RESEARCH ARTICLE
HYPOXIA

mAKAP Compartmentalizes Oxygen-Dependent
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INTRODUCTION

The concentration of cellular oxygen is maintained within a narrow range
(termed normoxia) (1). A key cellular response to a state of reduced oxygen tension (hypoxia) involves induction of genes by the transcription
factor known as hypoxia-inducible factor 1a (HIF-1a) (2). Under normoxic
conditions, the abundance of HIF-1a is kept low through its ubiquitinmediated proteasomal degradation (3). This process is initiated by the hydroxylation of two conserved proline residues, Pro402 and Pro564 in human
HIF-1a, by a family of oxygen-sensitive dioxygenases called prolyl hydroxylases (PHD1, PHD2, and PHD3) (4, 5). The hydroxylated proline residues constitute a binding site for the von Hippel–Lindau protein (pVHL),
which is part of a complex that ubiquitinates HIF-1a and targets it for degradation by the proteasome (6).
During hypoxia, the continual destruction of HIF-1a is halted because
of two factors: The enzymatic activities of the PHDs cease in the absence
of oxygen, and seven in absentia homolog 2 (Siah2), a ubiquitin E3 ligase
that contains a really interesting new gene (RING) domain, ubiquitinates
select PHD isoforms and targets them for proteasomal degradation (5, 7).
Collectively, these mechanisms terminate the continual destruction of
HIF-1a, which allows the protein to form a stable heterodimeric complex
with the HIF-1b subunit (8–11). The HIF-1a–HIF-1b heterodimer accumulates in the nucleus and initiates transcription of proangiogenic, metabolic, and antiapoptotic genes that promote cell survival during hypoxia.
These include vascular endothelial growth factor (VEGF), which encodes
a protein that triggers the onset of angiogenesis to oxygen-deprived cells,
and glucose transporter 1 (GLUT1), which encodes a protein that enhances the uptake of glucose to stimulate glycolytic metabolism, even
under aerobic conditions (10).
In the heart, accumulation of HIF-1a is an early marker of myocardial infarction (12). Although the molecular mechanisms underlying
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the destruction or maintenance of HIF-1a are well-defined (2), the subcellular organization of the factors that regulate these processes has not
been investigated. Such compartmentalization could be achieved if regulatory factors of HIF-1a were assembled into multiprotein signaling
complexes through their association with multivalent anchoring proteins. A kinase–anchoring proteins (AKAPs) are a growing family of
functionally related scaffolding proteins that are frequently classified
on the basis of their ability to sequester cyclic adenosine monophosphate (cAMP)–dependent protein kinase (PKA) in distinct subcellular
compartments (13). However, selected members of the AKAP family
also organize G protein–coupled receptors, GTPase (guanosine triphosphatase) effector proteins, and other classes of signaling enzymes
(14–18). Hence, AKAPs are possible candidates to organize HIF-1a
and its regulatory factors. Here, we show that muscle AKAP (mAKAP)
organized components of the protein ubiquitin machinery that determined the fate of this transcription factor. During normoxia, mAKAPmediated clustering of HIF-1a with negative regulatory factors enhanced
its degradation. Under hypoxic conditions, however, positive regulatory
factors in the mAKAP complex favored the stabilization of HIF-1a to
initiate a transcriptional response.
RESULTS

AKAPs coordinate various signaling processes that affect aspects of
acute and chronic cardiovascular pathophysiology (19–21). We therefore investigated several cardiac AKAPs as potential HIF-1a–interacting
proteins. Human embryonic kidney (HEK) 293 cells were cotransfected
with plasmids encoding V5 epitope–tagged HIF-1a (V5-HIF1a) and
either green fluorescent protein (GFP)–tagged AKAP79, gravin, AKAP18a,
or mAKAP. Western blots of immunoprecipitated complexes containing
each AKAP were examined for coimmunoprecipitation of V5-HIF-1a with
antibodies against GFP. Of these, only mAKAP coimmunoprecipitated
with HIF-1a (Fig. 1A, top, lane 4). Reciprocal experiments detected
mAKAP in V5-HIF-1a–containing complexes immunoprecipitated with
an antibody against the V5 tag (Fig. 1B, top, lane 2). Control experiments
established that mAKAP did not coimmunoprecipitate with another
transcription factor, myocyte enhancer factor 2C (MEF2C) (Fig. 1B, top,
lane 1). Detection of mAKAP in HIF-1a–containing complexes immunoprecipitated from the H9C2 rat cardiomyocyte–derived cell line showed
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The activity of the transcription factor hypoxia-inducible factor 1a (HIF-1a) is increased in response to
reduced intracellular oxygen. Enzymes of the protein ubiquitin machinery that signal the destruction
or stabilization of HIF-1a tightly control this transcriptional response. Here, we show that muscle A
kinase–anchoring protein (mAKAP) organized ubiquitin E3 ligases that managed the stability of HIF1a and optimally positioned it close to its site of action inside the nucleus. Functional experiments in
cardiomyocytes showed that depletion of mAKAP or disruption of its targeting to the perinuclear
region altered the stability of HIF-1a and transcriptional activation of genes associated with hypoxia.
Thus, we propose that compartmentalization of oxygen-sensitive signaling components may influence
the fidelity and magnitude of the hypoxic response.
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an interaction between the endogenous proteins (Fig. 1C, top, lane 2). The
extremely labile nature of HIF-1a under normoxic conditions (2, 22) prevented isolation of such complexes from primary cultures of neonatal rat
ventricular myocytes (NRVMs). Collectively, these studies suggested that
mAKAP interacted with HIF-1a.

