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During embryonic development, protein kinase A (PKA)
plays a key role in cell fate specification by antagonizing the
Hedgehog (Hh) signaling pathway. However, the mechanism by
which PKA activity is regulated remains unknown. Here we
show that the Misty somites (Mys) protein regulates the level of
PKA activity during embryonic development in zebrafish. We
isolate PKA regulatory type I� subunit (Prkar1a) as a protein
interacting with Mys by pulldown assay in HEK293 cells fol-
lowed by mass spectrometry analysis. We show an interaction
between endogenousMys and Prkar1a in the zebrafish embryo.
Mys binds to Prkar1a in its C terminus region, termed PRB
domain, and activates PKA in vitro. Conversely, knockdown of
Mys in zebrafish embryos results in reduction in PKA activity.
We also show that knockdownofMys induces ectopic activation
of Hh target genes in the eyes, neural tube, and somites down-
stream of Smoothened, a protein essential for transduction of
Hh signaling activity. The altered patterning of gene expression
is rescued by activation of PKA. Together, our results reveal a
molecular mechanism of regulation of PKA activity that is de-
pendent on a protein-protein interaction and demonstrate that
PKA activity regulated byMys is indispensable for negative reg-
ulation of the Hh signaling pathway in Hh-responsive cells.

Protein kinase A (PKA)2 was first isolated from rabbit skel-
etal muscle as a protein kinase that catalyzes a cAMP-de-
pendent phosphorylation (1). Since then, PKA has been
found in all eukaryotes and has been demonstrated to regu-

late processes as diverse as growth, metabolism, gene expres-
sion, development, and memory. PKA forms an inactive
holoenzyme containing a regulatory subunit dimer and two
catalytic subunits. Classically, PKA is activated by cAMP
binding to the regulatory subunit, which alters affinity of the
regulatory subunit for the catalytic subunit and promotes
dissociation into a dimer of regulatory subunits and two
active monomeric catalytic subunits. The active catalytic
subunits then phosphorylate protein substrates containing
consensus phosphorylation motifs (2).
In invertebrate and vertebrate development, PKA antago-

nizes Hedgehog (Hh) signaling, which plays fundamental roles
during pattern formation (3–11). For example, ectopic
expression of Hh family members in zebrafish embryos leads
to the expansion of proximal cell fate in the eyes, ventral cell
fate in the neural tube, and adaxial cell fate in somites. Inhi-
bition of PKA by a dominant negative form of PKA (dnPKA)
mimics these effects, i.e. ectopic activation of Hh target
genes in the eyes, neural tube, and somites, which leads to
Hh-dependent cell differentiation. In contrast, activation of
PKA by a constitutively active form of PKA blocks the effects
of endogenous and ectopic Hh signaling (12–18). Results of
these studies imply that the basal level of PKA activity during
embryonic development is precisely regulated to properly
specify cell fates. However, the molecular mechanism under-
lying the regulation of PKA activity in embryos remains
unknown.
Zebrafish is an excellent model animal to identify develop-

mental genes by forward genetics approaches. We previously
identifiedmisty somites (mys) as a gene essential for the somite
boundary maintenance by transposon-mediated insertional
mutagenesis in zebrafish (19, 20). Knockdown of mys resulted
in defects not only in somites but also in the eyes, suggesting its
roles in eye formation and differentiation as well as in somites
(19). To elucidate the molecular basis of Mys protein function,
we have screened for proteins that interact with Mys. In this
study, we isolated PKA regulatory type I� subunit (Prkar1a) as a
protein interacting with Mys and characterized their interac-
tion. Mys bound to Prkar1a, but not to the catalytic subunit
(Prkac), dissociated Prkac from Prkar1a and activated PKA in
vitro, indicating competition of Mys with Prkac for binding to
Prkar1a. In contrast, knockdown of Mys in zebrafish embryos
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resulted in an increase in the amount of inactive PKA and a
reduction in PKA activity, which induced ectopic activation of
Hh target genes in the eyes, neural tube, and somites of
embryos. Thus, our results provide a novel molecular mecha-
nism of regulation of PKA activity that is dependent on the
interaction between Mys and Prkar1a proteins, by which Hh
signaling is negatively regulated during zebrafish development.

EXPERIMENTAL PROCEDURES

Fish and Extraction—Fish were maintained under standard
laboratory conditions. TL was used as the wild-type fish. The
syut4 line was obtained from the Zebrafish International
Resource Center (Eugene, OR). Extracts from the embryos and
distinct organs in adultswere prepared as follows.One hundred
embryos at 24-h post-fertilization (hpf) were dechorionated
and transferred to phosphate-buffered saline and were dissoci-
ated into single cells by pipetting. The dissociated cells were
washed three times with phosphate-buffered saline by centri-
fugation at 700� g for 7min.After removing excess phosphate-
buffered saline, 100 �l of lysis buffer (LB: 50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 50 mM

sodium fluoride, 1 mM dithiothreitol, 100 �M (p-amidinophe-
nyl)methanesulfonyl fluoride, 3�g/ml of leupeptin) was added.
The cells were sonicated for 10 s and centrifuged at 15,000 � g
for 10 min at 4 °C. The supernatant was collected and used
for immunoblotting, immunoprecipitation, and PKA activity
assay. The brain, heart, and testis were homogenized with a
pestle (Pellet Pestle, Kontes) in LB and centrifuged at 15,000 �
g for 10 min at 4 °C. The ovary was centrifuged at 150,000 � g
for 30 min at 4 °C in extraction buffer (100 mM �-glycerophos-
phate, 20mMHEPES, pH 7.5, 15mMMgCl2, 5mM EGTA, 1mM

dithiothreitol, 100 �M (p-amidinophenyl)methanesulfonyl
fluoride, 3 �g/ml of leupeptin). The supernatant was collected
and used for immunoblotting.
Production of Mys and Prkar1a Antibodies—A part of the

open reading frame (ORF) of the Mys protein (from 201 to 435
aa) was cloned into pGEX-KG to produce a fusion protein con-
taining GST at the N terminus of Mys. GST-Mys-(201–435)
protein was expressed in Escherichia coli, gel-purified, and
injected into a rabbit as described previously (21). The full ORF
of zebrafish Prkar1a protein was cloned into pGEX-KG. GST-
Prkar1a protein was expressed in E. coli, gel-purified, and
injected into mice to produce polyclonal antibodies. The ob-
tained antiserums were affinity purified with the antigens.
Immunoblotting—Anti-GST-Mys polyclonal antibody, anti-

