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ABSTRACT

Scaffolding proteins such as receptor for activated C kinase
(RACK) 1 are involved in the targeting of signaling proteins and
play an important role in the regulation of signal transduction
cascades. Recently, we found that in cultured cells and in vivo,
acute ethanol exposure induces the nuclear compartmentaliza-
tion of RACK1. To elucidate a physiological role for nuclear
RACK1, the Tat protein transduction system was used to trans-
duce RACK1 and RACK1-derived fragments into C6 glioma
cells. We found that nuclear RACK1 is mediating the induction
of the immediate early gene c-fos expression induced by eth-
anol. First, transduction of full-length RACK1 (Tat-RACK1) re-
sulted in the induction of c-fos expression and enhancement of
ethanol activities. Second, we determined that the C terminus

of RACK1 (Tat-RACK1AN) is mediating transcription. Third, we
identified a dominant negative fragment of RACK1 that inhib-
ited the nuclear compartmentalization of endogenous RACK1
and inhibited ethanol-induction of c-fos mRNA and protein
expression. Last, acute exposure to ethanol or transduction of
full-length Tat-RACK1 resulted in an increase in mRNA levels of
an activator protein 1 site-containing gene, PAC1 (pituitary
adenylate cyclase-activating polypeptide receptor type ), sug-
gesting that nuclear RACK1 is involved in the regulation of the
expression of genes that are altered upon acute ethanol treat-
ment. These results may therefore have important implications
for the study of alcohol addiction.

Ethanol addiction is a prevalent and costly societal prob-
lem. Understanding the biochemical and physiological mech-
anism of ethanol is of prime importance to develop new drugs
to treat alcoholism. In recent years it has become increas-
ingly apparent that ethanol alters signal transduction cas-
cades that result in changes in gene expression patterns that
ultimately underlie ethanol-related behaviors (Pandey, 1998;
Stubbs and Slater, 1999). The changes in gene expression
lead to, and manifest in, the disease state of alcoholism.
Signal transduction cascades are regulated through precise
compartmentalization of signaling proteins. Compartmental-
ization of signaling proteins such as kinases and phospha-
tases is achieved by their interaction with scaffolding pro-
teins (Mochly-Rosen, 1995; Pawson and Scott, 1997). We
hypothesized that ethanol is altering signaling cascades by
changing the localization and function of scaffolding proteins.
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Indeed, we found previously that the localization and func-
tion of one such scaffolding protein, RACKI, is altered in
cultured cells and in vivo upon exposure to ethanol (Ron et
al., 2000). RACK]1 is a scaffolding protein for kinases such as
BIIPKC and Fyn (Mochly-Rosen, 1995; Pawson and Scott,
1997; Ron et al., 1999). RACKI1 also interacts with substrates
(Liliental and Chang, 1998; Brandon et al., 1999; Geijsen et
al., 1999), as well as other signaling proteins (Liliental and
Chang, 1998; Baumann et al., 2000; Mourton et al., 2001).
We found that ethanol uncouples RACK1 from BIIPKC by
inducing the movement of RACK1 to the nucleus. As a con-
sequence of RACK1 nuclear localization, activation-induced
BITPKC translocation is inhibited (Ron et al., 2000).
Because acute exposure to ethanol induces a rapid movement
of RACK1 to the nucleus, we assessed whether nuclear RACK1
contributes to changes in gene expression induced by ethanol.
One of the genes known to be altered upon injection or con-
sumption of ethanol in the brain is the immediate early gene
(IEG) c-fos (Zoeller and Fletcher, 1994; Chang et al., 1995;
Hitzemann and Hitzemann, 1997; Bachtell et al., 1999; Thiele
et al., 2000a). The cascades mediating ethanol-induced c-fos

ABBREVIATIONS: RACK, receptor for activated C kinase; PKA, protein kinase A; PKC, protein kinase C; IEG, immediate early gene; PACAP,
pituitary adenylate cyclase-activating polypeptide; DMEM, Dulbecco’s modified Eagle’s medium; PCR, polymerase chain reaction; HA, hemag-
glutinin; FBS, fetal bovine serum; RT-PCR, reverse transcription-polymerase chain reaction; PBS, phosphate-buffered saline; PAGE, polyacryl-
amide gel electrophoresis; GPDH, glycerol-3-phosphate dehydrogenase; AP-1, activator protein 1.
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expression and the possible consequences of ¢-fos induction are  sion that is dependent on cAMP/PKA signaling (Fiig. 1). Because
not fully understood. We recently found that in C6 glioma cells, ethanol-induced movement of RACK1 to the nucleus is also
ethanol induces a rapid dose-dependent increase in c-fos expres- mediated via cAMP/PKA pathway (Ron et al., 2000), we were
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Fig. 1. Ethanol induces c-fos mRNA expression via cAMP/PKA signaling cascade. a, Ethanol induction of c-fos expression is rapid and transient. Cells
were incubated in serum-free medium for 24 h and treated with 100 mM ethanol for different time points as indicated (lanes 2—6). Total RNAs were
used for analysis of the expression of c-fos and GDPH genes by RT-PCR as described under Experimental Procedures. After completion of the PCR
reaction, products were separated on an agarose gel and photographed by Eagle Eye II (Stratagene). Serum (20%) induced c-fos expression was used
as a positive control (lane 1). Graph depicts the mean ratio (c-fos/GPDH) *= S.D. of three experiments. b, ethanol induces c-fos expression in a
dose-dependent manner. Cells were treated with different concentrations of ethanol (0-200 mM, lanes 1-6) for 30 min and gene expression analyzed
by RT-PCR as described in a. Graph depicts the mean ratio (c-fos/GPDH) *= S.D. of three experiments. ¢, ethanol induction of c-fos expression is
mediated by cAMP signaling. Cells were incubated with vehicle (lanes 1 and 3) or Rp-cAMP (20 uM, lanes 2 and 4) for 30 min and then treated with
vehicle (lanes 1 and 2) or 150 mM ethanol (lanes 3 and 4) for 30 min. The expression of c-fos was analyzed by RT-PCR as described in a. Histogram
depicts the mean ratio (c-fos/GPDH) = S.D. of three experiments. Statistically significant difference between ethanol and ethanol + Rp-cAMP groups
is indicated by %226, P < 0.01 (¢ test). d, ethanol induction of c-fos expression is mediated by PKA. Cells were pretreated with H89 at different
concentrations as indicated (lanes 2 and 3 and 5 and 6) or vehicle (lanes 1 and 4) for 30 min before addition of 100 mM ethanol (lanes 4—6) for 30 min.
The expression of c-fos was analyzed by RT-PCR as described in a. Histogram depicts the mean ratio (c-fos/GPDH) + S.D. of three experiments.
Statistically significant differences between ethanol-treated cells in the absence of H89 and in the presence of 0.5 or 1.0 M H89 are indicated by *,
P < 0.05 and ##, P < 0.01 (¢ test). e, ethanol-induced RACK1 nuclear translocation is mediated by PKA. C6 glioma cells were preincubated with H89
(1 uM; C and D) for 30 min at 37°C. Cells were then treated with ethanol (200 mM; B and D) for 30 min. RACK1 nuclear localization was visualized
by immunofluorescence with anti-RACK1 antibody. Cells were scanned using confocal microscope and viewed at 20X magnification. Images shown are
individual middle sections of projected Z series. The images are representative of two experiments.
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interested to determine whether RACKI1 plays a role in ethanol
induction of c-fos expression.

