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Retinoic Acid Stimulates a-CAMKIl Gene Expression in PC12 Cells
at a Distinct Transcription Initiation Site

Jing Chen and Paul T. Kelly

Department of Neurobiology and Anatomy, University of Texas Medical School at Houston, Houston, Texas 77225

The promoter region of the «a-subunit of the calcium/
calmodulin-dependent protein kinase Il (a-CaMKIl) gene was
inserted into a B-galactosidase (B-gal) reporter plasmid, and
B-gal activities were examined in neuroblastoma (NB2a) and
pheochromocytoma (PC12) cells after transient or stable trans-
fections. The «a-CaMKIl promoter was 12- to 45-fold more
active in NB2a compared with PC12 cells after transient or
stable transfections. All-trans retinoic acid (RA) stimulated re-
porter gene expression at both protein and mRNA levels in
transfected PC12 cells. RA increased the level of endogenous
a-CaMKIl mRNA in untransfected PC12 cells by 4.4-fold. The
transcription initiation site(s) (TIS) of the a-CaMKIl gene in PC12
cells and rat brain was examined by RNase protection assays
(RPA) and reverse transcriptase PCRs. The TIS for the

a-CaMKIl/B-gal reporter gene in transfected PC12 cells was
indistinguishable from the TIS _; in rat hippocampus. In con-
trast, the only detectable TIS for the a-CaMKIl gene in untrans-
fected PC12 cells was located near the ATG translation start
codon, 147 nucleotides 3’ to TIS, ,; in hippocampus. This un-
usual TIS was also the predominant TIS in rat cerebellum.
These results suggest that the «-CaMKIl promoter may contain
sequences that respond directly or indirectly to RA. In addition,
the unusual TIS of the a-CaMKIl gene in PC12 cells and rat
cerebellum may contribute to the very low expression of this
gene compared with that in hippocampus.

Key words: retinoic acid; transcription initiation site; Ca®*/
calmodulin-dependent protein kinase Il; CaMKIl; RNase protec-
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Dramatic differences in expression of the a-subunit of calcium/
calmodulin-dependent protein kinase II (a-CaMKII) and its
mRNA occur during brain development (Kelly et al., 1987; Burgin
et al., 1990) and in different brain regions (Erondu and Kennedy,
1985). a-CaMKII mRNA and protein are barely detectable in
forebrain at postnatal day 5 and increase ~20-fold by day 25, a
period that coincides with the most active phase of synapse
formation. a-CaMKII is one of the most abundant protein kinases
found in mammalian brain and is highly expressed in the hip-
pocampus (Erondu and Kennedy, 1985; Kelly and Vernon, 1985;
Burgin et al., 1990). The developmental and neuron type-specific
expression of its mRNA and protein (Kelly et al., 1987; Scholz et
al., 1988; Weinberger and Rostas, 1988; Burgin et al., 1990)
indicate that a-CaMKII gene expression is regulated at the level
of transcription. a-CaMKII also plays an important role in the
induction of long-term potentiation (Malenka et al., 1989; Mali-
now et al., 1989; Bach et al., 1995; Mayford et al., 1995; Wang and
Kelly, 1995). Transgenic studies indicate that a-CaMKII may play
a role in spatial learning (Silva et al., 1992; Bach et al., 1995), and
synaptic plasticity may involve increases in the transcription of
a-CaMKII mRNA (Mackler et al., 1992; Thomas et al., 1994).
Our initial studies using transfected reporter plasmids indicated
that a-CaMKII promoter activity was high in neuron-like cells
[e.g., neuroblastoma (NB)] compared with that in fibroblasts
(Olson et al., 1995). One exception to this relationship is pheo-
chromocytoma (PC12) cells, in which the activity of the
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a-CaMKII promoter is extremely low (Massé et al., 1993; Chen
and Kelly, 1994). Although many neurons in the CNS express
extraordinarily high levels of a-CaMKII (e.g., hippocampal pyra-
midal neurons), principal neurons of the cerebellum express little
or no a-CaMKII. The mechanisms responsible for such dramati-
cally different levels of «-CaMKII expression are largely un-
known. The studies presented herein provide new information
about the regulation of a-CaMKII gene expression. We have used
PC12 cells as a model to explore the neuron-type expression of
this prominent neuronal protein kinase. We observed that RA-
induced differentiation of PC12 cells stimulated o-CaMKII ex-
pression. Analyses of mRNA transcription initiation sites (TIS)
revealed that PC12 cells displayed a distinct TIS that was common
to cerebellum and was virtually undetectable in hippocampus.
These findings suggest that different mechanisms regulate the
a-CaMKII gene transcription in different brain regions and de-
termine its neuron-type specific expression.

MATERIALS AND METHODS

Plasmids. The 5’ flanking region of the a-CaMKII gene was restricted
with Pstl and Aval, and the resulting 290 nucleotide (nt) fragment was
blunt-ended and ligated into an RC/CMV/B-gal plasmid (a gift from Dr.
Thierry Massé) derived from pRC/CMV (Invitrogen, San Diego, CA).
RC/CMV/B-gal was digested with Nrul and HindIII to remove the CMV
promoter, and the resulting 8000 nt fragment was blunt-ended and ligated
with the 290 nt fragment to generate pa-CaMKII/B-gal. An additional
construct was prepared by ligating the 8000 nt Nrul/HindIII fragment to
produce a promoterless plasmid designated pgB-gal. The parent pRC/
CMV plasmid contains the structural gene for neomycin (NEO) resis-
tance under the control of the SV40 promoter.

Cell culture and transfections. Murine NB2a (a gift from Dr. Tom Shea,
Harvard Medical School) or PC12 cells were grown in DMEM (8-10%
CO,) plus 10% fetal bovine serum (FBS) (NB2a) or 5% FBS plus 10%
donor horse serum (PC12). Cells were transfected with 15 pg of plasmid
DNA/100 mm cell-culture dish (5 wg/60 mm dish) by the calcium phos-
phate method (Graham and van der Eb, 1973). PC12 cells were also
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stably transfected using the Transfectam (Promega, Madison, WI)
method (Behr et al., 1989; Loeffler et al., 1990) to increase transfection
efficiency. Cells were plated 24 hr before being transfected and then
incubated in normal medium containing transfection components in 5%
CO, for 20 hr. Cells were placed in fresh DMEM and incubated in 8-10%
CO, for 1 hr followed by normal DMEM complete medium containing
serum and grown at 8-10% CO,. After transient transfections, cells were
routinely harvested 48 hr later. For stable transfections, individual clones
were selected in medium containing G418 (0.5 mg/ml for NB2a and 1-3
mg/ml for PC12). After 2 weeks, individual clones were picked, expanded,
and characterized; the remaining clones were combined and designated
“mixed” clones. For studies on the effects of retinoic acid (RA) on gene
expression, all-frans RA (5-100 uM final concentration; Sigma, St. Louis,
MO) or ethanol (0.125% v/v) was added to complete medium.