Prkar1a polyclonal antibody, anti-Prkac monoclonal antibody
(BD Biosciences), and anti-�-tubulin monoclonal antibody
(GTU-88, Sigma) were used to detect Mys, Prkar1a, Prkac, and
�-tubulin, respectively. Anti-FLAG monoclonal antibody (M2,
Sigma), anti-GFP monoclonal antibody (Roche), and anti-Myc
monoclonal antibody (MBL) were used to detect FLAG-tagged
Mys, GFP-tagged Mys, and Myc-tagged Prkar1a, respectively.
The samples were separated with SDS-PAGE gel, blotted onto
an Immobilonmembrane (Millipore), and probedwith primary
antibodies. The antigen-antibody complex was visualized by
alkaline phosphatase-conjugated secondary antibodies.
Mass Spectometry Analysis—A pull-down assay with FLAG-

tagged humanMys homolog in HEK293 cells followed by mass

spectometry analysis was performed as described previously
(22).
In Situ Hybridization and Immunostaining—In situ hybrid-

ization experiments were performed as described previously
(23). For immunohistochemistry, the embryos were fixed at 22
hpf with 4% paraformaldehyde in phosphate-buffered saline,
dehydrated, embedded in paraffin, and cut into 12-�m thick
sections. Hoechst staining and immunostaining of the samples
were performed as described previously (24). To analyze the
subcellular localization of Mys, cells derived from embryos at 4
hpf were immunostained as described previously (19). Anti-
GM130 monoclonal antibody (BD Biosciences) was used to
detect the Golgi apparatus. The samples were observed under
an LSM5LIVE confocal microscope (Zeiss).
Immunoprecipitation—Oligonucleotides encoding FLAG or

Myc epitope tag or the ORF of GFP protein were cloned into
pCS2� (pCS2�FT, pCS2�MT, or pCS2�GFP). The full ORF
or a fragment of Mys was cloned into pCS2�FT or pCS2�GFP.
The full ORF or a fragment of Prkar1a was cloned into
pCS2�MT. mys-flag and myc-prkar1a mRNAs were synthe-
sized with an mMESSAGE mMACHINE SP6 Kit (Ambion
Inc.). Six �g each of mys-flag and myc-prkar1a mRNAs were
translated in rabbit reticulocyte lysate (Promega). Extracts from
the embryos, rabbit reticulocyte lysates, or mixtures of PKA
holoenzyme and Mys recombinant protein were 2-fold diluted
with LB and incubated with affinity purified anti-Prkar1a
polyclonal antibody, affinity purified anti-XMAP215 poly-
clonal antibody (25), anti-FLAG monoclonal antibody, anti-
GFP monoclonal antibody, or anti-Prkac monoclonal antibody
and 20�l of proteinG-Sepharose beads (GEHealthcare) at 4 °C
for 1 h. The immunoprecipitates were washed 5 times with LB
and used for immunoblotting.
PKA Activity Assay—The full ORFs of Mys and GST were

cloned into pET21 ((Full)Mys-GST). Parts of the ORF of Mys
(from 1 to 289 aa and 390 to 435 aa) were cloned into pET21
with the full ORF of GST ((�PRB)Mys-GST). The recombinant
proteins were expressed in E. coli and purified with glutathi-
one-Sepharose beads (GSH) (GE Healthcare). Five �l of 5
�g/ml of PKAholoenzyme (Sigma; B-Bridge International Inc.)
was mixed with 10 �l of 0.2 �M (Full)Mys-GST, (�PRB)Mys-
GST, GST, or cAMP. PKA activity was measured by using Pep-
Tag assays (Promega) according to the manufacturer’s instruc-
tions. Briefly, 15 �l of the mixtures of PKA holoenzyme and
recombinant proteins or 15�l of embryonic extractswere incu-
bated for 30 min at 30 °C with the PKA-specific peptide sub-
strate, Leu-Arg-Arg-Ala-Ser-Leu-Gly (Kemptide). Samples
containing 2�g of PKA inhibitor (Sigma)were used as a control
and the residual activity was considered as background. PKA
activities in the embryos were normalized to equivalent
amounts of Prkar1.
MO and mRNA Injection—One nl of a solution containing 8

mg/ml ofmys antisense morpholino oligonucleotide (MO) tar-
geted to the translational initiation site of themys transcript or
control 5mm MO containing 5-bp mismatches around the
ATG codon (19) or 16 mg/ml of mys SD-MO targeted to the
splice donor of the second exon of themys gene (19) or prkar1a
MO targeted to the translation initiation site of the prkar1a
transcript (5�-CACTGCTCGTACTGCTGGACGCCAT-3�)
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(Gene Tools) was injected into one-cell stage embryos. To
simultaneously knock downMys and Prkar1a, 1 nl of a solution
containing 8 mg/ml each of mys MO and prkar1a MO was
injected into embryos. The full ORF of Sonic hedgehog (Shh)
protein was cloned into pCS2�. shh and dnPKA (16) mRNAs
were synthesized with an mMESSAGE mMACHINE SP6 Kit.
One nl of a solution containing 400 �g/ml of shhmRNA or 100
�g/ml of dnPKA mRNA was injected into embryos.
Cyclopamine and Forskolin Treatment—Hh signaling in-

duces different cell identities in a manner dependent on the
dosage and hence on the levels of Smoothened (Smo) activity
(26). The steroidal alkaloid cyclopamine specifically attenuates
Smo activity in a dose-dependent manner (27, 28). To severely
inhibit Smo function, embryos injected with mys MO or 5mm
MOwere dechorionated and incubatedwith 100�M cyclopam-
ine (Wako) at 10 hpf until fixation at 26 hpf. As a control,
embryos injected with 5mmMOwere dechorionated and incu-
bated with 1% ethanol. To activate PKA, embryos injected with
mysMOwere dechorionated and incubatedwith 20�M forsko-

lin (Sigma) at 11 hpf until fixation at
20 and 26 hpf. As a control, embryos
injected withmysMO or 5mmMO
were dechorionated and incubated
with 0.4% dimethyl sulfoxide.