Ubiquitination of HIF-1a marks it for proteasomal degradation (2, 10);
thus, it seemed reasonable to establish whether it was ubiquitinated in the
context of the mAKAP complex. To test this hypothesis, HEK 293 cells
were transfected with plasmids encoding mAKAP and hemagglutinin
(HA)-tagged ubiquitin. HA-ubiquitin was detected in mAKAP immu-
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Fig. 1. mAKAP assembles components of the HIF-1a–degradation
pathway. (A) GFP-tagged AKAPs (indicated) immunoprecipitated (IP) from
HEK 293 cells were examined for the
presence of V5-tagged HIF-1a by
Western blotting (IB, top). AKAPGFP–containing immunoprecipitates
(middle) and V5-HIF-1a inputs (bottom) are shown. IP indicates the target that was immunoprecipitated; IB
indicates the target that was analyzed by Western (immuno) blotting.
(B) V5-tagged MEF2C and V5-HIF1a were screened for their binding
to mAKAP. Coimmunoprecipitation
of mAKAP was detected by Western blotting (top). V5-tag–containing
immunoprecipitates (middle), and the
mAKAP inputs (bottom) are indicated.
(C) Detection of the endogenous
HIF-1a–mAKAP complex. HIF-1a was
immunoprecipitated from H9C2 cells
treated with the proteasome inhibitor
MG132 and copurification of mAKAP
(top) was detected by Western blotting. Input lanes for mAKAP (top) and
HIF-1a (bottom) are indicated. IgG,
immunoglobulin G. (D) The mAKAP
complex immunoprecipitated from
HEK 293 cells treated with MG132
or vehicle alone (indicated above each
lane) was examined for ubiquitination.
Incorporation of HA-tagged ubiquitin
was detected by Western blotting
(top), as was immunoprecipitated
mAKAP (bottom).(E) ThePHD isoform
PHD2 was immunoprecipitated from
NRVMs and screened for mAKAP binding. Coimmunoprecipitated mAKAP was detected
by Western blotting (top left). The amount of PHD2 precipitated is shown (bottom left),
as are the input proteins (right, top and bottom). (F) The endogenous PHD isoform PHD3
was immunoprecipitated from NRVMs and screened for mAKAP binding. Coimmunoprecipitated mAKAP was detected by Western blotting (top left). The amount of PHD3 precipitated is presented (bottom left) and protein inputs are also shown
(right, top and bottom). (G) Endogenous pVHL was immunoprecipitated from NRVMs and screened for mAKAP binding. Coimmunoprecipitated mAKAP was
detected by Western blotting (top left). The amount of immunoprecipitated pVHL is shown (bottom left). The amount of mAKAP in imput samples from both
control and pVHL immunoprecipitates were detected by Western blotting (top right). (H) mAKAP immunoprecipitates from HEK 293 cells were tested for the
coimmunoprecipitation of HA-tagged PTEN and pVHL by Western blotting (indicated above each lane, top). The amount of mAKAP in each immunoprecipitated sample is indicated (middle). PTEN and pVHL were detected in cell lysate input samples by Western blotting (bottom). Numbers to the left of panels
indicate molecular weight markers (in kilodaltons). (I) HEK 293 cells were transfected with plasmids encoding mAKAP, AKAP18a, or vector alone. In addition,
cells were transfected with both pVEGF, a firefly luciferase reporter vector for HIF-1a, and pTK-Renilla, a Renilla luciferase expression vector. Dual luciferase
assays were performed on cell lysates and firefly luciferase values were normalized to Renilla values. Combined data from three independent experiments are
shown. Statistical analysis of reporter data was done with one-way ANOVA followed by two-tailed Student’s t test. Statistical significance of mAKAP versus
pcDNA3 vector control was P = 0.001. Error bars represent SEM.
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aspects to this process: The reduced concentration of intracellular oxygen
potently inhibits PHD activity, and another ubiquitin E3 ligase complex targets PHDs for proteosomal degradation (5, 7). Siah2 is an essential component of the E3 ligase complex that catalyzes this latter step (26, 27). Thus, we
postulated that Siah2 and mAKAP might interact with each other. Accordingly, endogenous mAKAP was detected in complexes immunoprecipitated
from NRVM extracts with an antibody against Siah2 (Fig. 2A, top, lane 2).
Because Siah2 is itself ubiquitinated and thus becomes targeted for proteasomal degradation, our experiments were performed with a point mutant, Siah2 H99Y, which lacks a functional N-terminal RING domain and
cannot promote its own degradation or that of the PHDs (26). Western
blotting analysis of immunoprecipitated samples from transfected HEK
293 cells showed an interaction between mAKAP and Siah2 H99Y (Fig.
2B, top, lane 2), whereas control experiments confirmed that mAKAP did
not interact with muscle-specific ring finger protein 1 (MuRF1), an E3
ubiquitin ligase that is structurally similar to Siah2 (Fig. 2B, top, lane 1,
and fig. S2B).
If Siah2 inhibits PHD activity, then one could propose that the net effect
of this inhibition would be stabilization of the mAKAP-associated pool of
HIF-1a. Conversely, we postulated that incorporation of Siah2 H99Y into
mAKAP-containing complexes would prevent suppression of PHD activity
and ultimately enhance the destruction of HIF-1a. Experiments testing these
predictions showed that HIF-1a was more abundant in mAKAP immunoprecipitates from cells expressing wild-type Siah2 (Fig. 2C, top, lane
1) than from cells expressing the H99Y mutant (Fig. 2C, top, lane 2). On
the basis of our findings, we propose that mAKAP organizes a subcomplex of proteins that regulate the oxygen-dependent degradation and activation of HIF-1a. The proximity of Siah2 to the mAKAP-anchored pool
of PHD increases the probability for ubiquitin-dependent degradation of
PHD (Fig. 2D), which ultimately leads to the stabilization of HIF-1a (Fig.
2D). When we considered these results with our findings that mAKAP
recruits enzymes that control the stability of HIF-1a (Fig. 1), it seemed
reasonable to propose that this anchored signaling complex may augment
the hypoxic transcriptional response.
Three complementary approaches were used to test this hypothesis in
heart cells. RNA interference was used to knock down mAKAP in NRVMs
(28). Depletion of the anchoring protein was confirmed by immunofluorescence microscopy (Fig. 3, A to F). NRVMs transfected with small
interfering RNA (siRNA) specific for mAKAP displayed no immunore-