We used the Tat protein transduction system to transduce
RACK1 and RACKI1 fragments into C6 glioma cells. The
Tat-fusion protein transduction method, developed by Dowdy
and colleagues, allows the delivery of proteins into cells with
high efficiency (Schwarze and Dowdy, 2000; Schwarze et al.,
2000). The method uses a short sequence from the human
immunodeficiency virus Tat protein that facilitates the rapid
transduction of proteins through membranes via an un-
known mechanism of action. The method has several advan-
tages over transfection. First, the efficiency of transduction is
high. Second, transduction of proteins occurs very rapidly,
allowing immediate monitoring of changes. In addition, using
the protein transduction system allows the transduction of
proteins regardless of protein size or cell type. Last, the
method is also very attractive because it allows the transduc-
tion of proteins in vivo (Schwarze et al., 2000).

Herein, we identify nuclear RACK1 as a key player in the
induction of c-fos mRNA and protein expression upon acute
exposure of cells to ethanol. We also identify PAC1, the type
I receptor for pituitary adenylate cyclase-activating polypep-
tide (PACAP), as a putative downstream gene that is altered
in response to the induction of c-fos by ethanol via RACK1.

Experimental Procedures

Materials. Dulbecco’s modified Eagle’s medium (high glucose,
DMEM) was purchased from Invitrogen (Carlsbad, CA). Rp-cAMP
was purchased from Biolog Life Science Institute (Bremen, Germa-
ny), and H89 was purchased from Calbiochem (San Diego, CA). The
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protease inhibitors aprotinin, phenylmethylsulfonyl fluoride, leupep-
tin, soybean trypsin inhibitor, and transferrin were purchased from
Roche Applied Science (Indianapolis, IN). Ni?"-nitrilotriacetic acid
resin was purchased from QIAGEN (Valencia, CA). PSK(—) vectors
were purchased from Stratagene (La Jolla, CA). Restriction endo-
nucleases were purchased from New England Biolabs (Beverly, MA).
TRIzol reagent was purchased from Invitrogen. Reverse transcrip-
tion kit and polymerase chain reaction (PCR) components were pur-
chased from Promega (Madison, WI). Oligonucleotide primers were
synthesized by BioSource International-Keystone Laboratories (Fos-
ter City, CA). pTAT-HA plasmid was a generous gift from Steve
Dowdy (Howard Hughes Medical Center, Washington University, St.
Louis, MO). Anti-RACK1 monoclonal antibodies were purchased
from Transduction Laboratories (Lexington, KY), anti-HA rat mono-
clonal antibodies were purchased from Roche Applied Science, and
anti-c-fos polyclonal antibodies were purchased from Oncogene Sci-
ence (Cambridge, MA). Texas Red-conjugated secondary antibodies
were purchased from Jackson Immunoresearch Laboratories, Inc.
(West Grove, PA), and anti-mouse and anti-rabbit secondary anti-
bodies were purchased from Roche Applied Science. TOTO-3 nuclear
marker was purchased from Molecular Probes (Eugene, OR).

Cell Culture. C6 rat glioma cell line was obtained from American
Type Culture Collection (Manassas, VA). The cells were grown as
monolayer cultures in DMEM containing 5% FBS plus 100 units/ml
penicillin and 100 ug/ml streptomycin in a humidified atmosphere of
5% CO, at 37°C. The cells were subcultured every 2 to 3 days. For
immunofluorescence experiments the cells were seeded at a density
of 0.5 X 10* cells/ml in Nalgene Nunc four-well chamber slides
(Fisher Scientific, Fair Lawn, NJ). For Western blot and RT-PCR
experiments, C6 cells were split onto six-well plates at a density of
2 X 10° cells/well in DMEM containing 0.5% FBS for overnight
incubation at 37°C after by incubation in serum-free DMEM for at

