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A-kinase anchor protein 121 (AKAP121) assembles a mul-

tivalent signalling complex on the outer mitochondrial

membrane that controls persistence and amplitude of

cAMP and src signalling to mitochondria, and plays an

essential role in oxidative metabolism and cell survival.

Here, we show that AKAP121 levels are regulated post-

translationally by the ubiquitin/proteasome pathway.

Seven In-Absentia Homolog 2 (Siah2), an E3–ubiquitin

ligase whose expression is induced in hypoxic conditions,

formed a complex and degraded AKAP121. In addition, we

show that overexpression of Siah2 or oxygen and glucose

deprivation (OGD) promotes Siah2-mediated ubiquitina-

tion and proteolysis of AKAP121. Upregulation of Siah2, by

modulation of the cellular levels of AKAP121, significantly

affects mitochondrial activity assessed as mitochondrial

membrane potential and oxidative capacity. Also during

cerebral ischaemia, AKAP121 is degraded in a Siah2-de-

pendent manner. These findings reveal a novel mechanism

of attenuation of cAMP/PKA signaling, which occurs at

the distal sites of signal generation mediated by proteo-

lysis of an AKAP scaffold protein. By regulating the

stability of AKAP121-signalling complex at mitochondria,

cells efficiently and rapidly adapt oxidative metabolism to

fluctuations in oxygen availability.

The EMBO Journal (2008) 27, 1073–1084. doi:10.1038/

emboj.2008.33; Published online 6 March 2008

Subject Categories: proteins; signal transduction

Keywords: AKAP; hypoxia; mitochondria; Siah2; ubiquitin

Introduction

G-protein-dependent activation of adenylate cyclase by extra-

cellular stimuli induces transient increases in intracellular

cAMP levels. cAMP binding to its intracellular receptors

affects many biological processes, including cell metabolism,

growth, differentiation and survival; activity of ion channels

and receptors; motility, hormone synthesis and secretion;

synaptic transmission; learning and memory (Taylor et al,

2005). Protein kinase A (PKA) is a major effector of cAMP.

Binding of cAMP to the regulatory subunit of PKA dissociates

the holoenzyme. The catalytic subunit then phosphory-

lates and modulates the activity of several intracellular sub-

strates. PKA signal transduction is controlled by families of

specific anchor proteins (A-kinase anchor proteins, AKAPs)

that bind and target PKA to distinct subcellular compart-

ments. AKAPs recruit PKA holoenzyme close to its substrate/

effector proteins, directing and amplifying the biological

effects of cAMP signaling. In addition to PKA, AKAPs com-

plex with additional signalling molecules, including other

serine/threonine kinases tyrosine phosphatases, cAMP-phos-

pshodiesterases and membrane adenylyl cyclase. The macro-

molecular signalling complex nucleated by AKAP constitutes

a ‘transduceosome’, a biological relay that integrates and

controls the rate, magnitude and persistence of signals de-

rived from distinct transduction pathways (Feliciello et al,

1997, 2001; Tasken and Aandahl, 2004; Wong and Scott,

2004; Barman et al, 2006; Dell’Acqua et al 2006;

Newhall et al, 2006).

Mitochondrial AKAPs (AKAP84, AKAP100, AKAP121 and

the human homologue AKAP149, also named D-AKAP1)

belong to a distinct family of proteins that bind and

target PKA to the outer membrane of mitochondria. These

proteins are splice variants of the same gene (AKAP1) that

share the same N-terminus (residues 1–525), but differ at

the C-terminus. The mitochondrial targeting domain is posi-

tioned within the first 30 N-terminal residues, whereas

the PKA-binding domain resides in the middle segment

of the molecule (residues 306–325) (Chen et al, 1997;

Huang et al, 1997). AKAP121 and AKAP149 contain a

conserved sequence, the KH domain, which binds the

30-untranslated regions of nuclear mRNAs that encode mito-

chondrial proteins Fo–f subunit of ATP synthase and MnSOD

(Ginsberg et al, 2003). Localization of PKA in proximity to

mitochondrial substrates ensures efficient propagation of

cAMP signals from cell membrane to this target organelle

(Harada et al, 1999; Affaitati et al, 2003; Pagliarini and

Dixon, 2006).

Expression of some AKAPs, including AKAP121, is induced

at the transcriptional level by hormones that activate adeny-

lyl cyclase (Feliciello et al, 1998; Hunzicker-Dunn et al,

1998). Accumulation of AKAP121 under the control of

cAMP/PKA pathway represents a positive feedback loop

between membrane-generated signals and downstream

effectors of cAMP. AKAP121/84 interact with PTPD1, a

non-receptor tyrosine phosphatase that binds to and activates

src tyrosine kinase (Cardone et al, 2004). Targeting of PTPD1/

src complex to mitochondria enhances cytochrome c oxidase
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activity, mitochondrial membrane potential (DCm) and ATP

oxidative synthesis (Livigni et al, 2006).

This work describes for the first time a mechanism where

signal attenuation at the distal organelles is governed by

turnover of an AKAP scaffold protein. We show that hypoxic

conditions promote rapid degradation of AKAP121 through

the ubiquitin (Ub)–proteasome pathway in both cell culture

and rat brain. The responsible Ub ligase is Seven In-Absentia

Homolog 2 (Siah2), a hypoxia-induced protein that binds and

ubiquitinates AKAP121. The resultant decrease in AKAP121

significantly reduces mitochondrial activity.

Results

Siah2 binds to, and promotes proteasomal degradation

of, AKAP121

A cDNA library derived from monocyte/macrophage mRNAs

inserted into the yeast vector pGAD–Not was screened using

as bait a cDNA encoding AKAP121 residues 329–573 in the

yeast plasmid, pGBD10 (pGBD–A121329�573) (Figure 1A). One

clone (AKAPBP-M) isolated by this selection carried an open

reading frame encoding a 214-amino-acid polypeptide corre-

sponding to residues 112–325 of mouse seven-in-absentia

protein (Siah2) (Figure 1B). The Siah family are Really

Interesting New Gene (RING) proteins that function as Ub

ligases and promote degradation of multiple cellular targets

(Hu et al, 1997; Li et al, 1997; Tang et al, 1997; Boehm et al,

2001; Frew et al, 2003; Oliver et al, 2004; Gutierrez et al,

2006) Co-transfection of pGBD–A121329�573 and pGAD–

AKAPBP-M strongly activated transcription of his and lacZ

reporter genes in yeast strain YRG2 (data not shown).

