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Protein kinase inhibitor (PKI) is a potent endogenous inhibitor of the cyclic AMP (cAMP)-dependent
protein kinase (PKA). It functions by binding the free catalytic (C) subunit with a high affinity and is also
known to export nuclear C subunit to the cytoplasm. The significance of these actions with respect to PKI’s
physiological role is not well understood. To address this, we have generated by homologous recombination
mutant mice that are deficient in PKIa, one of the three isoforms of PKI. The mice completely lack PKI activity
in skeletal muscle and, surprisingly, show decreased basal and isoproterenol-induced gene expression in
muscle. Further examination revealed reduced levels of the phosphorylated (active) form of the transcription
factor CREB (cAMP response element binding protein) in the knockouts. This phenomenon stems, at least in
part, from lower basal PKA activity levels in the mutants, arising from a compensatory increase in the level of
the RIa subunit of PKA. The deficit in gene induction, however, is not easily explained by current models of
PKI function and suggests that PKI may play an as yet undescribed role in PKA signaling.

A variety of hormones, neurotransmitters, and other mole-
cules exert their actions on target cells by means of the cyclic
AMP (cAMP)-mediated signaling cascade. The generation of
intracellular cAMP by stimulating G protein-coupled receptors
linked to adenylyl cyclase leads to the activation of the cAMP-
dependent protein kinase (PKA). This signaling cascade, one
of the most versatile and multifunctional systems studied to
date, is responsible for the modulation of numerous processes,
such as secretion, enzyme activation, and transcription. It is
also an extraordinarily well-conserved mechanism of signal
transduction, since it is seen in a wide variety of organisms.

PKA is a holoenzyme, consisting of two regulatory (R) sub-
units and two catalytic (C) subunits. Molecules of cAMP gen-
erated within the cell bind to the R subunits, decreasing their
affinity for the C subunits. This releases the C subunits to
diffuse throughout the cell and phosphorylate target mole-
cules. Apart from the R subunits, another endogenous modu-
lator of the C subunit is also present in most tissues: protein
kinase inhibitor (PKI). The PKIs are heat-stable proteins, 70 to
75 amino acids in length, that are high-affinity, specific inhib-
itors of PKA (24). The N-terminal region of PKI contains the
sequence RRNAI, which acts as a pseudosubstrate site for
PKA and is required for PKI’s inhibitory activity. In addition,
other amino acid residues in the N-terminal region of the
protein also contribute to the interaction between PKI and the
C subunit (2, 18, 19). The synthetic peptide encompassing
amino acids 5 to 24 retains PKI’s inhibitory activity and has
been used extensively as a biochemical tool to probe the PKI
signaling pathway (23). Immunocytochemical localization stud-
ies have demonstrated that the C subunit and PKI have access
to both the cytoplasm and the nucleus (11, 32). By injecting
synthetic C subunit and PKI, Wen et al. (32) have shown that

PKI acts as a chaperone for nuclear export of the C subunit by
means of a distinct leucine-rich motif within PKI. By enhancing
the rate of export of the C subunit from the nucleus, PKI is
thought to affect the kinetics and/or extent of PKA activity in
the nucleus.

In all, there are three known isoforms of PKI, a, b, and g,
encoded by distinct genes (3, 10, 31). Each of these isoforms
has a unique tissue expression pattern while sharing a nano-
molar affinity for the C subunit (10, 29). PKIa mRNA is most
abundant in skeletal muscle, with modest expression in the
heart and brain. In contrast, PKIb is expressed very highly in
the testis, with little to no expression elsewhere. PKIg mRNA
is found at low levels in most tissues, with somewhat higher
levels in the testis and heart. In some tissues that express
multiple isoforms, for example, the brain or the testis, the
pattern of expression is quite cell specific (25, 28).

