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Cyclic AMP response element-binding protein (CREB) is a widely
expressed transcription factor whose role in neuronal protection is now
well established. Here we report that CREB is present in the mitochondrial
matrix of neurons and that it binds directly to cyclic AMP response ele-
ments (CREs) found within the mitochondrial genome. Disruption of
CREB activity in the mitochondria decreases the expression of a subset of
mitochondrial genes, including the ND5 subunit of complex I, down-reg-
ulates complex I-dependent mitochondrial respiration, and increases sus-
ceptibility to 3-nitropropionic acid, a mitochondrial toxin that induces a
clinical and pathological phenotype similar to Huntington disease. These
results demonstrate that regulation of mitochondrial gene expression by
mitochondrial CREB, in part, underlies the protective effects of CREB and
raise the possibility that decreased mitochondrial CREB activity contrib-
utes to the mitochondrial dysfunction and neuronal loss associated with
neurodegenerative disorders.

The cAMP response element-binding protein (CREB)? is a transcription
factor known to mediate stimulus-dependent expression of genes critical for
the plasticity, growth, and survival of neurons (1). A variety of stimuli alter
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levels of intracellular second messengers in neurons, such as cAMP and cal-
cium, and activate CREB by leading to phosphorylation at its critical regulatory
site, serine 133 (2, 3). Overexpression of constitutively active CREB prevents
cell death induced by growth factor deprivation, while expression of a domi-
nant negative form of CREB leads to apoptosis in both sympathetic neurons
and cerebellar granule cells (4, 5). A recent report that CREB is present in the
mitochondria raises the possibility that CREB could mediate mitochondrial
gene expression (6). Nonetheless, the function of mitochondrial CREB is not
known. The present study confirms the presence of CREB in the mitochondria
and addresses the role of CREB in mitochondrial gene expression and neuronal
survival. The results raise the possibility of a novel mechanism for CREB dys-
function in the pathogenesis of neurodegenerative disorders.

MATERIALS AND METHODS

Isolation of Mitochondria—Mitochondria were isolated from primary cul-
tured cortical neurons and adult rat brains by sucrose density gradient centrif-
ugation (6).

Confocal Microscopy—Indirect labeling methods were used to determine
the levels of CREB, phosphorylated CREB (pCREB), and neurofilament (200
kDa) in cortical neuronal cultures and human and rat brain tissues as described
previously (7).

Immunogold Labeling and Electron Microscopy— Frozen samples were sec-
tioned at —120°C, and the sections were transferred to Formvar/carbon-
coated copper grids. Samples were incubated with antibody in 1% bovine
serum albumin for 30 min. After rinsing the samples four times with PBS,
protein A-gold (10 nm) in 1% bovine serum albumin was added for 20 min.
Contrasting stain procedures were carried out using 2% methyl cellulose: 3%
uranyl acetate (9:1) for 10 min on ice. To dry the samples, grids were picked up
with a loop and excess liquid was removed using filter paper.

DNase I Footprinting Analysis—The mitochondrial DNA fragment encom-
passing 15858/16063 bp (GenBank "™ accession number J01420) was prepared
by PCR and used as a probe in the DNase I footprinting experiment (8).

Electrophoretic Mobility Shift Assay (EMSA)—We performed EMSAs on
mitochondrial extracts from rat brain tissues and cortical neurons using a
32P_labeled oligonucleotide containing a wild-type CREB-binding site as
described previously (7). Mitochondrial D-loop CRE oligonucleotides were
designed from the CRE I-III sequences shown in Fig. 2B. Supershifts were
performed with pCREB-specific antibody for the Ser-133 residue (Upstate
Biotechnology Inc., Lake Placid, NY), ATF-1/CREB (25C10G; Santa Cruz Bio-
technology), or CREB-1 (24H4B and 240; Santa Cruz Biotechnology).