Fig. 2. Tat fusion proteins are transduced into C6 gli-
oma cells. a, Tat-RACK1, Tat-RACK1AN, and Tat-
RACKI1AC were expressed in E. coli. The purified pro-
teins were resolved on an SDS-PAGE gel. Tat-fusion
proteins were detected with anti-HA antibodies (left)
and anti-RACK1 antibodies (right). Coomassie staining
(data not shown) and Western blot analysis were con-
duced for each batch of purified proteins. b, cells were
incubated with vehicle (PBS) (lanes 1 and 2) or Tat-
RACK1 (1 uM) (lanes 4 and 5), Tat-RACK1AC (1 pM)
(lanes 7 and 8), and Tat-RACK1A 78 (1 uM) (lanes 10
and 11) for 30 min at 37°C. Cells were then homoge-
nized as described under Experimental Procedures and
the Triton-insoluble material (TIS; 20 ng, lanes 1, 4, 7,
and 10) or Triton-soluble (TS; 20 ug, lanes 2, 5, 8, and
11) material was resolved on a 12% SDS-PAGE gel. The
transduction of Tat-fusion proteins was detected with
anti-HA antibodies (bottom). The transduction of Tat-
RACK1 and Tat-RACK1AN were detected with anti-
RACK1 antibodies (top). Purified proteins (0.5 ug; lanes
3, 6, and 9) were used as control. The images are rep-
resentatives of three experiments. ¢, cells were incu-
bated with vehicle (PBS; A), Tat-RACK1 (1 uM; B),
Tat-RACK1A 78 (1 uM; C) or Tat-RACK1AC (1 uM; D)
for 30 min at 37°C. Tat-fusion proteins were detected by
immunohistochemistry using anti-HA antibodies as de-
scribed under Experimental Procedures. Cells were
scanned using confocal microscope and viewed at 20X
magnification. Images shown are individual middle sec-
tions of projected Z series. The images are representa-
tives of three experiments.
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least 24 h. The medium was replaced with fresh serum-free DMEM
about 6 h before treatment.

Cloning and Expression of Tat-Tagged Fusion Proteins. Tat-
Kip?” was a generous gift from Steve Dowdy (Howard Hughes Medical
Center, Washington University, St. Louis, MO). The N-terminal do-
main of RACK1 (amino acids 1-180, RACK1AC) and the C-terminal
domain of RACK1 (amino acids 138-317, RACK1AN) were amplified by
PCR from a full-length RACK1 construct (Ron et al., 1995). The primers
were designed with extra restriction sites for NotI and Ncol or EcoR1 as
follows: for RACK1AC, upstream 5'-CGGAATGCGGCCGCCCATGGT-
TATGACCGAGCAAATGACCCTT-3" and downstream 5'-GGGGCCG-
GAATTCCATTAAGCCAGATTCCACACCTTGA-3'; for RACK1AN, up-
stream 5-GGAATGCGGCCGCCCATGGTTTGCAAGTACACTG-
TCCAGGAT-3' and downstream 5'-GGGGCCGGAATTCCATT-
AGCGGGTACCAATAGTCACCTGC-3'. PCR products were digested
with Notl and EcoR1 and ligated into pSK(—) for sequencing or
pTatHAHis6 for expression. pTat-RACK1, pTat-RACKI1AC, pTat-
RACKIAN, and pTat-Kip?’ were expressed in Escherichia coli as de-
scribed previously (Nagahara et al., 1998). Bacteria were homogenized
in 20 ml of lysis buffer (8 M urea, 200 mM NaCl, and 20 mM HEPES pH
8.0) containing protease inhibitors (20 pug/ml aprotinin, 20 pg/ml leu-
peptin, 20 pg/ml soybean trypsin inhibitor, and 17 ug/ml phenylmeth-
ylsulfonyl fluoride) followed by sonication for 2 min. The homogenate
was clarified by centrifugation at 4°C for 30 min and purified by using
Ni2*-nitrilotriacetic acid agarose beads. After incubation at 4°C for 1 to
2 h while shaking, the beads were washed three times with >6 volumes
of lysis buffer containing 20 mM imidazole and then eluted with 500
mM imidazole in lysis buffer. The eluate was dialyzed overnight at 4°C
against 10% glycerol in PBS.

Immunohistochemistry. C6 glioma cells were treated as indi-
cated in figure legends. Immunostaining was performed as described
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previously (Ron et al., 2000). Briefly, after treatment, cells were
washed in cold PBS containing 0.3% Triton X-100, fixed in cold
methanol, and blocked in PBS containing 0.3% Triton X-100 and 3%
normal goat serum. Immunostaining was performed with monoclo-
nal IgM anti-RACK1 and IgG anti-HA antibodies (1:100), or poly-
clonal IgG c-fos antibodies (1:150). Staining was detected with sec-
ondary antibodies conjugated to Texas Red (1:250). Nuclei were
detected with the nuclear marker TOTO-3 (1:5000). Slides were
viewed with a laser scanning confocal microscope (MRC-1024; Bio-
Rad, Hercules, CA). Z-field images were processed by obtaining the
middle Z-field sections using NIH Image 1.61 and Adobe Photoshop
(Adobe Systems, Mountain View, CA). Quantitation of the results
was made as described previously (Ron et al., 2000).

Western Blot Analysis. C6 glioma cells were incubated with
Tat-fusion protein in DMEM as indicated. Cells were centrifuged at
3000 rpm for 5 min and washed three times in PBS. The cell pellet
was resuspended in homogenization buffer (320 mM sucrose, 1.0%
Triton, 10 mM EDTA, 10 mM EGTA, 10 mM Tris-HCI pH 7.4, and
protease inhibitors), homogenized, and incubated on ice for 30 min.
The extract was then centrifuged for 3 min at 4000 rpm at 4°C.
Triton-insoluble and -soluble samples were resolved on a 12% SDS-
PAGE gel and transferred to a nitrocellulose membrane. Tat-fusion
proteins were detected with rat monoclonal IgG anti-HA antibodies
(1:1000). ECL Plus kit and STORM-860 (Molecular Dynamics,
Sunnyvale, CA) were used to develop Western blots.