Transfection studies in cell culture have led to the specula-
tion that PKI, by virtue of its localization and affinity for the C
subunit, serves to reset the basal activity of PKA once it is
activated, in preparation for the next round of activation (33).
Clearly, transfection of excess PKI relative to the C subunit
reduces the transcriptional activity of PKA-regulated genes
(14). Despite these extensive in vitro studies, there are no clear
indications as to the physiological role of PKI. The presence of
three isoforms of PKI suggests that each may serve an impor-
tant role in the modulation of the cAMP-PKA signaling cas-
cade. Their distinct patterns of tissue expression may indicate
specific roles in different tissues. We addressed this question by
generating targeted deletions of the PKI genes in mice. This
paper describes the generation and phenotype of mouse mu-
tants deficient in PKIa, the PKA inhibitor abundant in skeletal
muscle.

MATERIALS AND METHODS

Construction of the PKIa targeting vector and generation of mutant mice. A
PKIa genomic clone was isolated from a 129SV/J mouse genomic library (21).
A 7.5-kb genomic fragment containing both exons of the PKIa gene was used to
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construct a targeting vector, PKIa-Rec 1. An approximately 2.5-kb EcoRI-Hin-
dIII fragment of the gene encompassing exon 1 was replaced with a neomycin
phosphotransferase cassette to facilitate positive selection. This strategy deleted
the N-terminal two-thirds of PKIa, including the inhibitory and nuclear export
domains.

Gene targeting in embryonic stem (ES) cells was performed essentially as
described previously (7). PKIa-Rec 1 DNA was linearized with BamHI and then
electroporated into REK3 ES cells derived from 129SV/J mice (5). Recombinant
cells were selected with 200 mg of active G418 (Gibco)/ml. Resistant colonies
were picked, isolated, and screened by genomic Southern blot analysis. Five
clones were identified as having undergone specific homologous recombination
and were microinjected into 3.5-day C57BL/6 blastocysts. These blastocysts were
subsequently transferred to pseudopregnant foster mothers to yield six chimeric
male mice. The chimeras were bred to C57BL/6 females, and several PKI het-
erozygous offspring were obtained. All experiments comparing wild-type and
mutant mice used age- and sex-matched animals on the C57BL/6 3 129SV/J
hybrid background.

PKA kinase and PKI inhibitor assays. For kinase assays, hind leg skeletal
muscle samples were homogenized in buffer (20 mM Tris, 0.1 mM EDTA, 0.5
mM EGTA, 5 mM magnesium acetate, 250 mM sucrose, 1% Triton X-100, 10
mM dithiothreitol, 0.1 mM ATP, pH 7.5) with protease inhibitors, followed by
sonication and centrifugation for 10 min at 12,000 3 g at 4°C. Protease inhibitors
included 1 mg of pepstatin/ml, 2 mg of aprotinin/ml, 2 mg of leupeptin/ml, 125 mg
of 4-(2-aminoethyl)-benzenesulfonyl fluoride/ml, and 78.5 mg of benzamidine/ml.
Supernatant proteins (0.4 mg/ml) were assayed as described previously using
kemptide as a substrate in the presence (total kinase) or absence (basal kinase)
of 5 mM cAMP (9). Six to eight mice of each genotype were assayed separately
in triplicate to obtain individual values for each mouse, which were then aver-
aged for each genotype.

For inhibitor assays, hind leg skeletal muscle homogenates were made and
assayed essentially as described previously (10). The homogenates were heated
for 10 min at 95°C to inactivate endogenous kinases and then centrifuged as
described above. Increasing amounts of supernatant proteins were added to a
kinase assay mixture containing 1 nM purified bovine heart C subunit (Sigma).
Each concentration was assayed in triplicate for two mice of each genotype, and
the results are reported as percent of control C subunit activity in the absence of
any added tissue extract. The experiment was repeated with similar results on a
separate group of mice.

