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The � subunits of voltage-gated Ca2� channels are known to be
regulators of the channels’ gating properties. Here we report a
striking additional function of a � subunit. Screening of chicken
cochlear and brain cDNA libraries identified �4c, a short splice
variant of the �4 subunit. Although �4c occurs together with the
longer isoforms �4a or �4b in the brain, eye, heart, and lung, the
cochlea expresses exclusively �4c. The association of �4c with
the Ca2�-channel �1 subunit has slight but significant effects on the
kinetics of channel activation and inactivation. Yeast two-hybrid
and biochemical assays revealed that �4c interacts directly with the
chromo shadow domain of chromobox protein 2�heterochromatin
protein 1� (CHCB2�HP1�), a nuclear protein involved in gene
silencing and transcriptional regulation. Coexpression of this pro-
tein specifically recruits �4c to the nuclei of mammalian cells.
Furthermore, �4c but not �4a dramatically attenuates the gene-
silencing activity of chromobox protein 2�heterochromatin protein
1�. The �4c subunit is therefore a multifunctional protein that not
only constitutes a portion of the Ca2� channel but also regulates
gene transcription.

The proper regulation of gene transcription is essential for
cellular differentiation and proliferation as well as for pro-

cesses such as long-term memory. Precise mechanisms therefore
must assure that each cell type expresses only the appropriate
subset of genes. Gene silencing is one mechanism for achieving
an appropriate gene-expression pattern (1). Heterochromatin
proteins 1 (HP1s) were first identified as responsible for posi-
tion-effect variegation, a type of gene silencing (2). HP1s
specifically recognize and directly bind a lysine residue near the
carboxyl terminus of histone H3 that is methylated by a unique
methyltransferase, SUV39H1 (3–5). These proteins are constit-
uents of a heterochromatin complex in which transcription is
inactive. Because of the impact of gene silencing, it is important
to understand the factors that can initiate or maintain this
process.

Ca2� signals play an indispensable role in the activity of most
cells. Ca2� influx in response to the depolarization of presynaptic
terminals triggers vesicle fusion and mediates neurotransmission
(6). Elevation of the intracellular Ca2� concentration stimulates
several signaling cascades (7). Ca2� signals additionally propa-
gate to the nucleus, where they affect gene expression and
influence biological events including neuronal survival, axon
outgrowth, and plasticity (7). Precise spatial and temporal
control of the intracellular Ca2� concentration therefore is
mandatory. Voltage-gated Ca2� channels localized in the plasma
membrane contribute importantly to Ca2� homeostasis. Each of
these channels comprises a pore-forming �1 subunit as well as
accessory �, �2-�, and sometimes � subunits (8). The diversity of
the channel subunits and variety of their combinations confer the
unique properties of the channels in each cell type. Although
distinct channel subunits have been implicated in particular
physiological responses, their exact functions have not been

elucidated fully. The results of the present study suggest that one
isoform of � subunit is not only a constituent of Ca2� channels
but also participates with an HP1 in the regulation of gene
silencing.

Materials and Methods
Cloning and Tissue Distribution of �4 Splice Variants. Cloning of
cDNAs encoding �4 subunits was performed as described in Fig.
4, which is published as supporting information on the PNAS
web site, www.pnas.org (9).

RT-PCR analyses were carried out as reported (9). The
equivalent of 1 �g of total RNA from various organs of the
chicken was used for each PCR (Fig. 1B). In nested PCRs, 3 �l
of the first PCR product (30 �l), which was obtained from 150
ng of total RNA with primers 12F and 5R, was amplified again
by using primers 20F and 19R (Fig. 4). Fragments of 195 and 254 bp
were amplified from �4c and �4a/b, respectively. The sequences
of primers specific to chicken �4 subunits were: 12F, 5�-
GTGGGAATTCTTCTTCAAG-3�; 20F, 5�-GTCTTGGAGA-
AATGGTTTCTGG-3�; 5R, 5�-GTGATTGATAGTGTCTG-
CATCCAGG-3�; and 19R, 5�-CTTAGCAAGAGAAAT-
GTCG-3�.