Fig. 2. mAKAP coordinates a HIF1a–activation pathway. (A) Endogenous Siah2 binds to mAKAP in
NRVMs. Siah2 was immunoprecipitated (IP) from NRVM lysates and
copurification of mAKAP was detected by Western blotting (IB, top
left). The amount of Siah2 immunoprecipitated (bottom) and mAKAP
in NRVM lysates (top, right) are indicated. (B) mAKAP selectively binds to Siah2. FLAG-tagged MuRF1 or FLAGtagged Siah2 (indicated above each lane) were coexpressed with mAKAP in
HEK 293 cells. FLAG-tagged proteins in mAKAP-containing immunoprecipitates were detected by Western blotting. The amount of mAKAP in each immunoprecipitate is indicated (middle). The amounts of MuRF1 and Siah2 in
cell lysates are indicated (bottom). (C) Siah2 activity stabilizes mAKAP-associated HIF-1a. HEK 293 cells were cotransfected
with plasmids encoding mAKAP and either Siah2 or the Siah2 H99Y RING mutant. HIF-1a that coimmunoprecipitated with
mAKAP was detected by Western blotting (top). The amount of mAKAP in each immunoprecipitate is indicated (bottom). Numbers to the left of panels
indicate molecular weight markers (in kilodaltons). (D) Model showing how PHD becomes ubiquitinated by Siah2 in the mAKAP complex during hypoxia.
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noprecipitates by Western blotting (Fig. 1D, top), and its abundance was
enhanced on treatment with the proteasome inhibitor MG132 compared to
that in immunoprecipitates from untreated cells (Fig. 1D, top, lane 2). This
implies that HIF-1a was ubiquitinated when bound to mAKAP.
Proteasomal degradation of HIF-1a under normoxic conditions is
triggered by hydroxylation of Pro402 and Pro564 (4). This posttranslational modification is catalyzed by the PHDs (5). The PHD2 and PHD3
isoforms are the principal means by which a low abundance of HIF1a is maintained during normoxia in the heart (23, 24). The substrate
specificity of these enzymes is extremely restricted, with HIF-1a being
their principal target (24, 25). Hence, anchoring of PHDs in proximity
to HIF-1a could ensure its rapid destruction under normoxic conditions.
Accordingly, we detected mAKAP in PHD2- and PHD3-containing
complexes immunoprecipitated from NRVM extracts (Fig. 1, E and F,
top, lane 2). Control experiments indicated that PHD1 did not interact
with mAKAP (fig. S1). Prolyl hydroxylation of HIF-1a mobilizes an E3
ubiquitin ligase complex containing the tumor suppressor protein pVHL
(6); pVHL is also a component of the mAKAP complex. The anchoring
protein was detected in pVHL-containing complexes immunoprecipitated
from NRVM extracts (Fig. 1G, top, lane 2). Reciprocal studies showed the
presence of pVHL in mAKAP immunoprecipitates from HEK 293 cells in
which both proteins were expressed (Fig. 1H, top, lane 2). Control experiments confirmed that mAKAP did not bind nonspecifically to another
HA-tagged protein, lipid phosphatase and tensin homolog deleted from
chromosome 10 (PTEN) (Fig. 1H, top, lane 1, and fig. S2A).
The biochemical data presented thus far suggested that mAKAP
assembled the enzymes that targeted HIF-1a for degradation. To test
this notion by an alternative method, we examined whether mAKAP
could suppress the transcriptional activity of HIF-1a in experiments with
a luciferase reporter system driven by the promoter of the HIF-1a target
VEGF. HIF-1a transcriptional activity was reduced by 59.6 ± 0.1% in
mAKAP-transfected cells (Fig. 1I, column 2) compared to that in cells
transfected with the control vector (Fig. 1I, column 1; P = 0.001). Control
experiments showed that expression of another anchoring protein,
AKAP18a, had no effect on the transcriptional activity of HIF-1a (Fig.
1I, column 3). This lends further support to the notion that mAKAP influences the degradation of HIF-1a under normoxic conditions.
The opposite is the case under hypoxic conditions in which HIF-1a accumulates because the activities of PHDs are inhibited (22). There are two
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Fig. 3. siRNA-mediated knockdown of mAKAP reduces
transcription of HIF-1a target genes in NRVMs. (A to F)
NRVMs were transfected with control siRNA (A to C) or
mAKAP-specific siRNA (D to F) and cultured for 72 hours.
The cells were fixed and incubated with antibodies against
mAKAP (A and D) and a-actinin (B and E), a marker for
NRVM, and analyzed by immunofluorescence microscopy. Composite images (C and F) are also presented. (G)
mAKAP-specific siRNA reduces the nuclear translocation of HIF-1a. NRVMs were transfected with control or
mAKAP-specific siRNAs, exposed to normoxic or hypoxic
conditions, and subjected to subcellular fractionation.
Cytoplasmic (cyt) and nuclear (NE) fractions were analyzed by Western blotting for the presence of HIF-1a,
mAKAP, and PCAF, a marker of the nuclear fraction. Numbers to the left of panels indicate molecular weight markers
(in kilodaltons). (H and I) mAKAP-specific siRNA reduces
the transcriptional activity of HIF-1a. NRVMs were transfected
with control or mAKAP-specific siRNAs and exposed to
normoxic or hypoxic conditions before RNA extraction.
Quantitative real-time RT-PCR was performed to assess
the expression of VEGF (H) and GLUT1 (I) mRNAs, which
were normalized to that of 18S rRNA. Combined data from
at least three independent experiments are shown. Statistical analysis of the RT-PCR data in (H) and (I) was done
with one-way ANOVA followed by two-tailed Student’s
t test. Statistical significance of mAKAP versus control
siRNA is P = 0.03 for VEGF and P = 0.02 for GLUT1. Error
bars represent SEM.