To measure in vitro association between AKAP121

and Siah2, we engineered an AKAP fusion carrying the

N-terminus of AKAP121 appended to the C-terminus of

maltose-binding protein (MBP). The fusion protein (MBP–

AKAP121) was expressed in Escherichia coli, affinity-purified

on an amylose column and subjected to pull-down experi-

ments with purified glutathione-S-transferase (GST)–Siah2.

Figure 1C shows that MBP–AKAP121 efficiently bound re-

combinant Siah2. In a second experiment, in vitro translated,
35S-labeled AKAP121 and haemagglutinin (HA)-tagged Siah2

immunoprecipitated with anti-HA antibody or control IgG.

Precipitates were resolved on sodium dodecyl sulphate–

polyacrylamide gel electrophoresis (SDS–PAGE) and the

recovered proteins were visualized by autoradiography.

Figure 1D confirms binding of AKAP121 to Siah2. Next, we

determined whether AKAP121 could bind to Siah2 in vivo.

As Siah2 induces proteasomal degradation of AKAP121 (see

below), human embryonic kidney 293 (HEK293) cells

were transiently co-transfected with AKAP121 and a

Flag-tagged Siah2 ring mutant, which lacks E3–Ub ligase

activity (Siah2rm), but still binds its substrates (Nakayama

et al, 2004).

Cell lysates were subjected to co-immunoprecipitation

using anti-Flag and anti-AKAP121 antibodies. Figure 1E

shows that Siah2 forms a stable complex with AKAP121

and with its endogenous human homologue AKAP149. To

determine whether AKAP121 targets Siah2 on mitochondria

in intact cells, we performed co-fractionation experiments.

Mitochondrial and supernatant fractions were isolated from

cells co-transfected with AKAP121 and Siah2rm, and immuno-

blotted with the indicated antibodies. Figure 1F shows that

AKAP121 and AKAP149 co-purified with the mitochondria-

enriched fraction, as did the voltage-dependent anion

channel (VDAC), a protein residing on the outer mitochon-

drial membrane, whereas b-tubulin was found exclusively in

the supernatants. As predicted, in control cells most of

Siah2rm protein was found in the supernatant. Expression

of AKAP121 significantly increased the amount of Siah2rm

recovered in the mitochondrial fraction.

Localization of Siah2 on mitochondria was also demon-

strated by immunostaining. Mouse fibroblasts express

endogenous AKAP121 that colocalizes exclusively on mito-

chondria (Cardone et al, 2004). Fibroblasts were transfected

with HA-tagged Siah2 and immunostained with anti-

AKAP121 and anti-HA antibodies. The signals were collected

and analysed by confocal microscopy. Figure 1G shows that

AKAP121 and HA staining partly overlapped, suggesting that

both proteins can colocalize on mitochondria in vivo.

To determine whether Siah2 destabilized AKAP121,

HEK293 cells were transiently transfected with the expression

vectors for AKAP121 and HA-tagged Siah2. Twenty-four

hours post-transfection, cells were harvested, lysed and

immunoblotted with anti-HA and anti-AKAP121 antibodies.

Figure 2A shows that co-transfection with Siah2 almost

completely eliminated the accumulation of AKAP121 and

decreased AKAP149 (endogenous splice variant). To demon-

strate that loss of AKAP121 was mediated by proteasome-

dependent degradation, HEK293 cells transfected with

AKAP121 and Siah2 were exposed to the proteasome inhi-

bitor, MG132. As shown in Figures 2B and C, MG132 partially

reversed the loss of AKAP121 induced by Siah2. The Siah2

ring motif is required for AKAP121 degradation. Thus,

transfection with Siah2rm did not reduce AKAP121 levels

(Figure 2D). Binding to Siah2 was required for AKAP121

degradation. AKAP121D336�550, a mutant lacking the

Siah2-binding domain, was resistant to coexpressed Siah2

(Figure 2E).

Oxygen and glucose deprivation promotes degradation

of AKAP121

Transcription of Siah2 is induced by oxygen deprivation

(Nakayama et al, 2004). Siah2 accumulates during hypoxia

and promotes degradation of prolyl-hydroxylases 1 and 3

(PHD1/3). Under physiological conditions, PHDs are required

for proteasomal degradation of hypoxia inducible factor

(HIF), a transcriptional regulator of hypoxia-induced genes.

We asked whether hypoxic conditions also promoted degra-

dation of AKAP121. For the hypoxia experiments, we per-

formed oxygen and glucose deprivation (OGD), an in vitro

cellular model mimicking the hypoxic conditions occurring

in vivo during ischaemia (Chavez et al, 2006; Liu et al, 2006).

HEK293 cells were transiently transfected with either

cytomegalovirus (CMV) or AKAP121 vectors. Twenty-four

post-transfection, cells were oxygen/glucose deprived for 2

or 4 h. Cell lysates were immunoblotted with anti-HA and

anti-AKAP121 antibodies. Figures 3A and B show time-

dependent disappearance of AKAP121 and AKAP149 during

OGD. Similarly, oxygen deprivation alone (hypoxia) was

sufficient to promote AKAP121 degradation (Supplementary

Figure S1).

To document the role of endogenous Siah2 in OGD-in-

duced degradation of AKAP121, the Siah2rm vector was added

to the AKAP121 transfection mixture. Strikingly, Siah2rm
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completely stabilized AKAP121 and AKAP149 (Figures 3A

and B). In contrast to AKAP121, the three splice variants of

the plasma membrane-associated AKAP-KL (105, 120 and

130 kDa) were not degraded during OGD (Figure 3A).

Neurons are highly sensitive to OGD, and their mitochon-

drial oxidative machinery quickly adapts to changes in fuel

availability. It was of interest, therefore, to know if OGD

modulated AKAP121 levels in neuronal cells. Hippocampal

neurons from rat brain were subjected to OGD for 2 h. Cells

were harvested and lysates analysed by immunoblotting.