RESULTS

Expression of Mys Protein—To
investigate the mys gene product,
we produced a rabbit polyclonal
antibody raised against the recom-
binant protein encoded by the
cDNA of a zebrafish mys gene. A
single 52-kDa protein, the size of
which is comparable with the pre-
dicted 435-amino acid Mys protein,
was recognized specifically by
immune, but not preimmune,
serum in zebrafish embryos (Fig.
1A). Because the affinity-purified
antibody with Mys recombinant
protein recognized the sameprotein
(Fig. 1B) and injection of the mys
MO in embryos specifically reduced
its expression (Fig. 4A), we conclude
this to be zebrafish Mys. Mys was
found to be expressed in the brain,
heart, testis, and ovary in zebrafish
adults (Fig. 1B). We then investi-
gated whether the anti-Mys anti-
body recognizes Mys protein
homologs that are found to be
highly conserved in vertebrate
genomes, because the C-terminal
region of Mys used as the antigen
retains high identity (19). As
expected, Mys protein homologs
were detected in Xenopus embryos
and human embryonic kidney cells

(HEK293 cells) (Fig. 1C). Taken together, these results show for
the first time the expression of Mys and its protein homologs.
Interaction of Mys with Prkar1a—Our previous study

showed that knockdown of mys in zebrafish embryos resulted
in small eyes and severe somite defects (19). However, the
molecular mechanisms of Mys function remain completely
unknown. To elucidate themolecular basis ofMys function, we
screened for Mys-interacting proteins by a pull-down assay
with the human Mys homolog in HEK293 cells followed by
mass spectrometry analysis (22). In this screening, 11 proteins
were found to interact with the human Mys homolog. One of
themwas PKA regulatory type I� subunit, Prkar1a.We focused
on the interaction of Mys with Prkar1a in this study, and inter-
actions with other proteins will be reported elsewhere.
Whole mount in situ hybridization analysis using a prkar1a

probe showed ubiquitous expression of prkar1a transcripts in
zebrafish embryos from the one-cell stage to 20 hpf (Fig. 1, F–J).
The mys transcripts are also expressed ubiquitously during
embryonic development (19). To analyze expression of Prkar1a

FIGURE 1. Expression of Mys, prkar1a, and Prkar1 and an interaction between Mys and Prkar1a. A and B,
identification of Mys by immunoblotting. A, extracts from zebrafish embryos immunostained with serum from
a rabbit injected with recombinant Mys protein. Preimmune serum (Pre) and immune serum (Imm) were used.
B, extracts from zebrafish embryos (Emb) and adult brain (Bra), heart (Hea), testis (Tes), and ovary (Ova) probed
with affinity purified anti-Mys antibody. Asterisks show truncated forms of Mys. C, extracts from Xenopus laevis
embryos (Xen) and HEK293 cells (hum) probed with affinity purified anti-Mys antibody. The existence of two
types of proteins in extracts from Xenopus embryos may arise from whole genome duplication in X. laevis.
D, characterization of anti-Prkar1a antibody. Extracts from zebrafish embryos immunostained with serum from
a mouse injected with recombinant Prkar1a protein. E, interaction of endogenous Mys with Prkar1a. Extracts
from zebrafish embryos (Lysate) and immunoprecipitations of the extracts (IP) with anti-XMAP215 mouse
polyclonal antibody (�-XMAP215) and anti-Prkar1a mouse polyclonal antibody (�-Prkar1a) probed with anti-
Prkar1a mouse antibody (Prkar1a) and anti-Mys rabbit antibody (Mys). Immunoglobulins (Ig) of the mouse
polyclonal antibodies are shown. F–J, whole mount in situ hybridization with a prkar1a probe. Lateral views
(F–H and J) and dorsal view (I) of zebrafish embryos at the one-cell stage (F), 8 hpf (G), 13 hpf (H and I), and 20
hpf (J). K–R, immunofluorescence of zebrafish embryos at 22 hpf with anti-Mys (Mys) and anti-Prkar1a (Prkar1a)
antibodies. The embryo was simultaneously stained with Hoechst 33258 (DNA). Merged images are shown
(Merge). K–N, transversal section of an eye and a neural tube, with dorsal at the top and medial at the left.
O–R, enlarged images of K–N. S–V, immunofluorescence of cells derived from embryos at 4 hpf with anti-Mys
(Mys) and anti-GM130 (GM130) antibodies. Arrows indicate the position of the Golgi apparatus. Bars represent
50 (K–N) and 2 �m (O–V).
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protein, we produced a mouse polyclonal antibody specifically
recognizing the Prkar1a protein (Fig. 1D). Immunostaining
with anti-Mys and anti-Prkar1a antibodies showed co-expres-
sion ofMys and Prkar1a in almost all tissues, including the eyes,
neural tube, and somites (Fig. 1, K–N, data not shown for
somites). Mys and Prkar1a were co-localized in the cytoplasm
within the cells (Fig. 1, O–R). To analyze the interaction
between endogenous Mys and Prkar1a, we performed immu-
noprecipitation ofMys with anti-Mys antibody. Unfortunately,
endogenous Mys was not precipitated with this antibody. We
then performed immunoprecipitation of Prkar1a with anti-
Prkar1a mouse polyclonal antibody followed by immunoblot-
ting with anti-Mys rabbit antibody. Mys was coimmunopre-
cipitated with Prkar1a but not precipitated by a control
anti-XMAP215mouse polyclonal antibody (Fig. 1E), indicating
interaction between endogenous Mys and Prkar1a in the
zebrafish embryo.
Transiently expressed human Mys homolog, which is fused

withGFP, is localized toGolgi apparatus inHeLa cells (29). The
Mys homolog was recently named PRRC1 (proline-rich coiled
coil 1) (GenBank numberNP_570721).We then examined sub-
cellular localization of endogenous Mys in cells derived from
zebrafish embryos by immunostaining with anti-Mys antibody
and anti-GM130 antibody, which recognizes a component of
theGolgi apparatus. EndogenousMyswas found to be localized
to the Golgi apparatus and distributed throughout the cyto-
plasm (Fig. 1, S–V).
Identification of Regions in Mys and Prkar1a That Are

Responsible for the Interaction—To further investigate the
interaction between Mys and Prkar1a, Mys protein fused
with the FLAG tag at its N or C terminus (FLAG-Mys or
Mys-FLAG) and Myc-tagged Prkar1a (Myc-Prkar1a) were
expressed in rabbit reticulocyte lysate and immunoprecipi-
tated with anti-FLAG antibody. Myc-Prkar1a was coimmu-
noprecipitated with Mys-FLAG (Fig. 2A) but not with
FLAG-Mys (data not shown). We then defined the region in
Mys that binds to Prkar1a by expressing various FLAG-
tagged parts of Mys. However, small fragments, less than 200
amino acids including the FLAG tag, were not synthesized in
the lysate. Therefore, we replaced the FLAG tag with GFP.
The results are summarized in Fig. 2G (for details, see Fig. 2,
B–F). No binding of the N terminus (aa 1–200), middle part
(aa 201–295), or C-terminal end (aa 390–435) of Mys to
Myc-Prkar1a was detected, whereas all of the truncations
containing aa 296–389 sequences bound to Myc-Prkar1a.
These results indicate that Mys interacts with Prkar1a in its
C-terminal region from aa 296 to 389. We refer to this 94-
amino acid region as the PRB (Prkar1-binding) domain (Fig. 2G).