activity to antibodies against mAKAP compared to that observed in their
control siRNA-transfected counterparts (Fig. 3, A and D). Attempts to
visualize endogenous HIF-1a by immunofluorescence in normoxic
NRVMs were unsuccessful because of the rapid degradation of the newly synthesized protein. Therefore, changes in HIF-1a abundance were
assessed by Western blotting analysis of NRVM extracts. HIF-1a was
detected in the nuclear fractions of control NRVMs exposed to hypoxia
(Fig. 3G, top, lane 4). Nuclear accumulation of HIF-1a was less pronounced
in hypoxic NRVMs in which mAKAP had been knocked down by siRNA
(Fig. 3G, top, lane 8). Western blotting analyses established that the abundance of mAKAP was reduced by the appropriate siRNA, and the integrity
of the subcellular fractionation procedure was verified with an antibody
against PCAF [P300- and cAMP response element–binding protein
(CBP)–associated factor], a marker for the nuclear fraction (Fig. 3G,
middle and bottom).

To confirm that the decrease in the nuclear translocation of HIF-1a altered
the response to hypoxia, we performed quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) assays to monitor the expression of two classic HIF-1a target genes, VEGF and GLUT1 (10). VEGF
and GLUT1 proteins are recognized as cellular markers for hypoxia (29, 30).
The abundance of VEGF messenger RNA (mRNA) was increased 5.9 ±
0.6-fold in hypoxic NRVMs compared to normoxic cells; so too was the
abundance of GLUT1 mRNA (8.6 ± 0.9-fold) (Fig. 3, H and I). However,
knockdown of mAKAP by siRNA reduced the hypoxia-induced increase
in VEGF and GLUT1 expression by 33 and 25%, respectively, compared
to that in control siRNA-transfected cells (Fig. 3, H and I). Thus, knockdown of mAKAP attenuated the HIF-1a–dependent response to hypoxia
in NRVMs.
Further support for this concept was provided by the competitive displacement of the mAKAP complex from perinuclear membranes in NRVMs
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(Fig. 4, A to F). This was achieved by adenoviral-mediated expression of
the Myc-tagged mAKAP 340–1041 fragment, which competes with the
native anchoring protein for its interaction with nesprin, an outer nuclear
membrane protein (31). Accordingly, immunofluorescence studies showed
that the distribution of endogenous mAKAP was cytoplasmic and diffuse
upon expression of the 340–1041 fragment compared to that in control cells
(Fig. 4, D to F). Subcellular fractionation experiments showed that mislocalization of mAKAP impeded the nuclear translocation of HIF-1a during
hypoxia (Fig. 4G, top, lanes 4 and 8). Western blotting analysis confirmed
that disruption of the targeting of mAKAP to the nucleus increased the
amount of detectable anchoring protein in the cytoplasmic fraction (Fig.
4G, second panel, lanes 5 and 6). As before, detection of PCAF in the