Northern blots. For the fasting experiments, food was withdrawn from the
mice in the evening, 3 h prior to lights out. They had access to water ad libitum.
The mice fasted overnight for a period of 16 h before tissues were collected. For
refeeding, the fasting mice were given access to mouse chow ad libitum for 6 h
before tissues were collected. Isoproterenol treatment (0.5 mg/kg of body weight
in 10 mM ascorbic acid-saline) was administered intraperitoneally, and tissues
were harvested after 6 h. Total RNA was isolated from hind leg skeletal muscle,
and Northern blots were run with 10 mg of RNA per lane as described previously
(6) and subjected to phosphorimager analysis.

Skeletal-muscle cultures. Mice were euthanized by CO2 administration, and
intact gastrocnemius muscles were isolated from both legs. The muscles were
rinsed in phosphate-buffered saline and placed individually in separate wells of a
6-well tissue culture plate along with 5 ml of Ham’s F-10 medium. The plate was
then incubated at 37°C in a tissue culture incubator for 30 min. One muscle of
each pair was treated with 50 mM forskolin (diluted in dimethyl sulfoxide;
Sigma), and the contralateral muscle was treated with the vehicle alone. The
muscles were then returned to the incubator for a defined period of time, after
which they were rinsed in phosphate-buffered saline and homogenized in 1.5 ml
of boiling sodium dodecyl sulfate lysis buffer (100 mM Tris [pH 6.8], 2% sodium
dodecyl sulfate, 10% glycerol). The homogenates were boiled for 10 min before
being aliquoted and frozen at 280°C. Protein concentrations were determined by
the bicinchoninic acid protein assay (Pierce), and the protein samples were
supplemented to 10% b-mercaptoethanol and 0.1% bromophenol blue before
being subjected to polyacrylamide gel electrophoresis analysis and Western blot-
ting for total and phosphorylated (phospho)-CREB (cAMP response element
binding protein).

Western blots. For PKA subunit analysis, hind leg skeletal muscle was isolated
from wild-type and knockout mice, immediately frozen on dry ice, and stored at
280°C. Samples were thawed directly in kinase homogenization buffer (10 ml/g
of tissue), homogenized, sonicated, and centrifuged for 10 min at 12,000 3 g at
4°C. The supernatants were aliquoted and frozen at 280°C for future use.
Samples were then assayed for protein concentration by the Bradford method
(Bio-Rad). Thirty-five micrograms of total protein from each animal was run in
individual lanes of 10% polyacrylamide gels and transferred to a nitrocellulose
membrane. The blots were then blocked for a minimum of 2 h in blocking buffer
(10 mM Tris HCl [pH 8], 150 mM NaCl, 5% nonfat powdered milk, 0.05%
Tween 20) and probed with anti-RIa monoclonal antibody (Signal Transduction)
or anti-RIIa or anti-Ca (a kind gift from S. S. Taylor, University of California—
San Diego) polyclonal antibody in blocking buffer. The blots were then washed
and incubated with horseradish peroxidase-conjugated secondary antibody and
visualized using the Amersham ECL system. Autoradiograms were scanned in a
scanning densitometer and analyzed with ImageQuant software (Molecular Dy-
namics).

For the CREB and phospho-CREB Western blotting analyses, 50 mg of total

protein from each muscle was run in individual lanes of a 10% polyacrylamide gel
and transferred to nitrocellulose. The blots were blocked in a solution of 20 mM
Tris (pH 7.6), 140 mM NaCl, 5% nonfat powdered milk, and 0.1% Tween 20 for
1 h and then probed overnight with either anti-CREB or anti-phospho-CREB
antibody (New England Biolabs) in a solution of 20 mM Tris HCl (pH 7.6), 140
mM NaCl, 5% bovine serum albumin, 0.1% Tween 20. Enhanced chemilumi-
nescence detection and autoradiogram analysis were performed as described
above. Phospho-CREB levels were quantified and normalized to total CREB
levels.