Electrophysiology. Xenopus laevis oocytes of stages V and VI were
isolated by treatment with collagenase as described (10). After
having been injected with 20 nl of a mixture of rat brain �1A and
�2-� in the absence or presence of either chicken �4a or �4c cDNA
(1 �g��l at a 1:2:3 ratio), oocytes were incubated for 3–4 days.
Ba2� currents then were measured as described in the legend to
Fig. 5, which is published as supporting information on the PNAS
web site.

Yeast Two-Hybrid Assays. Yeast two-hybrid screening was per-
formed as described (9). A cDNA fragment corresponding to
amino acid residues 16–212 of �4c was produced by the PCR,
inserted into the pBDGAL4 vector (Stratagene), and used as a
bait for screening. For the mapping of �4c and chromobox
protein (CHCB)2-binding sites, additional baits of �4c in
the pBDGAL4 vector and additional preys of CHCB2 in the
pADGAL4 vector were generated by PCRs.

Antibodies. A rabbit polyclonal antiserum was raised against a
(His)6-tagged fusion protein containing amino acid residues
16–212 of chicken �4c and purified against an equivalent GST
fusion protein. Mouse monoclonal anti-HP1� antibody was
purchased from Chemicon. Anti-myc and anti-GFP antibodies
were obtained from CLONTECH.

Abbreviations: HP1, heterochromatin protein 1; CHCB, chromobox protein; CAT, chloram-
phenicol acetyltransferase; CSD, chromo shadow domain.
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Subcellular Fractionation. Purification of nuclear proteins from
chicken brain was conducted as described (11, 12).

Biochemical Binding Assays. GST pull-down and coimmunopre-
cipitation experiments were performed as described (9).

Cellular Labeling. Full-length �4c and CHCB2 sequences were
subcloned into pEGFP-C2 and pCMV-myc vectors (CLON-
TECH), respectively, and then transfected in tsA201 cells.
Proteins were visualized directly by GFP fluorescence or by
incubation with anti-myc antibody followed by Texas red-labeled
secondary antibodies. Immunohistochemistry was done with
10-day-old chickens as described (9). Cochleae were isolated
after fixation by perfusion with 4% formaldehyde in PBS
solution. Twelve-micrometer-thick cryosections were incubated
with antibodies against � subunits and HP1� and visualized with
fluorescein-conjugated anti-rabbit and Texas red-labeled anti-
mouse antisera, respectively. Images were obtained with a laser
confocal microscope (MRC-1024, Bio-Rad).

Chloramphenicol Acetyltransferase (CAT) Assays. Cos-1 cells were
grown in 48-well plates and transiently transfected with various
plasmids. To normalize transfection efficiency, the cells of each
well were cotransfected with 0.1 �g of pCMV-�-galactosidase
plasmid. CAT and �-galactosidase activities were measured with
CAT-ELISA and �-galactosidase-ELISA kits (Roche). All CAT
activities were normalized by dividing the measured value by the
corresponding �-galactosidase activity (13). The normalized
CAT activity of each combination was divided further by the
mean value of control experiments (pM1-mock�G5SV40CAT),
resulting in a relative CAT activity.

Results
The dominant voltage-gated Ca2� channels of cochlear hair cells
exhibit unique molecular and functional properties (14–16). The
channels are composed of �1D subunits containing three unusual
segments and yield an L-type Ca2� current that has a relatively
negative threshold of activation, rapid activation and deactiva-

tion kinetics, and little or no Ca2�-dependent inactivation. To
identify the regulatory � subunits associated with these channels,
we performed RT-PCR on the total RNA from chicken cochlear
sensory epithelia with degenerate primers that hybridize with
homologous sequences of the four distinct � subunits reported
(17, 18). The amplified DNA fragment, which belonged to the �4
subunit family, was used to probe chicken cochlear and brain
cDNA libraries. We isolated one clone from the cochlea (�E-1)
and four clones from the brain (�8-1, �9-2, �11-1, and �13-1),
all of which represented splice variants of the �4 subunit (Fig. 4).
Three of these, clones �8-1, �11-1, and �13-1, are highly
homologous to the human �4b and �4a isoforms reported pre-
viously (18, 19). The cochlear clone �E-1 and the brain clone
�9-2, however, represent splice variants of �4 of which we know
no previous report. Although the 3� noncoding region of �9-2
differs from that of �E-1, the two cDNAs encode the same
polypeptide (Figs. 1A and 4). The first half of �9-2 and �E-1 is
identical to that of �13-1. In �9-2 and �E-1, however, the
absence of a 59-bp exon causes a frame shift. The ensuing stop
codon results in the formation of a short �4a isoform designated
chicken �4c (Figs. 1 A and 4).

