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Nerve growth factor rapidly regulates VGF gene transcription through
cycloheximide sensitive and insensitive pathways
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Nerve growth fuctor (NGF) initiates and maintuing a regulatory caseude, involving gene induction. which resulls in the neuranal differentiation

of PC12 cells. The YGF gene encodes one of the most rapidly induced neuronal mR NAs identified in NGF-treated PC12 ¢ells {Science, 229 (1985)

393-395; Mol. Cell Biol,, 11 (1991) 2335-2349]. In this communication we show that NGF-treatment for 60-90 min maximally increases VGF gene

transcription by 12- 10 14-fold, VGF MRNA half-life was found to substantially decreuase in PC12 eclls treuted with NGF for 9-25 h. Partial

inhibition of VGF gene trunscription and superinduction of cytoplasmic YGF mRNA levels in the presence of both NGF und cyeloheximide

suggests chat the VGF gene may be reguinted through multiple puthways, some of which can be activated in the presence of pratein synthesis
inhibitors us are the immediate eurly genes, while others require newly synthesized proteins.

Nerve growth lactor; YGF; PCI2 cell; Nervous system; Gene expression

. INTRODUCTION

In the presence of NGF and busic fibroblast growth
factor (bFGF) but not epidermal growth fuctor (EGF).
PC12 pheaochromocytoma cells differentiate from adre-
nal chromaffin-like cells into sympathelic neuron-like
cells, and consequently these cells have been employed
as a model system to investigate the mechanism(s) of
action of neurotrophic growth factors [1]. A number of
immediate early gene products have been shown to be
induced rapidly in PC12 cells in response to either NGF
or EGF treatment [2]. In contrast, two PCI2 cell
mRNAs, YVGF {3] and PC3 {4] have been shown to be
rapidly and more robustly regulated by NGF in com-
parison to other growth factors. VGF is expressed in
neurons {5] in both peripheral and central nervous sys-
tems [3,5] and is released from secretory vesicles [6]. In
PC12 cells, VGF mRNA [evels increase at least 15- to
30-fold after 3-6 h of NGF treatment and return to
basal levels after approximately 48 h of NGF treatment
{7.8], while EGF treatment or depolarization result in
only 3- to 5-fold inductions of YGF mRNA levels [3.8].
In this report we have examined the mechanisms by
which VGF mRNA levels are regulated in PCI12 cells.

2. MATERIALS AND METHODS

2.1, Celt culiure

PC12 cells were grown on collagen-couted dishes as described [1].
Where specified, cultures were {realed with 2.58 NGF (B.M), EGF
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(Callaboarative), or recombinunt bovine bFGF (B.M) and cells were
preteeated for 20 min with either 2.5 gp/m! Act-D (CulBiochem) or
20-100 ug'mi eycloheximide (Sigma) prior to the addition of NGF,

2.2. RNA analysis

PC12 cells were rinsed three times with ice-cald phosphate-buftered
suline, lysed in 10 mM Tris (pH 7.4). 10 mM NaCl, 3 mM MCl, and
0.5% Nanidet .40, and nuclei und cytosol were fractionited as de-
scribed [2]. Cytoplasmic RNA [9] and total ecllular RNA [10] were
isolated, und RNase protection snalysis was performed {9] using an
antisense VGF exon 3-specific probe [3] to quantify cytoplusmic VGF
mRNA levels, Protected RNA fragments were resolved on non-dena-
turing 5% polyacrylumide gels and after autoradiographic exposure,
the bunds were excised and quantified by scintillution counting and
compurison to stundard curves, as previously deseribed [2.9)],

