bottom) are shown. PKA substrates appear as signals on the autoradiograms. The signal on the control gel s likely due to autophosphorylation of endogenous kinases
or phosphorylation of the co-polymerized kinase-dead PKACa or co-migrating proteins by endogenous kinases. B, two-dimensional RIKA on anion exchange fraction.
A parallel gel from the same fraction (containing no kinase) was silver-stained to enable substrate identification (bottom). Arrows and closed circles represent several
substrates used for alignment. Red-dashed circle represents an abundant non-PKACa substrate protein, which was used as an internal marker to align the gel. C, in vitro
kinase assay using recombinant substrates and PKACa. Substrates identified by RIKA are phosphorylated by PKACa« in vitro. Arrowheads indicate phosphorylated
substrates. D, PKACB1 has a substrate profile similar to that of PKACe. In vitro kinase assay was performed using recombinant PKACB1 and PKACa substrates. PKACB1
phosphorylated all tested PKACa substrates in vitro. Arrowheads indicate phosphorylated substrates. £, PKACB2 has a distinct substrate profile compared with PKAC«
and PKACB1.F,H89inhibits phosphorylation of the telomerase-binding protein (TEBP) by PKAC[2. G,amino acid sequence alignment of N-terminal region PKACa.and
PKACP2 shows the presence of an additional N-terminal arm (62 amino acids) in PKACB2 isoform. The Yaspin secondary structure prediction program was used to
predict the a-helical region in the N-terminal 62 amino acids in PKACB2, and the helical wheel program available from the University of Virginia was used to reveal the
amphipathic nature of the predicted helix region (indicated by purple helix over the corresponding sequence).

this response are unknown, CBP/p300 is a plausible candidate. ~ known PKACa substrate, but the effect of PKA phosphoryla-
Recruitment of CBP/p300 at the MYC promoter is known to tion on the DNA binding ability of CBP or recruitment to the
down-regulate MYC transcription (36-38). CBP/p300 is a MYC promoter region has not been investigated (39, 40). In this
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regard, it will also be interesting to investigate the role of
MBP-1 phosphorylation by PKA. During the course of this
study we had identified MBP-1 as a PKACa (but not PKACS2)
substrate.

Comparison of substrate selectivity of the different PKA iso-
forms revealed PKACB2 to have distinct phosphorylation
selectivity compared with PKACa and PKACp1. We attribute
this difference to a predicted amphipathic helix in the N termi-
nus of PKACP2, which could mediate substrate recognition
and binding. Except for this unique N terminus region,
PKACP?2 is identical to PKACB1, and PKACB1 was shown to
phosphorylate all PKACa substrates tested. Substrate docking
domains distant from catalytic sites have been reported for
multiple protein kinases (41). In addition, amphipathic helices
have been reported to mediate several kinase-substrate interac-
tions (42). We suggest that the solvent-exposed N-terminal
amphipathic helix of PKACP2 acts as a substrate-docking site
and hence accounts for the differences in its substrate selectiv-
ity. These studies reveal the possibility of antithetical roles for
closely related protein kinase isoforms and highlight the risk of
therapeutic strategies aimed at global kinase inhibition.
PKACa overexpression in LNCaP cells was reported to induce
trans-differentiation of these cells into neuroendocrine-like
cells, which divide slowly. It has also been reported that
PKACP2 is overexpressed in rapidly proliferating prostate can-
cer cells. Such discordance in the phenotype of cells overex-
pressing the different PKA isoforms argued for a significant
functional difference between these proteins. The data
reported here provide a mechanistic premise for the distinct
functional roles of PKA catalytic subunits in prostate cancer.
Although PKACa has been extensively studied and many of its
substrates are known, the role of other PKA catalytic isoforms
has received less attention. This report is the first detailed anal-
ysis of differences in substrate selectivity among PKA catalytic
isoforms and the functional implications of these differences.
Collectively, our data demonstrate that differential substrate
selectivity and functional diversity among protein kinase iso-
forms are critical for modulation and precise signaling regula-
tion in response to stimuli of varying intensity and perdurance.

Our model suggests that short PKA activity bursts in the
cell stabilize MYC through a post-translational mechanism,
whereas prolonged activation of PKACa transcriptionally
represses MYC (Fig. 8D). This establishes a regulatory loop and
protects the cells from downstream effects of post-translational
MYC stabilization as a result of prolonged elevated PKACa
activity. This mechanism could contribute to the slow prolifer-
ative rate of LNCaP cells trans-differentiated to a neuroendo-
crine-like phenotype by PKACa overexpression. MYC accu-
mulation in turn activates a positive feedback loop that
transcriptionally activates PKACB. PKACp protects MYC from
proteasomal degradation, but does not repress MYC transcrip-
tionally. This is consistent with the higher expression of
PKACPS subunits in rapidly proliferating, MYC-overexpress-
ing prostate cancer cells (31-33). Thus, through differential
substrate selectivity, PKA catalytic isoforms regulate MYC
differentially.

It is clear from the results presented here that the short and
long term effects of PKA inhibition differ substantially. These
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observations underscore the need to establish kinase inhibition
strategies that interfere with the ability of the kinase to interact
with specific target substrates without impairing the function
of the kinase in general. It may be possible to achieve this phar-
macologically using peptides or peptidomimetics that interfere
with interaction of protein kinases and specific substrates.
Clearly, this strategy, which must be predicated upon an in-
depth understanding of the structural aspects of kinase-sub-
strate interactions, could enable subtle, yet functionally signif-
icant pathway disruption with fewer side effects and reduced
toxicity compared with global inhibition strategies.
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