RESULTS

Generation of PKIa homozygous mutant mice. The target-
ing vector used to target the PKIa gene in embryonic stem cells
is shown in Fig. 1a. Homologous recombination replaced the
first exon of PKIa, which encodes most of the protein, with the
neomycin resistance cassette. The mutant cells were used to
generate heterozygous mice, which when bred gave rise to ho-
mozygous mice at the expected Mendelian ratio of approxi-
mately 25%. Genotyping of the offspring was performed by
Southern blotting (Fig. 1b), and the deletion of the PKIa gene
was confirmed by Northern blotting of RNA from various tis-
sues from the mice. The homozygous (knockout) mice showed
a complete absence of the PKIa transcript that is readily ap-
parent in the wild-type mice (Fig. 1c).

Knockout mice were outwardly indistinguishable from the
wild-type mice, exhibiting the same size and weight profiles
throughout their growth (data not shown). The presence of the
PKIa transcript in the Sertoli cells (but not in the germ cells)
of the testis led to the hypothesis that this protein may mod-
ulate the action of follicle-stimulating hormone (FSH), which
acts via the cAMP-PKA pathway to regulate spermatogenesis
(28). However, the knockout mice showed normal litter sizes
relative to their wild-type counterparts (7.9 6 0.6 versus 7.3 6
0.8, respectively; n 5 13). Extensive characterization of testic-
ular function revealed no defects in testis weights, sperm num-
ber, or sperm motility (data not shown). This suggests that
PKIa does not have a significant role in FSH signaling in the
testis.

PKI activity in mutant mice. Loss of PKIa would be ex-
pected to most drastically affect skeletal muscle, the tissue that
contains the greatest abundance of this protein. In addition,
this tissue shows negligible levels of PKIb and PKIg (10, 29).
We undertook a measurement of total PKI activity in this
tissue from wild-type and knockout animals. The results of the
assay, depicted in Fig. 2, show that addition of increasing
amounts of heat-inactivated extract from wild-type muscle
to an assay mix containing exogenous C subunit causes ki-
nase activity to drop nearly to zero. The addition of a similar
amount of PKIa knockout muscle extract, however, does not
cause a significant decline of kinase activity. This indicates the
functional absence of all PKI activity in skeletal muscle, further
validating the success of the targeting strategy shown in Fig. 1.
It also demonstrates the lack of functional compensation by
the other two isoforms of PKI in skeletal muscle. This was
further confirmed by probing a Northern blot containing skel-
etal muscle RNA from four wild-type and four knockout mice.
PKIb was nearly undetectable in both genotypes, while PKIg
was expressed at low levels that were unchanged in the knock-
outs (data not shown).

Loss of an inhibitor is conventionally thought to functionally
result in an increase in activity of a dynamic system. We there-
fore hypothesized that the effect of the PKIa deletion would be
manifested by an increase in transcription of PKA-regulated
genes in skeletal muscle. This tissue was chosen for analysis
owing to the high level of PKI activity in the wild types and the
complete absence of PKI activity in the knockouts.
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Gene expression in skeletal muscle. Few genes are known to
be transcriptionally regulated by PKA in skeletal muscle. Phos-
phoenolpyruvate carboxykinase (PEPCK) is an enzyme in-
volved in the gluconeogenesis pathway (17, 22) that is primarily
expressed in liver but is also expressed at lower levels in skel-
etal muscle (16, 34). The PEPCK gene is inducible by the
cAMP-PKA pathway, which can be stimulated either by fasting
or by treatment with b-adrenergic agonists like isoproterenol
(4, 17, 26).

Expression of PEPCK under basal and stimulated conditions
was examined in skeletal muscle by Northern blot analysis
(Fig. 3). Induced expression was analyzed in two groups of
mice. The first group fasted for 16 h (Fig. 3a). The second, ad
libitum-fed group was treated with isoproterenol (Fig. 3b).
Basal expression was examined in a third group of mice that
had been refed for 6 h after fasting (Fig. 3c). Surprisingly, basal
expression of PEPCK was decreased in the knockouts relative
to the wild types. There was an even greater discrepancy be-
tween genotypes in the induced levels of PEPCK. In the case of
isoproterenol, there was almost no induction in the knockouts
at all. As might be expected, untreated mice exhibited wide
variation in expression among individuals, presumably because
of short-term metabolic effects, but overall the knockouts
showed lower PEPCK levels than the wild types (data not
shown).