Figure 3C shows that OGD in hippocampal neurons, reduced

AKAP121 levels by B50%. Treatment with MG132 during

Figure 1 Siah2 binds to AKAP121. (A) Schematic representation of mouse AKAP121 and its human homologue AKAP149. Mitochondrial
targeting motif (MT), PTPD1 (PTP), PKA R subunits and mRNA binding motifs are boxed. The AKAP121 bait (residues 329–573) was fused to
the C-terminus of the DNA-binding domain of GAL4 (GAL4-BD). (B) Schematic representation of the clone (clone M) isolated by yeast two-
hybrid analysis and its sequence homology with the C-terminus of mouse Siah2. C/H-rich, cysteine-rich region (zinc fingers); RING domain is
also shown. (C) MBP-tagged full-length AKAP121 was incubated with purified GST-Siah2 or GST polypeptide. The bound and input fractions
were immunoblotted (IB) with anti-AKAP121 (upper panel) and anti-GST (lower panel) antibodies. (D) In vitro translated, 35S-labeled AKAP121
and Siah2 proteins were immunoprecipitated with anti-HA or control immune IgG. The input (1/5) and bound fractions were resolved on 10%
SDS–PAGE gels. Gel was fixed, dried and exposed to X-ray film. *, small translation product. (E) HEK293 were transiently co-transfected with
Flag–Siah2 RING mutant (Flag–Siah2rm) and AKAP121 vectors. Twenty-four hours after transfection, cells were harvested and lysed. Lysates
were subjected to immunoprecipitation with anti-Flag or control immune IgG and immunoblotted with the indicated antibodies.
(F) Mitochondrial and supernatant fractions were isolated from HEK293 cells transiently co-transfected with AKAP121 and Siah2rm and
immunoblotted with the indicated antibodies. A representative set of gels is shown. (G) Mouse fibroblasts (NIH3T3) were transiently
transfected with HA-tagged Siah2 and subjected to double immunostaining for AKAP121 and HA. Images were obtained by confocal
microscopy.

Hypoxia promotes degradation of mitochondrial AKAP121
A Carlucci et al

&2008 European Molecular Biology Organization The EMBO Journal VOL 27 | NO 7 | 2008 1075



OGD yielded AKAP121 levels even higher than normoxic (0

time point) cells. Similar results were seen in mouse NIH3T3

fibroblasts. Thus, AKAP121 levels fell during OGD and were

restored when cells were re-exposed to glucose and oxygen

for 15 h (Figure 3D).

Further evidence that Siah2 is indeed a physiological

regulator of AKAP121 stability was obtained by down-

regulating Siah2 expression using small interference RNA

(siRNA). We used four distinct duplex siRNAs targeting

distinct segments of Siah2. The constructs were transiently

transfected into HEK293 or NIH3T3 cells. As controls, we

used untransfected cells or cells transfected with control

non-targeting siRNA (siRNAc). Twenty-four hours after

transfection, cells were subjected to OGD for 4 h. Figure 3E

Figure 2 Siah2 promotes degradation of AKAP121. (A, B) HEK293 cells were transiently transfected with CMV, AKAP121 and HA–Siah2
expression vectors. Forty-eight hours after transfection, cells were harvested and lysed (A). Where indicated, cells were treated with MG132
(8 h), a proteasome-specific inhibitor (B). Lysates were size-fractionated on SDS–PAGE and immunoblotted with anti-AKAP121, anti-ERK2 and
anti-HA antibodies. (C) Quantitative analysis of the experiment shown in (B). The data are indicated as mean7s.e.m. of four independent
experiments that gave similar results, and are expressed as fold decrease relative to control (AKAP121 and endogenous AKAP149, untreated
cells), which was set as 1. *Po0.05 versus control. (D) Lysates from HEK293 cells transiently transfected with AKAP121 and Siah2 or Siah2rm

were immunoblotted with the indicated antibodies. (E) HEK293 cells were transiently transfected with AKAP121 or AKAP121D336�550 vectors.
Where indicated, the Siah2 vector was included in the transfection mixture. Cell lysates were immunoblotted with the indicated antibodies.
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Figure 3 Oxygen and glucose deprivation (OGD) induces degradation of AKAP121 via Siah2. (A) HEK293 cells were transiently transfected
with CMV or AKAP121 vectors. Where indicated, Flag–Siah2rm vector was included in the transfection mixture. Forty-eight hours after
transfection, cells were either left untreated (0) or exposed to OGD. Cells were harvested at 2 and 4 h post-treatment and immunoblotted with
anti-AKAP121, anti-AKAP-KL, anti-ERK2 and anti-Flag antibodies. (B) Quantitative analysis of the experiment shown in panel A. The data are
indicated as mean of three independent experiments that gave similar results, and are expressed as fold variations7s.e.m. relative to control
(AKAP121 and endogenous AKAP149, 0 time point), which was set as 1. *, Po0.05 vs AKAP121 (0 time point). (C, D) Hippocampal neurons
(C) or NIH3T3 mouse fibroblasts (D) were left untreated (0 time point) or subjected to OGD for 2 or 4 h. Cells were re-oxygenated (ReOX)
following OGD and the medium was supplemented with glucose for additional 15 h (D) or treated during OGD with MG132 (C). Cells were
harvested and protein lysates immunoblotted with anti-AKAP121 and anti-ERK2 antibodies. Cumulative data are expressed as fold
variations7s.e.m. relative to control (0 time point), which was set as 1. (E) HEK293 cells were transiently transfected with siRNAc or
SMARTpool siRNASiah2 (siRNASiah2). Twenty-four hours following transfection, cells were either left untreated (0) or subjected to OGD (4 h).
Lysates were immunoblotted with anti-AKAP121, anti-b-tubulin and anti-Siah2 antibodies. (F) NIH3T3 were transiently transfected with
siRNAc or siRNASiah2 #1 or siRNASiah2 #2 (see Materials and methods). Twenty-four hours following transfection, cells were either left untreated
(0) or subjected to OGD (4 h). Lysates were immunoblotted with anti-AKAP121, anti-b-tubulin and anti-Siah2 antibodies. (G) Pulse–chase
experiment. Mouse fibroblasts where transfected with siRNAc or siRNAs for Siah2 (SMARTpool). Twenty-four hours later, cells were pulse-
labeled for 3 h with [35S]Met/Cys, chased with excess cold methionine and subjected to OGD for the indicated time points. Cell lysates were
immunoprecipitated with anti-AKAP121 antibody or preimmune serum (PI) and the precipitates were subjected to autoradiography. (H) The
data are indicated as the mean of two independent experiments shown in panel G and are expressed as fold variations relative to control (0 time
point), which was set as 100.
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and F shows that siRNA-mediated silencing of Siah2

abrogated OGD-induced disappearance of endogenous

human AKAP149 (HEK293) and of mouse AKAP121

(NIH3T3).