To explore the role ofMys in the interactionwith Prkar1a, we
then examined the region in Prkar1a that binds to Mys. PKA
regulatory subunits have a dimerization/docking (D/D) domain
at the N terminus and two cAMP-binding domains: domain A
at the middle and domain B at the C terminus (Fig. 2I) (2).
Domain A interacts directly with the catalytic subunit (30).
cAMP binds first to domain B, which induces a conformational
change in domain A. The subsequent binding of cAMP to
domain A causes dissociation of the catalytic subunits and acti-
vation of PKA (31). We expressedMyc-tagged D/D domain (aa

1–140), domain A (aa 141–260), and domain B (aa 261–379) of
Prkar1a with Mys-FLAG followed by immunoprecipitation
with anti-FLAG antibody. Myc-tagged domain A, but not the
D/D domain or domain B, was coimmunoprecipitated with
Mys-FLAG (Fig. 2, H and I), indicating that Mys interacts with
domain A of Prkar1a.
Activation of PKA by PRB Domain-mediated Interaction of

Mys with Prkar1a—Because domain A of Prkar1a is a binding
site of Mys, we hypothesized that Mys competes with the cata-
lytic subunit for binding to domain A of Prkar1a, leading to
release of the catalytic subunit and activation of the enzyme. To
assess this hypothesis, inactive PKAholoenzymewas incubated
with recombinant GST-tagged Mys ((Full)Mys-GST) or
mutantMys that lacks the PRB domain ((�PRB)Mys-GST), and
PKA activity was assayed. Interaction of (Full)Mys-GST or
(�PRB)Mys-GST with PKA was examined by a pull-down
assay. PKA was activated by incubation with (Full)Mys-GST
but not by incubationwithGST and (�PRB)Mys-GST (Fig. 3A).
The pull-down assay showed that (Full)Mys-GST, but not
(�PRB)Mys-GST, interacted with Prkar1a, whereas neither of
them interacted with the catalytic subunit (Prkac) (Fig. 3B). To
confirm that binding of (Full)Mys-GST to Prkar1a dissociates
Prkac fromPrkar1a, we performed immunoprecipitation of Prkac
followed by immunoblotting of Prkar1a. The amount of
Prkar1a coprecipitated with Prkac was decreased in a manner
dependent on the amount of (Full)Mys-GST (Fig. 3C). Taken
together, these results indicate that binding of Mys to the
Prkar1a via the PRB domain dissociates the Prkac from the
Prkar1a, resulting in PKA activation.
We then examined the effects of ectopic expression ofMys

on endogenous PKA activity by injection of mys-flag and
truncated forms of mys-gfp mRNAs into zebrafish embryos.
Unexpectedly, neither injection ofmys-flag nor that of trun-
cated forms of mys-gfp mRNAs affected PKA activity (data
not shown). Immunoblot analysis showed that expression of
endogenous Mys was reduced in embryos expressing Mys-
FLAG and Mys-(201–435)-GFP but not in the embryos
expressingMys-(1–200)-GFP (Fig. 3D, data not shown forMys-
FLAG), suggesting the existence of a feedback mechanism that
regulates the amount ofMys, in which the C-terminal region of
Mys is involved. The results also suggest that embryos express-
ing exogenousMys have a level of PKA activity similar to that in
wild-type embryos because of reduction of endogenous Mys.
Reduction of PKA Activity by Knockdown of Mys in Zebrafish

Embryos—To analyze the effects of Mys knockdown during
vertebrate development, we first used mys mutant embryos
carrying homozygous transposon insertions in themys gene,
which effectively but not completely disrupt transcription of
the mys gene (19). However, immunoblot analysis showed
that expression of the Mys protein was not effectively
reduced in mutant embryos (data not shown), also suggest-
ing the existence of a feedbackmechanism at the post-transcrip-
tional level.We then examined the effect of Mys knockdown on
the activity of endogenous PKA by injection of mys MO tar-
geted to the translation initiation site (19) in zebrafish embryos.
5mmMO containing 5-bp mismatches around the translation
initiation site was used as a control. Injection of mys MO, but
not 5mm MO, reduced Mys expression (�50%), whereas nei-

Regulation of PKA Activity by Mys

FEBRUARY 12, 2010 • VOLUME 285 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 5109



ther of them affected Prkar1a and Prkac expression in the
embryos at 24 hpf (Fig. 4A). PKA activity was reduced in
embryos injected with mys MO but not in those injected with

5mm MO (Fig. 4B). To further confirm specificity of the mys
MO effects, we injected mys SD-MO targeted to the splice
donor of the second exon in embryos. Mys expression (�60%)

FIGURE 2. Characterization of the interaction between Mys and Prkar1a. A, binding of Myc-Prkar1a to Mys-FLAG. Myc-Prkar1a was specifically coimmunoprecipi-
tated with Mys-FLAG in lysate incubated with mys-flag mRNA (�) and myc-prkar1a mRNA (�) but not in lysate incubated with water (�) and myc-prkar1a mRNA (�).
Expression of Mys-FLAG and Myc-Prkar1a in lysates is shown (Lysate). B–F, identification of the region in Mys that binds to Prkar1a. B, Myc-Prkar1a was coimmunopre-
cipitated with both Mys-(113–435)- and Mys-(1–435)-FLAG. C, Myc-Prkar1a was coimmunoprecipitated with Mys-(201–435)-GFP but not with Mys-(1–200)-GFP.
D, Myc-Prkar1a was coimmunoprecipitated with Mys-(296–435)-GFP but not with Mys-(201–295)-GFP. E, Myc-Prkar1a was coimmunoprecipitated with both Mys-
(296–389)- and Mys-(345–435)-GFP. F, Myc-Prkar1a was coimmunoprecipitated with Mys-(296–344)-, Mys-(345–389)-, and Mys-(296–435)-GFP but not with Mys-
(390–435)-GFP. G, schematic diagrams showing the Mys fragments used in the experiments. The binding affinity of each molecule to Myc-Prkar1a is summarized on
the right. PRB, Prkar1-binding domain. H, identification of the region in Prkar1a that binds to Mys. Myc-tagged domain A of Prkar1a, but not D/D or domain B, was
coimmunoprecipitated with Mys-FLAG. D/D, dimerization/docking domain; domain A, cAMP-binding domain A; domain B, cAMP-binding domain B. I, schematic
diagrams showing Prkar1a fragments used in the experiments. The binding affinity of each molecule to Mys-FLAG is summarized on the right.
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and PKA activity were reduced, whereas Prkar1a and Prkac
expression was unaffected by injection ofmys SD-MO (Fig. 4,C
and D). Therefore, despite the expression of normal levels of
Prkar1a and Prkac, knockdown of Mys leads to reduction of
PKA activity, indicating that Mys ensures appropriate levels
of PKA activity in the zebrafish embryo.
We further investigated the effects of Mys knockdown on