These observations countered our predictions about the ef-
fect of loss of PKI on gene transcription and required further
analysis. The lower basal and induced expression cannot be
explained by overcompensation by other PKI isoforms, since
there is no detectable PKI activity in skeletal muscle. It could
conceivably arise from a decrease in the activity of upstream
effectors of gene expression, such as the transcription factor
CREB or PKA itself.

CREB phosphorylation. The 43-kDa nuclear protein CREB
was originally identified as a factor that binds the conserved
cAMP response element and is a target for phosphorylation by
PKA (20). Phosphorylation on Ser-133 enhances the transcrip-
tional activity of CREB and can be detected by antibodies
raised specifically against phospho-CREB (12, 13). Mutagen-
esis of the single Ser residue renders the protein inactive as a
transcription factor, suggesting that phosphorylation at this site
is critical for PKA-dependent gene induction (13).

To evaluate whether the decreased gene expression was a
consequence of lower levels of CREB activation, we examined
phospho-CREB levels in skeletal muscle stimulated with a
PKA activator. Since the time course of CREB phosphoryla-
tion and dephosphorylation is extremely short (under 1 h) (15),
this experiment was better suited to in vitro skeletal muscle
cultures. Organ cultures of gastrocnemius muscle were treated
with forskolin, and preliminary experiments revealed that the

FIG. 1. Generation of PKIa knockout mice. (a) Targeting strategy at the PKIa locus. Exon 1 is replaced by the neomycin resistance cassette (neor) in a recombinant
allele generated by homologous recombination. Probe b was used to identify homologous recombinant ES cells on genomic Southern blots. (b) Southern blot of tail
genomic DNA from a litter derived from a heterozygote cross. A restriction digest with BamHI and StuI when hybridized with probe a shows two definitive bands; 5.7
kb indicates the recombinant allele present both in the heterozygote (1/2) and in the knockout (2/2); 4 kb represents the wild-type allele present in the wild-type
mice (1/1) and the heterozygotes. (c) Northern blot of total RNA from brain and skeletal muscle from wild-type (WT) and knockout (KO) animals. Probe b was used.
Note the absence of the 4.3-kb PKIa transcript in the knockout brain and skeletal muscle (Sk. Mus.).
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highest expression of phospho-CREB occurred at about 8 min
after stimulation, dropping substantially by 18 min. As shown
in Fig. 4, phospho-CREB was present at lower levels in un-
stimulated (control) knockout muscle than in wild-type muscle
at both time points, 8 (Fig. 4a) and 18 (Fig. 4b) min. Densito-
metric analysis, normalized for total CREB levels (Fig. 4a,
bottom), revealed that knockouts contained about half as
much phospho-CREB as wild types at the 8-min time point.
Upon activation by forskolin, phospho-CREB levels rose 50%
in the wild-type muscle (Fig. 4a). The fold increase in phospho-
CREB levels was similar in the knockouts, resulting in stimu-
lated phospho-CREB levels about half those of the wild types.
The variability among mice in phospho-CREB levels mirrors
the discrepancy of PEPCK expression among animals fed ad
libitum and reflects true differences in phosphorylation, as
there were equal levels of total CREB in all the lanes (Fig. 4a).
Fig. 4b demonstrates an even greater difference in phosphor-
ylation between wild types and knockouts at 18 min poststimu-
lation, when induction by forskolin is no longer obvious. Again,
levels of total CREB were unchanged (data not shown). These
lower levels of phospho-CREB in the knockouts under both
basal and induced conditions match the profile of gene activa-
tion that is seen in skeletal muscle (Fig. 3).