To examine the tissue distributions of �4c and �4a/b, we
conducted semiquantitative RT-PCR analysis of various tissues
of the chicken with primers common to all the �4 isoforms.
mRNAs encoding both �4c and �4a/b were detected in the brain,
spinal cord, eye, and heart (Fig. 1B). Transcripts of the two
classes occurred in similar amounts in all organs save the brain,
in which �4a/b was expressed more abundantly than �4c. The
cochlea alone expressed only �4c. We further tested the expres-
sion of �4c in the cochlear sensory epithelium, which includes
hair cells and supporting cells, and in the tegmentum vasculo-
sum, the vascularized secretory epithelium of the ear. Nested
PCRs with two primer pairs revealed that both tissues express
predominantly �4c but not �4a/b (Fig. 1B). These results suggest
that the different variants of �4 subunits subserve tissue- or
organ-specific functions.

The �-interaction domain, which comprises 30 amino acids
near the middle of a � subunit, is essential for the binding of �

Fig. 1. Cloning and distribution of chicken Ca2�-channel �4 subunits. The smaller amplified fragment (195 bp) corresponds to �4c and the larger (254 bp) to
�4a/b. (A) Structure of �4-subunit proteins. The �-interaction domain (BID) for binding of �1 subunits is indicated. The 13-aa sequence unique to �4c occurs in its
carboxyl terminus because of the absence of exon d. �11-1 is identical to �8-1 except in the 3�-untranslated region, where the former contains two additional
exons. �13-1 displays a unique 5� sequence derived from an alternative exon encoding an amino-terminal sequence that is nearly identical to that of the �3

subunit. (B Left) Tissue distribution of �4 subunits analyzed by RT-PCR in the chicken. (Right) Results of nested RT-PCRs with two pairs of the primers described
in the Fig. 4. �-actin amplification was used for positive control experiments. Muscle, skeletal muscle; SE, sensory epithelium; TV, tegmentum vasculosum.
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to �1 subunits (20). The association of the two subunits generally
increases the amplitude and modifies the kinetics of Ca2�

currents. Because it contains a canonical interaction domain
except for the last two amino acids, the �4c subunit would be
expected to bind to an �1 subunit and act as a channel regulator.
Consistent with this supposition, a GST fusion protein contain-
ing the cytoplasmic loopI/II of the �1D subunit clearly interacted
with His-tagged �4c (data not shown).

To investigate the physiological effects of �4c on Ca2� chan-
nels, we compared the Ca2� currents in Xenopus oocytes ex-
pressing �1 and �2-� subunits in the presence or absence of either
�4c or �4a (Fig. 5). Because our experiments revealed that the
hair cell’s �1D subunit was not functional under our assay
conditions, we analyzed the �1A subunit that is reported to occur
with �4 subunits in the brain (21). Coexpression of the �4a
subunit caused a hyperpolarizing shift of �10 mV in the
activation and inactivation curves accompanied by a decrease in
the voltage sensitivity of activation. In addition, the �4a subunit
slowed inactivation by increasing the amplitude of its slow
component (Table 1 and Fig. 5). By contrast, coexpression of the
�4c subunit barely affected the properties of the channel, because
the voltages for activation and inactivation, as well as the two
time constants of inactivation, were not significantly modified.
The addition of �4c did lower the slope of the activation curve
significantly and reduce the amplitude of the slow component of
inactivation (Table 1 and Fig. 5). The reactivation rate was not
affected by either � subunit. Together with the clear detection
of �4c subunit expressed in Xenopus oocytes on Western blots
(data not shown) and the protein’s capability of interacting with
the loopI/II of the �1 subunit, these results indicate that �4c is a
functional Ca2�-channel � subunit. They also imply a physio-
logical role of the secondary interaction sites localized in the
carboxyl-terminal half of �4a in the regulation of the channel’s
voltage dependence and inactivation kinetics (22, 23).