Pulse–chase experiments confirmed that OGD induces

degradation of newly synthesized AKAP121 in a time-depen-

dent manner (Figures 3G and H). Downregulation of Siah2

by siRNA in OGD-treated cells decreased proteolysis of

AKAP121.

As Siah2 is an E3–Ub ligase, we asked whether Siah2

modulates AKAP121 ubiquitination in vivo. HEK293 cells

were transiently transfected with vectors encoding

AKAP121 and HA-tagged Ub. Where indicated, Siah2 or its

inactive RING mutant was included in the transfection

mixture. Twenty-four hours following transfection, a portion

of the cells was treated with the proteasome inhibitor MG132.

Cells were harvested at 32 h following transfection and

lysates were immunoprecipitated with anti-AKAP121 anti-

body. The precipitates were resolved by SDS–PAGE and

immunoblotted with anti-HA antibody and AKAP121. As

shown in Figure 4A, AKAP121 was, in fact, ubiquitinated

in vivo. In the absence of MG132, most of the AKAP121 was

degraded by the co-transfected Siah2, and severely reduced

the accumulation of ubiquitinated AKAP121. When MG132

was added to the medium, the amount of ubiquitinated

AKAP121 significantly increased in Siah2 transfected cells,

compared to control or cells expressing Siah2rm.

Next, we measured AKAP121 ubiquitination during OGD.

HEK293 cells were transiently transfected with vectors

encoding AKAP121 and HA-tagged Ub, in the presence

or absence of siRNAs targeting Siah2 (siRNASiah2) or

control siRNA (siRNAc). Twenty-four hours following trans-

fection, cells were subjected to OGD for 4 h and harvested.

Where indicated, cells were treated with MG132 to inhibit

proteasome activity. Cells were harvested 32 h post-transfec-

tion and lysates were immunoprecipitated with anti-AKAP121

antibody. Precipitates were resolved by SDS–PAGE and

immunoblotted with anti-HA antibody or anti-AKAP121.

Figure 4B shows AKAP121 ubiquitination under normoxic

conditions. Ubiquitination was enhanced both by MG132 and

by OGD treatment. Co-transfection with siRNAsiah2 drastically

decreased ubiquitinated AKAP121 concentrations, compared

to siRNAc. This suggests that most of AKAP121 ubiquitylation

in vivo is catalysed by Siah2.

To demonstrate that AKAP121 is a substrate of Siah2,

we performed in vitro ubiquitination experiment using

purified proteins. Figure 4C shows that recombinant Siah2

ubiquitinated in vitro translated, 35S-labeled AKAP121.

Figure 4 Hypoxia–Siah2 signalling promotes ubiquitination of AKAP121. (A) HEK293 cells were co-transfected with AKAP121 and HA-tagged
ubiquitin. Where indicated, vectors encoding Siah2 or Siah2rm were included in the transfection mix. Twenty-four hours after transfection,
cells were treated with MG132 (20mM) for an additional 8 h. Lysates were then prepared, immunoprecipitated with anti-AKAP121 and
immunoblotted with anti-HA antibodies. (B) HEK293 cells were co-transfected with AKAP121 and HA-tagged ubiquitin. Where indicated,
control (siRNAc) or SMARTpool siRNASiah2 (siRNAsiah2) was included in the transfection mix. Twenty-four hours after transfection, cells were
subjected to OGD for 4 h in the presence or absence of MG132, and lysed. Lysates were immunoprecipitated with anti-AKAP121 and
immunoblotted with anti-HA and anti-AKAP121 antibodies. (C) In vitro translated and 35S-labeled AKAP121 was incubated with purified
GST–Siah2 and His6-tagged ubiquitin in the presence or absence of E1, UbcH5c (E2) and at 371C for 45 min. The reaction mix was denatured,
size-fractionated by 7% SDS–PAGE and analysed by autoradiography.
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Siah2 affects mitochondrial activity

We previously showed that AKAP121 enhances DCm and

oxidative ATP synthesis by directing PKA and src signalling

to mitochondria (Livigni et al, 2006). To further investigate

these interactions, we generated AKAP121 deletion mutants

that lack either the PKA or the PTPD1/src-binding domain.

Figure 5A shows that transfection of HEK293 cells with

wild-type AKAP121 enhanced DCm, whereas transfection with

AKAP121 mutants that fail to bind PKA (AKAP121L313, 319P)

or PTPD1/src (AKAP121D45�110) decreased DCm. Note that

AKAP121L313, 319P reduced DCm more severely than

AKAP121D45�110. This mutant was potently proapoptotic

when expressed in cultured rat pheochromocytoma PC12

cells (Affaitati et al, 2003).

We next asked if degradation of AKAP121 promoted

by OGD or Siah2 affected the mitochondrial oxidative

machinery. Expression of Siah2 reduced basal DCm levels

and abolished stimulation by AKAP121 (Figure 5B). As

expected, OGD lowered DCm in control cells. Notably, cells

transfected with AKAP121 maintained their DCm in the face

of OGD. Siah2 coexpression reversed the resistance to OGD

promoted by AKAP121.