Reporter gene assays. Cells were fixed for 10 min (22-24°C) in PBS
containing 2% (v/v) formaldehyde and 0.2% glutaric dialdehyde; B-gal
histochemistry was performed as described elsewhere (Sanes, 1986).
Histochemical staining was developed at 37°C for 2 hr for NB2a and
PC12 clones transfected with pCMV/B-gal, or for 14-20 hr for PC12
clones transfected with pB-gal or pa-CaMKII/B-gal. Quantitative kinetic
measurements of B-gal activities in cell extracts were carried out essen-
tially as described elsewhere (Ausubel et al., 1987); assays were initiated
by the addition of substrate (o-nitrophenyl-B-D-galactopyranoside, final
concentration 0.4 mg/ml) to a buffer mixture (60 mm Na,HPO,, 40 mm
NaH,PO,, 10 mm KCI, 1 mm MgCl,, and 50 mm B-mercaptoethanol),
which contained the cell extract. Absorbencies at 420 nm were measured
at 1-3 min intervals for a total duration of 0.5-2.0 hr (determined by the
relative B-gal activity in individual extracts). B-Gal kinetic assays were
normalized on the basis of the extract protein content using the BCA
protein assay (Pierce, Rockford, IL).

RNase protection assay (RPA). 3*P-labeled cRNA probes were gener-
ated by in vitro transcription (Ausubel et al., 1987). An a-CaMKII probe
(227 nt) containing 22 nt of coding and 92 nt of adjacent 3’ untranslated
sequence of the a-CaMKII mRNA was used to detect endogenous
a-CaMKII mRNA in PC12 cells. The pTri-GAPDH-Rat plasmid (Am-
bion, Austin, TX) that contains 316 nt of the glyceraldehyde 3-phosphate
dehydrogenase gene (Tso et al., 1985) was used to generate a GAPDH
probe (434 nt long) using SP6 polymerase. Two cRNA probes were used
to analyze the 5' end(s) of endogenous and/or exogenous a-CaMKII
mRNAs in PC12 cells and brain. An 5" probe (459 nt long) was
generated by in vitro transcription from pGEM-3Zf(—)/a-CaMKII plas-
mid (from Dr. Norma Olson) and contained 60 nt of 5" flanking sequence
plus the entire 208 nt of exon 1 of the a-CaMKII gene (see Fig. 6C). A
second cRNA, designated probe 1 (570 nt long; see Fig. 4B), contained
181 nt of 5’ flanking sequence plus an additional 109 nt immediately 3’ to
the a-CaMKII TIS, ,; [see Construct I (Olson et al., 1995)].

DNA templates were purified from 1% agarose gels using the Gene-
clean Kit (BIO 101). cRNA probes generated by in vitro transcription
were purified on 5% acrylamide denaturing gels, eluted in 2 M ammonium
acetate and 1% SDS (2-4 hr at 37°C), precipitated in 60% ethanol, and
dissolved in DEPC dH,O or hybridization buffer (80% deionized form-
amide, 0.4 M NaCl, 1 mm EDTA, and 40 mm PIPES, pH 6.4). Total
cellular RNA was purified using RNA Isolator (total RNA isolation
reagent; Genosys, The Woodlands, TX); cells attached to tissue-culture
plastic were lysed directly in RNA Isolator. Poly(A™) RNA (here referred
to as mRNA) was purified by oligo-dT cellulose (Collaborative Biomed-
ical Products) affinity adsorption (FastTrack mRNA Isolation Kit,
Invitrogen).

RPAs were performed as described previously (Olson et al., 1995), with
the exception that RNase A was replaced with 1 U/ml RNase T1. RPAs
using 3-6 pg of mMRNA were performed to detect endogenous a-CaMKII
mRNA, and 0.1-0.5 ug of mRNA was used to detect GAPDH mRNA in
PC12 cells. To detect B-gal mRNA in recombinant PC12 cells, 12 ug of
total cellular RNA was used. Protected *>P-cRNA fragments were re-
solved in 6% acrylamide denaturing gels and analyzed by x-ray film
autoradiography.

PCR and reverse transcriptase-PCR (RT-PCR). Genomic DNA used for
PCR analyses was purified from PCI12 cells and rat brain tissues as
described previously (Laird et al., 1991). PCR was performed using the
Access RT PCR System (Promega) with 1 X AMV/Tfl reaction buffer, 0.2
mM dNTPs, 1 uM upstream and downstream primers, 0.5 mm MgSO,
(unless indicated otherwise), 0.1 U/ul Tfl DNA polymerase, and 250 ng
DNA template (final reaction volume, 50 ul). The reaction was overlaid
with 60 ul of mineral oil (Sigma) and subjected to the following thermal
cycling conditions: 94°C for 2 min, 40 cycles at 94°C for 30 sec, 54°C for
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Table 1. Primers used in PCR and RT-PCR

Primer Sequence (5'—3")
Upstream primer PstI (5’ prim) CAGTCCTGCAGTATTGTGTA
Downstream primer HindI (3’ prim) CTCTTCCGTGAATCGGGTGC

a-CaMKII-specific primer (asp)
GCTACCATCACCTGCACCCGA
GCCTCGCCTGCCTGCCCAGTG
GCCCCAAGCTCGTCAATCAA

Upstream primer 1 (p1)
Upstream primer 2 (p2)
Upstream primer 5 (p5)

1 min, 68°C for 2 min, and finally 68°C for 7 min. An RT-PCR down-
stream primer specific to the a-CaMKII mRNA (asp; see below) was
designed not to hybridize with the B, y, and 8 mRNA isoforms of
CaMKII. RT-PCR was performed with 0.1 U/ul AMV reverse transcrip-
tase using 0.25-1.00 g total cellular RNA or 100 ng mRNA. RT-PCR
mixtures were incubated at 48°C for 45 min and then subjected to thermal
cycling using PCR conditions, except that each cycle used incubations at
94°C for 30 sec, 60°C for 1 min, and 68°C for 2 min. Primers used in PCR
and RT-PCR are listed in Table 1 (also see Figs. 7, 8).

Autoradiography. Individual bands in autoradiographs were scanned by
an imaging densitometer (model GS-670, Bio-Rad, Richmond, CA) and
quantitated by the Molecular Analysis program (Bio-Rad).

Statistics. Student’s ¢ tests were performed to determine significance
values for differences between samples.