2.3, Runsan wranscription analysis

Nuglei were isolated as described above und labeling of naseent
transeripts was earried out in the presence of [FPJUTP by modification
of previous protocols {2,9). fsoluted labeled RNA was resuspended in
30 ;M Tris (pH 7.4). 0.2% SDS, 5§ x Denhardt's solution, 100 xg/ml
yeust tRNA und 20 wg/ml proteinuse K. ¥*P-lubeled RNA sumples
were counted and equal numbers of counts of each sumple were hy-
bridized to nitrocellulose filters in a final volume of 200 ul of 30 mM
Tris (pH 7.4), 0.2% SDS, 0.5 M NaCl, § x Denhurdt's solution, 100
up/ml yeast (RNA . 20 ug/inl proteinase K at 65°C for 48.-72 b,
Nitresellulose filters bound wilh cither | ug of single-siranded anti-
sense YGF-M13mpi8 containing ~2.5 kb of YGF coding scquenss,
1 ug MI13mpl8, S ug ¢fos-SP6S, or § ug Lfactin-SP6S were prehy-
bridized for 4 h and hybridized in duplicate. Hybridization efficiency
wits determined by adding truce amounts of *M.labeled VGF sense
RNA to the hybridization mix [9). Filters were washed us described
(2], the counts per minute (cpm) bound to the M1Impl8 filters were
subtructed {rom the specific filters, and the regults expressed either as
parts-per-million of input radieictivily after correction to 100% bind-
ing efficiency. or us fold-induction [9).

2.4, Estimation of VGF mRNA half-tife

Study of mRNA stability wis performed essentially as deseribed
[11). PCI2 cells (0.5-2 x 10* per 35-mm clish) were incubated for 3 h
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in the presence of 50 ng/mi NGF and | mCi/m) PH)uridine. Cultures
were rinsed G times with seruniefree RPMI, supplemented with NGF
il the cells were to be chased in the presence of NGF. and then the
cultures wore incubated with complete medium contuining § mM
uridine and 5 mM cytidine, cither in the presence or absence of NGF,
Cytoplasmic RNA wus prepured, and prehybridization, hybridization,
and washing were carried out as described above. Cell growth and/or
cell loss wus correeted for by deteemining the DNA concentrution per
sample {12] as previously deseribed (11] and normalizingall epm to the
unshased sample. DNA values were found to viry {rom the unchased
samples by no more than 10%.

3. RESULTS AND DISCUSSION

3.1. NGF, bFGF, EGF und depolarization induce VGF
gene trdnseription

In Fig. 1, panel A, YGF mRNA transcription was
measured in untreated PC12 cells, and cells treated with
NGF for the indicated times, A maximal 12- 10 14-fold
increase in VGF transcription was observed after 60-90
min of NGF treatment. in comparison to 3- to 4-fold
increases in depolarized PC12 cells or those treated with
10 ng/ml EGF. For comparison, ¢-fos and S-actin tran-
scription rates were found tc increase 94- and 10-fold,
respectively, after 30 min of NGF treatment (data not
shown). We then examined the effect of varying doses
of NGF (5 and 50 ng/ml), EGF (2-20 ng/ml) and bFGF
(1-100 ng/ml) on YGF transcription rates following
treatment for 60 min (Fig. 1, panel B), and on ¢ytoplas-
mic mRNA levels following treatment for 3 or 6 h (Fig.
1, panel C). 50 ng/ml NGF was found to give 12- to
13-fold stimulation of YGF transcription in comparison
to maximal 5- to 6-fold and 6- to 7-fold stimulations in
the presence of 5 ng/m! EGF and 100 ng/ml bFGF,
respectively. Treatment with the protein synthesis inhib-
itor CHX (100 ug/ml) for 60 min reduced basal tran-
seription by ~34%, while treatment with CHX + NGF
for 60 min reduced the induction in YGF gene tran-
scription to ~5-fold (Fig. 1, panel B) in comparison to
c-Fos gene transcription which remained elevased
~100-fold above basal levels (data not shown). The
order of efficacy in inducing YGF cytoplasmic mRNA
levels, quantified by RNase protection analysis [3] (Fig-
ure 1, panel C), and VGF gene transcription rates vas
found to be NGF > bFGF > EGF.

3.2, Effect of cyeloheximide and actinomyein D treat-
ment on buasal and induced levels of VGF mRNA i
PCl2 cels

The contribution of newly synthesized proteins to the
regulation of YGF mRINA levels was further assessed
by RNase protection assay. Cellular protein synthesis

was blocked with CHX (20 ug and 100 ug per ml),

resulting in decreases of 97% and 99%, respectively. in

the incorporation of [*H]leucine into TCA-precipitable

counts. Treatment of cultures for 1 h with NGF + 20

ug/ml CHX in comparison to NGF decreased VGF

mRNA induction fromn 6-fold to 4-fold (Fig. 2, panel

FEBS LETTERS

August 1992

A
15 1 .