Next, we assessed mitochondrial oxidative capacity by the

3-(4,5-dimethylthiazol-2-yl)-2,5, diphenyltetrazolium bro-

mide (MTT) assay in which MTT tetrazolium dye is reduced

to a dark blue formazan precipitate by active mitochondrial

succinate dehydrogenase. Figure 5C shows that OGD treat-

ment decreased mitochondrial activity in a time-dependent

manner. These effects paralleled the time-dependent

degradation of AKAP121 during OGD (see Figure 3;

Supplementary Figure S1). Next, we evaluated whether

Siah2 affects mitochondrial activity. Figure 5D shows that

expression of AKAP121 or the Siah2 ring mutant (Siah2rm)

increased MTT by B40 and B70%, respectively. In contrast,

Siah2 expression decreased MTT by B40%, even in presence

of coexpressed AKAP121. Treatment with siRNASiah2 slightly,

but reproducibly, increased mitochondrial activity.

We determined whether AKAP121 and Siah2 modulate

mitochondrial metabolic activity during OGD. The results

are summarized in Figure 5E. OGD impaired mitochondrial

metabolic activity by B50%. This decrease was reversed by

transfection with AKAP121. Expression of Siah2 further

Figure 5 Regulation of mitochondrial membrane potential (DCm)
and dehydrogenase activity (MTT) by AKAP121 and Siah2.
(A) TMRE analysis of HEK293 cells transiently co-transfected with
GFP and CMV or AKAP121 expression vectors (AKAP121,
AKAP121D45�110, AKAP121L313, 319P). Cumulative data are expressed
as mean7s.e. of changes in TMRE fluorescence and represent fold
increase over control (CMV) cells, which was set as 100. The
intensity of fluorescence was evaluated in single cells with Meta
Morph software analysis. *Po0.05 versus CMV-transfected (GFP
positive) cells; **Po0.05 versus AKAP121-transfected (GFP posi-
tive) cells; ^Po0.05 versus CMV-transfected (GFP positive) cells.
Statistical analysis was performed by ANOVA and Newman–Keuls
methodology. (B) TMRE analysis of HEK293 cells transiently co-
transfected with GFP and the indicated vectors, left untreated or
exposed to OGD for 4 h before harvesting. Cumulative data are
expressed as mean7s.e.m. of changes in TMRE fluorescence and
represent fold increase over control (CMV, untreated cells), which
was set as 100. *Po0.05 versus CMV-transfected (GFP positive)
cells; **Po0.05 versus CMV-, CMV/OGD- and Siah2-transfected
(GFP positive) cells; ^Po0.05 versus AKAP121- and AKAP121/
OGD-transfected (GFP positive) cells. (C) MTT assay in HEK293
cells transiently transfected with AKAP121. Twenty-four hours after
transfection, cells were harvested and mitochondrial dehydrogen-
ase activity was assayed as described under Materials and methods.
*Po0.02 versus each preceding time point. (D) MTT assay in
HEK293 cells transiently transfected with the indicated vectors.
*Po0.05 versus control; **Po0.05 versus AKAP121-transfected
cells; ^Po0.05 versus siRNAc-transfected cells. (E) Same as in
panel D, except that cells were subjected to OGD for 4 h before
harvesting. *Po0.05 versus control, **Po0.05 versus control and
AKAP121-transfected cells; ^Po0.05 versus control and siRNAc-
transfected cells. (F, G) MTT assay in HEK293 cells transiently
transfected with the following vectors: empty vector (control),
AKAP121, Siah2, control siRNA (siRNAc), siRNAAKAP121 and
SMARTpool siRNASiah2 (siRNASiah2). siRNAAKAP121 vector was de-
scribed previously (Livigni et al, 2006). Twenty-four hours follow-
ing transfection, cells were left untreated (F) or subjected to OGD
(G) for 4 h before harvesting. *Po0.02 versus control; **Po0.05
versus control.
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decreased MTT levels by B30% and mostly abolished the

protective effects of AKAP121. In contrast, Siah2rm comp-

letely restored mitochondrial oxidative activity in OGD-

treated cells. To prove further that Siah2 indeed decreased

mitochondrial metabolic capacity during hypoxia, we

performed MTT assays in cells transfected with siRNASiah2.

As shown in Figure 5E, transfection with siRNASiah2

increased mitochondrial metabolic activity in OGD-treated

cells (B80% of non transfected, normoxic cells), compared

with siRNAc-transfected cells.

To establish a mechanistic link between downregulation

of AKAP121 and MTT changes in cells exposed to OGD or

Siah2, we measured mitochondrial activity in cells in which

AKAP121 was eliminated by RNA interference. Figures 5F and

G show that downregulation of AKAP121 significantly de-

creased MTT. Similar effects were observed when both

AKAP121 and Siah2 were downregulated. During OGD,

elimination of Siah2 by siRNAsiah2 partly restored MTT,

whereas concomitant downregulation of AKAP121 by

siRNAA121 suppressed siRNAsiah2’s effects.

Middle cerebral artery occlusion induces AKAP121

degradation

We next determined AKAP121 levels in several brain regions

following permanent middle cerebral artery occlusion

(pMCAO). This procedure induces ischaemic damage of the

frontal cortex without affecting the hippocampus. Rat brains

subjected to pMCAO were isolated and dissected. AKAP121

levels were analysed by immunofluorescence in the ischae-

mic core (PC1), in the area surrounding the ischaemic core

(PC2) and in the hippocampus ipsilateral and contralateral to

the lesion. Figures 6A and B show that AKAP121 immuno-

reactivity was reduced by 85% in the ischaemic core

compared with levels detected in the contralateral

hemisphere and in sham-operated animals. In contrast,

AKAP121 expression was unaffected in the area surrounding

the ischaemic core. Interestingly, levels of AKAP121 protein

were statistically higher in the CA1 region of the hippo-

campus ipsilateral to the ischaemic lesion as compared

with those detected in the contralateral hemisphere and in

sham-operated rat. Moreover, AKAP121 decreases progres-

sively from the ischaemic core to the perinfarct area

(Supplementary Figure S2). AKAP121 in the surviving

neurons gradually disappears in neurons that are closer or

within the ischaemic core.