nuclear extracts confirmed the effectiveness of the fractionation procedure,
and the presence of the Myc-tagged mAKAP 340–1041 fragment was also
confirmed by Western blotting (Fig. 4G, third and bottom panels, lanes 5
and 6). The functional consequences of mislocalization of mAKAP were
assessed by measuring changes in the expression of VEGF and GLUT1
(Fig. 4, H and I). Under hypoxic conditions, the abundance of VEGF
and GLUT1 mRNAs was increased 7.3 ± 0.4-fold and 12.5 ± 1.0-fold,
respectively, compared to that in normoxic cells (Fig. 4, H and I). However, competitive displacement of endogenous mAKAP by the mAKAP
340–1041 fragment blunted transcriptional activation of both hypoxiaassociated genes by 24 and 28%, respectively, compared to that in control
cells (Fig. 4, H and I). Therefore, we concluded that attachment of the
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Fig. 4. Aberrant targeting of mAKAP reduces the expression of HIF-1a target genes in NRVMs. (A to F) NRVMs
were infected with an adenovirus expressing the mAKAP
340–1041 fragment and a Tet-OFF adenovirus and
cultured in doxycycline [50 ng/ml (A to C) or 0.5 ng/ml
(D to F)] for 48 hours. The cells were fixed and incubated
with antibodies against mAKAP (A and D) and Myc (B
and E) and analyzed by immunofluorescence microscopy. Composite images (C and F) are also presented. (G)
The mAKAP 340–1041 fragment reduces the nuclear
translocation of HIF-1a. NRVMs were infected, exposed
to normoxic or hypoxic conditions, and subjected to subcellular fractionation. Cytoplasmic (cyt) and nuclear (NE)
fractions were analyzed by Western blotting for HIF-1a,
mAKAP, PCAF, and Myc. Numbers to the left of panels indicate molecular weight markers (in kilodaltons). (H and I)
The mAKAP 340–1041 fragment reduces the transcriptional activity of HIF-1a. NRVMs were infected and exposed
to normoxic or hypoxic conditions before RNA extraction.
Quantitative real-time RT-PCR was performed to assess
the expression of VEGF (H) and GLUT1 (I) mRNAs, which
were normalized to that of 18S rRNA. Combined data
from three independent experiments are shown. Statistical analysis of these data was done with one-way ANOVA
followed by two-tailed Student’s t test. Statistical significance of mAKAP versus control siRNA is P = 0.02 for
VEGF and P = 0.05 for GLUT1. Error bars represent SEM.
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mAKAP complex to perinuclear membranes of myocytes influenced the
HIF-1a–dependent hypoxic response.
Our final approach was to selectively displace HIF-1a and its
regulatory enzymes from the mAKAP signaling complex and measure any resulting changes in the hypoxic response. Initial experiments
mapped the HIF-1a–binding site of mAKAP to the first 340 amino
acid residues of the anchoring protein (fig. S3, A and B, top). Parallel
studies showed that pVHL and Siah2 bound to the same region of
mAKAP (fig. S3B, second and third panels). This information was
then used to generate an inducible adenoviral vector encoding this
region of mAKAP (residues 1–340) that could displace HIF-1a and
its regulatory enzymes from the mAKAP signaling complex in
NRVMs. Immunofluorescence microscopy confirmed that this mAKAP
fragment did not alter the subcellular distribution of the endogenous
anchoring protein in NRVMs (Fig. 5, A to F). However, subcellular
