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HuD is a neuronal-specific, RNA-binding protein.
Here we examined the change in the expression of HuD
protein during nerve growth factor-mediated dif-
ferentiation of PC12 cells. As cells differentiated and
extended neurites, expression of HuD gradually in-
creased up to 1.5-fold. When HuD expression was coun-
teracted by antisense oligonucleotide, neurite exten-
sion was completely inhibited, yet the morphology of
differentiated cells remained unchanged even after
that treatment. Furthermore, this morphological
change correlated well with the downregulation of
cyclin-dependent kinase 2 activity. These results sug-
gest that the HuD is critically involved in the initial

phase of neuronal differentiation. o 1998 Academic Press

The HuD gene is localized to the 1p34 region in hu-
man chromosomes and encodes a nuclear protein of
35-40 kD (1), depending on the particular pattern of
alternative splicing (2-4). HuD is one of a distinct fam-
ily of proteins, including HuC and Hel-N1, which are
human homologues of Elav, a Drosophila protein re-
quired for neuronal development and maintenance
(2,5). HuD is highly expressed in neuronal cells of the
central and peripheral nervous system (4,6). Although
HuD has been studied as a potential molecular target
of autoantibodies found in patients with antibody-asso-
ciated paraneoplastic encephalomyelitis (PEM), the ex-
act function of this neuronal RNA binding protein is
unclear (3,7). Here, we examined the change in HuD
expression in rat pheochromocytoma PC12 cells during
differentiation induced by nerve growth factor (NGF).
We also investigated the essential role of HuD in differ-
entiation using antisense oligonucleotide (OLN) to ab-
rogate its expression and monitoring downregulation
of cdk?2 activity, a parameter previously shown to be a
reliable indicator and a critical determinant of PC12
cell differentiation (8).
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MATERIALS AND METHODS

Cell culture. PC12 cells were cultured in the absence or presence
of NGF (50 ng/ml, Wako Ltd.) as previously described (8). After expo-
sure to NGF for 0, 1, 3, 7 and 10 days, cells were harvested and used
for further experiments.

Immunoblotting. Immunoblotting analysis using 50 ug of protein
was performed as previously described (8) except that immunoblots
were probed with serum from a patient who had been diagnosed
with HuD-associated PEM. This serum has been demonstrated to be
applicable for immunoblotting analysis to detect HuD protein (9).
Each experiment was performed in triplicate.

Densitometric analysis. Densitometric quantification of the data
obtained by immunoblotting analysis was done using a GT6500ARTS
scanner (Epson Co., Tokyo). All scans were kept as 16-bit PICT files
and incorporated into NIH images (version 1.56) for densitometric
analysis (10).

Antisense oligonucleotide experiment. All the OLNSs used in this
experiments were synthesized and modified with phosphorothioate
as previously described (11). The sense and the antisense 22-mer
OLNSs sequences were chosen around the initiation codon in the rat
HuD cDNA sequence (4) as follows; sense (5'-AATTAGCACCATGG-
AGCCTCAG-3"), antisense (5'-CTGAGGCTCCATGGTGCTAATT-3').
The cells were incubated with phosphate-buffered-saline (PBS),
sense or antisense OLN (30 xM) for 96 hr. with three additions every
24 hr. On the 2nd day during this incubation period, NGF was added
to the culture medium. Morphological change was observed at the
end of the 4th day, after which cells were harvested for immunoblot-
ting analysis. Alternatively, cells were pretreated with NGF for 48
hr. to induce differentiation (“primed”)(12) and further incubated
with PBS, sense or antisense OLN (30 M) for 96 hr. with three
additions every 24 hr. in the presence of NGF. Each experiment was
performed in duplicate.

In vitro kinase reaction. Cell lysates obtained (200 n.g) were used
for cdk2 kinase assay as described previously (8).

RESULTS AND DISCUSSION

Expression of the endogenous HuD protein during
neuronal differentiation of PC12 cells. Cells were cul-
tured in medium containing NGF. At days 0, 1, 3, 7
and 10, cells were lysed and the expression of HuD was
evaluated by immunoblotting analysis. As shown in
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FIG. 1. Level of HuD protein expression during NGF-induced neuronal differentiation of PC12 cells. (a) Lysates were prepared from
cells that had been cultured in the presence of NGF, harvested at the indicated times, and subjected to immunoblotting analysis. (b)

Histograms were generated by quantitating the intensity of the bands from the nitrocellulose filters shown in panel (a). All values are
expressed as ratios relative to those obtained on day 0.