Mitochondrial DNA and Protein Cross-linking and Immunoprecipi-
tation—Mitochondrial DNA and protein cross-linking and immunoprecipita-
tion analysis for CREB binding to mitochondrial DNA was performed using a
chromatin immunoprecipitation assay kit (Upstate Biotechnology Inc.). Mito-
chondrial fraction pellets or HT-22 cells transfected with pDs-Red2-Mito
empty vector, pDs-Red2-Mito-wt-CREB, and pDsRed2-A-CREB for 24 h were
cross-linked with 1% formaldehyde for 20 min at room temperature. PCR
amplification was carried out for 35 cycles, and PCR products were separated
on 2% agarose gels. Three primers were used to amplify the segment flanking
the three or two CRE-like sites in the D-loop of mitochondria. The forward
primers were 5'-GTGGTGTCATGCATTTGGTATCT-3' and 5'-ATCAA-
CATAGCCGTCAAGGCATG-3', and the reverse primer was 5'-TCACCG-
TAGGTGCGTCTAGACTGT-3'. Normal rabbit IgG served as a negative
control.

Construction of Plasmids—To generate mitochondrially targeted fusion
proteins, wt-CREB and A-CREB (9) were subcloned into pECFP-Mito and
pDs-Red2 Mito vector (CLONTECH Laboratories, Inc., Palo Alto, CA).

Real-time PCR and Conventional RT-PCR—To quantify the copy number
of mRNA of the ND5 and ND6 genes, real-time PCR was performed using a
DNA Engine Opticon System (M] Research Inc., Las Vegas, NV). For the
detection of mitochondria-encoded gene expression, total cellular RNA
digested with RNase-free DNase was reverse-transcribed with SuperScript
RT-PCR kit (Invitrogen). The probe and primers designed to amplify mito-
chondrial transcripts were as follows: human ND2, 4704 —5103; human ND4,
11479-11929; human ND5, 13569-13917, human cytochrome b,
15494 —15748; human ATPase 6, 8854 —9087; human complex 1V, 6188 - 6377,
human mitochondrial 12S rRNA, 576-422; human 18S RNA,
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FIGURE 1. Identification of mitochondria as a site of CREB localization in neurons. A,
both CREB (panels a-c) and pCREB (Ser-133) (panels d—i) colocalize with mitochondria in
the cerebral cortex of rat adult brain in situ (panels a-f) and primary cultured cortical
neurons (panels g-i). White arrows indicate colocalization with punctate staining of
PCREB and mitochondria in a single cortical neuron. B, pCREB immunoreactivity (panels
a and d) with cytochrome c (Cyto. c) (panels b and e) is impaired in dorsal root ganglia in
CREB null ("/7) mice (panels a-c) but not in CREB*/~ (panels d-f). C,immunogold elec-
tron microscopy shows pCREB in the mitochondrial matrix of cortical neurons. Mito,
mitochondria; Nu, nucleus. Scale bar: 200 nm. D, CREB is found in the mitochondrial
subcellular fraction. pCREB was detected as a 43-kDa band. The same blot was then
stripped and reblotted with anti-complex | (mitochondrial NADH oxidoreductase (OR),
37-kDa subuint) (mitochondrial marker), Bip (GRP78) (endoplasmic reticulum marker),
and Sp1 (nucleus marker), each of which were also detected. N, nuclear fraction; C7,
cytoplasmic fraction 1; P1, pellet 1 mitochondria-rich fraction; P2, pellet 2 mitochondria
fraction. E, proteinase K assay using the mitochondrial fraction shows that pCREB is
localized to the mitochondrial matrix. F, mitochondrial fraction (MF) of cortical neurons
(CN) and adult rat brain show specific CREB DNA binding activity by EMSA. EMSA was
performed with mitochondrial and nuclear extracts using 32P-labeled CRE oligonucleo-
tides. Supershift analysis for identification of CREB complex used antibodies (Ab) for
PCREB (Ser-133), ATF-1, and ATF-2. NF, nuclear fraction.

5'-CCGAGATTGAGCAATAACAGG-3' (forward) and 5'-AGTTCGAC-
CGTCTTCTCAGG-3' (reverse).