PKA holoenzyme formation by immunoprecipitation of
Prkar1a followed by immunoblotting of Prkac. As shown in Fig.
4E, Prkac was coimmunoprecipitated with Prkar1a, indicating
the formation of inactive holoenzyme in embryos. The amount
of Prkac precipitated with Prkar1a was unaffected by injection of
5mmMO (103 � 12%, n � 3) but was increased by injection of
mys MO (122 � 9.6%, n � 3, p 	 0.01) (Fig. 4, E and F). The
fact that only 20% of inactive PKAwas increased by knockdown
of Mys suggested that the majority of PKA remains inactive in
the embryos. To confirm this, prkar1a MO was injected into
embryos and PKA activity was assayed. Immunoblot analysis
showed that injection of prkar1aMOreduced the expression of
Prkar1a (�20%) but not that of Prkac (Fig. 4G). In these
embryos, PKA activity was significantly increased (271 � 39%,
n � 3, p 	 0.001) (Fig. 4H). Therefore, the majority of Prkacs
form inactive holoenzyme with Prkar1a and a small fraction of
them are activated by Mys binding to Prkar1a in the zebrafish
embryo.

Ectopic Activation of Hh Signaling by Knockdown of Mys in
Zebrafish Embryos—Because inhibition of PKA in zebrafish
embryos by expressing dnPKA leads to ectopic activation of Hh
target genes (14–16, 18), we then investigated whether the
reduction of PKA activity by Mys knockdown alters Hh-medi-
ated patterning of the eyes, neural tube, and somites.We exam-
ined pax2a, pax6a, foxa (also known as fkd4), ptc1, eng1a, and
twist2 expression inmysMO-injected embryos. The expression
of pax2a in the presumptive optic stalk (Fig. 5A), pax6a in distal
regions of the eye primordia (Fig. 5E), foxa in floor plate (Fig. 5,
I andM), ptc1 in cells adjacent to the notochord (Fig. 5Q), eng1a
in slow muscle pioneer cells (Fig. 5U), and twist2 in the sclero-
tome (Fig. 5Y) was unaffected by injection of 5mm MO (n �
77, 79, 56, 54, 76, and 81, respectively). In contrast, embryos
injected with mys MO exhibited an expansion of the pax2a
expression domain and a reduction of pax6a expression in the
eyes (Fig. 5, B and F, 79 of 80 and 70 of 75 embryos, respec-
tively), an increase and expansion of foxa expression in the neu-
ral tube (Fig. 5, J and N, 50 of 55 embryos), an expansion of the
expression domains of ptc1 and eng1a in somites (Fig. 5, R and
V, 58 of 61 and 73 of 73 embryos, respectively), and a reduction
of twist2 expression (Fig. 5Z, 86 of 86 embryos), consistent with
the results of ectopic expression of Shh (Fig. 5, C,G, K,O, S,W,
andA�) and dnPKA (Fig. 5,D,H, L, P, T, X, and B�) (12–16, 18).
Because embryos injected with mys SD-MO exhibited altered
patterning of gene expression similar to embryos injected with
mysMO (supplemental Fig. S1) and the expression patterns of
all genes were restored by injection of mys-(201–435)-gfp
mRNAprior to the injection ofmysMO(supplemental Fig. S2),
we conclude that knockdown of Mys is responsible for the
altered patterning of gene expression in the eyes, neural tube,
and somites. Mys knockdown did not affect the expression of
Wnt target genes, axin2 (32) and sp5l (33), and the expression
of shh (data not shown), suggesting that Mys is specifically
involved inHh signaling and does not function upstreamof shh.
Mys Antagonizes Hh Signaling Downstream of Shh and Smo—

To confirm that ectopic gene expression is induced down-
stream of Shh, we injectedmysMO into syut4mutant embryos
carrying a deletion in the shh gene (34) and examined the
expression of pax2a, foxa, ptc1, and eng1a. Injection of 5mm
MO did not affect shh homozygous mutant phenotypes, i.e.
substantial reductions of expression domains of pax2a (Fig. 6B,
arrow) (24% of the embryos derived from crosses between
shh�/� fish,n� 25), foxa (Fig. 6E) (21%of the embryos,n� 24),
ptc1 (Fig. 6H) (33% of the embryos, n� 24), and eng1a (Fig. 6K)
(19% of the embryos, n � 21). In contrast, injection ofmysMO
resulted in increased expression of pax2a (Fig. 6C) (96% of the
embryos, n � 28), foxa (Fig. 6F) (100% of the embryos, n � 29),
ptc1 (Fig. 6I) (86% of the embryos, n � 28), and eng1a (Fig. 6L)
(100% of the embryos, n � 27). These results provide evidence
that Mys is involved in suppression of the expression of Hh
target genes downstream of Shh.
We next investigated whether Mys antagonizes the Hh sig-

naling pathway downstream of Smoothened (Smo), a protein
essential for transduction of all Hh signaling activity (35, 36), by
inhibiting Smo function with cyclopamine (27). The embryos
injected with 5mmMO and treated with cyclopamine showed
significant reductions of expression domains of pax2a (Fig. 7B)

FIGURE 3. Effects of recombinant Mys on activity of purified PKA in vitro
and effects of ectopic expression of Mys on protein expression in
zebrafish embryos. A, effect of recombinant Mys on the activity of PKA
holoenzyme. PKA activity of the holoenzyme incubated with GST, (Full)Mys-
GST, (�PRB)Mys-GST, and cAMP (mean � S.D., n � 3). B, pull-down assay of
(Full)Mys-GST and (�PRB)Mys-GST incubated with PKA holoenzyme showing
interaction of (Full)Mys-GST with Prkar1 but not with Prkac. Immunoblotting
of loading control (Load) and precipitations with glutathione-Sepharose
beads (GSH) of a mixture of Mys-GST and PKA holoenzyme. C, effects of
(Full)Mys-GST on PKA holoenzyme formation. Immunoprecipitations with
anti-Prkac antibody probed with anti-Prkac (�-Prkac) and anti-Prkar1a
(�-Prkar1a) antibodies showing that increasing the amounts of (Full)Mys-
GST decreases the amounts of Prkar1a binding to Prkac. D, effects of
ectopic expression of mutant Mys-GFP on expression of endogenous Mys
in zebrafish embryos. Immunoblotting of extracts from wild-type embryos
(�) and embryos injected with mys-(1–200)-gfp mRNA or mys-(201– 435)-
gfp mRNA showing reduction of endogenous Mys in embryos expressing
Mys-(201– 435)-GFP.