Because the effect of �4c on Ca2� currents is relatively small,
we postulated that �4c has other functions. We therefore sought
binding partners of �4c by two-hybrid screening of a cDNA
library from the chicken’s cochlear sensory epithelium. Thirty-
one positive clones were isolated, all belonging to CHCBs (24),
also termed HP1s (25). Members of the CHCB�HP1 family
contain a chromo domain and a chromo shadow domain (CSD;
Fig. 2A; ref. 26). The chromo domain is essential for gene-
silencing activity (27) through its specific binding to lysine 9 of
histone H3 (3, 4). The CSD acts as a scaffold that assembles
various nuclear proteins such as transcriptional intermediary
factors 1 (11), SP100 (13, 28), Ku70 (29), and SUV39H1 (30).

Because all the clones isolated by two-hybrid screening re-
tained a CSD, this domain seemed likely to be responsible for the
interaction with �4c. To identify the precise interaction sites
between CHCB2 and �4c, we conducted two-hybrid assays with
deletion mutants. The constructs CHCB2-a and CHCB2-b,
which contained the CSD but not the chromo domain, were able
to bind �4c (Fig. 2 A). The CHCB2-c construct that lacked the
CSD and the carboxyl terminus of CHCB2 could not interact
with �4c. CHCB2-e, which did not contain the carboxyl terminus

of CHCB2 but retained the whole CSD, associated with �4c.
Deletion of last 17 amino acids of the CSD (CHCB2-d), however,
abolished the interaction. The interaction therefore requires the
carboxyl terminus of the CSD.

A mutant of �4c lacking 13 residues at the carboxyl terminus,
�4c-c, could bind CHCB2 (Fig. 2 A), so the interaction does not
require a sequence unique to �4c. However, the deletion of 29
residues at the carboxyl terminus of �4c (�4c-b) abolished the
interaction (Fig. 2 A). Although the long isoform �4a contains the
binding site for CHCB2, it was found not to associate (Fig. 2 A).
A potential CHCB2-binding site therefore may be masked in �4a.
Consistent with the yeast two-hybrid assays, GST fusion proteins
of the CSD from CHCB2 (CHCB2-b) clearly interacted in
tsA201 cells with GFP-tagged �4c but not with �4a. Coimmuno-
precipitation yielded a consistent result: anti-myc antibodies
precipitated �4c but not �4a in the presence of myc-tagged
CHCB2 (Fig. 6, which is published as supporting information on
the PNAS web site).

We next examined the effect of coexpression with CHCB2 on
the subcellular distribution of �4c. When expressed alone in
tsA201 cells, GFP-tagged �4c displayed a principally cytoplasmic
distribution with modest labeling of nuclei (Fig. 2B). When
coexpressed with myc-tagged CHCB2, however, �4c accumu-
lated in nuclei, where it was perfectly colocalized with CHCB2
(Fig. 2B). This nuclear translocation was specific for �4c, because
CHCB2 did not recruit the long isoform �4a to nuclei (Fig. 2B).
Furthermore, coexpression with either HP1� or HP1� redis-
tributed �4c into the nuclei (data not shown), so not only
HP1��CHCB2 but also other types of HP1s can bind �4c.

We developed an affinity-purified antiserum against amino
acid residues 16–212 of �4c. On Western blots, the antiserum
detected �4a, �4c, and �1b subunits expressed in tsA201 cells
(data not shown), indicating that it recognizes all the � subunits.
Immunoblotting analysis showed that the antiserum detected
five major bands in chicken-brain lysate (Fig. 2C). The protein
of 60 kDa is likely to represent �4a and�or �4b, because �4a
transfected in tsA201 cells exhibited almost the same size. The
protein of 75 kDa (Fig. 2C, open arrowhead) might correspond
to �1 or �2, and that of 40 kDa might represent another � subunit
(31, 32). The proteins of 26 and 28 kDa found after expression
of �4c in tsA201 cells were identical in size to those from brain
lysate, indicating that �4c protein occurs in the brain. The
smallest protein (26 kDa) in both brain and tsA201 cell lysates
could be a degradation product of �4c. Consistent with the result
of semiquantitative RT-PCR, the brain expresses long �4 iso-
forms more abundantly than �4c. On the other hand, chicken
cochlea expresses predominantly �4c and small amounts of the
75-kDa � subunit but no other long �-subunit isoform (Fig. 2C).
Furthermore, we detected both �4c and CHCB2 but not long �
isoforms in the nuclear fraction isolated from the brain (Fig. 2C).
The �4c signal in nuclei did not result from cytoplasmic con-
tamination, because Rab-interacting molecule-binding proteins
(RBPs), which occur at synaptic terminals (9), were absent from
the same preparation (Fig. 2C). In addition, immunohistochem-
ical labeling of the chicken cochlear hair cells revealed that �4c