Measurement of Mitochondrial Enzyme Activities—Respiratory activities
were measured polargraphically as described previously (10).

Western Blot Analysis—W estern blot was performed using subcellular frac-
tions and cell or tissue lysates as described previously (7).

RESULTS AND DISCUSSION

In the neurons of the adult rat cortex, we found that CREB and pCREB
(Ser-133) were partially extranuclear. Furthermore, the extranuclear CREB
colocalized with the mitochondrial marker cytochrome ¢ (Fig. 14, panels a—f).
In cultured immature embryonic cortical neurons, CREB and pCREB partially
colocalized with the mitochondrial marker MitoTracker and were found
within the proximal segments of dendrites (Fig. 14, panels g—i). CREB staining
was most prominent in neurofilament-200 (NF-200)-positive cells (data not
shown). Moreover, both nuclear and extranuclear CREB and pCREB immu-
noreactivity was absent in neurons derived from CREB null mice (Fig. 1B). In
addition, we found that CREB-binding protein is not localized in the mito-
chondria (supplemental Fig. 1). To pinpoint the subcellular localization of
extranuclear CREB, we performed immuno-electron microscopy using cul-
tured cortical neurons. This analysis demonstrated that pCREB is present
within both the nucleus and the mitochondrial matrix of these neurons (Fig.
1C). We further verified the localization of CREB to the mitochondrial fraction
using subcellular fractionation of adult rat brain tissue by sucrose density cen-
trifugation (Fig. 1D). The presence of complex I (NADH oxidoreductase)
immunoreactivity, together with the absence of immunoreactivity of the endo-
plasmic reticulum marker Bip (GRP78) or the nuclear marker Sp1, confirmed
that the fractions contained only mitochondria. Mitochondrial pCREB was
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FIGURE 2. CREB binds to the non-coding region of mitochondrial DNA. A, in vitro
footprinting analysis reveals three putative CRE-like sites in the D-loop of mouse mito-
chondrial DNA. B, sequences of CRE-like sites in the D-loop are presented. Three CRE-like
sequences (/-/l) as underlined are found in the D-loop. Arrows indicate the direction of
CREB binding to the putative CRE. C, EMSA shows that CREB binds to mitochondrial
CRE-like sites (I-/ll). A canonical CRE site in a nuclear gene, tyrosine hydroxylase (TH),
promoter was used as a standard of CREB binding activity to mitochondrial DNA. D,
nonspecific competitor analysis confirmed that CREB is specifically associated with mito-
chondrial CRE-like sequences. SS, supershift analysis. E, CREB association with mitochon-
drial DNA was further examined using DNA-protein cross-linking, immunoprecipitation
of pCREB, and PCR methods (see supplemental methods). The mitochondria pellet was
cross-linked by 1% formaldehyde, sonicated, and immunoprecipitated. Immuoprecipi-
tated and eluted mitochondrial DNA with CREB antibody and IgG were amplified with
primers designed for CRE sites in D-loop sequences and non-CRE sites in ND6 sequences.
Lanes 1 and 3, IgG immunoprecipitation; lanes 2 and 4, CREB antibody immunoprecipi-
tation; lane 5, 50-bp molecular marker. The arrow indicates an amplified signal with CRE
site primers (15896 -15996).

resistant to proteinase K treatment in the absence of detergent, suggesting that
pCREB is located within the mitochondrial matrix (Fig. 1, C and E). We
employed EMSA to determine whether mitochondrial CREB is capable of
binding to a canonical CRE DNA sequence (5'-TGACGTCA-3'). Consistent
with the immunoblot and immunolocalization experiments, mitochondrial
extracts from rat embryonic cortical neurons and adult rat brain tissue
revealed the presence of CRE-binding activities (Fig. 1F).