Regulation of PKA Activity by Mys

FEBRUARY 12, 2010 • VOLUME 285 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 5111

http://www.jbc.org/cgi/content/full/M109.070995/DC1
http://www.jbc.org/cgi/content/full/M109.070995/DC1


(100%, n � 70), foxa (Fig. 7E) (100%, n � 40), ptc1 (Fig. 7H)
(100%, n � 40), and eng1a (Fig. 7K) (100%, n � 78). In contrast,
the embryos injected withmysMOand treated with cyclopam-
ine showed increased expression of pax2a (Fig. 7C) (88%, n �
77) and ptc1 (Fig. 7I) (71%, n � 42), partial rescue of foxa
expression (Fig. 7F) (86%, n � 42), and rescue of eng1a expres-
sion (Fig. 7L) (26%, n � 86). These results indicate that Mys is
involved in antagonizing the Hh signaling pathway down-
streamof Smo, consistentwith the epistatic relationship of Smo
and PKA.
Altered Patterning of Gene Expression Induced byMysKnock-

downCanBe Rescued by PKAActivation—We finally examined
whether activation of PKA is sufficient to rescue gene expres-
sion inmysMO-injected embryos. To recover the PKA activity,
the mys MO-injected embryos were incubated with forskolin,
which directly stimulates adenylyl cyclase to increase cellular
cAMP levels and hence activates PKA. The PKA activity was
also recovered by co-injection of prkar1aMOwithmysMO in
embryos. Incubation of themysMO-injected embryos with di-
methyl sulfoxide did not affect the altered patterning of gene
expression (Fig. 8, B, F, J, N, R, and V). In contrast, treatment
of mys MO-injected embryos with forskolin and co-injection of
prkar1a MO with mys MO resulted in rescue of expression of
pax2a (Fig. 8, C and D) (91%, n � 76 and 88%, n � 41, respec-
tively), pax6a (Fig. 8, G and H) (93%, n � 74 and 71%, n � 41,
respectively), foxa (Fig. 8, K and L) (100%, n � 74 and 88%, n �

41, respectively), ptc1 (Fig. 8, O and P) (77%, n � 35 and 67%,
n � 51, respectively), eng1a (Fig. 8, S and T) (95%, n � 66 and
70%, n � 40, respectively), and twist2 (Fig. 8, W and X) (30%,
n � 70 and 39%, n � 49, respectively). The results indicate that
reduction of PKA activity is responsible for the altered pattern-
ing of gene expression in the eyes, neural tube, and somites in
mysMO-injected embryos.

DISCUSSION

AMolecularMechanismofRegulation of PKAActivity byMys—
In this study, we identified the interaction between Mys and
Prkar1a proteins by pull-down assay with FLAG-tagged human
Mys homolog and showed the interaction of endogenous Mys
with Prkar1a in zebrafish embryos (Fig. 1). In vitro assays
showed that Mys interacts with domain A of Prkar1a via the
PRB domain and this interaction activates PKA by dissociating
Prkac from Prkar1a (Figs. 2 and 3). Results of Mys knockdown
demonstrated that Mys ensures an appropriate level of PKA
activity in the zebrafish embryo (Fig. 4). The basal PKA activity
regulated byMys is indispensable for negative regulation of the
Hh signaling pathway in Hh-responsive cells during pattern
formation of the eyes, neural tube, and somites of the zebrafish
embryo (Figs. 5–8).
Based on our results and results of previous studies, we pro-

pose a molecular mechanism of regulation of PKA activity that
is dependent on the interaction betweenMys and Prkar1a pro-

FIGURE 4. Effects of Mys knockdown on PKA activity and amount of inactive PKA in zebrafish embryos. A, immunoblotting of extracts from wild-type
embryos (�) and embryos injected with 5mm MO (5mm) and mys MO (mys). B, PKA activity in the embryos in A (mean � S.D., n � 3; asterisk, p 	 0.001, Student’s
t test). Knockdown of Mys by injection of mys MO resulted in reduction of PKA activity. C, immunoblotting of extracts from wild-type embryos (�) and embryos
injected with mys SD-MO (SD). D, PKA activity in the embryos in C (mean � S.D., n � 3; asterisk, p 	 0.005, Student’s t test). E, immunoprecipitations of extracts
from wild-type embryos (�) and embryos injected with 5mm MO (5mm) and mys MO (mys) using anti-Prkar1a antibody. F, relative amount of Prkac coimmu-
noprecipitated with Prkar1a in the embryos in E (mean � S.D., n � 3; asterisk, p 	 0.01, Student’s t test). Knockdown of Mys increased the amount of Prkac
binding to Prkar1a. G, immunoblotting of extracts from wild-type embryos (�) and embryos injected with prkar1a MO (prkar1a). H, PKA activity in the embryos
in G (mean � S.D., n � 3; asterisk, p 	 0.001, Student’s t test). Knockdown of Prkar1a significantly increased PKA activity.
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teins, by which Hh signaling is negatively regulated during ver-
tebrate development (Fig. 9). PKA forms an inactive holoen-
zyme containing a Prkar1a dimer and two Prkacs. Prkac
interacts directly with domain A of Prkar1a (31). PKA is acti-
vated by binding of Mys to Prkar1a domain A with its C-termi-
nal PRB domain, resulting in release of Prkac from Prkar1a.
One of the proteins known to be phosphorylated byPKAduring
embryonic development is Gli3, a bipotential transcription fac-
tor of Hh signaling. It has been demonstrated that PKA phos-
phorylates the consensus phosphorylation motifs of Gli3,
which promotes truncation of Gli3 by limited proteolysis (37).
The truncated Gli3 translocates to the nucleus and suppresses
transcription of Hh target genes (11). A recent study has shown
that Gli2 is also phosphorylated by PKA, leading to processing

and degradation of Gli2 (38). The
mutant Gli2, which is unable to be
phosphorylated by PKA, is stable
and expands expression regions of
Hh target genes in the mouse
embryo when inserted into the Gli2
locus, suggesting that phosphoryla-
tion of Gli2 by PKA is crucial for the
Hh-regulated patterning of verte-
brate embryos (39). Although no
study has been reported in verte-
brate, other Hh signaling compo-
nents might be phosphorylated by
PKA. In addition, PKA activity reg-
ulated by Mys might be implicated
in phosphorylation of proteins play-
ing important roles in physiological
processes other than Hh signaling
during embryonic development.
Hh signaling has recently been

demonstrated to be relevant to tis-
sue homeostasis in adults (11, 40).
Our finding that Mys is expressed
in zebrafish adult tissues (Fig. 1B)
suggests involvement of Mys in
regulation of PKA activity and
hence modulation of Hh signaling
in the tissues.
PKA is known to antagonize Hh