To evaluate whether the difference in AKAP121 protein

expression detected during ischaemia occurred in neurons or

in other cell types, we performed a double immunofluore-

scence staining for AKAP121 and neuronal nuclei (NeuN), a

neuron-specific nuclear protein marker (Mullen et al, 1992).

Figure 7A shows that AKAP121 was expressed in all

NeuN-positive neuronal cells. The number of NeuN-positive

cells was reduced by B40% in the core region and the

surviving NeuN-positive neurons showed intact morphologi-

cal properties (Figure 7B). In approximately 35% of surviving

NeuN-positive neurons AKAP121 immunoreactivity was

absent (Figure 7C). These findings confirm that AKAP121

was downregulated in several neurons of the core region

of ischaemic brain. The loss of AKAP121 during brain

ischaemia was also documented by western blot analysis

of protein lysates from control and ischaemic rat brain

(Figure 8A and B).

To link AKAP121 disappearance to Siah2 signaling, siRNA

targeting Siah2 (siRNAsiah2) or control siRNA (siRNAc) were

intracerebroventricularly (icv) perfused in sham-operated

rats or subjected to pMCAO. Intracerebral infusion of

siRNAs targeting Siah2 caused reduction of Siah2 protein in

the perfused hemisphere (data not shown). Figure 8C shows

that icv treatment with siRNAsiah2 prevented degradation

of AKAP121 in the PC1 core region of the ischaemic

hemisphere.

Discussion

We have identified a novel mechanism by which the cell, in

response to reduction in oxygen availability, degrades mito-

chondrial scaffold protein AKAP121. AKAP121 transmits both

cAMP/PKA and EGF/src signals to mitochondria, thus sti-

mulating ATP synthesis. Hypoxia-induced E3–Ub ligase Siah2

was detected in complex with AKAP121. Siah2 binding

leads to ubiquitination and rapid degradation of AKAP121,
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Figure 6 AKAP121 disappears during cerebral ischaemia. (A) Brain
sections from rats subjected to pMCAO include parietal cortical
(PC1 and PC2) and hippocampal (CA1 and CA3) areas isolated from
the ischaemic ispilateral hemisphere and from the non-ischaemic
contralateral hemisphere. Sections from sham-operated rats were
used as controls. Brain sections were immunostained with
anti-AKAP121 antibody and analysed by confocal microscopy.
(B) Quantitative analysis of the AKAP121 immunoreactivity from
rat brain subjected to pMCAO. Fluorescence intensity was measured
by using ImageJ 1.38 software. The data are expressed as percent of
fluorescence intensity7s.e.m. compared with sham-operated con-
trols. Statistical analysis was performed using separated one-way
ANOVAs for each region and post hoc repeated-measure compar-
isons (LSD test). Rejection level was set at Po0.01. *Po0.01 versus
contralateral and sham-operated groups.

Hypoxia promotes degradation of mitochondrial AKAP121
A Carlucci et al

The EMBO Journal VOL 27 | NO 7 | 2008 &2008 European Molecular Biology Organization1080



both in vitro and in intact tissue. The consequent drop in

AKAP121 concentrations significantly reduced mitochondrial

activity.

In higher eukaryotes, oxygen fuels mitochondrial respira-

tion and oxidative ATP synthesis. Oxygen concentration is

maintained at physiological levels by highly organized re-

spiratory and circulatory systems. In ischaemia, obstruction

of blood flow to tissue leads to decrease of oxygen (hypoxia)

and metabolite diffusion to cells. Hypoxia is rapidly detected

by oxygen-sensing mechanisms that alter gene transcription

patterns. These alterations have an important role in switch-

ing from oxidative to fermentative metabolism.

The major regulator of cellular responses to hypoxia is

HIF1a. HIF-1a is a transcription factor composed of a hetero-

dimer of a hypoxia-inducible a-subunit and a constitutively

expressed b-subunit. HIF-1a induces expression of a number

of genes, including that of vascular endothelial growth factor,

transforming growth factor-b and erythropoietin, which are

involved in vascularization, erythropoiesis, metabolism and

other central cellular processes. Under normoxic conditions,

HIF-1a hydroxylation by PHD2 promotes HIF-1a binding to

the von Hippel–Lindau complex and rapid degradation by the

Ub–proteasome pathway (Berra et al, 2003). Hypoxia induces

expression of Siah2, which carries an N-terminal RING

domain followed by two zinc-finger motifs and a C-terminal

substrate-binding domain. The RING finger domain of Siah2

mediates transfer of Ub monomer from E2 Ub–ligase to

PHD1/3, promoting its proteasomal degradation. As a result,

Figure 7 Sections from control or ischaemic parietal cortex include
ischaemic core (PC1) and non-ischaemic parietal cortex (PC2) from
the ispilateral hemisphere, PC1 from the contralateral hemisphere
and PC1 from sham-operated rats. (A) Sections were doubly
immunostained with anti-AKAP121 and anti-NeuN antibodies,
and analysed by confocal microscopy. (B) Quantitative analysis of
NeuN-positive cells from the ischaemic core (PC1), the area
surrounding the ischaemic core (PC2) and the hippocampus
(CA1 and CA3) of the ipsilateral and contralateral hemispheres.
(C) LSD multiple-comparison test between AKAP121-positive
and NeuN-positive cells. Values are expressed as percentage
of AKAP121-positive cells calculated as follows: % AKAPþ

cells¼ (number of AKAPþ NeuNþ cells)/(number of NeuNþ

cells)� 100).

Figure 8 Siah2 is required for AKAP121 disappearance in ischae-
mic rat brain. (A) Immunoblot analysis of lysates from PC1, PC2
and hippocampus (Hip) of ischaemic, contralateral and sham-
operated hemispheres from the rat brain. (B) Cumulative data are
expressed as mean7s.e.m. of three independent experiments that
gave similar results. The values are relative to the same areas of
sham animals that were set as 1. (C) Rat brains were perfused with
control (siRNAc) or SMARTpool siRNASiah2 (siRNASiah2), and 12 h
later were subjected to pMCAO. Lysates were immunoblotted with
the indicated antibody. A representative experiment is shown.
In this set of experiments, the antibody directed against residues
200–450 of mouse AKAP121 (see Materials and methods) detected
an AKAP121 degradation product (*) that specifically accumulated
in ischaemic PC1.
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HIF-1a accumulates and activates transcription of hypoxia-

induced genes (Hu et al, 1997; Nakayama et al, 2004).