RESULTS
a-CaMKIl promoter activity in NB2a and PC12 cells

Transient transfections of murine NB2a cells with pa-CaMKII/
B-gal containing the a-CaMKII gene promoter (Olson et al.,
1995) showed 9.6-fold higher levels of B-gal activity relative to
a promoterless plasmid (i.e., pB-gal) (Table 2). In contrast, rat
PC12 cells displayed extremely low levels of B-gal activity after
transient transfections with pa-CaMKII/B-gal that were only
2.7-fold greater than pB-gal transfected controls (Table 2). The
absolute values of a-CaMKII promoter activities were ~1000-
fold lower in PC12 compared with NB2a cells. The latter result
is partially attributable to the lower transfection efficiencies of
PC12 compared with NB2a cells. When a-CaMKII promoter
activity was normalized to CMV promoter activity in each cell
line, however, the a-CaMKII promoter activity was only 12-
fold lower in PC12 cells. CMV/B-gal promoter activities were
high in both cell lines (Table 2). These results indicated that
the «-CaMKII promoter expressed little activity in PC12 com-
pared with NB2a cells.

To examine further the very low a-CaMKII promoter activity in
PC12 cells, NB2a and PC12 cells were transfected with pCMV/-
gal, pa-CaMKII/B-gal, or pB-gal, and stable clones were selected
on the basis of NEO (G418) resistance. Eleven NB2a and eight
PC12 individual clones were isolated and characterized after
transfections with pa-CaMKII/B-gal. We changed the method for

Table 2. a-CaMKII promoter activity in NB2a and PC12 cells after
transient transfections with B-gal reporter plasmids

Plasmid NB2a PC12
pCMV/B-gal 3253.5 £ 71.7 34992
pa-CaMKII/B-gal 113.8 = 18.0 0.11 = 0.02
pB-gal 11.9 = 0.8 0.04 = 0.02

Average B-gal activities (OD 50 p, - min~! - mg ™! protein) in extracts from NB2a (n

= 2) or PC12 cells (n = 4) transfected with pCMV/B-gal, pa-CaMKII/B-gal, or the
promoterless plasmid pp-gal [background activity in mock transfected controls (i.e.,
no plasmid DNA) was subtracted from each experimental value]. Each value was
normalized by the amount of cell extract protein in each assay.

TGGCAGCATACTCCTGGCCAGCCAGCAC
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measuring (-gal activity to a more sensitive and qualitative histo-
chemical staining method that detected B-gal activity at the single
cell level (see Materials and Methods). Figure 14 displays the
results from a representative experiment for recombinant NB2a
and PC12 clones transfected with reporter plasmids containing no
promoter (pB-gal), CMV promoter (pCMV/B-gal), or a-CaMKII
promoter (pa-CaMKII/B-gal). NB2a clones transfected with pB-
gal displayed very little B-gal staining (Fig. 141), whereas clones
transfected with pCMV/B-gal expressed very high levels of B-gal
staining (Fig. 143). NB2a clones transfected with pa-CaMKII/B-
gal displayed an intermediate level of B-gal enzymatic staining
that was expressed evenly throughout cell bodies in ~80% of the
cells in an individual clone (Fig. 142). In contrast, PC12 clones
transfected with pa-CaMKII/B-gal exhibited barely detectable
B-gal staining; only a few PC12 cells (approximately 1 out of 10)
displayed very low 3-gal staining, as revealed by blue dots in their
cytoplasm (Fig. 1A45).

To evaluate better the B-gal activity in individual clones, the
intensity of blue-staining foci in a single cell was graded qualita-
tively on a scale from 0 to 10 (300—400 cells/plate were analyzed);
this score was then multiplied by the percentage of all cells that
were stained after each transfection. This product estimates the
level of B-gal staining for each clone. The products for NB2a and
PC12 clones transfected with pCMV/B-gal were multiplied by
10-fold because their histochemical staining was developed only
one tenth the time compared with clones transfected with pS-gal
or pa-CaMKII/B-gal (see Materials and Methods). NB2a clones
transfected with pa-CaMKII/B-gal (n = 11) exhibited an average
B-gal staining level of 33 = 7. In contrast, PC12 clones transfected
with pa-CaMKII/B-gal (n = 8) exhibited weak staining that aver-
aged 1.0 £ 0.4 under standard growth conditions. Because the
staining intensity of these PC12 clones was so near background,
we used the nonspecific transcriptional activator sodium bu-
tyrate (NaBut) to activate transcription by inhibiting histone
acetylation (Arts et al., 1995). NaBut treatment of all eight
PC12 clones transfected with pa-CaMKII/B-gal resulted in
moderate B-gal staining in each clone, with an average value of
5.1 = 1.1. This fivefold increase indicated that all eight PC12
clones had integrated the pa-CaMKII/B-gal, although their
B-gal expression levels in the absence of NaBut were very low.
In contrast, stable PC12 clones transfected with pp-gal (n = 7)
displayed no significant B-gal staining (average value = 0.1 =
0.1) (Fig. 144), which was not affected by NaBut treatment
(data not shown).

PC12 (n = 6) and NB2a (n = 12) clones were isolated after
stable transfections with pCMV/B-gal to compare with results
from transient transfections. The CMV promoter is very active in
PC12 cells (Donis et al., 1993). All twelve NB2a clones transfected
with pCMV/B-gal exhibited substantial B-gal staining (average
value = 68 * 9) (Fig. 143), whereas the six PC12 clones displayed
an even greater average staining of 92 = 5 under standard culture
conditions (Fig. 146) (NaBut treatment did not significantly in-
crease f3-gal staining in these PC12 clones). When o-CaMKII
promoter activities in all clones were normalized by CMV pro-
moter activity, values were ~45 times lower in PC12 versus NB2a
clones. These results provided additional proof that a-CaMKII
promoter activity in PC12 cells is very low under standard culture
conditions; the low a-CaMKII promoter activity was significant
because the CMV promoter appeared more active in PC12 com-
pared with NB2a clones.
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RA stimulates a-CaMKIl promoter activity in

