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Post-Transcriptional Regulation of the GAP-43 Gene by Specific
Sequences in the 3’ Untranslated Region of the mRNA
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We have shown previously that GAP-43 gene expression dur-
ing neuronal differentiation is controlled by selective changes in
mRNA stability. This process was found to depend on highly
conserved sequences in the 3’ untranslated region (3’ UTR) of
the mRNA. To map the sequences in the GAP-43 3’ UTR that
mediate this post-transcriptional event, we generated specific
3’ UTR deletion mutants and chimeras with the B-globin gene
and measured their half-lives in transfected PC12 cells. Our
results indicate that there are two distinct instability-conferring
elements localized at the 5’ and 3’ ends of the GAP-43 3’ UTR.
Of these destabilizing elements, only the one at the 3’ end is
required for the stabilization of the mRNA in response to treat-
ment with the phorbol ester TPA. This 3" UTR element consists
of highly conserved uridine-rich sequences and contains spe-
cific recognition sites for two neural-specific GAP-43 mRNA-

binding proteins. Analysis of the levels of mMRNA and protein
derived from various 3’ UTR deletion mutants indicated that all
mutants were translated effectively and that differences in gene
expression in response to TPA were attributable to changes in
GAP-43 mRNA stability. In addition, the phorbol ester was
found to affect the binding of specific RNA-binding proteins to
the 3’ UTR of the GAP-43 mRNA. Given that, like the GAP-43
mRNA, its degradation machinery and the GAP-43 mRNA-
binding proteins are expressed primarily in neural cells, we
propose that these factors may be involved in the post-
transcriptional regulation of GAP-43 gene expression during
neuronal differentiation.
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The growth-associated protein GAP-43 is expressed in neurons
primarily during the development and regeneration of neural
connections (for review, see Benowitz and Routtenberg, 1987;
Skene, 1989). After synaptogenesis, GAP-43 expression declines
sharply in most neuronal populations except for those in specific
association areas in the neocortex and limbic system (Benowitz et
al., 1988; Neve et al., 1988). GAP-43 is known to participate both
in mechanisms of axonal pathfinding during neural development
and in the regulation of neurotransmitter release and synaptic
plasticity in mature synapses (Dekker et al., 1989; Aigner and
Caroni, 1993; Ivins et al., 1993; Meberg et al., 1995; Strittmatter et
al., 1995). Given the important biological properties of this pro-
tein, it is of great interest to define the mechanisms that control
the developmental pattern and regional variations in GAP-43
gene expression. Findings by several laboratories clearly indicate
that neural specificity in the expression of this gene is controlled
by elements in the promoter region (Nevidi et al., 1992; Verhaa-
gen et al., 1993; Starr et al., 1994; Vanselow et al., 1994). A second
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level of control of GAP-43 gene expression is mediated by post-
transcriptional mechanisms (Federoff et al., 1988; Perrone-
Bizzozero et al., 1991, 1993). The induction of the GAP-43
mRNA during brain development and nerve regeneration does
not correlate well with its rate of transcription (Perrone-Bizzozero
et al., 1991). Furthermore, in undifferentiated PC12 cells, the gene
is transcribed constitutively, although the steady-state levels of the
GAP-43 mRNA are very low. The apparent discrepancy between
the rates of synthesis and the accumulation of the GAP-43 mRNA
in PC12 cells was found to be attributable to the intrinsic insta-
bility of the mRNA. In contrast, when cells are induced to differ-
entiate in response to NGF, the GAP-43 mRNA is stabilized
selectively via protein kinase C-dependent mechanisms (Perrone-
Bizzozero et al., 1993). These results are consistent with the idea
that changes in mRNA stability play a crucial role in the control
of GAP-43 gene expression.

To define the molecular basis for the control of GAP-43 mRNA
stability, we began to examine the cis- and trans-acting factors
involved in this process. We found that the GAP-43 3’ UTR is
highly conserved and contains major determinants for mRNA
instability (Kohn et al., 1996a). Unlike such determinants in other
post-transcriptionally regulated mRNAs (Shaw and Kamen, 1986;
Shyu et al., 1991), these sequences do not contain AUUUA motifs
but exhibit multiple U-rich stretches. We recently have shown that
these U-rich regions contain recognition sites for three brain-
specific RNA-binding proteins (Kohn et al., 1996a). The finding
that their binding activity and the levels of the GAP-43 mRNA are
correlated spatially and temporally further suggests that these
proteins may be involved in the post-transcriptional regulation of
GAP-43 gene expression (Kohn et al., 1996a).
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In this study we sought to investigate the specific elements in
the 3" UTR of the GAP-43 mRNA that contribute to its post-
transcriptional regulation. Analysis of the half-life of several 3’
UTR deletion mutants and chimeras with the B-globin gene
revealed that a U-rich element in the 3’ end of the GAP-43 3’
UTR controls both the intrinsic instability of the mRNA in
undifferentiated PC12 cells and the specific stabilization of the
mRNA in response to phorbol ester treatment. This region also
contains recognition sites for two brain-specific GAP-43 mRNA-
binding proteins. Our results suggest that RNA protein interac-
tions between these proteins and their cognate sequences in the
GAP-43 3’ UTR may contribute to the control of GAP-43 gene
expression during neuronal differentiation.