Table 1. The effects of � subunits on the properties of Ca2� channels in Xenopus oocytes

Injected �

subunit VIN, mV kIN, mV�1 R, % VACT, mV kACT, mV�1 EREV, mV n

None �13.9 � 0.7 5.6 � 0.5 0.0 � 2.0 4.7 � 0.6 �5.7 � 0.2 50.5 � 2.9 6
�4a �23.4 � 0.5* 6.3 � 0.2 3.0 � 2.0* �6.0 � 0.7* �4.3 � 0.2* 54.4 � 0.7 11
�4c �14.1 � 1.0 5.7 � 0.4 0.0 � 3.0 3.2 � 0.9 �4.7 � 0.2* 54.6 � 2.3 11

All oocytes were injected with rat brain �1A and �2-� subunits. The Ba2� currents and kinetics of each combination were analyzed as
described in the Fig. 5 legend.
*Significantly different from �1A and �2-� without � (P � 0.05).
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is expressed in nuclei as well as in the cytosol and at the plasma
membrane; at least in part, the subunit colocalizes with nuclear
CHCB2 (Fig. 2D). �4c therefore occurs together with CHCB2 in
the nuclei of native cells.

We also investigated the functional impact of the interaction
between �4c and CHCB2. Proteins involved in gene silencing are
reported to suppress transcription regionally, rather than
promoter- or sequence-specifically, through the generation of a

Fig. 2. Interaction of �4c with CHCB2. (A) Mapping of binding sites by the yeast two-hybrid assay. Five fragments of CHCB2 in the prey vectors and three
fragments of �4c and full-length �4a in the bait vectors were tested with �4c-a in the bait vector (Left) and CHCB2-b in the prey vector (Right), respectively. The
interactions were scored by �-galactosidase activity and His prototrophy. The black bars in the CHCB2 constructs delineate the serine-rich regions. (B) CHCB2
recruits �4c but not �4a to the nuclei of transfected tsA201 cells. Expressed alone, GFP-tagged �4c (fluorescein, green) has a diffuse cytoplasmic and nuclear
distribution (Upper Left), and myc-CHCB2 (Texas red, red) is localized only in the nuclei (Lower Left). (Center) When coexpressed with CHCB2, �4c moves into the
nuclei, where its distribution completely overlaps that of CHCB2. (Right) Coexpression with CHCB2 does not change the cytoplasmic distribution of �4a. (Scale
bar, 3 �m.) (C) Identification of �-subunit proteins in chicken tissues. (Left) Affinity-purified antibody against �4c was used to identify � subunits in lysates of
chicken total cochlea (third lane) and brain (forth lane). For Left and Right, each lane was loaded with 80 �g of protein produced by extraction in 0.5% Nonidet
P-40. Proteins from tsA201 cells expressing �4a and �4c (first lane) and mock-transfected cells (second lane) were analyzed as positive and negative controls,
respectively. (Right) �4c (second segment), but neither �4a (top segment) nor the 40-kDa � subunit (top segment, gray arrowhead), was detected together with
CHCB2 (third segment) in the nuclear fraction from the brain. Total protein (first lanes) and nuclear protein (second lanes) from chicken brain were analyzed
on Western blots with the various antibodies. An antibody against Rab-interacting molecule-binding protein 2 was used to probe the nuclear fraction as a
negative control (bottom segment). (D) Colocalization of �4c with CHCB2 in cochlear hair cells. The chicken hair cells were immunolabeled with anti-� (fluorescein,
green) and anti-HP1� (Texas red, red) antisera. The proteins occur together in nuclei (arrowheads). (Scale bar, 3 �m.)
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DNA–histone complex that is inaccessible to DNA-binding
proteins (1). The GAL4-CAT reporter assay therefore provides
a useful means of analyzing the gene-silencing activity of
CHCBs�HP1s (11, 13). In Cos-1 cells, expression of a fusion
protein comprising the GAL4-(1–147) DNA-binding domain
and CHCB2 strongly suppressed CAT activity (10.9 � 0.8% of
control, n � 10) by comparison to cells transfected with mock
plasmids (100 � 3.6%, n � 10; Fig. 3A). The gene-silencing
activity of CHCB2 was decreased dramatically when �4c was
cotransfected (50.9 � 6.2%, n � 10). On the other hand, the
coexpression of �4a had little effect on CHCB2-induced tran-
scriptional repression (7.9 � 0.4%, n � 10). All the combinations
of the transfected constructs conferred essentially the same CAT
activity on Cos-1 cells when they were transfected with the
SV40CAT reporter-gene plasmid lacking the GAL4 site, indi-
cating that the effect of �4c is specific. �4c prevented CHCB2
from silencing CAT-gene transcription in a concentration-
dependent manner (Fig. 3C). Because �4c itself did not influence
gene transcription (Fig. 3B), the effect of the subunit depends on
its interaction with CHCB2.