PC12 cells

Analysis of B-gal enzyme expression levels

The apparent suppression of a-CaMKII promoter activity in
PC12 cells, and its upregulation in NB2a cells, may be analo-
gous to the neuron-type specific and developmental expression
of the endogenous a-CaMKII gene in vivo. To examine the very
low expression of the a-CaMKII promoter in PC12 cells, we
tested various factors that induce a neuron-like differentiation
of PC12 cells (e.g., NGF) (Tischler and Greene, 1975; Tischler
et al., 1977) to see whether they stimulated a-CaMKII pro-
moter activity. We added various factors to the standard cul-
ture medium, including 8-bromo-cAMP (1 mwm), dibutyl-cAMP
(50 um), all-trans RA (25 uMm), or NGF (40 nm). In addition,
PC12 cells were treated with KCI (55 mm), the protein kinase
inhibitors H-89 (2 um) or KN-62 (10 um), colchicine (0.83 mm),
and NEO (5 mM) to examine whether events involved in
intracellular signaling pathways activated by membrane depo-
larization or mediated by protein kinase activities (H-89, KN-
62, and KCl) or the cell growth cycle (colchicine) could stim-
ulate the a-CaMKII promoter activity. Mixed PC12 clones (see
Materials and Methods) stably transfected with pa-CaMKII/B-
gal, pCMV/B-gal, or pB-gal were used for these experiments.
Of all the agents tested, only cAMP, NGF, and RA readily
induced neurite extension and cell differentiation. Among
these agents, only RA stimulated a-CaMKII promoter activity
in PC12 cells. Figure 1B shows the effects of adding RA to the
same populations of PC12 mixed clones. RA (25 uM) stimu-
lated B-gal expression only in a-CAMKII/B-gal PC12 mixed
clones (Fig. 1B5 vs 1B2) and had no apparent effect on pCMV/
B-gal (Fig. 1B6 vs 1B3) or pp-gal mixed clones (Fig. 1B4 vs
1B1). Quantitative B-gal enzymatic assays showed that RA
increased pa-CaMKII/B-gal expression in PC12 mixed clones
by 124% compared with the same mixed clones cultured in the
absence of RA (Fig. 2). This stimulatory effect was significant
(p < 0.05) compared with the effects of RA on pp-gal PC12
mixed clones (39% increase, Fig. 2). RA increased CMV pro-
moter activity to a small degree (24%), which was not signifi-
cantly different from the effects of RA on pp-gal PC12 clones
(Fig. 2). These data indicate that RA selectively stimulated the
a-CaMKII promoter activity in PC12 cells compared with the
CMYV promoter.

To examine whether the action of RA on a-CaMKII promoter
activity was direct or indirect, we determined the time course of
RA stimulation on B-gal expression using -gal histochemical
staining. Results with PC12 mixed clones showed that longer RA
treatments (from 2 hr to 5 d) correlated with higher B-gal activity
(data not shown). To examine more accurately the stimulatory
effect of RA on a-CaMKII promoter activity, individual PC12
clones were treated with RA for 4 and 12 hr and for 1, 3, and 5.2 d,
and assayed by histochemical staining. The shortest time at which
RA significantly stimulated o-CaMKII promoter activity was 12 hr
(data not shown). The time course of stimulation by RA of
a-CaMKII/B-gal expression for two representative clones (B4 and
C1) was measured by histochemical staining (Fig. 1C1-6) or B-gal
enzymatic assays (Fig. 3). The time at which RA maximally
stimulated «-CaMKII promoter activity was different between
these clones. B4 displayed the highest stimulation after 5 d,
whereas C1 displayed the greatest stimulation by day 1. These
results suggested that RA may act through an indirect pathway
and that 12-24 hr is required for it to exert its effects. Addition-
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Figure 1. In situ histochemical staining of B-gal activity in transfected cells. 4, B-gal staining in NB2a (NB, A1-A3) and PC12 (PC, A4-A6) clones stably
transfected with different reporter plasmids containing no promoter (pB, AI and A4), a-CaMKII promoter (CaMK; A2 and A5), or CMV promoter (CMV,
A3 and A6). B, In situ histochemical staining of B-gal activity in PC12 mixed clones stably transfected with the promoterless pp-gal (pB, BI and B4),
pa-CaMKII/B-gal (CaMK; B2 and BS5), or pCMV/B-gal (CMV; B3 and B6). Cells were grown for 5 d in complete medium (BZ-B3) or in medium plus
25 uM RA (B4-B6). C, In situ histochemical staining of B-gal activity in PC12 clones B, (CI-C3) and C, (C4-C6) transfected with pa-CaMKII/B-gal. Cells
were grown in medium containing 25 uM RA for 0 hr (CI and C4), 24 hr (C2 and C5), or 5 d (C3 and C6). Bright-field micrographs were photographed
with a Nikon Diaphot inverted microscope (~200X).
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Figure 2. RA selectively stimulates a-CaMKII promoter activity in PC12
mixed clones. Average $-gal activities = SEM in PC12 clones stimulated
with 25 uM RA for 5 d. Values are normalized and represent the ratio of
B-gal activities in cultures stimulated with RA versus ethanol controls.
Stable clones were obtained with different reporter constructs: (1) po-
CaMKII/B-gal, (2) pCMV/B-gal, or (3) the promoterless pp-gal.

B-Gal Activity (% control)

ally, the mechanism by which RA acts in each individual clone
might not be identical because of the possibility that the genomic
integration of pa-CaMKII/B-gal may vary among clones.

Effects of a-CaMKIl promoter activity on mRNA levels

Because assays of B-gal activity are an indirect measure of pro-
moter activity, we examined «-CaMKII mRNA levels using
RNase protection assays. A cRNA probe (probe 1) was hybridized
to total cellular RNA prepared from individual PC12 clones (B4
and C1) after treatment with RA (25 uM) or ethanol (0.125%) for
3 d (Fig. 4). Probe 1 is specific to a sequence contained in the 5’
region of the a-CaMKII gene (Fig. 4B). Probe 1 produced a
protected fragment of 109 nt (Fig. 44). Autoradiographic results
were quantitated by scanning densitometry. RA selectively in-
creased the levels of the 109 nt fragment in both B4 (twofold) and

20
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Figure 3. RA stimulates a-CaMKII promoter in a time-dependent man-
ner. B-Gal activities (ODy 5 o - min~! - mg protein ™) of two stable PC12
clones (B4 and CI) transfected with a-CaMKII/B-gal. RA (25 um; solid
lines) was added at t = 0, and equivalent PC12 cultures were harvested 4
and 12 hr and 1, 3, and 5.2 d later; control cultures were treated with
ethanol (dotted lines).
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Figure 4. RA stimulates a-CaMKII promoter activity in PC12 cell clones
(B4 and C1) as measured by RNase protection assays (RPA). 4, A cRNA
probe (probe 1), specific to the 5’ region of the a-CaMKII gene, was
hybridized to 2 ug of total cellular RNA from hippocampus (lane 1), 3 ug
of mRNA from untransfected PC12 cells (lanes 2 and 3), or 6 ug of total
cellular RNA from PC12 clones B4 (lanes 4 and 5) or C1 (lanes 6 and 7);
cultures were treated with 25 um RA (lanes 2, 4, and 6) or ethanol
(0.125%; lanes 3, 5, and 7) for 5 d (lanes 2 and 3) or 3 d (lanes 4-7). A
protected fragment in 109 nt was generated. B, A map of pa-CaMKII/B-
gal showing the homologous region between probe 1 and «-CaMKII
mRNA (double lines indicate sequences of the pRC/CMV vector, the
single thick line represents the homologous region of probe I, and the
curved line shows the nonhomologous region of probe 1).