Although CREB lacks a classical mitochondrial targeting sequence, alterna-
tive pathways exist for targeting proteins to the mitochondria (11, 12). To
determine whether chaperone molecules may play a role in the mitochondrial
targeting of CREB, we performed a coimmunoprecipitation assay using lysates
from the mitochondrial fraction to assess the degree of association of CREB
and mitochondria (mt) HSP70 (GRP 75) (11, 12). We found that CREB copre-
cipitated with mtHSP70 in human and rat brain tissues and in embryonic
neurons (supplemental Fig. 2). The data support the possibility that chaperone
molecules are involved in delivering CREB to the mitochondria.

The D-loop is the control site for both transcription and DNA replication in
the mitochondrial genome. Within this region, we identified variant CRE-like
sequences by in vitro footprinting analysis (Fig. 2, A and B) and observed that
these sites formed specific DNA-protein complexes with CREB (Fig. 2C) and
that complex formation by mitochondrial CRE elements did not compete with
NFkB, Sp1, or USE-1 cis-elements (Fig. 2D). Furthermore, we performed chro-
matin immunoprecipitation with a CREB antibody to demonstrate that CREB
is bound to these mitochondrial DNA sites in the intact cell (Fig. 2E) (supple-
mental Fig. 3). To evaluate the role of CREB in mitochondrial gene expression
and survival, we expressed a mitochondrially targeted form of either CREB
(mito-wt-CREB-ECFP) or its dominant negative (mito-A-CREB). Transiently
expressed mito-wt-CREB-ECFP protein colocalized with mitotracker staining,
confirming that the heterologous protein is localized in the mitochondria (Fig.
3A). Immunoblotting verified that mito-wt-CREB (~80 kDa), mito-A-CREB
(~30 kDa), and mito-ECFP (~28 kDa) fusion proteins were expressed at sim-
ilar levels (Fig. 3B). EMSA analysis demonstrated that the dominant negative
mito-A-CREB disrupts the mitochondrial DNA-binding activity of CREB (Fig.
3, C and D). To more definitively address the function of CREB targeted to
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FIGURE 3. Mitochondrially targeted CREB directly regulates the expression of mito-
chondrial genes. A, confocal microscopy showed the expression of mito-wt-CREB-ECFP
vector (panel a; green) and mitotracker (panel b; red) staining and overlaid images (panel
¢)in SH-SY5Y cells. ECFP fusion proteins were visualized by indirect labeling using mouse
anti-ECFP antibody and goat anti-mouse IgG antibody conjugated with fluorescein iso-
thiocyanate. B, Western blot analysis of mito-ECFP (lane 1), mito-wt-CREB-ECFP (lane 2),
and mito-A-CREB-ECFP fusion protein (lane 3). C, A-CREB inhibits CREB DNA binding to
the mitochondrial EMSA of mitochondrial extracts from mito-ECFP (lane 1), mito-wt-
CREB-ECFP (lane 2), and mito-A-CREB-ECFP (lane 3) or mito-wt-CREB-ECFP and mito-A-
CREB-ECFP co-transfected (lane 4) cells. Anti-CREB antibody (Ab) was used for supershift
analysis (lane 5). D, mitochondrially targeted A-CREB inhibits mito-wt-CREB association
with mitochondrial D-loop CRE sequences. HT-22 cells were transfected with mito-Red2
(lane 1), mito-wt-CREB-Red2 (lane 2), and mito-A-CREB-Red2 and mito-wt-CREB-Red2
(lane 3) for 24 h. E, RT-PCR analysis of the expression of mitochondrial DNA-encoded
genes in mito-ECFP (lane 1), mito-wt-CREB-ECFP (lane 2), and mito-A-CREB-ECFP (lane 3)
in SH-SY5Y cell lines. Complex | (ND2, ND4, and ND5), complex Il (cytochrome b (Cyto B)),
complex IV (cytochrome ¢ oxidase subunit Ill (COXIIl)), complex V (ATPase 6), and 12 S
RNA gene fragments were examined for mitochondrial gene expression. 18 S RNA was
used as a nuclear-encoded gene control. The representative data are shown from three
separate experiments (see numerical and real-time PCR data in the supplemental Table
1 and Fig. 4). F, the ratio of complex I-dependent respiration on glutamate/malate com-
pared with complex ll-dependent respiration on succinate (plus rotenone) was signifi-
cantly decreased in permeabilized mito-A-CREB-ECFP cells compared with mito-ECFP
and mito-wt-CREB-ECFP cells. Data are expressed as the mean * S.E. of three to five
separate experiments.