We report here that cells also utilize another mechanism

to adapt physiologically to oxygen deprivation. This involves

regulation of components of the signal transduction pathway

that controls oxidative respiration at the post-translational

level. Our findings demonstrate that Siah2 induces

ubiquitination and proteasomal degradation of the scaffold

protein AKAP121, thus lowering the basal activity of

mitochondrial respiration in hypoxic cells. Given its role in

mitochondrial physiology, changes of AKAP121 abundance

are expected to have a major impact on signalling to

mitochondria (Feliciello et al, 2005). Indeed, we found that

in hypoxic cells or cells overexpressing Siah2, AKAP121

degradation was accompanied by a significant decrease in

DCm and mitochondrial metabolic activity. Loss of AKAP121

was quite rapid, occurring in hypoxic cells within 2–4 h of

hypoxia onset. Downregulation of AKAP121 in hypoxic con-

ditions is not cell-specific, as we detected it in fibroblasts,

human embryonic kidney cells and hippocampal neurons.

We also observed loss of AKAP121 in ischaemic rat brain.

AKAP121 is expressed in discrete brain areas, including

hippocampus and cortex, as well as in the corpus striatum

and cerebellum. Middle cerebral artery occlusion consistently

decreased AKAP121 levels specifically in the ischaemic cor-

tical area. Perfusing rat brain with siRNA that targeted Siah2

prevented AKAP121 disappearance, suggesting that Siah2

was responsible for AKAP121 downregulation during brain

ischaemia.

In summary, we have demonstrated a new mechanism by

which cells and tissues rapidly adapt the oxidative pathway

to a drop in oxygen availability. Degradation of mitochondrial

AKAP121 by the hypoxia–Siah2–proteasome pathway attenu-

ates mitochondrial respiration and oxidative ATP synthesis

(see Figure 9). In view of the ubiquitous expression of

AKAP121, this regulatory system might likely be used as a

rapid and efficient way to attenuate oxidative metabolism

during hypoxia in most, if not all, tissues.

Materials and methods

Cell lines
The human embryonic kidney cell line HEK293 and NIH3T3 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% foetal calf serum in an atmosphere of 5% CO2.
Where indicated, cells were propagated in DMEM medium
supplemented with 10% calf serum. Hippocampal neurons were
prepared from 18-day-old rat embryos (Irace et al, 2005). Neurons
were cultured at 371C in a humidified 5% CO2 atmosphere, with
medium replenishment after 6 days, and used after 11 days of
culture in all experiments.

Animals
Male Wistar rats (Charles River, Lecco, Italy) were housed under
diurnal lighting conditions (12-h darkness and 12-h light) and
fasted overnight, but were allowed free access to water before the
experiment. Experiments were performed according to international
guidelines for animal research and the experimental protocol was
approved by the Animal Care Committee of the University of
Naples.

Plasmids and transfection
Mouse pCEP4-AKAP121 cDNA was a gift from Dr C Rubin (Albert
Einstein College of Medicine, NY). Vectors encoding the Siah2
and Siah2rm mutants were described previously (Nakayama et al,
2004). HA-tagged ubiquitin was provided by Dr Antonio Leonardi
(University of Naples, Italy); pcDNA3.1 vector carrying V5/
His-tagged AKAP121, pCEP4-AKAP121D336�550 vector and pCEP4–
A121D45�110 mutant were generated by PCR using specific
oligo primers; pMAL-AKAP121 vector encoding MBP–AKAP121
fusion and the AKAP121 mutant lacking PKA-binding activity
(AKAP121L313, 319P) were described previously (Ginsberg et al, 2003;
Affaitati et al, 2003).

siGENOME duplex siRNAs and siGENOME SMART pool target-
ing four distinct segments of Siah2 were purchased from Dharma-
con. We used three different siRNASiah2 mixtures, (a) siRNASiah2

SMARTpool, containing equimolar concentrations of all four duplex
siRNAs; (b) siRNASiah2 #1, containing equimolar concentrations of
two duplex siRNAs (D-041993-01, D-041993-02) and (c) siRNASiah2

#2, containing equimolar concentrations of two duplex siRNAs
(D-041993-03 and D-041993-04). The siRNAs were transiently
transfected using Lipofectamine 2000 (Invitrogen) at a final
concentration of 250 pmol/ml of culture medium.

Antibodies and chemicals
Goat polyclonal antibodies directed against AKAP121 (C-20), VDAC
and Siah2, and mouse anti-ERK2 antibody were purchased from
Santa Cruz Biotechnology; anti-HA epitope (HA.11) from Covance;
anti-tubulin from Sigma; anti-NeuN monoclonal antibody from
Chemicon International (CA, USA). Anti-AKAP KL antibody was a
gift from Dr C Rubin. A polyclonal antibody directed against
AKAP121 was raised as follows. A polypeptide segment spanning
residues 200–450 of mouse AKAP121, expressed and purified from
BL21, was used to immunize rabbit. The specificity of the antibody
was tested by immunoprecipitation, immunoblot analysis and
immunodepletion assays (Supplementary Figure S3).

Pulse–chase experiments
Cells were washed and incubated for 1 h in Met/Cys-free DMEM.
Labelling was performing for 3 h with DMEM supplemented with
[35S]Met/Cys (100 mCi/ml, 1000 Ci/mmol). Cells were then washed
with non-radioactive medium, incubated in serum-supplemented
DMEM and cold excess methionine, and harvested (chase) for the
indicated time period. Cell lysates were immunoprecipitated with
anti-AKAP121 antibody, size-fractionated by 8% SDS–PAGE and
subjected to autoradiography. AKAP121 signal was quantified by a
PhosphorImager (Molecular Dynamics).