RT-PCR. C6 glioma cells were treated as indicated in figure
legends. Cells were extracted with TRIzol reagent for total RNA
isolation. Total RNA (1 ug) was used for reverse transcription reac-
tion with oligo(dT)15 primer for 25 min at 42°C following the man-
ufacturer’s protocol. The expression of c-fos, c-jun, and GPDH was
analyzed by PCR in 50 ul with 35 cycles (94°C, 45 s; 52°C, 30 s; and
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Fig. 3. Tat-RACK1 induces c-fos mRNA expression and enhances ethanol induction of c-fos. a, Tat-RACK1 enhances ethanol-induced c-fos mRNA
expression. Cells were incubated in serum-free medium for 24 h and then transduced with vehicle (lanes 1 and 2) or Tat-RACK1 (1 uM; lanes 3 and
4) for 30 min. Cells were then treated with 100 mM ethanol (lanes 2 and 4) for 30 min. The expression of c-fos and GPDH was analyzed by RT-PCR
as described in Fig. 1a. The c-fos/GPDH ratios were quantified by NIH Image 1.61. Histogram depicts the mean ratio (c-fos/GPDH) = S.D. of three
experiments. Statistically significant difference between ethanol and ethanol + Tat-RACK1 groups is indicated by #*, P < 0.01 (¢ test). b, Tat-RACK1
enhances ethanol-induced c-fos mRNA expression in a dose-dependent manner. Cells were incubated in serum-free medium for 24 h and then
transduced with vehicle (lanes 1 and 2) or with increasing concentrations of Tat-RACK1 as indicated (lanes 3-7) for 30 min. The cells were treated
with 100 mM ethanol (lanes 2-7) for 30 min, and the expression of c-fos and GPDH was analyzed by RT-PCR as described in Fig. 1a. The c-fos/GPDH
ratios were quantified by NIH Image 1.61. ¢, Tat-peptide does not alter c-fos mRNA expression. Cells were incubated in serum-free medium for 24 h
and then transduced with vehicle (lanes 1 and 2) or Tat-peptide (1 uM; lanes 3 and 4) for 30 min. Cells were then treated with 100 mM ethanol (lanes
2 and 4) for 30 min. The expression of c-fos and GPDH were analyzed by RT-PCR as described in Fig. 1a. The c-fos/GPDH ratios were quantified by
NIH Image 1.61.
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72°C, 2 min). The primers were designed as follows: c-fos, upstream
5'-ACGGAGAATCCGAAGGGAAAGGAATAAGAT-3' and down-
stream 5-AGACAAAGGAAGACGTATAAGTAGTGCAGC-3’; c-jun,
upstream 5'-TAGCTGAACTGCATAGCCAGAATACGCTGC-3' and
downstream  5'-AAGCTGTGCCACCTGTTCCCTGAGCATGTT-3’;
and GPDH, upstream 5'-TGAAGGTCGGTGTCAACGGATTT-
GGC-3' and downstream 5'-CATGTAGGCCATGAGGTCCACCAC-
3.

PAC1 was detected by RT-PCR in the same manner. The primers
of PAC1 for PCR were used as follows: upstream 5'-CTTGTACA-
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Fig. 4. Tat-RACK1AN induces c-fos mRNA expression and enhances
ethanol induction of c-fos. a, Tat-RACK1AN enhances ethanol-induced
c-fos mRNA expression. Cells were incubated in serum-free medium for
24 h and then transduced vehicle (lanes 1 and 2) or Tat-RACK1AN (1 uM;
lanes 3 and 4) for 30 min. Cells were then treated with 100 mM ethanol
(lanes 2 and 4) for 30 min. The expression of c-fos and GPDH was
analyzed by RT-PCR as described in Fig. 1a. The c-fos/GPDH ratios were
quantified by NIH Image 1.61. Histogram depicts the mean ratio (c-fos/
GPDH) = S.D. of three experiments. Statistically significant difference
between ethanol and ethanol + Tat-RACKI1AN groups is indicated by 3,
P < 0.01 (¢ test). b, Tat-RACK1AN enhances ethanol-induced c-fos mRNA
expression in a dose-dependent manner. Cells were incubated in serum-
free medium for 24 h and were then transduced with vehicle (lanes 1 and
2) or with increasing concentrations of Tat-RACK1AN as indicated (lanes
3-5) for 30 min. The cells were treated with 100 mM ethanol (lanes 2-5)
for 30 min and the expression of c-fos and GPDH was analyzed by
RT-PCR as described in Fig. 1a. The c-fos/GPDH ratios were quantified
by NIH Image 1.61.

GAAGCTGCAGTCCCCAGACATG-3' and downstream 5'-GTGCTT-
GAAGTCCATAGTGAAGTAACGGTTCAC-3'. After completion of
the PCR reaction, 10 ul of each product was separated on 1.8%
agarose gel in Tris/acetic acid/EDTA buffer containing 0.25 ug/ml
ethidium bromide, photographed by Eagle Eye II (Stratagene), and
quantified by NIH Image 1.61.

Data Analysis. Digitized images of RT-PCR (photographed by
Eagle Eye II; Stratagene) were quantitatively analyzed by densitom-
etry with NIH Image 1.61 program providing peak areas. Results
expressed as mean ratio of the tested genes to GPDH = S.D. Statis-
tical analysis was performed using Student’s ¢ test for significant
differences.

Results

Recently, we observed that acute exposure of C6 glioma
cells to ethanol results in a very rapid increase in the mRNA
expression of the IEG c-fos (Fig. 1a). The induction of c-fos
transcription by ethanol was dose-dependent and concentra-
tions as low as 25 mM ethanol induced c-fos expression (Fig.
1b). Because ethanol has been linked to cAMP/PKA signaling
pathway (Thiele et al., 2000b), we examined whether etha-
nol’s induction of c-fos expression is mediated via cAMP/PKA
signal transduction cascade. We found that the inhibitory
analog of cAMP, Rp-cAMP and the PKA inhibitor H89 re-
duced ethanol induction of c-fos expression (Fig. 1, ¢ and d,
respectively). Therefore, acute exposure of C6 glioma cells to
ethanol induces a transient expression of the IEG c-fos via a
cAMP/PKA signaling pathway.