PKA activity. To determine whether changes in PKA activity
may underlie the changes in CREB phosphorylation, a study of
PKA activity was conducted with tissue extracts from wild-type
and knockout skeletal muscle under two conditions. The ab-
sence of exogenous cAMP in the assay mix represents condi-
tions of basal PKA activation, while the presence of exogenous
cAMP represents total (inducible) levels of PKA. In the form-
er instance, the knockout tissue was seen to demonstrate a

significantly lower kinase activity than the wild type (Fig. 5), a
result entirely consistent with the lower basal levels of gene
expression and CREB phosphorylation seen in this tissue.
Basal PKA activity is shown on the left in Fig. 5a and with an
expanded axis in Fig. 5b. Upon addition of exogenous cAMP,
total induced kinase activity levels (Fig. 5a, right) increased
approximately 30-fold over basal levels. Interestingly, wild-type
and knockout tissues showed similar total induced kinase ac-
tivities. Note that the small increase in the knockout is not
statistically significant (n 5 6 knockouts and 8 wild types).
Since the levels of C subunit are the same in wild-type and
mutant skeletal muscle (see below), these results indicate that
endogenous PKI, which is present in the wild types but not the
mutants, has little or no effect in this in vitro assay of total PKA
activity. Perhaps under these assay conditions, endogenous
PKI, which may be only 20% as abundant as the C subunit (30),
is not sufficiently concentrated to remain associated with the C
subunit, despite our efforts to stabilize PKI-C subunit interac-
tions by preparing tissue extracts in the presence of Mg and
ATP. We have also determined that the cAMP concentrations
that give half-maximal PKA activation in wild types and knock-
outs are identical (data not shown).

The lower basal PKA activity in the absence of PKIa raises
a mechanistic question as to how this might occur. Since PKIa
interacts directly with the C subunit of PKA, one possibility is

FIG. 2. Absence of PKI activity in PKIa knockout skeletal muscle. Heat-
inactivated tissue extracts from wild-type (WT) and PKIa knockout (KO) skel-
etal muscle were added to an assay measuring phosphorylation of the PKA
substrate, kemptide, by exogenous PKA (C subunit). Kinase activity is expressed
as a percentage of the control, where 100% represents kinase activity in the
absence of any added tissue extract. The PKI present in wild-type muscle extract
almost completely inactivates PKA. Extracts from PKIa knockouts have no
significant effect even at the highest concentration of protein, demonstrating a
complete absence of PKI activity in PKIa-null skeletal muscle. The error bars
represent standard errors of the mean.

FIG. 3. Diminished expression of a PKA-responsive gene in skeletal muscle.
Northern blot analysis of PEPCK mRNA levels. A riboprobe made with a
PEPCK cDNA fragment as a template was used to probe the Northern blots.
Each lane represents RNA from an individual wild-type (WT) or knockout (KO)
mouse. The blots were reprobed for GAPDH as a control for RNA loading. (a)
PEPCK levels induced by fasting are lower in the knockouts than the wild types.
(b) PEPCK expression induced by treating the mice with isoproterenol is de-
creased in the knockouts relative to the wild-type mice. Note that the GAPDH
exposure was longer than for panels a and c. (c) Basal levels of PEPCK examined
after refeeding are also lower in the knockouts.
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that this might occur via a downregulation of C subunit in a
compensatory mechanism. Alternatively, there might be com-
pensatory changes in the R subunits.

PKA subunit levels. Western blots for the Ca subunit of
PKA in skeletal muscle showed no difference in Ca subunit
between the wild-type and the knockout mice (Fig. 6), nor was
there a difference in the RIIa regulatory subunit isoform.
However, the regulatory subunit RIa showed an upregulation
in the knockouts. The level of RIa in the knockouts was de-
termined to be 1.6-fold that of the wild type by scanning den-
sitometry. The compensation by only one of the two regulatory
subunits present in this tissue indicates that the compensation
is specific. Compensatory changes in RIa have been described
earlier in RIb and RIIb knockout mice and have been shown
to result from an increase in the stability of RIa (1). It is likely

that a similar mechanism is at play here, as there is no change
in RIa mRNA levels in the knockout mice (data not shown).
The increase in RIa serves to bring more of the existing C
subunits under regulatory control, lowering the basal kinase
activity in the knockouts.