Immunoprecipitation and immunoblot analysis
Cells were homogenized and subjected to immunoprecipitation and
immunoblot analyses as described previously (Livigni et al, 2006).
Cytosolic and mitochondrial fractions were isolated as indicated
previously (Hovius et al, 1990). Chemiluminescence (ECL) signals
were quantified by scanning densitometry (Molecular Dynamics).
35S-labeled AKAP21 and HA-tagged Siah2 were synthesized in vitro
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Figure 9 AKAP121 assembles a PKA and PTPD1/src-signalling
complex on mitochondria that is required for oxidative metabolism
and ATP synthesis. Hypoxia induces Siah2 accumulation. The E3
Ub–ligase binds to and ubiquitinates AKAP121, leading to protea-
somal degradation of the anchor protein and consequent decrease
of oxidative metabolism.
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using the TnT quick coupled transcription/translation system
(Promega) in the presence of 45mCi of [35S]Met and Cys. The
reaction mixture was subjected to immunoprecipitation with
anti-HA or control IgG antibody. Precipitates were resolved by 8%
SDS–PAGE and visualized by autoradiography.

Pull-down assay
MBP–AKAP121 and GST–Siah2 were expressed in Bl21 (DE3) pLysS
cells and purified as previously described (Ginsberg et al, 2003;
Cardone et al 2004). A 20-ml volume of GST–Siah2 beads was
incubated with 1mg of recombinant MBP-tagged AKAP121 poly-
peptides in 200ml PBS1X containing 0.5% Triton X-100 with rotation
at 41C for 3 h. Pellets were washed four times in binding buffer and
eluted in Laemmli buffer. The eluted samples were resolved on 8%
PAGE gel, transferred to polyvinylidene difluoride membranes and
immunoblotted with anti-GST or anti-AKAP121 antibodies.

In vitro ubiquitination assay
35S-labeled AKAP21 was synthesized in vitro using the TnT quick
coupled transcription/translation system (Promega) in the presence
of 45mCi of [35S]Met. The ubiquitination assay was performed in
buffer containing 50 mM Tri–HCl, pH 8, 0.5 mM dithiothreitol,
phosphatase and protease inhibitors, supplemented with recombi-
nant His–Ub (0.5mg), 2 mM ATP, E1 (0.5mg) (Affinity Research,
Exeter, UK), purified E2 (0.5 mg) (UbcH5b) in the presence or
absence of GST–Siah2. The reaction mixture was incubated at 371C
for 45 min; then the reaction was stopped with Laemmli buffer and
the mixture was size-fractionated by 7% SDS–PAGE. Ubiquitination
products were visualized by autoradiography.

MTT assay
Mitochondrial activity was assessed by measuring the level of
mitochondrial dehydrogenase activity using the reduction of MTT
as the substrate (Hansen et al, 1989; Scorziello et al, 2004).

Mitochondrial membrane potential
Mitochondrial membrane potential (DCm) was assessed using
the fluorescent dye tetramethyl rhodamine ethyl ester (TMRE) in
the ‘redistribution mode’ as described previously (Livigni et al,
2006). Confocal images were obtained using a Zeiss inverted 510
confocal laser-scanning microscope and a � 63 oil-immersion
objective. The illumination intensity of 543 mm xenon laser, used
to excite TMRE fluorescence, was kept to a minimum (0.5%) of
laser output in order to avoid phototoxicity.

Combined OGD
Hippocampal neurons and HEK293 cells were exposed to OGD for
3 h according to a previously reported protocol (Goldberg and Choi
1993). Re-oxygenation was achieved by returning cell cultures
to normoxic conditions (371C in a humidified 5% CO2 atmosphere)
for 24 h.

Permanent middle cerebral artery occlusion
pMCAO was performed as described previously (Pignataro et al,
2004). Twenty-four hours after pMCAO, the animals were perfused
with paraformaldehyde (4%) and then decapitated to remove the
brains. Sham-operated controls underwent surgical procedures
except for electrocoagulation of the middle cerebral artery. The
brain was placed on dry ice and the coronal sections were cut with a
vibratome (752M; Campden Instrument, London, UK).

siRNA administration in rat brain
All rats, anesthetized with chloral hydrate (400 mg/kg, intraper-
itoneally), were put on a stereotaxic frame. A 23-G stainless steel

guide cannula (Small Parts Inc., Miami Lakes, FL) was implanted
into the right lateral ventricle, the third ventricle, using stereotaxic
coordinates of 0.5 mm caudal to bregma, 2 mm lateral and 2.5 mm
below the dura. The cannula was fixed to the cranium using dental
acrylic and small screws. siRNAs targeting Siah2 (pool #2) (10ml
from 250 mM stock) and control siRNAs (10 ml from 250 mM stock)
were administered three times, 24 and 6 h before ischaemia
induction and just after pMCAO. AKAP protein expression was
analysed 24 h after ischaemia onset.

Confocal immunofluorescence analysis
Forebrain coronal vibratome sections were subjected to immunos-
taining with incubated anti-AKAP121 and anti-NeuN antibodies.
Immunofluorescence was visualized using a Zeiss LSM 510 Meta
argon/krypton laser-scanning confocal microscope. Four images
from each optical section were averaged to improve the signal to
noise ratio.

Image analysis
A minimum of four sections per brain and four different samples
per region were analysed. For each image, the average grey level
in a region of interest was quantified along with the background
grey level using ImageJ 1.38 software. Signals were background-
subtracted and expressed as percent of sham control. To evaluate
whether changes in AKAP expression were dependent on changes
in the number of neurons, we calculated the total number of
neurons per unit area in each Region of Interest (ROI) using NeuN
as marker, and within each region counted the number of AKAP-
positive cells. We compared the number of AKAP-positive
and NeuN-positive cells with the total number of NeuN-positive
cells and expressed this value as percentage of AKAP-positive
cells (%AKAPþ ¼ (number of AKAPþ NeuNþ cells)/(number of
NeuNþ cells)� 100).

Statistics
Image analysis data were analysed using separated one-way
analysis of variance (ANOVA) for each region and post hoc
repeated-measure comparisons (Least Significant Difference (LSD)
test). Rejection level was set at Po0.01. MTT results are expressed
as mean7s.e.m. Statistical analysis was performed by using
ANOVA test followed by Newman–Keuls test. Po0.05 was
considered statistically significant.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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