Previously, we found that acute exposure to ethanol alters
the localization and function of RACK1 in cultured cells,
including C6 glioma cells and in vivo (Ron et al., 2000).
Ethanol induced a rapid movement of RACK1 to the nucleus
(Ron et al., 2000). Low concentrations of ethanol (5-50 mM
depending on the cell type) induced RACK1 nuclear compart-
mentalization. We identified the cAMP/PKA signaling as the
cascade responsible for RACK1 nuclear compartmentaliza-
tion, because Rp-cAMP (Ron et al., 2000) and H89 (Fig. 1e)
inhibited ethanol-induced RACK1 movement to the nucleus,
whereas the adenylate cyclase activator forskolin induced it
(Ron et al., 2000). Because ethanol induced both c-fos expres-
sion and RACK1 nuclear compartmentalization via cAMP/
PKA pathway, we set out to determine the possible involve-
ment of RACK1 in the induction of c-fos expression by
ethanol. We used the Tat protein transduction method (Na-
gahara et al., 1998) to transduce RACK1 and RACK]1 frag-
ments into cells. Full-length RACK1 and the RACK1 frag-
ments: N-terminal half of RACK1 amino acids 1 to 180
(RACK1AC), and the C-terminal half of RACK1 amino acids
138 to 317 (RACK1AN) were cloned into pTatHAHis6 vector,
and the recombinant proteins were expressed in E. coli and
purified as described previously (Nagahara et al., 1998). The
recombinant Tat fusion proteins were detected with anti-HA
antibodies (Fig. 2a, left). Anti-RACK1 antibodies detected the
full-length Tat-RACK1 and the C-terminal fragment
RACKIAN (Fig. 2a, right).

We first determined whether Tat-fusion proteins could be
transduced into C6 glioma cells. Tat-RACK1 (1 uM) and the
fragments RACK1AC and RACK1AN were incubated with
C6 glioma cells, and Triton-soluble and -insoluble homoge-
nates were prepared. Samples were resolved on an SDS-
PAGE gel, and the presence of the Tat-fusion proteins in the
cells was detected with anti-HA antibodies (Fig. 2b, bottom)
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and anti-RACK1 antibodies (Fig. 2b, top). All three fusion
proteins were detected in both Triton-soluble (Fig. 2b, lanes
5, 8, and 11) and -insoluble (Fig. 2b, lanes 4, 7, and 10)
homogenates. Quantification of the results shows that at
least 50% of the Tat-fusion proteins were found in the Triton-
soluble material, indicating the successful transduction of
the fusion protein. The transduction of the Tat-fusion pro-
teins was also determined using immunohistochemistry.
Cells incubated with Tat-RACK1 (Fig. 2¢, B), Tat-RACK1AN
(Fig. 2¢, C), and Tat-RACK1AC (Fig. 2¢, D) show detectable
levels of the transduced proteins throughout the cell, includ-
ing the nucleus, whereas no signal was detected in control
cells (Fig. 2¢, A), indicating that the Tat-fusion proteins were
successfully transduced into C6 glioma cells. In summary,
RACKI1 and RACKI1 fragments expressed as Tat-fusion pro-
teins can be transduced into cells with high efficiency.

If RACK1 is mediating ethanol induction of c-fos by its
nuclear compartmentalization then increase in RACK1 pro-
tein levels should induce c-fos mRNA expression and may
enhance ethanol activities. To test the hypothesis, full-length
Tat-RACK1 was transduced into cells, by preincubating the
protein with cells for 30 min before treatment with ethanol
and c-fos mRNA level was measured. Tat-RACK1 induced
c-fos expression (Fig. 3a, lane 1 versus 3), and the activities of
Tat-RACK1 and ethanol were additive (Figs. 3a, lane 2 ver-
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sus 3b and 4). The induction of ¢-fos expression in the absence
and presence of ethanol activities are specific for the RACK1
sequence, because the transduction of the Tat-peptide did not
induce or alter c-fos mRNA levels (Fig. 3c).

To determine which portion of the RACK1 sequence is
mediating transcription, we tested the activities of the C
terminus (RACK1AN) and the N terminus (RACK1AC) frag-
ments of RACK1. We determined whether the RACK1 frag-
ments induce c-fos transcription or alter ethanol-induction of
c-fos expression. As shown in Fig. 4, the C-terminal fragment
Tat-RACK1AN induced c-fos gene expression (Fig. 4a, lane 1
versus 3) and enhanced ethanol induction of ¢-fos expression
in a dose-dependent manner (Fig. 4a, lane 2 versus 4 and 4b,
respectively). Therefore, RACK1 is mediating the induction
of c-fos transcription via its C terminus. Because at least a
portion of Tat-RACK1AN is distributed in the nuclear com-
partment (Fig. 2b), it is highly likely that Tat-RACK1AN
induced transcription via its nuclear compartmentalization.

Next, we tested the activities of the N-terminal portion of
RACKI1. Interestingly, Tat-RACK1AC reduced c-fos mRNA
levels induced by ethanol (Fig. 5a, lane 2 versus 4) in a
dose-dependent manner (Fig. 5b). In addition, Tat-RACK1AC
significantly reduced c-fos protein levels (Fig. 5¢, C versus D).
We hypothesized that the fragment RACK1AC was inhibit-
ing ethanol induction of c¢-fos expression by acting as a dom-
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Fig. 5. Tat-RACK1AC decreases ethanol-induction of c-fos mRNA and protein expression. a, Tat-RACK1AC inhibits ethanol-induced c-fos mRNA
expression. Cells were incubated in serum-free medium for 24 h and then transduced with Tat-RACK1AC (1 uM, lanes 3 and 4) or vehicle (lanes 1
and 2) for 30 min. Cells were then treated with 100 mM ethanol (lane 2 and 4) for 30 min. The expression of c-fos was analyzed by RT-PCR as described
in Fig. 1a. Representative of images is shown at top. The c-fos/GPDH ratios were quantified by NIH Image 1.61. Histogram depicts the mean ratio
(c-fos/GPDH) + S.D. of three experiments. Statistically significant difference between ethanol and ethanol + Tat-RACK1AC groups is indicated by *x,
P < 0.01 (¢ test). b, Tat-RACKI1AC inhibits ethanol-induced c-fos mRNA expression in a dose-dependent manner. Cells were incubated in serum-free
medium for 24 h and then transduced with vehicle (lanes 1 and 2) or with increasing concentrations of Tat-RACK1AC as indicated (lanes 3-5) for 30
min. Cells were then treated with 100 mM ethanol (lane 2-5) for 30 min, and c-fos gene expression was analyzed as described in Fig. 1a. The
c-fos/GPDH ratios were quantified by NIH Image 1.61. ¢, Tat-RACK1AC inhibits ethanol-induced c-fos protein expression. Cells were seeded in
medium containing 1% FBS and then serum starved in serum-free medium for 48 h. Cells were incubated with vehicle (A-C) or Tat-RACK1AC (1.0
uM; D and E) for 30 min and then treated for 30 min with medium (A and E), 10% FBS (B), or 200 mM ethanol (C and D). c-fos immunoreactivity was
visualized with anti-c-fos antibody. Cells were scanned using confocal microscope and viewed at 20X magnification. Images shown are individual
middle sections of projected Z series. The images are representative of three experiments.
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inant negative and preventing the nuclear targeting of en-
dogenous RACKI. If this is true then RACK1AC should alter
RACKI1 nuclear compartmentalization induced by ethanol.
We used confocal microscopy to monitor the localization of
endogenous RACK1 in C6 glioma cells after transduction of
Tat-RACK1AC. The results were quantified by measuring
colocalization of RACK1 with the nuclear marker TOTO-3.
As shown in Fig. 6, in unstimulated cells (Fig. 6a, top left), or
cells treated with Tat-RACK1AC (Fig. 6a, bottom left),
RACKI1 is localized mainly in the cytoplasm. Incubation with
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Fig. 6. RACK1AC inhibits ethanol-induced RACK1 nuclear compartmen-
talization. a, cells were incubated with vehicle (top) and Tat-RACK1AC (1
uM) (bottom) for 30 min at 37°C. Cells were then treated without (left) or
with 200 mM ethanol (right) for 30 min. RACK1 nuclear localization was
visualized by immunofluorescence with anti-RACK1 antibody. Cells were
scanned using confocal microscope and viewed at 20X magnification.
Images shown are individual middle sections of projected Z series. The
images are representative of four experiments. b, data from immunoflu-
orescence experiments were processed using NIH Image 1.61. Colocaliza-
tion of RACK1 with the nuclear marker TOTO-3 was quantified as
described previously (Ron et al.,, 2000). Histogram depicts the mean
percentage of control = S.D. of three experiments. Statistically signifi-
cant difference between ethanol and ethanol + Tat-RACK1AC groups is
indicated by #**, P < 0.01 (¢ test).