C1 (1.5-fold) clones relative to ethanol controls. Results in Figure
44 are consistent with results from B-gal assays (Figs. 2, 3). The
109 nt fragment corresponds to a TIS for the exogenous
a-CaMKII gene in PC12 cells, which is similar in location to
TIS, ; for the gene in rat hippocampus (Fig. 44, lane I) (Olson et
al., 1995). These results suggest that the effects of RA on
a-CaMKII promoter activity in PC12 cells seems to regulate
transcription at a TIS analogous to the endogenous TIS, ; in rat
hippocampus.

RA stimulates transcription of endogenous

a-CaMKIl gene

If the stimulatory effect of RA on the transfected a-CaMKII/B-gal
reporter gene has physiological significance, RA should also pro-
duce a similar effect on the a-CaMKII gene in untransfected PC12
cells. Untransfected PC12 cells were treated with RA (25 um) for
different periods of time. After RA treatment for 5 d, neurite
outgrowth from PC12 cells was enhanced both in number and
length when compared with ethanol controls or standard growth
conditions (Fig. 54), indicating that PC12 cell morphology be-
came more neuron-like. Previous experiments showed that endog-
enous CaMKII levels are too low in PC12 cells to be detected by
Western blots or in situ immunohistochemistry (Massé et al.,
1993). Therefore, PC12 cells were treated with RA, and poly(A™)
RNA was purified from the cells and analyzed by a sensitive RPA
(see Materials and Methods). RPAs were performed using high
specific activity cRNA probes (800 Ci/mmol), which would gen-
erate a protected fragment of 115 nt corresponding to the 3’
region of the a-CaMKII mRNA (Fig. 5B). RA treatments for 6 hr,
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Figure 5. Effects of RA on normal PC12 cells. 4, Representative micro-
graphs of PCI2 cells cultured for 5 d in complete medium (Std), in medium
plus 25 uM RA, or in medium plus 0.125% ethanol. B, RNase protection
assays from a representative experiment with normal PC12 cells cultured
in complete medium plus RA (25 uM) or 0.125% ethanol (Et) for 6 and 24
hr or 5 d. mRNA was purified from cultures and hybridized (4 or 0.5 ug)
to a-CaMKII or GAPDH probes, respectively; after digestion by RNase
T1, protected fragments of 115 nt for the a-CaMKII probe and 316 nt for
the GAPDH probe were detected. C, Average effects of RA versus
ethanol on a-CaMKII mRNA levels in cultures treated for 6 hr (n = 2),
24 hr (n = 3), and 5 d (n = 4); values are normalized by the amount of
GAPDH mRNA in each culture.

24 hr, and 5 d all increased a-CaMKII mRNA levels (Fig. 5B).
When RPA results were normalized to the levels of GAPDH
mRNA in each sample, 5 d RA treatments gave the greatest
increase in a-CaMKII mRNA levels (4.4-fold) compared with
ethanol controls (Fig. 5C). RA treatments for 6 and 24 hr resulted
in increases in mRNA levels of 1.8- and 2.8-fold, respectively.
These results showed that RA treatments stimulated differentia-
tion and neurite extension and increased endogenous a-CaMKII
mRNA levels in untransfected PC12 cells.
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Analysis of transcription initiation sites of a-CaMKIlI
gene in PC12 cells and rat brain

The results above show that RA stimulates a-CaMKII gene ex-
pression approximately fourfold in PC12 cells; however, this stim-
ulation is considerably less than the 20-fold increase in a-CaMKII
expression observed during postnatal brain development (Kelly
and Vernon, 1985). We therefore explored the possibility that the
TIS for the endogenous a-CaMKII gene may be different between
PC12 cells and rat brain, and this may contribute to its greatly
variant expression among different cell types.

We examined the TIS for the endogenous a-CaMKII gene
using a cCRNA probe (a5’ probe, Fig. 6C) complementary to its
first exon and containing the TIS ; plus an additional 61 nt of 5’
flanking genomic sequence. A 208 nt cRNA fragment from the
a5’ probe was protected by RNA from rat forebrain, hippocam-
pus, and cerebellum (Fig. 64). The length of this protected
fragment corresponds to TIS , , in rat forebrain and is consistent
with previous results (Sunyer and Sahyoun, 1990; Olson et al.,
1995). Surprisingly, however, mRNA from PCI12 cells protected
only a 62 nt fragment from the o5’ probe (Fig. 64,B). This 62 nt
fragment was also generated with RNA from rat cerebellum but
was not apparent in assays using forebrain or hippocampal RNAs
(Fig. 64). This 62 nt fragment could be detected only in hip-
pocampus/forebrain RPAs after autoradiographic exposures that
were 40 times longer than comparable RPAs carried out with
PC12 RNA (results not shown). This 62 nt fragment corresponds
to an unusual TIS , ;5 located very near the ATG translation start
codon (*2 nt) in the a-CaMKII mRNA. In addition, RA treat-
ments of 1 or 5 d increased levels of a-CaMKII mRNA in PC12
cells by transcription at TIS ;44 (Fig. 6B, lanes 4-7), without any
detectable transcription at TIS, ;. Another **P-cRNA (probe 1,
Fig. 4B) was used in RPAs with RNA from PC12 cells and rat
hippocampus. A protected fragment of 109 nt corresponding to
TIS ., was generated with hippocampal RNA (Fig. 44, lane 1) but
not PC12 RNA (Fig. 44, lanes 2 and 3). These results indicate that
transcription initiation of «-CaMKII mRNA in untransfected
PC12 cells is at the unusual TIS, ,,s and not at the TIS,, ob-
served in forebrain and hippocampus. The unusual TIS | ;4 is also
the predominant TIS in rat cerebellum (Fig. 64).

To determine whether the unusual TIS .5 in PC12 was attrib-
utable to an altered 5’ flanking region of the a-CaMKII gene in
PC12 cells, PCRs were performed. PCR used a pair of primers (5’
prim and 3’ prim; Table 1) complementary to the 5’ flanking
region of the a-CaMKII gene, from 5’ of the TATA element (188
nt 5’ of the endogenous TIS , ; in hippocampus) to 3’ of the ATG
translation start codon (182 nt 3’ of the endogenous TIS,, in
hippocampus). PCR analysis of genomic DNA from rat PC12
cells, rat hippocampus and cerebellum, and the plasmid [pGEM-
3Zf(—)/a-CaMKII] used to synthesize the a5’ probe (see Material
and Methods) showed that all DNAs generated the same 369 nt
PCR product (Fig. 7). This PCR product corresponds to the
predicted length based on the sequence of the rat a-CaMKII gene
(Olson et al., 1995). This result indicates that the 5’ region of the
a-CaMKII gene in PCI12 cells is similar to that in rat brain.