fractionation of NRVMs showed that the mAKAP 1–340 fragment reduced the nuclear accumulation of HIF-1a under hypoxic conditions
(Fig. 5G, top, lanes 4 and 8) compared to that in cells not expressing
the mAKAP 1–340 fragment. Furthermore, displacement of HIF-1a
from its regulatory enzymes reduced the transcription of hypoxiaresponsive genes. Expression of the mAKAP 1–340 fragment in
NRVMs reduced the hypoxia-induced expression of VEGF and GLUT1

Student’s t test. Statistical significance of mAKAP versus control siRNA
is P = 0.04 for VEGF and P = 0.01 for GLUT1. Error bars represent SEM.
(J and K) Model showing the proposed role of mAKAP in the regulation
of the degradation of HIF-1a during normoxia and in the regulation of its
activation during hypoxia.

mRNAs by 52 and 60%, respectively, when compared to that of controls
(Fig. 5, H and I).
DISCUSSION

These findings suggest an unanticipated role for mAKAP in cellular oxygen homeostasis by functioning as a scaffolding protein that determines
the fate of HIF-1a. During normoxia, mAKAP-mediated clustering of
HIF-1a with regulatory factors such as PHDs and pVHL provided a
means to enhance the efficiency of its ubiquitin-mediated degradation
(Fig. 5J). Under hypoxic conditions, however, another E3 ligase, Siah2,
favored the stabilization of HIF-1a (Fig. 5K). The expression of HIF1a target genes protects against ischemic insult in organs vulnerable to
injury from oxygen deprivation, such as the heart and the brain (32). We
now propose that mAKAP, an anchoring protein that is found primarily in
cardiomyocytes and neurons, is an additional regulatory element that enhances the hypoxic response.
Another intriguing implication is that this anchoring protein may
organize components of the ubiquitination machinery to form a localized degradation loop for HIF-1a. Thus, mAKAP is one of a few anchoring proteins that interface with ubiquitin pathways. Interestingly,
each anchoring protein does so in a different manner. For example, ubiq-
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Fig. 5. Aberrant targeting of HIF-1a reduces the transcription of HIF-1a target
genes in NRVMs. (A to F) NRVMs were infected with an adenovirus
expressing the mAKAP 1–340 fragment and the Tet-OFF adenovirus and
cultured for 48 hours in the presence (A to C) or absence (D to F) of doxycycline (50 ng/ml). Cells were fixed and incubated with antibodies against
mAKAP (A and D) and Myc (B and E) and analyzed by immunofluorescence
microscopy. Composite images (C and F) are also presented. (G) The
mAKAP 1–340 fragment reduces the nuclear translocation of HIF-1a.
NRVMs were infected, exposed to normoxic or hypoxic conditions, and then
subjected to subcellular fractionation. Cytoplasmic and nuclear fractions
were analyzed by Western blotting for the presence of HIF-1a, mAKAP,
PCAF, and Myc. Numbers to the left of panels indicate molecular weight
markers (in kilodaltons). (H and I) The mAKAP 1–340 fragment reduces
the transcriptional activity of HIF-1a. NRVMs were infected and exposed
to normoxic or hypoxic conditions before RNA extraction. Quantitative
real-time RT-PCR was performed to assess the expression of VEGF (H)
and GLUT1 (I) mRNAs, which were normalized to that of 18S rRNA.
Combined data from three independent experiments are shown. Statistical analysis was done with one-way ANOVA followed by two-tailed