MATERIALS AND METHODS
Cell culture and transfection studies

As in previous studies, mRNA stability assays were performed in the
GAP-43-deficient cell clone PC12-N36 (Kohn et al., 1996a). This line
does not express detectable levels of the GAP-43 mRNA or protein
(Perrone-Bizzozero et al., 1994). PC12-N36 cells were transfected with
GAP-43 cDNAs in the expression vector pMEP4 (Invitrogen, San Diego,
CA) by electroporation. Briefly, cells were resuspended in 1X HeBS
buffer (137 mm NaCl, 5 mm KCl, 0.7 mm Na,HPO,, 6 mM dextrose, and
20 mm HEPES, pH 7.05) containing 20 pg of recombinant plasmid DNA
and 380 ug of salmon testis DNA as carrier. The cell suspension was
electroporated under 250 V and 960 uF in a Gene Pulser apparatus
(Bio-Rad, Richmond, CA). Then cells were plated in complete medium
for 24 hr, and the selection was initiated with 100 ug/ml hygromycin-B for
2 weeks, followed by 150 ug/ml thereafter. Once cells were selected, they
were used for mRNA decay experiments as described below. To compare
the variations of mRNA stability in different cell lines, we also transfected
constructs into the human neuroblastoma cell line SH-SYS5Y and the
monkey kidney cell line COS-7. SH-SYS5Y and COS-7 cells were cultured
in Eagle’s minimal essential medium. The complete medium included
10% fetal calf serum, 2 mm L-glutamine, 75 U/ml penicillin, and 75 ug/ml
streptomycin.

Plasmid preparation

Deletion mutants and point mutations. To investigate the sequences in the
3" UTR that regulate GAP-43 mRNA stability, we generated several 3’
UTR deletion mutants and chimeras with a rat full-length GAP-43 cDNA
clone (GA11B; Neve et al., 1987). BstYI digestion of this clone created
three fragments—A, C, and B (in 5’ to 3’ orientation). Fragment A
contains the GAP-43 5" UTR coding region and 62 bases of the 3’ UTR
downstream of the stop codon. C contains 114 base pairs (bp) of the 3’
UTR downstream of A and is followed by B (225 bp) (see Fig. 1). These
fragments were ligated to create the A, AC, and AB constructs in
pGEM3Z (Promega, Madison, WI) and subsequently were digested with
EcoRI/BamHI and cloned into the Pvull site of pMEP4. The A3" UTR
construct was prepared from the GA11B GAP-43 cDNA by deleting its 3’
UTR at the Nspl site. Re-ligation of this plasmid created a new stop
codon 12 bases downstream of the NspI site. The construct D40 was made
by deleting 21 bp 5" and 19 bp 3’ of the stop codon in the GAP-43 cDNA.
The U3 construct was created by PCR-mediated site-directed mutagen-
esis (Neve and Neve, 1995), in which five U residues were replaced by A
residues in three A/GUUUG/C stretches within the B fragment
(**’AUUUGUUUC to AUAUGUAUCG, °***GUUUUUG to GUUAUUG
and '"GUUUUUUG to GUAUAUUG; see Fig. 1). D40 and U3 were
cloned into the Spel/Sall sites of pBluescript II SK*™ (pBSKII™"; Strat-
agene, La Jolla, CA), digested with Xbal and Xhol, and cloned into the
Nhel/Xhol sites in pMEP4. The construct containing the coding region of
rabbit B-globin gene was prepared from pRSV-globin (Gorman et al.,
1983) by digestion with HindIII and Bg/II. This fragment then was cloned
into pMEP4.

Chimeras. Several chimeras of the rat GAP-43 3’ UTR and the $-globin
gene were prepared. The C1 chimera contains the coding region of rabbit
B-globin and the 3" UTR of GAP-43. Trans-PCR (Neve and Neve, 1995)
was used to delete the GAP-43 coding region and introduce HindI11/Bg/I1
sites between the 5’ and 3’ UTRs. The coding region of B-globin (from
pRSV-globin) was ligated to the HindIIl/BgllI site, after which the C1
chimera was released from pBSKII™ and cloned into Xhol/Nhel-digested
pMEP4. In addition, two chimeric constructs were prepared by linking
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the rabbit B-globin coding region with either the B fragment (globin-B),
or the C fragment (globin-C), of GAP-43 3" UTR. To generate these
chimeras, we excised the GAP-43 3’ UTR from the C1 chimera in
pBSKII™" by digestion with Bg/Il andClal. Then the B and C fragments
were cloned into the Bg/lI/Clal sites of this construct to create globin-B
or globin-C in pBSKII*. These chimeric cDNAs were excised out and
cloned into the Xhol/Nhel sites of pMEP4 as described above. The C2
chimera contained the coding region of GAP-43 flanked by the B-globin
5" and 3" UTRs from pSP64T (a gift from Dr. D. A. Melton, Harvard
University, Cambridge, MA; Krieg and Melton, 1984). The plasmid was
digested with Bg/II to separate the B-globin 5" and 3’ UTRs, after which
the coding region of GAP-43 was inserted into the Bg/II site. The
resulting construct then was digested with HindIII/BamHI and cloned
into the same restriction sites of the expression vector pMEP4.