DISCUSSION

When PKI was initially discovered, it was thought to act as a
substoichiometric inhibitor of PKA whose level might be reg-
ulated to control both basal and cAMP-stimulated PKA activ-
ity (14, 31). However, more recent studies have uncovered a
potentially more dynamic role for PKI in the cAMP-regulated
phosphorylation of nuclear proteins. A leucine-rich nuclear
export signal was identified on PKI that allows it to act as a

FIG. 4. Phosphorylation of CREB is diminished in PKIa knockout skeletal muscle. Western blot analysis of phospho-CREB levels. Vehicle-treated (C) and
forskolin-treated (F) skeletal muscle organ cultures were analyzed at the specified time points for both wild-type (WT) and PKIa knockout (KO) mice. (a) Eight minutes
after treatment. Basal levels of phospho-CREB shown in control (C) lanes are lower in knockout than in wild-type muscles. In addition, levels of phospho-CREB in
the induced (F) muscles are also lower in the knockout than in the wild type. Below is a Western blot for total CREB with the same samples. Note that total CREB
content is constant in all lanes. (b) Eighteen minutes after treatment. The levels of phospho-CREB induced by forskolin are almost back to basal levels, and the
difference in phospho-CREB levels between wild-type and knockout muscle is magnified.

FIG. 5. Basal PKA activity is decreased in PKIa knockout skeletal muscle. (a) PKA activity was assayed in skeletal muscle extracts in the absence (2 cAMP) and
presence (1 cAMP) of 5 mM cAMP to determine basal and total PKA activity, respectively. There is no significant difference in the total kinase activity between
wild-type (WT) and knockout (KO) mice. (b) Basal activity, in the absence of exogenous cAMP, is shown with an expanded axis. The knockout extract has significantly
lower basal activity than the wild type (pp, P 5 0.003; t test). The error bars represent standard errors of the mean.
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chaperone for the C subunit of PKA, facilitating export of the
C-PKI complex from the nucleus (32). The activities of PKI as
both a direct inhibitor of the C subunit and a regulator of C
subunit nuclear localization suggested that it might play an
important role in cAMP-mediated gene regulation. In order to
examine this potential physiological role, we disrupted the
gene for PKIa in mice. Knockout mice are healthy and fertile,
with normal weight gain and motor behavior.

Potential compensatory mechanisms were investigated to
determine whether changes in other PKI or PKA signaling
components might have occurred in the PKIa knockout mice.
For example, since mice have three genes encoding distinct
PKI isoforms, a compensatory up-regulation in expression of
PKIb or PKIg could partially substitute for the loss of PKIa.
However, this clearly did not occur, as there was no detectable
PKI activity in knockout skeletal muscle. Compensatory
changes have been observed within the PKA system in mice
carrying specific PKA subunit knockouts. Increases in the RIa
regulatory subunit occur when there is a loss of another R
isoform, e.g., in RIIa, RIb, and RIIb knockout mice, and the
compensation results from an increased association of RIa
with the C subunit to replace the missing R isoform, with a
consequent increase in RIa stability (1, 8). In the PKIa knock-
out skeletal muscle, we observed a significant up-regulation of
RIa protein, and as there was no change in the RIa mRNA
level, we suggest that the same RIa protein stabilization mech-
anism is responsible. No change in the amount of C subunit
was observed in the knockout mice, as assessed both by West-
ern blot analysis and by an assay of total (cAMP-stimulated)
kinase. We conclude that the C subunit that would normally be
associated with PKIa in the wild-type mice was instead asso-
ciated with the up-regulated RIa. We suggest that this change
underlies the observed decrease in basal PKA activity in the
knockouts. Because the interaction with RIa has a higher af-
finity than the interaction with PKIa (17), the C subunit asso-
ciated with RIa is “locked” in a more inactive configuration.