To confirm the identity of the unusual TIS , ;.5 in PC12 cells on
the basis of RPA results (Fig. 6), we performed RT-PCR with
RNA samples from hippocampus, cerebellum, and PC12 cells.
Because there is a high degree of homology among the coding
regions of the «, B, vy and & isoforms of rat brain CaMKII
(Tobimatsu and Fujisawa, 1989), we selected a sequence for the 3’
RT-primer (asp; Table 1) that encodes amino acids 34—43. The
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Figure 6. RPA analysis of transcription
initiation sites (71S) in rat hippocampus
(HIP), forebrain (FB), cerebellum (CB),
and PC12 cells (PC). A probe specific to
the 5’ region of the a-CaMKII gene (a5’
probe) was hybridized to total cellular
RNA [4 ug from FB and HIP, 20 pg from
CB, or 4 pg of poly(A*) mRNA from PC]
and then digested with RNase T1. 4, Ex-
panded views of gels showing the two
major protected cRNA fragments (208
and 62 nt) observed in RPA. B, An entire
gel of a representative RPA experiment
with RNA from FB (lane 3), or PC
treated with RA (lanes 4 and 6) or EtOH
(lanes 5 and 7) for 24 hr (lanes 4 and 5) or
5 d (lanes 6 and 7); control RPAs con-
taining the «5’ probe with (lane 2) or Pst |
without (lane 1) RNase T1 are shown. An -181
M13Mpl8 sequencing ladder is shown |
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(lanes C, T, A, and G); the sizes of pro- [
tected fragments are indicated in nucleo-
tides. C, a-CaMKII gene structure and
homology with the a5’ probe (thick line
indicates homologous region; curved line
shows the nonhomologous region). Auto-
radiographic exposures were for 14—16 hr
(—80°C with intensifying screens).

first three amino acids in this sequence (Val-Leu—Ala) and the
corresponding nine nucleotides of the 3’ RT-primer asp are
specific to the a-isoform of CaMKII. Two 5’ PCR primers (p1 and
p2; Table 1) were designed to flank the ATG translation start
codon and are separated by only 9 nt. A third 5" PCR primer (p5;
Table 1) is situated just 4 nt 3’ of the endogenous TIS_, in
hippocampus (Fig. 8B). RT-PCR with these three PCR primers
should determine the 5’ end of endogenous a-CaMKII mRNA in
PC12 cells. RT-PCR using asp (i.e., a-CaMKII-specific primer)
together with pl, p2, or p5 generated the expected RT-PCR
products of 122, 149, or 266 nt using hippocampal RNA, respec-
tively (Fig. 84, lanes 1, 2, and §8). These results are consistent with
the 5" end of the a-CaMKII mRNA being located 5’ of p5 (Fig.
8B), and they support our RPA results (Fig. 6). When cerebellum
RNA was used, RT-PCR with p1 and asp generated the expected
122 nt product (Fig. 84, lane 3); in contrast, RT-PCR with p2 and
asp consistently generated less of the expected 149 nt product
(Fig. 84, lane 4). In addition, RT-PCR using cerebellum RNA
with p5 and asp generated a 266 nt product, but only at high
MgSO,, concentrations (1-3 mm), which greatly increased the
appearance of background RT-PCR bands (Fig. 84, lane 13). In

TATA

| Exon 1 I-—//—‘xon 2

— 62 nt
b —— 208 nt

3 ,%,@

a ' probe 5

general, the optimal [MgSO,] for RT-PCR analyses was 0.5 mm,
regardless of the source of RNA used in each reaction (results not
shown). These results suggest that the major population of
mRNAs in cerebellum have a TIS between p1 and p2, with a more
minor TIS being located 5’ to p5 (i.e., TIS, ;). These results are
consistent with the RPA results described above (Fig. 6), although
it seemed that p5 was less efficient in generating RT-PCR prod-
ucts relative to p1 or p2, which may be attributable to the melting
temperature for p5 (69°C) being lower than that of p2 (79°C).

RT-PCR analysis of poly(A™) RNA produced different results
from PC12 cells compared with brain. RT-PCR with PC12 mRNA
generated a detectable product only when pl and asp primers
were used (Fig. 84, lane 5); no detectable specific products were
observed with asp and either p2 (Fig. 84, lanes 6 and 7) or p5
(lanes 10, 12, and 14), even though the generation of specific
RT-PCR products appeared optimal at a [MgSO,] of 0.5 mm.
These results indicate that the 5’ end of the endogenous
a-CaMKII mRNA in PCI12 cells is located between pl and p2,
which is consistent with the RPA results described above, and
places the unusual TIS 5 for PC12 cells very near the ATG
translation start codon (Fig. 6).
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Figure 7. PCR analysis of the 5’ region of the a-CaM KII gene in rat
brain and PC12 cells. A, PCR was carried out with 3’ (3’ prim) and 5 (5’
prim) primers (Table 1) using 250 ng genomic DNA from hippocampus
(lane 2), cerebellum (lane 3), or PC12 cells (lane 4). A plasmid [pGEM-
3Zf(—)/a-CaMKII] (1 ng) containing the 5’ sequence of the rat a-CaMKII
gene was used as a positive control (lane 5); PCR with rat DNA but
without Tfl DNA polymerase was performed as a negative control (lane 6).
The predicted length of the a-CaMKIl-specific PCR product is 369 nt. B,
Partial map of a-CaMKII gene structure showing PCR primers.

Although the genomic sequence of the «-CaMKII gene is
indistinguishable between PC12 cells and rat brain tissues when
examined by PCR (Fig. 7), there seems to be a difference in the
mRNA sequences between PC12 cells and rat brain (Fig. 84, lane
5 vs lanes 1 and 3) in that the sequence located between pl and
asp is ~50 nt longer in PC12 cells compared with hippocampus or
cerebellum. This suggests that an additional 50 nt exon is ex-
pressed in PC12 cells, and that a-CaMKII in PC12 cells is ~17
amino acids larger than the a-CaMKII in rat brain (i.e., the PC12
a-CaMKII is ~2000 Da larger). This is consistent with previous
results showing that rat brain «-CaMKII is ~51,000 Da, and
a-CaMKII in PC12 cells is ~53,000 Da (Nose et al., 1985).