100 mM ethanol for 30 min results in the nuclear compart-
mentalization of RACK1 (Fig. 6a, top right, and b). However,
when Tat-RACK1AC was transduced into cells, ethanol-in-
duced RACKI1 nuclear compartmentalization was signifi-
cantly reduced (Fig. 6a, bottom right, and b). The inhibition
of ethanol-induced nuclear compartmentalization of RACK1
was specific for Tat-RACK1AC, because a Tat-fusion protein
of approximately the same size range, Tat-KIP??, did not
alter ethanol-induced RACK1 nuclear compartmentalization
(Fig. 6b) and neither did the transduction of the Tat peptide
(Fig. 6b).

To test whether RACK1 mediated c-fos expression is spe-
cific, we determined the activities of transduced RACK1 and
fragments on serum induction of ¢c-fos gene expression and on
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Fig. 7. Serum induction of c-fos expression does not involve RACK1, and
c-jun expression levels are not regulated by RACKI. a, Tat-RACKI1,
Tat-RACK1AC, and Tat-RACK1AN do not alter c-fos mRNA expression
induced by serum. Cells were serum-starved for 24 h and treated with
vehicle (lanes 1 and 2), Tat-RACK1 (1 uM; lane 3), Tat-RACK1AC (1 uM;
lane 4), and Tat-RACK1AN (1 uM; lane 5) for 30 min. The cells were then
treated with 0.2% FBS for 30 min (lanes 2-5). c-fos/GPDH ratios were
quantified by NIH Image 1.61. Results are mean = S.D. of three exper-
iments. b, Tat-RACK1, Tat-RACK1AC, and Tat-RACK1AN do not alter
cjun mRNA expression. Cells were serum-starved for 24 h and treated
with vehicle (lanes 1 and 2), Tat-RACK1 (1 uM; lanes 3 and 4), Tat-
RACKI1AC (1 uM; lanes 5 and 6), and Tat-RACK1AN (1 uM; lanes 7 and
8) for 30 min. Cells were then treated with 100 mM ethanol (lanes 2, 4, 6,
and 8) for 30 min, followed by analysis of gene expression by RT-PCR. The
images are representative of three experiments.
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Fig. 8. Tat-RACK1 and ethanol induce mRNA expression of the PACI
gene. C6 cells were incubated in serum-free medium for 24 h and trans-
duced with vehicle (lanes 1 and 2) or Tat-RACK1 (1 uM; lanes 3 and 4) for
30 min. Cells were then treated with 100 mM ethanol (lanes 2 and 4) for
30 min. PACI transcription levels were determined using the reverse
transcription system kit (Promega), followed by electrophoresis and pho-
tography. PAC1/GPDH ratios were quantified by NIH Image 1.61.

the expression of another IEG, c-jun. RACK1 and RACK1
fragments did not alter the induction of c-fos expression by
serum (Fig. 7a), nor did they alter the expression levels of
c-jun (Fig. 7b). Therefore, the function of nuclear RACK1 is
likely to be specific for signaling that mediate ethanol induc-
tion of c-fos expression via cAMP/PKA cascade.

Last, we determined whether RACK1 affected the expres-
sion of genes that are downstream of c-fos. Fos is a member
of the leucine zipper superfamily of transcription factors that
regulate the expression of target genes by forming het-
erodimers with members of the Jun family of transcription
factors. These complexes bind to the activator protein 1
(AP-1) consensus site and regulate the expression of a num-
ber of late-response genes. We were interested in exploring
transcription of genes containing AP-1 sites. Specifically, we
were interested in examining the transcription level of recep-
tors for the neurotrophic factor PACAP, because PACAP
induces RACKI1 translocation to the nucleus in a cAMP/PKA-
dependent manner (D. Y. He, A. J. Vagts, D. Ron, unpub-
lished data). The PACAP pathway has been linked to ethanol
sensitivity (Wand et al., 2001), and PACAP has been shown
to induce c-fos expression via cAMP/PKA signaling pathway
(Dohrman et al., 1996). Interestingly, we found that exposure
to ethanol, or the transduction of Tat-RACK1 results in the
induction of mRNA expression of PAC1, one of the receptors
for PACAP (Fig. 8, lane 1 versus 3). In addition, additive
activities were identified for the induction of PACI when
Tat-RACK1 was incubated together with ethanol (Fig. 8, lane
2 versus 4). Because the PACI gene contains an AP-1 site
upstream of its promoter region, it is likely that the induction
of c-fos via RACKI1 results in the induction of genes such as
PAC1 that are downstream of c-fos.
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Discussion

In this report, we used the Tat protein transduction
method to transduce RACK1 and RACKI1 fragments into
cells and identified a functional role for nuclear RACK1. We
found that ethanol induction of c-fos gene expression is me-
diated via cAMP/PKA and the corresponding nuclear com-
partmentalization of RACKI.