mRNA stability analysis

Studies on the stability of the various mRNAs were performed as de-
scribed by Kohn et al. (1996a). Once cultures reached 75-85% conflu-
ency, cells were induced for 16 hr in the presence of 5 um CdCl,.
Exposure to this metal ion causes an 8- to 10-fold activation of the human
metallothionein-I1I, promoter in the pMEP4 vector (Richards et al.,
1984). After induction, cadmium was washed out, and cells were collected
at various time points. In some studies, cultures were treated with various
agents, including 12-O-tetradecanoylphorbol-13-acetate (TPA; 160 nm),
polymyxin B (2000 U/ml), and nerve growth factor (NGF; 100 ng/ml).
Samples containing 15 ug of cytosolic RNA were processed for Northern
blot analysis as described by Perrone-Bizzozero et al. (1993). Blots were
probed with labeled cDNAs for GAP-43, B-globin (Gorman et al., 1983),
or glyceraldehyde-3-phosphate dehydrogenase (G3PD). The intensity of
the mRNA band was determined by densitometry with the FotoAnalyst
system (Fotodyne, New Berlin, WI) within the linear range of response.
Optical densities of the GAP-43 bands were corrected by those of G3PD.
As we have shown previously (Perrone-Bizzozero et al., 1993), the decay
of the GAP-43 mRNA follows an exponential function, M, = M, e~ *" (in
which A = [n2/T,,). The half-life (T',,) of the various GAP-43 transcripts
was calculated from the plot of relative mRNA levels versus time of decay
by using linear regression analysis.

Western blot analysis

Western blots were used to verify that the mRNAs derived from the
various GAP-43 3’ UTR deletion mutants were translated effectively into
GAP-43 protein. For these studies, total RNA and protein were extracted
from permanently transfected PC12-N36 with the Tri reagent (Sigma, St.
Louis, MO), and samples were processed for Northern and Western blot
analysis. Aliquots containing 50 ug of protein were separated on 10%
polyacrylamide gels and electrotransferred onto polyvinylidene fluoride
membranes. GAP-43 levels were detected by a polyclonal antibody to rat
GAP-43 as previously described (Sower et al., 1995).

In vitro RNA-binding studies

Analyses of the interactions between brain cytosolic proteins and differ-
ent subregions of the GAP-43 3’ UTR were performed as described by
Kohn et al. (1996a). Briefly, the GAP-43 3’ UTR and the B fragment
were subcloned into pGEM3Z and used to generate **P-labeled sense
RNA by in vitro transcription with SP6 and T7 RNA polymerases. In vitro
RNA-binding studies were performed with 0.5 ng of labeled RNA (5 X
10* cpm) and 50 wg of brain cytosolic protein (S100 fraction). RNA
protein complexes were cross-linked by irradiation for 30 min at 4°C at 4
cm from a UV lamp (Sylvania G30T8, 254 nm). UV cross-linked com-
plexes were digested with RNase A, and labeled proteins were analyzed
by 10% polyacrylamide gel electrophoresis and autoradiography. In some
experiments, protein extracts were prepared from control and TPA-
induced PC12 cells and used in RNA-binding assays as indicated above.

RESULTS

The main determinants of GAP-43 mRNA instability are
localized in the 3' UTR

We previously showed that the GAP-43 3" UTR is highly con-
served in evolution and that this region seems to control mRNA
turnover via its specific interactions with three brain-specific
RNA-binding proteins (Kohn et al., 1996a). To characterize the
role of specific sequences within the GAP-43 3’ UTR in mRNA
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Figure 1. Schematic representation of the wild-type GAP-43 cDNA and
of several 3’ UTR deletion mutants and chimeras. A, The restriction map
shown in the wild-type construct (WT') corresponds to the full-length rat
GAP-43 cDNA (GAL11B; Neve et al., 1987) that was used to generate the
various constructs. Segments represent the different fragments created by
restriction enzyme digestion. Chimeras were generated by a combination
of these fragments with the B-globin coding region. B, Sequence of the
GAP-43 3’ untranslated region (3’ UTR) of the GAP-43 cDNA. The
sequences in the B region are indicated in italics, and the three regions in
U3, including five point mutations, are underlined.

stability, we generated a series of 3’ UTR deletion mutants and
chimeras of the GAP-43 and B-globin cDNAs in the expression
vector pMEP4 (Fig. 1). The stability of these constructs was tested
in transfected PC12-N36 cells (Perrone-Bizzozero et al., 1994).
This GAP-43-deficient PC12 cell line enables the determination
of the stability of transfected GAP-43 transcripts without the
interference of the endogenous mRNA (Kohn et al., 1996a).
Northern blots from representative mRNA decay studies are
shown in Figures 24 and 3. The use of an inducible promoter
allows for the determination of mRNA turnover without disturb-
ing the intracellular environment with transcription inhibitors
(Chen et al., 1995; Kohn et al., 1996a). Although the metallothio-
nein promoter exhibits a small level of basal activity (control
lanes, Figs. 2-4), on stimulation with cadmium there is an 8- to
10-fold increase in the rate of transcription and mRNA accumu-
lation (time 0 lanes, Figs. 2-4). After cadmium induction, nRNA
decay rates are examined in the absence of the metal ion. Under
these conditions the transfected full-length GAP-43 mRNA de-
cayed with a half-life of 5 hr (WT, Fig. 2B and Table 1), consistent
with the stability of the endogenous mRNA (Perrone-Bizzozero et
al., 1993). On deletion of the 3" UTR, the half-life of the mRNA
increased threefold (A3’ UTR mutant, Fig. 2), indicating that this
region contains the main determinants for mRNA instability. The
destabilizing effect of these sequences was confirmed by addition
of the GAP-43 3’ UTR to the B-globin mRNA. The globin mRNA
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Figure 2. Role of the GAP-43 3' UTR on mRNA stability. PC12-N36
cells were transfected with a rat full-length GAP-43 cDNA construct
(WT), a deletion mutant without the 3’ UTR (A3’ UTR), or chimeras with
the B-globin cDNA (CI and C2; see Fig. 1). Cells were incubated with
cadmium to induce high levels of transfected mRNAs. For mRNA decay
studies, RNAs were isolated from cells harvested at the time points
indicated after removal of cadmium. Control lanes (Co) show the basal
levels of the transfected mRNA in the absence of the metal. 4, Northern
blots from representative mRNA decay experiments: analysis was per-
formed with 15 ug of cytosolic RNA. The same membrane was probed for
GAP-43 first and then reprobed for G3PD. B, mRNA decay curves.
GAP-43 mRNA levels were determined by densitometry, corrected by
those of G3PD, and expressed relative to those before the decay phase
(time 0).