Discussion
We have demonstrated that an ion-channel accessory protein,
the �4c subunit of the Ca2� channel, interacts directly with a
nuclear protein and regulates gene silencing. The mechanism of
the inhibitory effect of �4c on CHCB2-induced transcriptional
repression remains unknown. HP1s form hetero- or homodimers
through interactions between their CSDs (33, 34). However, our
GST pull-down assays revealed that �4c did not inhibit the direct
interaction between CHCB2 and HP1� (data not shown). Fur-
thermore, �4c competed with neither SUV39H1 nor transcrip-
tional intermediary factor 1� (data not shown), proteins that

associate directly with the CSDs of HP1s and mediate gene
silencing (11, 30). These negative results suggest that �4c prevents
CHCBs from interacting with unknown molecules involved in
CHCBs�HP1s-mediated gene silencing. Alternatively, �4c might
alter the conformation of CHCB2 and thereby reduce its tran-
scriptional repression.

The cell-junction proteins CASK and �-catenin can directly
enter nuclei, bind specific transcriptional factors, and regulate
gene transcription (35, 36). Phosphorylation by GSK3-� desta-
bilizes �-catenin and prevents its translocation to nuclei (37).
Although we have not determined what triggers the redistribu-
tion of �4c, a modification such as phosphorylation or dephos-
phorylation might initiate the process. Most intriguingly, the
transit of �4c from Ca2� channels to nuclear HP1s�CHCBs may
be induced by changes in electrical activity and thus constitute
a feedback system between neuronal responses and gene tran-
scription. Although we could not detect the �4c subunit by
RT-PCR from rat brain (data not shown), it remains possible
that �4c occurs and acts as a transcriptional regulator in mam-
mals. The lethargic (lh) mouse, which displays ataxia and sei-
zures, has been reported recently to have a 4-nt insertion into a
splice donor site of the �4 subunit, resulting in a lack of �4 protein
(31, 38). The absence of controlled gene silencing mediated by
�4c may be one of the factors that induce the lethargic phenotype.
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Fig. 3. �4c regulates transcriptional repression activity of CHCB2. Cos-1 cells were transiently transfected with the different combinations of plasmids displayed
beneath the histograms. (A) �4c but not �4a attenuates the transcriptional repression activity of CHCB2. (B) � subunits themselves have no effect on transcription.
The pM1-CHCB2 plasmid was transfected as a control. (C) �4c suppresses the gene-silencing activity of CHCB2 in a concentration-dependent manner. pM1-�4c

plasmid (0, 40, 80, or 120 ng) was transfected in conjunction with 120, 80, 40, or 0 ng of pM1-mock plasmid, respectively. CHCB2 (40 ng of pM1-CHCB2) and CAT
reporter gene (100 ng of G5SV40CAT) were expressed in all cells except for the control (first result), in which 160 ng of pM1 mock plasmid was transfected instead.
The numbers in the boxes indicate in nanograms the amounts of plasmid DNAs used for transfection. In each of the experimental series, the total amount of
transfected pM1-vector constructs was identical. The histograms display CAT activities relative to those of the appropriate controls, and error bars show the
standard errors (A, n � 10; B and C, n � 5).
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