mitochondria, we prepared cell lines that stably express either mito-wt-CREB
or mito-A-CREB. We used real-time PCR and RT-PCR to determine to what
extent mitochondrial gene expression was altered in the stable cell lines (Fig.
3E and supplemental Table 1). We found that mito-wt-CREB and mito-A-
CREB inversely regulate the expression of some mitochondrial genes. Mito-
wt-CREB increased levels of transcripts of the ND2, ND4, and ND5 mitochon-
drial genes, while mito-A-CREB decreased them. Interestingly, ND5
expression was significantly reduced in mito-A-CREB cells. Consistent with
reduced expression of ND5 (a complex I subunit), we also observed a relative
reduction of complex I activity in mito-A-CREB cells (Fig. 3F). We monitored
levels of the c-fos gene, a transcript regulated by nuclear CREB levels, to verify
that mito-A-CREB does not affect nuclear CREB activity. As expected, we
found that neither mito-wt-CREB or A-CREB influences c-fos expression as
compared with control (supplemental Fig. 4). Our results that mito-A-CREB
down-regulates several of the mitochondrial genes, in part, likely reflect dimin-
ished mito-CREB transcriptional activity. However, the failure to detect a
decrease in levels of some mitochondrial genes, such as the cytochrome b or
ATPase 6 genes that are also encoded on the H strand, could be due to other
factors, such as differences in mRNA stability. Indeed, mutations in the mito-
chondrial RNA binding protein, LRPPRC (leucine-rich pentatricopeptide
repeat cassette) are responsible for a French Canadian form of Leigh’s syn-
drome. In this syndrome, cytochrome ¢ oxidase mRNAs are selectively
decreased as compared with other mRNAs encoded in the mitochondrial
H-strand (13).

Previous studies have established that decreasing ND5 expression corre-
sponds with decreasing complex I-dependent respiration, suggesting that ND5
transcript levels may tightly control mitochondrial respiration rate (14).
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FIGURE 4. Mitochondrial CREB is involved in the neuronal survival. A, mito-A-CREB
cells (panels e and f) were highly susceptible to 3-NP-induced cytotoxicity compared with
mito-ECFP (panels a and b) and mito-wt-CREB cells (panels ¢ and d). Cells were treated
with vehicle (control) and 3-NP (0.5-5 mm) for 72 h. B, cell viability was measured by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Data are the aver-
age * S.E. of three separate experiments: significant at p < 0.05 (*) and p < 0.01 (**). C,
cytochrome c release is higher in mito-A-CREB cells (lane 3) compared with mito-ECFP
(lane 1) and mito-wt-CREB cells (lane 2) in response to 3-NP. Cytosol fractions were pre-
pared from cells treated with vehicle (control) or 3-NP (0.5 mm) for 72 h.

Indeed, mitochondrial DNA mutations in the genes encoding the ND5 subunit
of complex I are associated with mitochondrial myopathy and Lebers heredi-
tary optic neuropathy, which show defects in complex I activity (14-16). Thus,
CREB regulation of expression of the ND5 and/or ND6 subunit may influence
mitochondrial respiration (17). Interestingly, however, intracellular ATP levels
were not decreased by mito-A-CREB expression (supplemental Table 2).