is very stable, with reported half-life values ranging from 17 to
>50 hr (Aviv et al., 1976; Volloch and Housman, 1981). However,
ligation of the GAP-43 3’ UTR to the B-globin coding region (C1
construct, Fig. 2) made this otherwise stable mRNA become
unstable, with a half-life of ~5 hr similar to the half-life of
wild-type GAP-43 mRNA (Table 1). Finally, the opposite effect
was observed on ligation of the 3" UTR of globin to the GAP-43
coding sequence (C2 chimera). Although deletion of the 3" UTR
(A3" UTR) significantly increased the stability of the GAP-43
mRNA, the half-life of the mRNA became even longer (7, = 19
hr) when the GAP-43 coding region was linked to the 3" UTR of
B-globin (Fig. 2, Table 1).

Two cis-acting elements in the 3’ UTR regulate GAP-
43 mRNA instability

Having demonstrated the destabilizing effect of the whole
GAP-43 3' UTR, we sought to map the instability determinants by
using a series of 3’ UTR deletion mutants and chimeras with the
B-globin gene. Initial studies involved the analysis of different
fragments derived from the GAP-43 3" UTR (Fig. 1). Combina-
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Table 1. Half-lives of the GAP-43 mRNA and various 3’ UTR mutants
and chimeras

Construct Mean = SD p value
WT 499 =042 (n=9)
A. 3’ UTR mutants
A3’ UTR 1458 = 1.97 (n = 6) p < 0.001*
A 8.50 £ 1.01 (n =5) p < 0.02*
AC 9.55 038 (n=5) p <0.01*
AB 6.55 = 0.81 (n = 8) NS
D40 444 +0.61 (n=5) NS
U3 577 =053 (n =5) NS
B. Chimeras
Globin 10.50 = 1.51 (n = 13)
C1 5.53 £0.52 (n = 10) p < 0.01**
Cc2 1935 +4.14 (n =5) p <0.01*
Globin-C 14.60 = 2.08 (n = 4) p < 0.05%*
Globin-B 593 *+150(n=7) p < 0.01**

*p values relative to WT; **p values relative to globin. NS, Nonsignificant.
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Figure 3. Analysis of the stability of the different GAP-43 3’ UTR
deletion mutants and chimeras with the B-globin cDNA in transfected
cells. PC12-N36 cells were transfected with various constructs in the
expression vector pMEP4, and mRNA decay studies were performed as
indicated in Figure 2. Northern blots show the rate of decay of different
GAP-43 3’ UTR deletion mutants and chimeras. Blots were probed with
either GAP-43 (4) or B-globin (B) cDNAs and reprobed with G3PD to
control for RNA loading. The structure of each construct is shown in
Figure 1.

tions of these fragments (A, AB, and AC) were cloned into the
expression vector pMEP4, and the stability of the corresponding
mRNAs was tested in transfected PC12-N36 cells. Among these
constructs, A was found to decay with a half-life of 8.5 hr (Fig. 34,
Table 1), which was significantly shorter than that of the mRNA
lacking its 3" UTR (A3’ UTR construct) but longer than that of
the full-length mRNA (WT). Addition of the C fragment to the 3’
end of A did not change the half-life significantly (7', = 9.5 hr,
Table 1). In contrast, addition of the B fragment shortened the
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half-life of the resulting AB mRNA to a level comparable to
that of the wild-type GAP-43 mRNA (T, = 6.5 hr, Table 1).
These results indicate that there are at least two cis-acting
instability-conferring elements within the GAP-43 3’ UTR.
One element is ~60 nucleotides (nt) long and is localized at the
5" end of the GAP-43 3" UTR (A fragment). The other deter-
minant is 250 nt long and resides at the terminal 3’ end of the
3" UTR (B fragment). It also is worth noting that fragment C
contains a single AUUUA motif adjacent to a poly(A) stretch.
Unlike other AU motifs (Shaw and Kamen, 1986), this element
is not present in a U-rich region and does not confer instability
to the GAP-43 mRNA.

To investigate further the destabilizing effect of the B fragment,
we created a chimeric construct by linking the B fragment to the
B-globin coding region; this was designated globin-B (Fig. 3B). To
control for specificity, we also ligated the C fragment to the
B-globin coding region (globin-C). Addition of the B fragment to
the B-globin coding region significantly decreased the stability of
the globin transcript (T, = 6 hr, Table 1), confirming the role of
this region as a destabilizing element in the GAP-43 mRNA. In
contrast, the globin-C mRNA showed a slightly longer half-life
(T, = 14.5 hr) than that of the B-globin coding region (7, =
10.5 hr), suggesting that the C fragment has a stabilizing, rather
than destabilizing, effect on the mRNA.