RESEARCH ARTICLE
MO), mouse monoclonal anti-HA (Sigma), rabbit polyclonal anti-GFP
(Molecular Probes, Eugene, OR), mouse monoclonal anti–HIF-1a (Novus
Biologicals, Littleton, CO), rabbit polyclonal anti-mAKAP (VO54 and
Covance, Princeton, NJ), mouse monoclonal anti-mAKAP (Covance),
mouse monoclonal anti-Myc (Santa Cruz Biotechnology, Santa Cruz,
CA, and Upstate, Lake Placid, NJ), mouse monoclonal anti-PCAF (Santa
Cruz Biotechnology), rabbit polyclonal anti-PHD2 (Novus Biologicals),
rabbit polyclonal anti-PHD3 (Novus Biologicals), mouse monoclonal
anti-V5 (Invitrogen, Carlsbad, CA), mouse monoclonal anti-Siah2
(Sigma), mouse monoclonal anti–a-tubulin (Sigma), rabbit polyclonal
anti-pVHL (Santa Cruz Biotechnology), and mouse monoclonal antiVSV (Sigma).

Plasmid constructs
To construct plasmids encoding HIF-1a, MEF2C, PHD1, Siah2, and
MuRF1, clones from the Mammalian Gene Collection (Open Biosystems, Huntsville, AL) were used as templates for PCR. The QuikChange
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) was used to
introduce two point mutations (Pro402→Ala402 and Pro564→Gly564) in
the HIF-1a construct to abolish oxygen-dependent prolyl hydroxylation
(4, 45) and a single point mutation (His99→Tyr99) in Siah2 to create a
nonfunctional RING domain (46).

Small interfering RNAs
The custom-synthesized mAKAP-specific siRNA (Dharmacon, Lafayette,
CO) was based on our previously characterized short hairpin RNA (28).
The HIF-1a–specific siRNA pool was obtained from Dharmacon and
the negative control siRNA was obtained from Qiagen (Valencia, CA).

Cell culture, transfection, and infection
HEK 293 cells were grown in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum. Cells were transfected with the appropriate plasmids with calcium phosphate or Lipofectamine Plus (Invitrogen). Primary NRVMs were prepared as previously described (47).
NRVMs were transfected with control or mAKAP-specific siRNAs
with DharmaFECT1 and were analyzed 72 hours later. Adenoviral infection of NRVMs was performed as previously described (47).

Immunocytochemistry, immunoprecipitations, and
Western blotting
NRVMs were fixed, permeabilized, and incubated with primary and
secondary antibodies as previously described (35). Immunoprecipitations and Western blotting analyses were performed as previously described (48).

Reporter gene assays
HEK 293 cells were plated at a density of 5 × 104 cells per well and transfected with pcDNA3 and plasmids encoding AKAP18a or mAKAP, as
well as pVEGF (American Type Culture Collection, Manassas, VA) and
pTK-Renilla (a gift from R. H. Goodman) with TransIT-LT1 (Mirus Bio,
Madison, WI). Cells were lysed in Passive Lysis Buffer (Promega, Madison, WI), and the ratio of firefly to Renilla luciferase activity was determined with the Dual-Luciferase Reporter Assay System (Promega).