[c]a]x]
g
883

101

CCIS S SRS N

Fold Induction of VGF Transcrphion

FoXi Induction of VGF Transcription

aataaaad

pary
(=)

Fold Induchon of VGF mRNA

8 2
P i

hours 8 hours

Treatment
Fig. |. Run-on analysis of VGF gene transcription. In panel A, YGF
iranseription, meusured in untreated PC12 celis and those incubated
with 50 ng/ml NGF. 10 ng/ml EGF and 40 mM KCI, has teen ex-
pressed as fold-induction with basal transcription defined as 1. Rates
of VGF gene transcription ranged from 80-100 ppm in untreated
PC12 ¢ells und from 840-1300 ppm in PCi2cells treated for 60-90 min
with NGF. Euch bar is the average of duplicate filters. represented by
the epen circles, In panel B, the effect of NGF, EGF, bFGF and CHX
on VGF gene transcription in PC12 cells treated for 1 h was measured,
Values of YGF gene transeription in control P(12 cells ranged from
78-128 ppm compared to 1098-1211 ppm in PC12 cells treated with
NGF for 60 min. YGF cytoplasmic mF NA levels were determined by
R Nase prolection anilysis (panel C). Assays were run in triplicate, and
the results expressed as fold-induction of VGF mRNA with conirol
defined as 1. The bars represent the mean £ S.E.M.
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Fig. 2. Effects of cycloheximide and actinomyein-D treatment on VGF mRNA levels, RNase protection assays in pansls A-D were earried out
in triplicate on 10 ug samples of total RNA using VGF and cyclophilin antisense prabes, and the prolected bands, indicated by the solid (VGF)
und open (cyslophilin) arrows, were resolved on non-denaturing polyacrylamide gels, visualized by autoradiography, and quantified by scintillation
counting. In panel A, eytoplasmic RNA was isolated from untreated PC12 cclls (lane 2) and thase treated with NGF (lanes 3-5), NGF + 20 ug/m!
cyctonheximide (CHX) (lunes 6-8), or 20 ug/m} CHX (lunes 9-11) for 1. 2 and 24 b, As u control, no RNA was added to the hybridization analyzed
in lane 1. In panel B, cytoplusmic RNA was isoluted from untreated PC12 cetls (lane 1), PC12 cells trested with NGF for 1 h (Junc 2) or 3 h (lane
3). and from PCI2 cells pre-treziad for 20 min with 2.5 ug/ml actine B prior 1o the addition of NGF for | h (lane 4) or 3 b (lane 5). In panel C.
cytoplusmic RMA wis isolated from untreated PC12 cells (lane 1), und those trauted with 2.5 gg/mi Act-D for 6-48 h (lanes 2-6). In panel D, toin!
RNA was isoluted from untreuted PCI2 cells (lane 1), and thase treated with NGF for 3.8, 24 and 32 h (lanes 2, 4, 6 and 8, respectively, lubeled
N') In lanes 3§, 5 and 7, PCI2 cells were treated with NGF for 3 h, and then 1.8 argfml actino D was added and the culiures harvested 8, 24 and
32 h Clanes 3, S und 7. respectively. labeled *4') after the initiation of treatment with NGF,

A). VGF mRNA levels in cells treated with either NGF in the presence of CHX has been seen for the mRNA