Recent studies indicate that the function of certain instability-
conferring elements in the 3’ UTRs depends on the presence of
stretches of three or more adjacent U residues within them (Chen
et al., 1995; Zubiaga et al., 1995). Given that the destabilizing B
fragment contains several U-rich stretches and that these motifs
are highly conserved (Kohn et al., 1996a), subsequent studies
examined the role of these motifs in GAP-43 mRNA stability.
Five U residues within three U-rich stretches in the B fragment
were mutated to A by site-directed mutagenesis to generate the
U3 mutant (Fig. 1). When tested in mRNA decay studies, the U3
mRNA showed a half-life of ~6 hr, similar to that of the wild-type
GAP-43 mRNA (Fig. 4). Thus, although the three A/GUUUG/C
motifs within the B fragment were reasonable candidates to me-
diate the destabilizing effect of this region, mutations in these
elements did not affect the half-life of the mRNA. These results
are in agreement with a recent finding that similar point mutations
in GUUUUUG motifs in the c-jun mRNA do not affect mRNA
stability (Peng et al., 1996) and suggest that other regions within
the B fragment mediate this effect.

It has been shown that the stop codon and its flanking se-
quences may affect the half-life of mRNA (Belgrader et al., 1994).
To test whether these sequences contribute to the instability of the
A region, we generated the D40 mutant. This construct contained
a deletion of 21 nucleotides upstream and 19 downstream of the
stop codon, resulting in the net loss of 40 nucleotides within the A
region (Fig. 1). The half-life of the D40 construct was similar to
that of the wild-type mRNA in transfected PC12-N36 cells (T,
= 4.5 hr, Table 1), suggesting that this region does not contribute
to the intrinsic instability of the GAP-43 mRNA in undifferenti-
ated PC12 cells. These results are in contrast with a recent study
in which the region surrounding the stop codon in the GAP-43
mRNA was found to control GAP-43 mRNA stability in NGF-
induced PC12 cells [Nishizawa and Okamoto (1994); see
Discussion].

In summary, the results of our initial characterization of the
determinants of GAP-43 mRNA stability indicated that the main
instability determinants are localized in the 3" UTR. As shown in
Figure 5 and Table 1, the presence or absence of these elements
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Figure 4. Effect of three U-rich regions in GAP-43 3’ UTR and the
region surrounding the stop codon on GAP-43 mRNA stability. 4, North-
ern blots show the decays of the wild-type and mutant U3 and D40
constructs. B, mRNA decay curves indicate that neither the five U by A
replacements in U3 nor the deletion of 40 nt in D40 has any effect in the
rate of decay of the mRNA.

results in a threefold variation in the half-life of the GAP-43
mRNA. These GAP-43 3’ UTR sequences were also equally
effective when they were linked to the B-globin coding sequence,
suggesting that their function is independent of the particular
coding region to which they are attached. On the basis of these
findings, we propose that the A and B regions of the GAP-43 3’
UTR contain the main determinants for the instability of the
mRNA in undifferentiated PC12 cells.

Role of 3’ UTR sequences in the TPA-mediated
stabilization of the GAP-43 mRNA

We showed previously that NGF and the phorbol ester TPA
induce GAP-43 gene expression in PC12 cells by causing selective
changes in the stability of the mRNA (Perrone-Bizzozero et al,,
1991, 1993). To begin to identify the specific mRNA sequences
mediating this response, we tested the effect of TPA on the
induction and stability of the full-length GAP-43 mRNA in trans-
fected PC12-N36 cells. As shown in Figure 64, both TPA and
NGF caused the induction of the transfected GAP-43 mRNA,
with the phorbol ester showing a more robust induction. Thus, as
shown for the endogenous GAP-43 mRNA, the transfected
mRNA exhibits a more rapid and powerful induction with TPA
than with NGF, although both agents use the same signal trans-
duction pathway to elicit this response (Perrone-Bizzozero et al.,
1993). With regard to the mechanism of this induction, we found
that the half-life of the transfected mRNA was prolonged three-
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Figure 5. Analysis of the stability of the wild-type GAP-43 mRNA and
several 3’ UTR mutants in PC12-N36 cells. mRNA decay assays were
performed in stably transfected PC12-N36 cells, as described in Figure 2.
The relative levels of the GAP-43 mRNA at different decay times were
calculated by densitometric analysis of Northern blots and were corrected
by the levels of G3PD in the same sample. The plot shows representative
decay curves for the wild-type GAP-43 mRNA (WT), the AC, AB, and A
mutants, and the Globin-B and Globin-C chimeras.

fold by the phorbol ester (Fig. 6 B) and was decreased significantly
by the protein kinase C inhibitor polymyxin B (Fig. 6A4). Addition
of the transcription inhibitor DRB did not affect the response to
TPA, but in agreement with previous studies (Perrone-Bizzozero
et al., 1991; Chen et al., 1995), DRB was found to increase the
half-life of the mRNA in control cells. Thus, the transfected
GAP-43 mRNA was found to behave similarly to the endogenous
mRNA in that it was stabilized by PKC activators and transcrip-
tion inhibitors and destabilized by PKC inhibitors (Perrone-
Bizzozero et al., 1991, 1993).