There are a number of mitochondrial inhibitors that affect complexes of the
electron transport chain by reducing cellular levels of ATP, resulting in energy
deficiency and mimicking HD pathogenesis (18-20). One such naturally
occurring plant toxin, 3-nitropropionic acid (3-NP), is an irreversible inhibitor
of succinate dehydrogenase and both the Krebs cycle and complex II activity of
the electron transport chain (19). 3-NP is associated with HD-like symptoms in
both humans and animals and, as such, has been used as an experimental
model for HD (20). We further hypothesized that mitochondria may be more
susceptible to mitochondrial toxins in the presence of a dominant negative or
mutant mitochondrial CREB. To begin to address this possibility, we examined
the effect of 3-NP on cell lines stably expressing either mito-wt-CREB or mito-
A-CREB. Mito-wt-CREB cells were relatively resistant to 3-NP-induced cyto-
toxicity, whereas mito-A-CREB cells were more susceptible (Fig. 4, A and B).
Increased 3-NP cytotoxicity in mito-A-CREB cells was associated with an
increase of cytochrome ¢ release compared with mito-wt-CREB and mito-
ECEFP cells (Fig. 4C). These results support the hypothesis that defects in
mitochondrial transcription are associated with increased vulnerability to
mitochondrial toxins.

We further found atrophy of striatal neurons in the CREB™/~ mice meas-
ured by Nissl staining (1). The data directly support a survival and/or trophic
role for CREB in striatal neurons (supplemental Fig. 54) (21). Interestingly, a
decreased level of mitochondrial CREB proteins was found to correlate with
the shrinkage of the striatum in R6/2 mice (supplemental Fig. 5B). Because the
striatal phenotype of CREB™/~ mice is reminiscent of HD (21), our data are
consistent with a loss of function of mitochondrial CREB as a determinant of
striatal neuron atrophy and/or loss in HD.

To determine whether there is an alteration of mitochondrial transcription
in a transgenic mouse HD model, we examined mitochondrial transcript levels
in R6/2 mice. Mitochondrial ND5 and ND6 mRNA were significantly
decreased in R6/2 mice, similar to the changes induced by a dominant negative
CREB targeted to the mitochondria (supplemental Fig. 6, A and B, and Fig. 3).
Furthermore, striatal cell damage and neuronal loss in R6/2 mice were greater
than in control mice in response to 3-NP injection (supplemental Fig. 6C).
These results support the notion that defects in mitochondrial transcription
are associated with increased vulnerability to mitochondrial toxins in vivo as
well as in vitro (Fig. 4). In concert with previous studies demonstrating defec-
tive mitochondrial function in HD patients and transgenic mice (19, 22-24),
our findings suggest that loss of mitochondrial CREB may play a role in the
pathophysiology of HD.
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It has been hypothesized that mitochondrial dysfunction plays a role in
aging and in neurodegenerative diseases such as HD, Alzheimer disease, and
Parkinson disease (18 =20, 22—26). Our data demonstrate that CREB is present
within the mitochondria and functions to regulate mitochondrial gene expres-
sion in neurons. Other transcription factors, such as p53 and the orphan recep-
tor TR3, localize, in part, to mitochondria and exert pro-apoptotic effects with
or without affecting the expression of the mitochondrial genes (27, 28). In the
present study, mitochondrial CREB appears to regulate pro-survival effects, at
least in part, by regulating mitochondrial genes whose expression may be con-
trolled by CRE-like elements within the D-loop of the mitochondrial genome
(29, 30). Our data also suggest that CREB-mediated modulation of mitochon-
drial gene expression plays an important role in determining vulnerability to
cell death upon expressing a defective CREB (A-CREB) and a mitochondrial
toxin known to induce a phenotype similar to HD. This is in agreement with
previous studies showing that overexpression of a dominant negative CREB
transgene induces apoptosis (4, 5, 31) and that tissue-specific deletion of both
CREB and CREM leads to striatal toxicity similar to that observed in HD (21).

However, these previous studies have assumed that the toxicity is explained
by a loss of nuclear CREB activity. We show that mutant huntingtin (mtHtt)
can bind CREB (supplemental Fig. 7). Thus, mutant huntingtin has the poten-
tial to sequester CREB and decrease CREB-mediated mitochondrial transcrip-
tional activity (32—36). In addition to the effects that the loss of CREB may
cause in nuclear function, huntingtin proteins may affect the mitochondrial
CREB function. Our work suggests the latter function may be equally impor-
tant in Huntington disease.
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