How is RACKI1 targeted to the nucleus? Although RACK1
does not have a nuclear localization sequence, its size is small
enough to ensure nuclear translocation. Other scaffolding
proteins have been shown to mediate activities via nuclear
compartmentalization. For example, the scaffolding STE5
has been found to translocate to the nucleus to activate the
mitogen-activated protein kinase kinase cascade (Mahanty
et al.,, 1999). In addition, several endocytic proteins were
recently found to translocate to the nucleus and to induce
transcription (Vecchi et al., 2001). These endocytic proteins,
like RACKI1, contain protein-protein interaction domains
that mediate the assembly of a protein complex. We identi-
fied the N-terminal fragment of RACK1 (RACK1AC) to act as
a dominant negative and to inhibit the nuclear compartmen-
talization of the endogenous protein. Thus, it is possible that
the RACK1AC is acting as a dominant negative by competing
with the endogenous RACKI1 for nuclear targeting. However,
it is also possible that RACK1 translocation to the nucleus is
dependent on binding to another protein and RACK1AC in-
hibits that interaction.

Our results strongly suggest that sequences within the C
terminus of RACK1 are mediating transcription. It is un-
likely though that RACK1 acts as a transcription factor itself,
because it does not contain any of the consensus DNA bind-
ing motifs. However, RACK1 has been shown to directly
interact with the Epstein-Barr virus ¢rans-activator protein
BZLF1 (Baumann et al., 2000). BZLF1 is a DNA binding
protein that binds to consensus AP-1 sites and is related to
c-fos (Farrell et al., 1989). Therefore, BZLF1 or related pro-
teins may be the link between RACK1 and the transcription
machinery. Indeed, using BLAST search, we identified two
nuclear proteins with a 70-amino acid region of high homol-
ogy to BZLF1; CCAAT/enhancer binding protein « (C/EBP «)
(accession number AAD19575), and cAMP response element
binding protein CELF (accession number B39429). Both pro-
teins can potentially bind RACK1 in the nucleus, a process
that will initiate transcription.

Exposure to ethanol and transduction of RACK1 also re-
sult in the induction of mRNA of the PACAP receptor PACI.
The PACI gene contains an AP-1 site upstream of its pro-
moter region. Therefore, it is likely that the induction of
PAC1 is downstream to the induction of c-fos. Interestingly,
the PACAP signaling cascade has been previously linked to
ethanol. Studies using Drosophila melanogaster as a genetic
model to identify genes that confer sensitivity to ethanol
isolated the amnesiac gene that acts via cAMP signaling
pathway and has homology to the mammalian PACAP se-
quence (Moore et al., 1998). It is therefore possible that the
increase in PAC1 expression levels by ethanol via RACK1
will enhance PACAP signaling. PACAP has been shown to
act as a neurotrophic factor (Dohrman et al., 1996). Other
neurotrophic factors such as glial- and brain-derived neuro-
trophic factors have recently been shown to have protective
activities against addictive agents such as morphine and
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cocaine (Berhow et al., 1996; Messer et al., 2000). Although
the deletion of the PAC1 in vivo did not alter the acute
sensitivity to a hypnotic dose of ethanol (Farrell et al., 1989),
we predict that the induction of the PACI genes mediated via
the nuclear compartmentalization of RACK1 may contribute
to behaviors associated with homeostatic protection against
alcohol addiction, and we are currently testing the activities
of RACK1 in ethanol-related behavior paradigms.

In summary, our results suggest that the scaffolding pro-
tein RACKI1 is an important molecular mediator of ethanol
activities. It is well established that ethanol changes signal-
ing cascades by altering the function of kinases and phospha-
tases (Chandler et al., 1998; Hoek and Kholodenko, 1998).
Our results imply that ethanol activities are mediated by
changes in site of activity and thus function of a scaffolding
protein such as RACK1. Our results also suggest that the
new site of localization of RACK1 results in even more pro-
found changes, because it induces changes in gene expres-
sion. Furthermore, changes in gene expression mediated by
RACK1 may be beneficial. These findings are therefore likely
to have important implications for our understanding of cel-
lular events induced by ethanol.

Acknowledgments

We thank Steve Dowdy (Howard Hughes Medical Center, Wash-
ington University) for supplying the pTAT-HA plasmid. We thank
colleagues C. Thornton, N. Vasquez, and J. Whistler for critical
reading of the manuscript.

References

Bachtell RK, Wang YM, Freeman P, Risinger FO, and Ryabinin AE (1999) Alcohol
drinking produces brain region-selective changes in expression of inducible tran-
scription factors. Brain Res 847:157-165.

Baumann M, Gires O, Kolch W, Mischak H, Zeidler R, Pich D, and Hammerschmidt
W (2000) The PKC targeting protein RACK1 interacts with the Epstein-Barr virus
activator protein BZLF1. Eur J Biochem 267:3891-3901.

Berhow MT, Hiroi N, and Nestler EJ (1996) Regulation of ERK (extracellular signal
regulated kinase), part of the neurotrophin signal transduction cascade, in the rat
mesolimbic dopamine system by chronic exposure to morphine or cocaine. J Neu-
rosci 16:4707—4715.

Brandon NJ, Uren JM, Kittler JT, Wang H, Olsen R, Parker PJ, and Moss SJ (1999)
Subunit-specific association of protein kinase C and the receptor for activated C
kinase with GABA type A receptors. J Neurosci 19:9228-9234.