To map the cis-acting elements that contribute to the re-
sponse to TPA, we evaluated GAP-43 mRNA and protein
levels in PC12-N36 cells transfected with the 3' UTR deletion
mutants A, AC, and AB (Fig. 74,B). Comparison of cadmium-
induced and basal levels of expression of these constructs
indicated that, first, all of the constructs produced mRNAs that
were translated adequately into GAP-43 protein and, second,
the accumulation of GAP-43 protein paralleled that of the
mRNA of each construct and responded as expected to cad-
mium stimulation. Analysis of the levels of GAP-43 protein and
mRNA in the presence of TPA revealed that the phorbol ester
caused a threefold induction in GAP-43 expression in cells
transfected with the AB construct. In contrast, phorbol ester
treatment had no effect on the expression of the A construct,
whereas it decreased the expression of the AC mRNA (Fig.
7C). These effects are not likely to be exerted at the level of
translation, because both GAP-43 mRNA and protein levels
were affected similarly by TPA. Comparison of the response of
the A, AC, and AB mutants to phorbol ester treatment indi-
cates clearly that the specific elements responsible for the
TPA-mediated stabilization of the GAP-43 mRNA are con-
tained within the B fragment.
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Figure 6. TPA causes the induction and stability of the GAP-43 mRNA
in transfected PC12-N36 cells. A, Northern blots demonstrate the levels of
induction and stability of the transfected wild-type GAP-43 mRNA in
PC12-N36 cells. For the induction phase, cells were treated for 16 hr in
the presence of NGF (NGF; 100 ng/ml), TPA (TPA; 160 nm), or CdCl,
(Cd; 5 um). For the decay phase, after cadmium induction, cells were
washed out of the metal ion and incubated for 6 hr in the presence
(+DRB) or absence of DRB (60 uM) and TPA (160 nM) or polymyxin B
(PB; 2000 U/ml). B, Cells were induced for 16 hr with either Cd?* ( filled
squares) or TPA and Cd*" (open squares), and mRNA decay assays were
performed in the presence or absence of 160 nm TPA. The relative
half-lives of the mRNA were calculated as described in Materials and
Methods.

Trans-acting factors for the control of GAP-43

mRNA stability

Like transcriptional regulation, the control of mRNA stability is
thought to involve both cis- and trans-acting factors (Malter et al.,
1989; Brewer, 1991). We previously identified potential trans-
acting factors affecting GAP-43 mRNA stability (Kohn et al,,
1996a). These are three developmentally regulated RNA-binding
proteins that interact with highly conserved polypyrimidine-rich
sequences in the GAP-43 3' UTR. Because both the GAP-43
mRNA and these RNA-binding proteins are selectively localized
to the nervous system (Kohn et al., 1996a), we hypothesized that
the factors controlling GAP-43 mRNA stability are neuronal-
specific. To test this idea, we compared the stability of the mRNA
in neuronal and non-neuronal cells (Fig. 8). When transfected
into PC12 cells, the GAP-43 mRNA exhibited a significantly faster
turnover rate (T,, = 5 hr) than it did when transfected into
non-neuronal COS-7 cells (T, ,, = 13 hr, Fig. 8). A similar increase
in mRNA stability was observed when the AB and AC mutants
were transfected into COS-7 cells (data not shown). Analysis of
the stability of the GAP-43 mRNA in another neural cell line, the
human neuroblastoma SH-5ySy, indicated that the mRNA de-
cayed with a half-life similar to that observed in PC12 cells
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Figure 7. Effect of TPA on GAP-43 mRNA and protein levels in PC12—
N36 cells transfected with different 3’ UTR mutants. A, B, Northern (A4)
and Western (B) blots show GAP-43 mRNA and protein levels in perma-
nently transfected control cells (Co) or in cells induced for 16 hr with
cadmium (Cd) or phorbol ester (TPA), as described in Figure 6. The levels
of G3PD in Northern blots and tubulin in Western blots are presented as
controls for gel loading. C, Relative induction of the GAP-43 mRNA and
protein in TPA-treated PC12-N36 cells. The levels of induction of each
construct represent the mean of at least three independent experiments.

GAP-43 G3PD Half-life

pc12-nas|$ﬁﬁjﬁ“.....| 5h
cos-7 I""‘“'""I 13h

Co 0 3 6 9
Decay (h

Co0 3 6 9
Decay {(h)

Figure 8. Comparative analysis of the half-life of the GAP-43 mRNA in
COS-7 cells. Northern blots show the decay of the transfected wild-type
GAP-43 mRNA in PCI2-N36 cells and non-neural COS-7 cells. The
half-life of the mRNA was found to be ~2.5-fold shorter in the neural
lines than in COS-7 cells.

(Perrone-Bizzozero et al., 1994). Because the GAP-43 mRNA
binding proteins are expressed selectively in brain and neural cell
cultures (Kohn et al., 1996a) (see also Fig. 9 below), our results
are consistent with the idea that prolonged half-life of the GAP-43
mRNA in non-neural COS-7 cells may be attributable to the
absence of one or more of the neuronal-specific GAP-43 mRNA-
binding proteins.