MATERIALS AND METHODS

Ubiquitination reactions
Antibodies
The following primary antibodies were used for immunoprecipitations
and Western blotting: mouse monoclonal anti-FLAG (Sigma, St. Louis,

HEK 293 cells were treated with 40 mM MG132 (Calbiochem, Gibbstown,
NJ) or vehicle (dimethyl sulfoxide) for 4 hours at 37°C. Immunoprecipitations were performed as described above.
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uitination of the AKAP79/150 binding partner PSD-95 regulates the
abundance of ion channels at the cell surface during synaptic plasticity
(33), whereas ubiquitin-mediated proteasomal degradation of the mitochondrial anchoring protein AKAP121 affects the oxidative capacity of
these organelles (34). In contrast, mAKAP was not marked for proteasomal degradation but organized components of the ubiquitination
machinery to facilitate the bidirectional control of the stability of HIF1a (Fig. 2D).
Because it is tethered to the perinuclear membrane in cardiomyocytes and its abundance is increased under conditions of cardiac stress,
mAKAP is a particularly attractive candidate to compartmentalize HIF1a (13, 28, 35). Sequestering of HIF-1a at this location could minimize
the translocation distance to its site of action in the nucleus. These findings tally with a fundamental tenet of the “anchoring hypothesis,” namely,
that AKAPs direct signaling enzymes toward preferred substrates (13, 36).
It has been our experience that these anchored enzymes can be restricted spatially (37–40). For example, we have recently shown that
a 2- to 3-mm displacement of PKA in dendritic spines has profound
effects on excitatory synaptic transmission in neurons isolated from
AKAP150 knockout mice (41). Data presented here (Figs. 4 and 5)
add to our understanding of this concept in various ways. We showed
that displacement of mAKAP from the perinuclear membranes of cardiomyocytes repressed the hypoxic response. There are two notable
features of the mAKAP-mediated translocation of HIF-1a. The anchoring protein not only organizes enzymes that affect the stability of HIF1a, but also functions to optimally position the transcription factor close
to its site of action inside the nucleus. Hence, previously unappreciated
regulatory elements such as the perinuclear mAKAP complex that sequester stabilized HIF-1a close to its site of action may enhance a rapid
transcriptional response. This could aid myocyte survival in an acute and
adverse ischemic environment.
Components of the mAKAP complex could also assist in the accumulation of HIF-1a under pathophysiological conditions, in which oxygen supply to the heart is limited. This agrees with evidence that the
abundance of HIF-1a is increased upon myocardial infarction and that
increasing its abundance during pressure overload prevents the transition from cardiac hypertrophy to heart failure (42). These findings infer
a link between hypoxia and hypertrophic signaling pathways. Indeed,
mAKAP may provide such a link because the abundance of mAKAP is
increased in response to hypertrophic stimuli (35). Further support for
this notion comes from evidence that mAKAP anchors two signaling
enzymes that act sequentially to influence cardiomyocyte hypertrophy
and the stability of HIF-1a. One of these, the cAMP-responsive guanine
nucleotide exchange factor Epac-1 (28), is the upstream element in a signaling pathway that modulates the activity of extracellular signal–regulated
kinase 5 (ERK5), a protein kinase that augments the hypertrophic response (43) and influences the stability of HIF-1a (44). Thus, certain
mAKAP complexes may create cellular microenvironments in which
cAMP signals can feed into oxygen-responsive transcriptional activation
pathways. This underscores an emerging aspect of the biology of AKAPs:
that the multiprotein complexes that they maintain not only control second messenger signaling events but also shape broader aspects of
cellular regulation.
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Hypoxic treatment
NRVM medium was incubated overnight in a modular incubator chamber (Billups-Rothenberg, Del Mar, CA) flushed with the appropriate gas
mix: 5% CO2 and 95% N2 for experiments to analyze HIF-1a protein, or
1% O2, 5% CO2, and 95% N2 for experiments to analyze HIF-1a transcriptional activity. The equilibrated medium was added to cells, which were
transferred to the modular incubator chamber. The chamber was flushed
again, and cells were incubated at 37°C for 4 hours for protein analysis
and 6 hours for transcriptional analysis.

Subcellular fractionation
NRVMs were separated into cytosolic fractions and nuclear extracts with
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce, Rockford, IL) according to the manufacturer’s instructions.

Real-time RT-PCR

Statistical analysis
All statistical tests were carried out with one-way analysis of variance
(ANOVA), followed by two-tailed unpaired Student’s t tests with Origin
(OriginLab Corporation, Northampton, MA). All alpha levels were set
to 0.05.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/1/51/ra18/DC1
Fig. S1. PHD1 does not interact with mAKAP.
Fig. S2. pVHL and Siah2 bind to mAKAP.
Fig. S3. Mapping of mAKAP-binding regions.
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