signaling in both invertebrates and
vertebrates (11, 41). We previously
found highly conservedMys protein
homologs in vertebrate genomes
(19) and we revealed the expression
of Xenopus and humanMys protein
homologs in this study (Fig. 1C).
The amino acid sequence of the PRB
domain retains high identity in all
homologs. These findings suggest
that the role of Mys in regulation of
PKA activity is conserved in verte-
brates. In contrast to vertebrates, we
could not detect any obvious coun-
terpart of Mys in invertebrates in a

previous study (19). However, genes containing the PRB
domain identified in this study are present in invertebrate
genomes: in Ciona intestinalis (GenBank number AK114792),
Apis mellifera (XM_397072), and Anopheles gambiae
(XM_001689177). Therefore, it is possible that these genes are
similarly involved in regulation of PKA activity in invertebrates.
Alternatively, it is possible that invertebrates ensure basal PKA
activity by a mechanism different from that in vertebrates
because an ortholog of mys has not been detected in the Dro-
sophila genome.
Kamakari et al. (29) have reported the expression of tran-

scripts of the gene encoding humanMys/PRRC. They revealed
the existence of 6 splice variants of the transcripts, which
encode four putative proteins of 311, 445, 462, and 464 aa. The

FIGURE 5. Effects of Mys knockdown and ectopic expression of Shh and dnPKA on patterning of gene
expression in the eyes, neural tube, and somites. A and B�, whole mount in situ hybridization with probes for
pax2a (A–D), pax6a (E–H), foxa (I–P), ptc1 (Q–T), eng1a (U–X), and twist2 (Y–B�). Dorsal (A–H) and lateral views
(I–B�) of embryos injected with 5mm MO (A, E, I, M, Q, U, and Y), mys MO (B, F, J, N, R, V, and Z), shh mRNA
(C, G, K, O, S, W, and A�), and dnPKA mRNA (D, H, L, P, T, X, and B�). Embryos fixed at 26 (A–X) and 20 hpf
(Y–B�). Knockdown of Mys altered gene expression patterns in the eyes, neural tube, and somites (B, F, J, N,
R, V, and Z), which is similar to those in embryos ectopically expressing Shh (C, G, K, O, S, W, and A�) and
dnPKA (D, H, L, P, T, X, and B�). Arrows indicate the expanded region of pax2a expression (B–D) and foxa
expression (J–L). os, optic stalk; fp, floor plate; sc, sclerotome.
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transcript encoding the protein of 311 aa was shown to be
expressed specifically in the liver and the other transcripts
were shown to be expressed ubiquitously. By newly pro-
duced anti-human Mys/PRRC antibody, we detected low
level expression of a 58-kDa protein in addition to the
54-kDa protein identified in this study (Fig. 1C) in extracts
from HEK293 cells,3 suggesting that a protein of 445 aa cor-
responds to the 54-kDa protein and proteins of 462 and 464
aa correspond to the 58-kDa protein. The 445-aa protein
fused with GFP was found to be localized to the Golgi appa-
ratus with distribution in the cytoplasm as puncta (29), con-
sistent with our observation of endogenous Mys (Fig. 1,
S–V). In addition, a novel protein C04G6.4 was found to be
the protein homolog in Caenorhabditis elegans (29). How-
ever, the function of C04G6.4 remains to be elucidated. They
also showed that in the leukemia patient cell line the
genomic region including the gene was deleted from the
chromosomes, suggesting a putative involvement of the gene
in leukemogenesis (29).
In this study, we showed that expression of Mys-(201–435)-

GFP could rescue the altered patterning of gene expression
induced by Mys knockdown, suggesting that the PRB domain,
including the C-terminal region of Mys, is sufficient to exert its
functions. We also showed that ectopic expression of the full-
lengthandC-terminal regionofMysreducedexpressionofendog-
enousMysbutdidnotaffect endogenousPKAactivity. Fromthese
results,wehypothesize that PKAactivity ismaintained at a certain
level bymodulating the amountofMys via an autoregulatory loop.
An alternative explanation for the mechanism maintaining the
basal level of PKA activity is that binding of Mys to Prkar1a is
precisely regulated by modification of Mys in vivo, and therefore
overexpressionofMysdoesnot affectPKAactivity. Further exper-
iments will have to elucidate the molecular basis of the feedback
mechanism by which the amount of Mys is regulated and have to
clarify whether the amount or modification of Mys is involved in
regulation of PKA activity.
In this study,we also found expression of theMys protein in the

mysmutant embryos. This is consistent with our previous obser-
vations that mysmutants show limited defects in somite bound-
aries at the early segmentation stage (12–13 hpf) and appear to be
normal after this period (19). In addition, the mutant embryos
survive toadulthood.These results suggest thatHhsignaling isnot
severely altered in themysmutant embryos.
The cAMP-dependent and -independent Activation Mecha-

nisms of PKA—Levels of PKA activity are believed to in princi-
ple reflect intracellular cAMP levels in most cells. However, it
has been suggested that a basal level of PKA activity that is
independent of cAMP is both necessary and sufficient to sup-
press transcription of Hh target genes in Drosophila embryos,
because low-level expression of the constitutively active formof
PKA could substitute for the PKA catalytic subunit activity to
confer normalHh signal transduction (7, 42). In this regard, it is
notable that a basic lipid, sphingosine, which acts as a second
messenger, activates membrane-associated PKA type II by a
mechanism independent of cAMP in culturedmammalian cells

3 T. Kotani and M. Yamashita, unpublished data.

FIGURE 6. Involvement of Mys in suppressing expression of Hh target
genes downstream of Shh. A–L, in situ hybridization with probes for pax2a
(A–C), foxa (D–F), ptc1 (G–I), and eng1a (J–L). Dorsal (A–C) and lateral views
(D–L) of the embryos derived from crosses between shh�/� fish and injected
with 5mm MO (A, B, D, E, G, H, J, and K) and mys MO (C, F, I, and L). Embryos were
fixed at 26 hpf. The shh mutant embryos injected with 5mm MO showed
reduced expression of pax2a (B, arrow), foxa (E), ptc1 (H), and eng1a (K),
whereas their wild-type siblings showed normal patterning of gene expres-
sion (A, D, G, and J). In contrast, the shh mutant embryos injected with mys MO
showed increased expression of pax2a (C), foxa (F), ptc1 (I), and eng1a (L).