Given that the B region mediates the increased stability of the
GAP-43 mRNA in the presence of TPA, RNA-binding proteins
interacting with these sequences are potential candidates for
trans-acting factors involved in this process. Thus, subsequent
experiments examined the interactions of sequences in the B
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Figure 9. Detection of GAP-43 mRNA-binding proteins by UV cross-
linking experiments. 4, **P-labeled RNAs containing the entire GAP-43 3’
UTR (GAP/3") or the B region (GAP/B) were synthesized in vitro, as
described by Kohn et al. (1996a). RNAs (0.5 ng, 5 X 10* cpm) were
incubated with 50 ug of brain S100 protein for 10 min at 4°C. To test for
binding specificity, we incubated reactions in the presence or absence of a
100-fold excess of the corresponding cold competitor RNA (GAP/3" or
GAP/B). After UV irradiation, RNA protein complexes were analyzed in
10% polyacrylamide gels. B, RNA-binding reactions were performed with
32P-labeled GAP/3' RNA and cytosolic extracts derived from control PC12
cells (Co) or cells induced for 16 hr with 160 nM TPA (+TPA). Gels were
exposed to film for 3-7 d at —80°C.

fragment or the entire GAP-43 3’ UTR with brain cytosolic
proteins (Fig. 9). Of the three major GAP-43 mRNA-binding
proteins in brain extracts, the 90 and 45 kDa proteins were found
to interact preferentially with the B fragment. Competition exper-
iments revealed that, although the B fragment did not show a
direct interaction with the 65 kDa RNA-binding protein, an excess
of this region was as effective as the entire GAP-43 3’ UTR in
competing for the formation of all three RNA protein complexes
(Fig. 94). In contrast to the 65 kDa protein, the 45 and 90 kDa
proteins display a preferential affinity for poly(U) while showing
no significant binding to poly(C) (Kohn et al., 1996a). Therefore,
our results suggest that U-rich sequences within the B region
participate in these RNA protein interactions.

To begin to examine the role of these proteins in the stabi-
lization of the GAP-43 mRNA in response to TPA, we per-
formed RNA-binding assays with extracts derived from control
and TPA-treated PC12 cells. As shown in Figure 9B, TPA
altered the pattern of RNA protein interactions by decreasing
the binding of a 60 kDa species and increasing the binding of
those of 40, 45, and 65 kDa to the GAP-43 3’ UTR. These
results suggests that regulated RNA protein interactions be-
tween these proteins and specific U-rich sequences in the 3’
UTR may contribute to the control of GAP-43 mRNA stability
during neuronal differentiation.

DISCUSSION

Differences in the rates of degradation of messenger RNAs play a
significant role in the control of gene expression in eukaryotic cells
(for review, see Sachs, 1993; Beelman and Parker, 1995). Within
the nervous system, mRNA stability mechanisms are known to
regulate the expression of a number of important neuronal pro-
teins such as growth-associated proteins (e.g., GAP-43; Perrone-
Bizzozero et al., 1991, 1993), cytoskeletal elements (e.g., neuro-
filament proteins; Schwartz et al., 1995), neurotransmitter
biosynthetic enzymes and receptors (Haddock et al., 1989;
Czyzyk-Krzeska et al., 1994), and the amyloid precursor protein
(Zaidi and Malter, 1994). After the discovery of the post-
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transcriptional control of the GAP-43 gene, the 3' UTR of the
mRNA was proposed to mediate this regulatory mechanism. First,
the GAP-43 3’ UTR is highly conserved across different species,
from human to goldfish, with a level of conservation that matches
or exceeds that of the coding region (Perrone-Bizzozero et al,,
1991; Kohn et al., 1996a). Second, these sequences contain puta-
tive instability-conferring sequences that resemble AU-rich ele-
ments described in other mRNAs with a fast turnover (Chen et al.,
1995; Peng et al., 1996). Third, the GAP-43 3’ UTR contains
recognition sites for the binding of specific brain cytosolic proteins
(Kohn et al., 1996a). Like the GAP-43 mRNA, these proteins are
regulated developmentally and localized to the nervous system,
suggesting that they may participate in the post-transcriptional
regulation of the GAP-43 gene. In this study we present direct
evidence that elements in the 3 UTR of GAP-43 mRNA are
involved in the control of mRNA stability. On deletion of the 3’
UTR (A3’ UTR), the resulting GAP-43 mRNA was found to be
three times more stable than the wild-type mRNA. Not only did
deletion of these sequences have a stabilizing effect on the
GAP-43 mRNA, but also addition of the GAP-43 3" UTR to the
B-globin coding region destabilized this normally stable mRNA.
Conversely, the 3" UTR of B-globin was found to stabilize the
GAP-43 coding region (C2 chimera) even beyond the level ob-
served for the A3 UTR construct. Thus, analyses of the stability
of deletion mutants and chimeras indicate clearly that the intrinsic
instability of the GAP-43 mRNA in PC12 cells is attributable to
sequences localized in its highly conserved 3" UTR.