Chandler LJ, Harris RA, and Crews FT (1998) Ethanol tolerance and synaptic
plasticity. Trends Pharmacol Sci 19:491-495.

Chang SL, Patel NA, and Romero AA (1995) Activation and desensitization of Fos
immunoreactivity in the rat brain following ethanol administration. Brain Res
679:89-98.

Dohrman DP, Diamond I, and Gordon AS (1996) Ethanol causes translocation of
cAMP-dependent protein kinase catalytic subunit to the nucleus. Proc Natl Acad
Sci USA 93:10217-10221.

Farrell PJ, Rowe DT, Rooney CM, and Kouzarides T (1989) Epstein-Barr virus

BZLF1 trans-activator specifically binds to a consensus AP-1 site and is related to
c-fos. EMBO (Eur Mol Biol Organ) J 8:127-132.

Geijsen N, Spaargaren M, Raaijmakers JA, Lammers JW, Koenderman L, and Coffer
PJ (1999) Association of RACK1 and PKCB with the common B-chain of the
IL-5/IL-3/GM-CSF receptor. Oncogene 18:5126-5130.

Hitzemann B and Hitzemann R (1997) Genetics ethanol and the Fos response: a
comparison of the C57BL/6J and DBA/2J inbred mouse strains. Alcohol Clin Exp
Res 21:1497-1507.

Hoek JB and Kholodenko BN (1998) The intracellular signaling network as a target
for ethanol. Alcohol Clin Exp Res 22:2245-230S.

Liliental J and Chang DD (1998) Rackl, a receptor for activated protein kinase C,
interacts with integrin 8 subunit. J Biol Chem 273:2379-2383.

Mahanty SK, Wang Y, Farley FW, and Elion EA (1999) Nuclear shuttling of yeast
scaffold Steb is required for its recruitment to the plasma membrane and activa-
tion of the mating MAPK cascade. Cell 98:501-512.

Messer CJ, Eisch AJ, Carlezon WA, Whisler K, Shen L, Wolf DH, Westphal H,
Collins F, Russell DS, and Nestler EJ (2000) Role for GDNF in biochemical and
behavioral adaptations to drugs of abuse. Neuron 26:247-257.

Mochly-Rosen D (1995) Localization of protein kinases by anchoring proteins: a
theme in signal transduction. Science (Wash DC) 268:247-251.

Moore MS, DeZazzo J, Luk AY, Tully T, Singh CM, and Heberlein U (1998) Ethanol
intoxication in Drosophila: genetic and pharmacological evidence for regulation by
the cAMP signaling pathway. Cell 93:997-1007.

Mourton T, Hellberg CB, Burden-Gulley SM, Hinman J, Rhee A, and Brady-Kalnay
SM (2001) The PTPmu protein tyrosine phosphatase binds and recruits the scaf-
folding protein RACK1 to cell-cell contacts. «J Biol Chem 276:14896-14901.

Nagahara H, Vocero-Akbani AM, Snyder EL, Ho A, Latham DG, Lissy NA, Becker-
Hapak M, Ezhevsky SA, and Dowdy SF (1998) Transduction of full-length TAT
fusion proteins into mammalian cells: TAT-p27Kip1 induces cell migration. Nat
Med 4:1449-1452.

Pandey SC (1998) Neuronal signaling systems and ethanol dependence. Mol Neuro-
biol 17:1-15.

Pawson T and Scott JD (1997) Signaling through scaffold, anchoring and adaptor
proteins. Science (Wash DC) 278:2075-2080.

Ron D, Jiang Z, Yao L, Vagts A, Diamond I, and Gordon A (1999) Coordinated
movement of RACK1 with activated betalIPKC. J Biol Chem 274:27039-27046.

Ron D, Luo J, and Mochly-Rosen D (1995) C2 region-derived peptides inhibit trans-
location and function of B8 protein kinase C in vivo. J Biol Chem 270:24180—-24187.

Ron D, Vagts AJ, Dohrman DP, Yaka R, Jiang Z, Yao L, Crabbe J, Grisel JE, and
Diamond I (2000) Uncoupling of {B}IIPKC from its targeting protein RACK1 in
response to ethanol in cultured cells and mouse brain. FASEB J 14:2303-2314.

Schwarze SR and Dowdy SF (2000) In vivo protein transduction: intracellular
delivery of biologically active proteins, compounds and DNA. Trends Pharmacol
Sci 21:45-48.

Schwarze SR, Hruska KA, and Dowdy SF (2000) Protein transduction: unrestricted
delivery into all cells. Trends Cell Biol 10:290-295.

Stubbs CD and Slater SJ (1999) Ethanol and protein kinase C. Alcohol Clin Exp Res
23:1552-1560.

Thiele TE, Cubero I, van Dijk G, Mediavilla C, and Bernstein IL (2000a) Ethanol-
induced c-fos expression in catecholamine- and neuropeptide Y-producing neurons
in rat brainstem. Alcohol Clin Exp Res 24:802—809.

Thiele TE, Willis B, Stadler J, Reynolds JG, Bernstein IL, and McKnight GS (2000b)
High ethanol consumption and low sensitivity to ethanol-induced sedation in
protein kinase A-mutant mice. J Neurosci 20:RC75.

Vecchi M, Polo S, Poupon V, van De Loo JW, Benmerah A, and Di Fiore PP (2001)
Nucleocytoplasmic shuttling of endocytic proteins. J Cell Biol 153:1511-1518.

Wand G, Levine M, Zweifel L, Schwindinger W, and Abel T (2001). The cAMP-
protein kinase A signal transduction pathway modulates ethanol consumption and
sedative effects of ethanol. J Neurosci 21:5297-5303.

Zoeller RT and Fletcher DL (1994) A single administration of ethanol simultaneously
increases c-fos mRNA and reduces c-jun mRNA in the hypothalamus and hip-
pocampus. Brain Res Mol Brain Res 24:185-191.

Address correspondence to: Dorit Ron, 5858 Horton St., Suite 200, Em-
eryville, CA 94608. E-mail: dorit@itsa.ucsf.edu

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wolj papeojumod


http://molpharm.aspetjournals.org/