or NGF + CHX for 3 h were very similar, but after 6
h (not shown), treatment with NGF + CHX resulted in
a 30-fold induction in YGF mRNA levels in compari-
son to [5-fold for NGF alone. Levels of VGF mRNA
in PC12 cells treated for 24 h with CHX + NGF were
induced 50- to 70-fold above control levels, compared
tv a 6-fold induction in PC12 cells treated with NGF
alone. A similar apparent increase in mRNA stubility
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products of a number of immediate early geues [13].
[dantical results were obtained using cultures treated
with NGF + 100 4g/ml CHX (not shown). During the
preparation of this communication, Possenti et al. [14]
reported that NGF-treatment for 2 h resulted in an 11-
to 12-fold increase in VGF gene transcription, and that
treatmenit with CHX + NGF for 2 h substantially de-
creased the induction of YGF mRNA levels measured
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Fig. 3. Estimation of YVGF mRNA half-life by ["M]uridine pulse/chise
unalysis-PC12 cells were lubeled for 3 h in complete media supple-
mented with 1 mCiml [Hluridine. In punel A, rotst sytoplasmic
PHIRNA was isolated from naive PCI2 cells (10* cells per dish) (solid
circle). PC12 cells treated with NGF (or 3 b (solid triangle), und PC12
cells treated with NGF for 3 h und chused with § mM uridine and
eytidine for an udditional 2. 4, 6 and 24 h in either the presence (open
squures) or absence (open circles) of 2.5 pp/ml Act-D. PCI2 cell
[PHJRNA was hybridized to both YGF-M 13 und M13 DNAs immobi-
lized on filters, und the results are presented us epm [PHIYGF mRNA,
determined as the dilTerence in PHIRNA bound to VGF und control
M13 filters, Deciy curves were approximited by assuming that YGF
MRNA levels deereased logarithmically between 9 and 27 h ufter the
initiution of lubeling. VGF mRNA halfilife (T,;) was calculated to be
4 hin the presence of NGF and 11 hin the presence of NGF + Act-D.
In panel B, total PHIRNA was isolited from PC12 cells labeled with
1 mCitmi {*Hluridine for 3 1 in complete media containing 50 ng/ml
NGF. One group of replicute plates (~3 x 10* cells per dish) was rinsed
6 times in serum-free medin containing 50 ng/ml NGF und was chased
wilth complete medin containing NGF, § mM uridine and § mM
eytidine for 13-22 h (open cireles). The other group wis rinsed 6 times
in scrumefree media and was chused in complete media containing 5
mM uridine and § mM cytidine (open squares). ['HJRNA cpms per
hybridization were 25-50% of the hybridizations in punel A, The
resulls are the average of duplicate filters, Deciy curves were fitted
with R values of 0.97 (apen circles) and 0.98 (open squares) with
T\a=3.9 h (+NGF) and 3.7 h (-NGF).

in comparison to cells treated with NGF alone. Qur
data suggest that the CHX-resistant pathways that reg-
ulate VGF gene transcription play a significant role in
VYGF mRNA regulation, as dermonstrated by the tran-
scriptional induction of the YGF gene and the superin-
duction in YGF mRNA levels detected in the presence
of NGF + CHX. As expected, induction of VGF
mRNA levels by NGF could be completely inhibited if
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PCI12 cells were simultaneously treated with NGF and
the RNA polymerase inhibitor actinomycin D (Act-D)
(Fig. 2, panel B). Estimates of mRNA half-lives have
been obtained previously by blocking new mRNA syn-
thesis using Act-D, and measuring the levels of specific
mRNAs after increasing lengths of Act-D treatment
[15], Measureinent of the level of YGF mRNA in naive
PC12 cells treated with Act-D for 6-48 h is shown in
Fig. 2, panel . In these cells, VGF mRNA appeared
to turn over viry slowly, with a half-life of >48 h. This
estimate of half-life was obtained by determining the
absolute levels of VGF mRINA using RNase protection
analysis, and plotting these values on a logarithmic
scale against treatment time (as in the pulse chase anal-
ysis in Fig. 3). Note that the half-life of YVGF mRNA
was found to be similar in naive PC12 cells ¢Fig. 2, panel
C) and cells simultanecusly treated with Act-D + NGF
(Fig. 2, panel B). Since NGF treatment of PC12 cells
leads to a rapid, transient increase in VGF gene expres-
sion, and the transcription rate returns toward relatively
low basal levels after ~3 h of treatment (see Fig. 1), we
measured the decrease in YVGF mRNA levels in cells
treated for 8-32 h with NGF as an appreximation of the
half-life. Cultures were treated with NGF for 3 h, after
which Act-D was added to half of the cultures and NGF
treatment alone was continued in the other half. Total
RNAs were harvested after 8, 24 and 32 h of treatment,
and VGF mRNA levels were determined by RNase
protection assay (Fig. 2, panel D). Note that VGF
mRNA levels remained elevated after 24 and 32 h of
treatment with NGF + Act-D (Fig. 2, panel D, lanes 5
and 7) compured to treatment with NGF alene (Fig. 2,
panel D, lanes 6 and 8). The VGF mRNA half-life,
estimated from the analysis in Fig. 2, panel D, was
found to be ~6-7 h in NGF-treated PCI2 cells, and
~11-12 h in PC12 cells treated with both NGF and
Act-D, compared to >48 h in naive PC12 celis treated
with Act-D alone, suggesting that NGF treatment de-
creases rather than increases VGF mRINA stability.
Since VGF half-life is the same in cells treated with
Act-D prior to NGF, or with Act-D alone, it appears
that the NGF-induced decrease in VGF mRNA stabil-
ity requires new RNA synthesis, It is possible that the
degradative e¢nzymes which recognize the consensus
AUUUA destubilization sequence [16] in the 3’-un-
translated region of rat VGF mRNA [8] may be in-
volved in YGF mRNA turnover and may themselves be
rapidly indaced by NGF.