A significant distinguishing feature of PKI and the R subunit
is their subcellular localization. The preponderance of data
demonstrate that R subunits are restricted to the cytoplasm,
while PKI can clearly enter the nucleus. In fact, recent litera-
ture has suggested that PKI is predominantly nuclear until it
binds the C subunit and chaperones it out of the nucleus (11,
33). Previous studies, however, demonstrated a substantial cy-
toplasmic pool of PKI associated with microtubules (27). The
observed compensatory increase in RIa in the PKIa knockouts
suggests that PKIa is somewhat interchangeable with R and
that a significant fraction of the cytoplasmic C subunit is nor-
mally associated with PKIa. We conclude, therefore, that there

is a significant cytoplasmic pool of PKIa that is replaced by
RIa when PKIa is lost by targeted deletion.

The most striking defects in the PKIa mutant skeletal mus-
cle are in gene expression and transcription factor phosphor-
ylation, and these would not have been predicted to occur
based on the known properties of PKI. The loss of PKI activity
in skeletal muscle would be expected to lead to enhanced
activity of the C subunit and loss of the rapid nuclear export of
C subunit that is thought to help terminate the PKA signal.
The expected result would be an increase in both basal and
induced CREB phosphorylation and an increase in PKA-reg-
ulated gene expression. However, under basal conditions in fed
animals, the phosphorylation of CREB and the level of
PEPCK mRNA are significantly reduced in PKIa knockout
mice. This result might appear consistent with the lower levels
of basal PKA activity measured in the in vitro kinase assay, but
this defect cannot be overcome by conditions that elevate
cAMP and activate PKA. Fasting mice normally show an in-
duction of PEPCK mRNA, and this response can be mimicked
by administration of a nonspecific b-adrenergic receptor ago-
nist like isoproterenol. However, in PKIa knockout mice, nei-
ther fasting nor isoproterenol is able to achieve full activation
of PEPCK gene expression despite the presence of equivalent
levels of total (cAMP-stimulated) PKA activity in knockout
and wild-type skeletal muscle. CREB phosphorylation is also
not stimulated to as high a level in PKI-deficient mice as in
wild-type mice, suggesting that the defect in gene expression is
in a step prior to phosphorylation of transcription factors.

One interpretation is that the cell operates at the low end of
the cAMP concentration curve and that the cAMP-stimulated
kinase activity levels attained in vivo are much lower than the
maximal levels measured in vitro. In this scenario, the knock-
outs never reach the same levels of PKA activation in vivo as
do the wild types but are still able to regulate their phospho-
CREB and PEPCK levels, albeit around a lower set point.
However, it is notable that cytoplasmic PKA signaling appears
to be unaffected, since no difference was observed in skeletal
muscle glycogen levels between wild types and knockouts (data
not shown). An alternate interpretation of our data is that PKI
actually facilitates phosphorylation of transcription factors and
subsequent gene transcription in an unknown manner. Perhaps
C-PKI represents a mobile pool of C subunit that could be very
important, since much of the PKA holoenzyme is not only
restricted to the cytoplasm but is bound to subcellular or-
ganelles and signaling complexes by association with AKAPs
(A kinase anchoring proteins). It is possible that PKI regulates
nuclear entry of the C subunit (rather than exclusively its
export) or mediates interaction with transcription factors or
other nuclear proteins. In these scenarios, a PKIa knockout
would have reductions in CREB phosphorylation and PKA-
regulated gene expression in the absence of any significant
change in total kinase activity, precisely the phenotype we
observed. However, neither of the characterized PKI activities
(inhibition and nuclear export of the C subunit) currently lends
support to these ideas. Further studies of these knockouts and
other PKI isoform knockouts are clearly needed to explore
whether the changes in CREB phosphorylation and gene ex-
pression derive from an as yet undiscovered PKI function.
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