DISCUSSION

Previous studies have shown that the expression of a-CaMKII
mRNA and protein are very high in certain CNS neurons (e.g.,
hippocampal pyramidal neurons) but very low in others (e.g.,
cerebellar granule cells) (Kelly and Cotman, 1981; Fukunaga et
al., 1988; Scholz et al., 1988; Walaas et al., 1988; Burgin et al.,
1990). The expression of a-CaMKII is extremely low or undetect-
able in non-neuronal cells (Scholz et al., 1988; Hanson and Schul-
man, 1992), and during postnatal brain development its expres-
sion increases 20-fold and remains high in the adult (Kelly and
Vernon, 1985; Burgin et al., 1990).

The a-CaMKII promoter is active in mouse NB2a cells but not
in fibroblast cell lines (Olson et al., 1995), suggesting that it may
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contain cell-type specific regulatory elements. In contrast, the
endogenous a-CaMKII expressed in PC12 cells is virtually unde-
tectable on the basis of Western blot and immunohistochemical
analyses (Massé et al., 1993). This result was unexpected, because
PC12 cells share many properties with sympathetic neurons, such
as the synthesis and release of catecholamines (Greene and Tis-
chler, 1983) and the expression of cholinergic markers (Haycock
et al., 1982; Greene and Tischler, 1983; Scheibe et al., 1991).
Sympathetic neurons also express CaMKII activity (Matthies et
al., 1987). CaMKII in PC12 cells is similar to rat brain on the basis
of its substrate specificity (e.g., site-specific phosphorylation of
MAP-2) and phosphopeptide fingerprints of the autophosphory-
lated CaMKII (Nose et al., 1985). Because of the very low activity
of the a-CaMKII promoter in PCI12 cells, we used them to
examine the regulation of a-CaMKII gene expression in a neuron-
like cell line.

Transient transfections of PC12 and NB2a cells showed that
a-CaMKII promoter activity, as measured by B-gal reporter en-
zymatic activity, was approximately 12-fold greater in NB2a com-
pared with PC12 cells (Table 2). Stable transfection and histo-
chemical staining indicated that a-CaMKII promoter activity was
qualitatively lower in PC12 (approximately 45-fold) compared
with NB2a cells (Fig. 14). These results are consistent with
previous findings using RNase protection assays that showed that
the amount of endogenous a-CaMKII mRNA is approximately
200-1000-fold lower in PC12 cells than in hippocampus (Massé et
al.,, 1993). Together, these results indicate that the a-CaMKII
promoter activity is very low in PC12 cells compared with NB2a
cells or forebrain pyramidal neurons (Kelly and Cotman, 1981;
Fukunaga et al., 1988; Scholz et al., 1988; Walaas et al., 1988;
Burgin et al., 1990).

One possible explanation for the low expression of a-CaMKII
in PC12 cells is that under standard growth conditions PC12 cells
are not induced to express high levels of this putative “neuron-
specific” protein kinase isoform. Various agents like NGF (Ha-
tanaka, 1981, 1983; Teng et al., 1995), cAMP (Michel et al., 1995),
K-252a (Wu and Howard, 1995), and RA (Norikazu and Kenjo,
1989; Scheibe and Wagner, 1992) are known to stimulate expres-
sion of neuron-like phenotypes in PC12 cells. We examined PC12
cells under various growth conditions (e.g., cyclic AMP analogs,
NGF, and RA) to examine the relationship between neuron-like
differentiation and the expression of exogenous or endogenous
a-CaMKII genes. The promoter activity of exogenous pa-
CaMKII/B-gal gene in PC12 cells was not affected by NGF, even
though NGF induced neurite outgrowth (data not shown). This is
consistent with previous studies that showed that PC12 cells
respond to NGF by extending neurites and increasing the activity
of the catecholamine-synthesizing enzyme tyrosine hydroxylase
(Hatanaka, 1981, 1983; Rydel and Greene, 1987), whereas the
Ca®*/CaM-dependent or -independent activities of CaMKII were
not affected by NGF or epidermal growth factor (Heasley and
Johnson, 1989).

RA stimulated expression of the exogenous a-CaMKII gene
(pa-CaMKII/B-gal); stimulation was apparent at protein (Fig. 1,
B5 vs B2) and mRNA levels (Fig. 44), whereas NGF and other
morphogens did not affect their levels. Stimulation of a-CaMKII
expression by RA in PC12 cells is probably via an indirect path-
way, because it required 12-24 hr of RA treatment (Fig. 3). RA
also increased the levels of endogenous a-CaMKII mRNA in
normal PC12 cells and stimulated neurite outgrowth (Fig. 5).

Is there a physiological role for the stimulation of a-CaMKII
gene transcription by RAs? RA stimulates neuron-like differen-
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Figure 8. RT-PCR analysis of the 5’ region
of a-CaMKII mRNAs from rat brain and
PC12 cells. A, RT-PCR was performed with
total RNA from hippocampus (250 ng; lanes
1, 2, and 8) or cerebellum (1 ug; lanes 3, 4,

Hip Cb Pc Cb Pc Cb Pc

9, 11, and 13), or poly(A™) RNA from PC12 Pst |
cells (100 ng; lanes 5-7, 10, 12, and 14). All B

RT-PCRs used the same 3’ RT-primer spe- -181
cific for a-CaMKII mRNA (asp) and differ- |

ent 5" PCR primers: pl (lanes 1, 3, and 5), |

p2 (lanes 2, 4, 6, and 7), and p5 (lanes 8-14). -168
Note that pl and p2 are separated by 9 nt TATA

and flank the ATG translation start codon.
MgSO, concentrations were 0.5 mM (lanes
1-5, 7, 8, 11, and 12), 0.05 m™m (lanes 6, 9,
and 10), and 1.0 mm (lanes 13 and 14). B,
Partial map of the a-CaMKII gene and the
different primers.

tiation of PC12 cells (Norikazu and Kenjo, 1989; Scheibe and
Wagner, 1992) and is essential for nervous system development
(Awgulewitsch et al., 1986; Simeone et al., 1986; Durston et al.,
1989). In the developing chick limb bud, a functional gradient of
RA is distributed spatially with the zone of polarizing activity
(Thaller and Eichele, 1987). RA exerts its effects by binding to
nuclear RA receptors (RARs) and retinoid X receptors (RXRs)
that form heterodimers and modulate transcription of specific
genes (Giguere et al., 1987; Leid et al., 1992). RA also binds to
cellular RA binding proteins (CRABPs), whose expressions are
modulated positively by RA (Smith et al., 1991; Durand et al.,
1992; Husmann et al., 1992). CRABP-I binds RA in the cytoplasm
(Boylan and Gudas, 1991) and facilitates its catabolism (Napoli et
al., 1991; Mangelsdorf et al., 1994). Therefore, in cells expressing
high levels of CRABP-I, the amount of RA available to bind to
nuclear RARs or RXRs should be less. The function of
CRABP-II is less understood (Ruberte et al., 1993), although it is
73% homologous to CRABP-I (Giguere et al., 1990).