3.3, Estimaiion of VGF mRNA half-life by pulse/chase
analysis

Since Act-D treatment of PC12 cells increased the
estimated half-life of YVGF mRNA in comparison to
untreated cultures, a more accurate estimate of the half-
life of YGF mRNA in NGF-treated PCI2 cells was
obtained using ['Hjuridine pulse/chase analysis.
PHjuridine incorporation into VGF mRNA in un-
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treated PC12 cells was very low (Fig. 3, panel A), most
likely &5 a result of a low basal rate of VGF transcrip-
tion (see Fig. 1) and relatively low levels of VGF mRNA
in naive PC12 cells. Treatment of PC12 cells with NGF
for 3 1 led to a substantial increase in [*H]uridine incor-
poration into VGF cytoplasmic mRNA (Fig. 3, panel
A). Labeled cells were then rinsed extensively with
RPMI, and incubated in complete medium containing
NGF and excess unlabeled uridine and cytidine. Levels
of *H-lubeled cytoplusmic VGF mRNA remained ¢le-
vated during the first 6 h of the chase (Fig. 3, panel A),
most likely because the intraceliular pool of PHIUTP
takes several h to decrease in size, as has previously been
discussed [11]. After a 24 h chase, the level of *H-labeled
VGF mRNA was found to have substuntially decreased
(Fig. 3. panel A). If the level of VGF mRNA decreased
by first order kinetics between € and 24 h of the chase
period, an mRNA half-life of 4 h would be estimated.
Addition of Act-D to the chase appeared to slightly
reduce the level of *H-labeled YGF cytoplasmic mRNA
and to prolong the mRNA half-life to 10 b (Fig. 3. panel
A). a value which is very similar to that derived from
the analysis of Fig. 2, panel D. To further examine the
effect of NGF on YGF mRNA stability, YGF mRNA
half-life was determined in PCI12 cells labeled with
[*H]uridine for 3 h in ths presence of NGF, and chased
for 13~22 h in either the presence or absence of NGF
(Fig. 3, punel B). The protocol employed here to wash
out NGF has been shown previously to remove suffi-
cient NGF to allow reinduction of both VGF [3] and
immediate early genes [2] in fully differentiated neu-
ronal PC12 cells that are deprived of and re-exposed to
NGF. Parallel decay curves were obtained regardless of
whether PC12 cells were chased in the presence or ab-
sence of NGF, and the half-life of VGF mRNA in PC12
cells labeled with [*H)uridine in the presence of NGF
was estimated to be ~4 h. Therefore, exposure of PC12
cells to NGF for 3-28 h did not increase VGF mRNA
stability. but rather markedly reduced VGF mRNA
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half-life to ~4 h. We conclude that NGF rapidly in-
duces VGF gene expression primarily by stimulating
VGF gene transcription, through both CHX-sensitive
and CHX-resistant regulatory pathways, Consequently,
transcriptional induction of ine immediate early and
VGF genes by NGF may result frem the activation of
both shared and unique signal trariduction pathways.
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