With regard to the precise mechanisms that control differential
mRNA turnover, recent evidence indicates that this process is
extremely complex and that multiple cis- and trans-acting factors
are involved. In addition, several studies have revealed that a
number of variables need to be considered in the interpretation of
mRNA stability data, including the effect of translation on mRNA
turnover (Savant-Bhonsale and Cleveland, 1992; Nishizawa and
Okamoto, 1994; Chen et al., 1995). For example, minor changes in
mRNA sequence, because of the introduction of point mutations
or specific deletions, may affect mRNA stability indirectly via a
perturbation of the RNA secondary structure that leads to
changes in translation efficiency (Weiss and Liebhaber, 1994). In
view of this potential problem, we examined the ability of different
3" UTR deletion mutants used in this study to generate GAP-43
protein in transfected cells and found that all of them were
translated effectively. Thus, these results suggest that differences
in the stability of the various transcripts are not the result of
translational effects. Furthermore, because translation imposes a
series of structural requirements on mRNA molecules, our results
suggest that the differences in mRNA decay rates observed here
are not likely to be attributable to major alterations in the overall
structure of the mRNA but rather to specific changes within
limited regions in the 3’ UTR. Finally, comparison of the struc-
tural and functional properties of specific subregions of the
GAP-43 3' UTR reveals that the overall length of the 3’ UTR or
the location of specific elements relative to the stop codon does
not have a direct effect in mRNA stability. As shown in Figure 1
and Table 1, it is the presence of specific regions in the 3’ UTR,
rather than their size and specific location, that determines the
half-life of the GAP-43 mRNA.

Using deletion mutation analysis, we identified two different
instability-conferring sequences in the 3 UTR of the GAP-43
mRNA. One is a 60 nt region at the 5" end of the 3" UTR.
Removal of this element increases the half-life of the mRNA
twofold. Although this element contributes to the intrinsic insta-
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bility of the mRNA in undifferentiated PC12 cells, it is not
sufficient to stabilize the mRNA in response to phorbol ester
treatment. These results are in contrast with a recent report in
which this region was found to mediate the stabilization of the
mRNA in response to NGF (Nishizawa and Okamoto, 1994).
Although the reasons for this discrepancy are unclear, it should be
noted that there are major differences in the transfection proto-
cols and cell lines used in that study and in the use of transcription
inhibitors for the determination of mRNA turnover rates. The
other determinant of GAP-43 mRNA stability identified in our
study is localized in a 250 nt U-rich region in the 3’ end of the
GAP-43 3 UTR. Not only did deletion of this element result in
the stabilization of the mRNA, but also addition of these se-
quences to the coding region of B-globin significantly decreased
the half-life of the chimeric transcript. Although this element
contains several highly conserved U-rich stretches (A/GUUUG/
C), replacement of the middle U with A in three of the U-rich
stretches did not change the half-life of the transcripts, suggesting
that additional sequences in this region may contribute to its
destabilizing effect. In fact, we recently have found a 25 nt U-rich
region downstream of these motifs that contains a recognition site
for a neuronal-specific elav-like RNA-binding protein [Chung et
al. (1997); also see below].

Phorbol esters such as 12-O-tetradecanoyl-phorbol-12-acetate
(TPA) are known to exert a highly pleiotropic response in a
variety of cell types both in vivo and in vitro (Nishizuka, 1986).
Several lines of evidence indicate that phorbol esters can mimic
many of the responses of neural cells to growth factors, such as the
induction in GAP-43 expression and neurite outgrowth by NGF
(Montz et al., 1985; Perrone-Bizzozero et al., 1993). There is also
evidence that TPA can affect gene expression regulation at the
post-transcriptional level by causing specific changes in mRNA
stability (Iwai et al., 1991; Saceda et al., 1991; Perrone-Bizzozero
et al., 1993). In this study we investigated the possibility that the
TPA-induced stabilization of the GAP-43 mRNA (Perrone-
Bizzozero et al., 1993) could be mediated via specific sequences
within the GAP-43 3" UTR. We found that the 250 nt B region in
the GAP-43 3’ UTR contains an element that confers responsive-
ness to TPA; the mRNA containing this region was unstable in
uninduced cells and stabilized in the presence of TPA. This
increase in GAP-43 mRNA stability resulted in an enhanced
expression of GAP-43 protein in the cells. Thus, the B region in
the GAP-43 3" UTR can mimic major regulatory features of the
entire GAP-43 mRNA.

To characterize further the mechanisms by which sequences in
the B region exert this effect, we examined their interaction with
specific RNA-binding proteins. Of the three GAP-43 mRNA-
binding proteins identified in brain cytosolic extract, those that
have the highest specificities for poly(U) RNA (Kohn et al,
1996a) were found to bind this 250 nt U-rich region. One is a 90
kDa molecular weight RNA-binding protein, the activity of which
is dependent on protein phosphorylation (Kohn et al., 1996a).
The other is a 45 kDa protein that recently was identified as a
member of the elav family of neuronal-specific RNA-binding
proteins (Robinow et al., 1988; Szabo et al., 1991; Kim and Baker,
1993; King et al., 1994). These proteins are involved in the
development of the nervous system and are thought to regulate
specific gene expression via post-transcriptional mechanisms
(King et al., 1994; Chung et al., 1996). Analysis of RNA protein
interactions indicated that there is an increased binding of the low
molecular weight GAP-43 mRNA-binding proteins in TPA-
induced PC12 cells. In contrast, we found decreased binding of a
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60 kDa neural-specific protein. These results suggest that these
GAP-43 mRNA-binding proteins may function as trans-acting
factors for the post-transcriptional regulation of GAP-43 gene
expression. In fact, this elav-like protein is enriched in brain
polysomes, the same subcellular fraction that contains the
GAP-43 mRNA degradation machinery (Kohn et al., 1996b),
further suggesting a role of this factor in mRNA turnover. Char-
acterizing the function and regulation of these RNA-binding
proteins will help clarify not only the fundamental basis for the
control of GAP-43 mRNA stability but also the role of this
post-transcriptional mechanism in the expression of this and other
important neural-specific genes during neuronal differentiation.
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