Little is known about the distribution of RA in the developing
nervous system, and almost all of the developmental studies on
RARs, RXRs, CRABPs, and CRBPs have been carried out in
fetal or newborn brain. In contrast, studies on a-CaMKII have
been conducted on postnatal brain tissues, because its expression
is extremely low at birth and major increases occur between
postnatal days 7 and 25 (Kelly et al., 1987; Scholz et al., 1988;
Weinberger and Rostas, 1988; Burgin et al., 1990). Considering
the incomplete knowledge regarding pre- versus postnatal
changes in RA-regulated processes, we do not see a unifying
relationship between brain regions that express high levels of
a-CaMKII (i.e., cerebral cortex, hippocampus, and olfactory bulb)
and those that express high levels of RARs and/or RXRs or low
levels of CRABPs/CRBPs. The expression of RAR« in newborn
brain is ubiquitous; RARP expression is restricted to the caudate/
putamen, nucleus accumbens, and olfactory tubercle, and RARYy
is virtually absent (Ruberte et al., 1993). RXRa and RXRp are
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Exon 1 .—//—Exon 2
I . ez
pS p2 p1 asp
| 1122 nt
[ 1 149 nt
1 1 266 nt

expressed ubiquitously in the developing nervous system, whereas
RXRYy displays preferential expression in forebrain (Dolle et al.,
1994). On the other hand, the expression of CRABP-I in newborn
brain is highest in cerebellum, hippocampus, caudate/putamen,
and amygdala (Maden et al., 1990; Ruberte et al., 1993), and
CRBP-I is high in cerebellum (Maden et al., 1990). Additional
studies on RA-regulated mechanisms in the developing postnatal
brain are necessary to better understand their relationship to the
a-CaMKII expression.

Do RARs or RXRs interact directly with the a-CaMKII gene?
We have examined the 5’ region of the a-CaMKII gene for RAR-
and RXR-like response elements (RAREs and RXREs) (Man-
gelsdorf et al., 1994). We found a direct repeat AGTCCTAGTCC
spaced by one nucleotide (i.e., similar to the DR-1 motif AGGT-
CANAGGTCA) located 47 nt 5’ of the ATG translation start
codon and 100 nt 3" of TIS, ;. RAREs or RXREs can be located
in the 3’ flanking region of a gene, like the homeobox gene
Hoxb-1 (Marshall et al., 1994). Moreover, many transcriptional
regulatory sequences are located 3’ to the TIS (Wondisford et al.,
1989; Ayer and Dynan, 1990; Nikovits et al., 1990). The putative
DR-1-like RXRE in the a-CaMKII gene displays a strong resem-
blance to the RXRE consensus sequence (Mangelsdorf et al.,
1994). We have not examined the involvement of this putative
RXR-like DR-1 sequence in the stimulation by RA of a-CaMKII
gene expression in PC12 cells. Nevertheless, this DR-1 suggests
that RA may stimulate the transcription of the a-CaMKII gene
through the action of RARs and/or RXRs. On the other hand, our
observation that the stimulatory effect of RA requires consider-
able time (~12 hr) suggests that levels of RAR or RXR in our
PC12 cells may be low. This prediction is consistent with results
showing that the levels of RAR «, 8, and vy expression are low in
PC12 cells (Scheibe et al., 1991).

Our identification of TIS, ,5 for the endogenous a-CaMKII
mRNA in PC12 cells was unexpected, because it places the 5" end
of the a-CaMKII mRNA very near the ATG translation start
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codon. This result was verified by both RPA (Fig. 6) and RT-PCR
(Fig. 8). TIS, 1,45 is virtually absent from rat hippocampus and
forebrain where the prominent TIS is at position +1 (TIS_,).
TIS, 145 is prominent in cerebellum, where TIS, ; is minor (Fig.
6). TIS , 145 does not seem to result from the 5’ flanking and the
first exon of the a-CaMKII gene being altered or missing in PC12
cells, because PCR verified that the 5’ region of PC12 cells and
brain were indistinguishable (Fig. 7). These results suggest that
cerebellum and PC12 cells contain a specific mechanism(s) that
inhibits transcription at TIS ;. Alternatively, PC12 cells and cer-
ebellar neurons may have much lower levels of a specific tran-
scriptional activator(s) that acts at TIS,; and is abundant in
forebrain. It is also possible that an editing mechanism, analogous
to the RNA editing of the GluR2 glutamate receptor (Sommer et
al., 1991), may modify bases near the ATG start codon of the
a-CaMKII mRNA and make this region hypersensitive to hydro-
lysis and/or turnover. The existence of such a mechanism in PC12
cells and cerebellum could result in the observed TIS, 5, even
though TIS ;; may be the only site of transcription initiation.

In contrast to the endogenous a-CaMKII gene, PC12 cells trans-
fected with the a-CaMKII/B-gal reporter plasmid initiated transcrip-
tion at a site analogous to TIS,; in hippocampus (Fig. 4). This
indicates that the regulation of transcription is different between the
exogenous and endogenous a-CaMKII promoter. This difference
may be attributable to the fact that the exogenous a-CaMKII re-
porter gene contains only 290 nt of 5’ sequence and lacks a 38 nt
region between the endogenous TIS and the ATG translation start
codon. Recent results from transgenic experiments (Mayford et al.,
1995) suggest that up to 8.5 kb of contiguous 5’ flanking sequence
may be required to produce the appropriate developmental and
neuron-type specific expression of a-CaMKIIL

Is there a physiological basis for the different TISs for
a-CaMKII in hippocampus, cerebellum, or PC12 cells? We spec-
ulate that there are functions in PC12 cells and cerebellar neurons
that require very low levels of a-CaMKII expression and that this
results from transcription at TIS, ;,s. Although little is known
about the mechanisms regulating transcription in brain and PC12
cells, transcriptional suppressors acting at TIS , ; could be present
in cerebellum and PCI12 cells, and transcription at TIS ;5 may
simply be the default site. It is possible that sequences 5’ to the
TATA element of the a-CaMKII gene (Olson et al., 1995), and/or
sequences between TIS; and the ATG translation start codon,
may inhibit transcription at TIS, ; in cerebellum and PC12 cells.
Inhibition could involve the action of specific transcriptional re-
pressors or genomic superhelix structures (Liu and Wang, 1987;
Chen et al., 1993) near the TIS, ; in cerebellum and PC12 cells,
which would divert transcription to TIS ,,s. Because the stimu-
latory effect of RA on «a-CaMKII gene expression is modest, we
believe a better understanding of factors that regulate its tran-
scription at TIS_; versus TIS ;45 will be critical in describing the
developmental and neuron-type specific expression of this major
protein kinase in brain.
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