FIGURE 7. Involvement of Mys in antagonizing Hh signaling pathway
downstream of Smo. A–L, in situ hybridization with probes for pax2a (A–C),
foxa (D–F), ptc1 (G–I), and eng1a (J–L). Dorsal (A–C) and lateral views (D–L) of
embryos injected with 5mm MO (A, B, D, E, G, H, J, and K) and mys MO (C, F, I,
and L) followed by ethanol (A, D, G, and J) or cyclopamine treatment (B, C, E, F,
H, I, K, and L). Embryos were fixed at 26 hpf. Cyclopamine treatment induced
significant reductions of pax2a expression in the eyes (B), foxa expression in
the neural tube (E, arrow), ptc1 expression in cells adjacent to the notochord
(H), and eng1a expression in somites (K). In contrast, knockdown of Mys
resulted in increased expression of pax2a in the eyes (C) and ptc1 expression
in somites (I), partial rescue of foxa expression in the neural tube (F, arrow-
head) and rescue of eng1a expression in the somites (L) of the embryos incu-
bated with cyclopamine.
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(43). Unlike cAMP, however, sphin-
gosine activates PKA holoenzyme
without dissociating catalytic sub-
units from a regulatory subunit
dimer, indicating that the mecha-
nism of PKA activation by sphingo-
sine is distinct from that of PKA
activation by Mys.
In mammals, four isoforms of

PKA regulatory subunits, type I�
(Prkar1a), I� (Prkar1b), II� (Prkar2a),
and II� (Prkar2b), have been isolated.
In general, the transcripts encoding
Prkar1a and Prkar2a are expressed
ubiquitously,whereas those encoding
Prkar1b and Prkar2b have tissue-spe-
cific expression patterns in mouse
embryos (44). In this study, we
showed the ubiquitous expression of
prkar1a transcripts and Prkar1a pro-
tein in the zebrafish embryo (Fig. 1,
F–N). In addition, knockdown of
Prkar1a significantly increased basal
PKA activity in zebrafish embryos
(Fig. 4,G andH). Althoughbasal PKA
activity is substantially increased in
Prkar1a-deficient mouse embryos,
which is consistent with our present
results, a large amount of PKA
responsive to cAMP is still retained
and this PKA is thought to be inacti-
vated by Prkar2a expressed in the
mutant embryos (45). The results
obtained in mice suggest that
Prkar1a-deficient zebrafish embryos
retain additional inactive PKA con-
sisting of other regulatory subunits,
such as Prkar2a.Mys seems to specif-
ically interact with Prkar1a, because
no interaction of Prkar1b, Prkar2a,

and Prkar2b with the humanMys homolog was detected by pull-
down assays despite the expression of all genes in HEK293 cells
(data not shown), although we could not rule out the possibility
that interactions of Mys with other regulatory subunits are weak
and undetectable by our assays. In addition, Mys activates only a
small part of PKA containing Prkar1a by dissociating Prkac from
Prkar1a in zebrafish embryos (Fig. 4,A–F). The evidence demon-
strates that PKA is dominantly inactivated by regulatory subunits
and that only a small fraction of PKA is activated at least partially
byMys during embryonic development. However, we believe that
this limited regulatory mechanism of PKA plays a key role in Hh-
dependent cell differentiation.
Although Smo is known to be a seven-transmembrane pro-

tein related to G protein-coupled receptors, how Smomediates
Hh signaling activity remains obscure. In frog melanophores
and cultured mammalian cells, exogenous Smo and stimulated
Smocan activatemembers of the inhibitoryGprotein family,Gi
proteins (46, 47). In zebrafish embryos, ectopic expression of a

FIGURE 8. Effects of PKA activation on the patterning of gene expression in the eyes, neural tube, and
somites in mys MO-injected embryos. A–X, in situ hybridization with probes for pax2a (A–D), pax6a
(E–H), foxa (I–L), ptc1 (M–P), eng1a (Q–T), and twist2 (U–X). Dorsal (A–H) and lateral views (I–X) of embryos
fixed at 26 (A–T) and 20 hpf (U–X). Treatment with dimethyl sulfoxide (DMSO) did not affect gene expres-
sion patterning of control 5mm MO-injected embryos (A, E, I, M, Q, and U) and mys MO-injected embryos
(B, F, J, N, R, and V). In contrast, treatment of the embryos with forskolin rescued gene expression patterns
(C, G, K, O, S, and W). In addition, co-injection of prkar1a MO with mys MO resulted in rescue of gene
expression patterns (D, H, L, P, T, and X). Arrows indicate the expanded region of pax2 (B) and foxa (J)
expression.

FIGURE 9. Proposed model of the regulation of PKA activation by Mys.
PKA forms an inactive holoenzyme containing a Prkar1a dimer and two
Prkacs (left). Prkac binds to domain A of Prkar1a. Mys competes with Prkac for
binding to domain A of Prkar1a via its C-terminal PRB domain, resulting in
dissociation of Prkacs from a Prkar1a dimer and activation of PKA (right). The
active Prkacs phosphorylate protein substrates. A, cAMP-binding domain A;
PRB, Prkar1-binding domain.
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specific inhibitor of Gi proteins induces phenotypes similar to
those caused by constitutive active PKA (48). In Drosophila
embryos, a recent study has shown that a constitutively active
Gi protein induces ectopic activation of Hh signaling and that
mutations in the Gi protein result in reduction of Hh target
gene expression (49). In addition, the basal level of cAMP was
reduced in response to Hh through the Gi protein in cultured
Cl8 cells, suggesting that Gi proteins may regulate PKA
activity by reducing cAMP levels (49). However, it remains to
be determined whether Gi proteins modulate Hh signaling
through reducing cAMP levels or through other effectors in
Drosophila embryos, because the low level of cAMP-indepen-
dent PKA activity substitutes for endogenous PKA activity (50).
In contrast toDrosophila embryos, activation and inhibition of
Gi proteins have little effect on Hh signaling activity in chick
embryos (51), suggesting that Gi proteins are not necessary for
Hh signal transduction. The evidence suggests the contribution
of more than one signaling pathway in transduction of Hh sig-
naling, whichmay be different in distinct cell types, tissues, and
organisms (52). Identification of Mys as a regulator of PKA
activity would contribute to elucidation of the pathway through
which Smo transducesHh-signaling activity during early devel-
opment in vertebrates. A detailed biochemical analysis is in
progress to assess this hypothesis.
Additional Functions of Mys during Embryonic Development

—The major role of PKA in early embryogenesis in fish is
thought to be the modulation of Hh signaling, because
zebrafish embryos expressing dnPKA exhibit no additional
phenotypes compared with those ectopically expressing Hh
family members (14). These embryos show small eyes and
abnormal somite morphology. In contrast, mys MO-injected
embryos display more broad defects, small eyes, abnormal
somite morphology, curved body, and loss of somite bound-
aries in later stages of somitogenesis (19), suggesting additional
functions of Mys during vertebrate development. To elucidate
themolecular basis ofMys functions, including themechanism
by which somite boundaries are maintained, we are currently
investigating the interactions ofMyswith 10 other proteins that
have been identified in our screening.
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