Fig. 1, expression of HuD showed a gradual but signifi- Inhibition of differentiation in PC12 cells with anti-
cant increase, reaching 1.4 to 1.5-fold higher levels by sense OLN. Control PC12 cells exhibited basal ex-
day 10 (Fig. 1a, b). pression of HuUD protein and showed prominent neurite

PBS+NGF antisense + NGF

FIG. 2. Effect of treatment with oligonucleotides (OLNs) followed by NGF in PC12 cells. (upper panel) The changes in HuD protein
expression after incubation with OLNs were confirmed. Lysates were prepared from cells that had been cultured in the presence of PBS,
sense or antisense OLN for 4 days and were subjected to immunoblotting analysis to detect HuD protein. (lower panels) Morphological
changes in PC12 cells by NGF treatment following exposure to PBS, sense or antisense OLNSs.
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FIG. 3. Effect of treatment with OLNs observed in primed PC12 cells. (upper panel) The changes in HuD protein expression after
treatment with OLNs were confirmed. Lysates were prepared from primed cells that had been further cultured in the presence of PBS,
sense or antisense OLNSs for 96 hr. These were subjected to immunoblotting analysis to detect HuD. (lower panels) Morphological changes
in primed PC12 cells by treatment with PBS alone, sense or antisense OLNs.

extension following exposure to NGF for 2 days (Fig.
2). Although 20 to 30 % of the cells treated with sense
OLN died, probably due to the cytotoxicity of nucleotide
solution, expression of the HuD protein remained un-
changed for 96 hr. Surviving cells also exhibited neu-
rite extension comparable to that observed in control
cells treated with PBS alone (Fig. 2). However, treat-
ment with the antisense OLN resulted in the marked

FIG. 4. Changes in cdk2 activity by treatment with NGF and
OLNs in PC12 cells. (a) The changes in cdk2 activity by incubation
with PBS or OLNs followed by NGF are shown. The kinase activity
of untreated PC12 cells is shown as a control. (b) The changes in
cdk?2 activity by incubation with PBS or OLNSs in primed PC12 cells
are shown. The kinase activity of untreated cells is shown as a con-
trol.

downregulation of HuUD protein expression and com-
plete inhibition of NGF-induced neurite extension dur-
ing the 96-hr. trial (Fig. 2).

Antisense OLN does not reverse neurite extension in
primed cells. We next asked whether persistent ex-
pression of HuD is necessary for neurite extension in
PC12 cells. Cells pretreated with NGF for 48 hr.
(“primed”) were cultured in the absence or presence of
OLNSs for an additional 96 hr. and the expression of
HuD protein was examined. Although HuD expression
was maintained in cells treated with PBS or sense
OLN, it was markedly downregulated in cells treated
with antisense OLN (Fig. 3). However, neither sense-
or antisense-treated cells showed any reversal of neu-
rite extension (Fig. 3).

Correlation of cdk2 activity with morphological
change. We have previously shown that morphologi-
cal change occurring during NGF-mediated differentia-
tion in PC12 cells correlated well with downregulation
of cdk?2 activity (8) and that constitutive overexpression
of cdk2 inhibits NGF-mediated neuronal differentia-
tion. In order to confirm that the morphological change
we observed is genuine differentiation, and to examine
the effect of HUD expression on cdk2 activity, lysates
from cells treated with OLNSs were assayed for in vitro
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cdk2 kinase activity. In cells treated with sense HuD
OLN, NGF stimulation resulted in a decline in cdk2
activity similar to that seen in control cells (Fig. 4a).
In contrast, in cells treated with antisense HuD OLN,
cdk2 kinase activity did not decline following NGF
stimulation, but rather remained at a level similar to
that observed in control cells not stimulated with NGF
(Fig. 4a). However, the low cdk2 activity caused by
priming cells with NGF was not reversed by subse-
guent treatment with any of OLNSs (Fig. 4b).

The HuD protein has been reported to be abundantly
expressed in the neurons of the central and peripheral
nervous system, chromaffin cells of the adrenal me-
dulla and in small cell carcinoma of the lung (1,2,13).
During chicken and quail embryonic development, Hu
gene products are localized in the nuclei of proliferating
neural crest-derived cells and the sensory and sympa-
thetic ganglia (6). These results suggested that up-reg-
ulation of Hu gene product expression coincides with
the generation of neurogenic cells and that this expres-
sion is maintained as the cells withdraw from the mi-
totic cycle. This notion is basically consistent with our
current results showing that HuD protein expression
is upregulated during NGF-mediated neuronal differ-
entiation of PC12 cells. Furthermore, our antisense
OLN experiments demonstrated that HuD protein is
essential only for the initial phase of neuronal differen-
tiation. This is in contrast to DCC (deleted in colorectal
cancer) which was shown to be essential for both neu-
ronal differentiation and maintenance of the differenti-
ated phenotype in primed cells (14).

The distribution and the mode of HuD expression
was initially elucidated by Steller et al. who demon-
strated a strong induction of HuD mRNA in mouse
embryonal carcinoma P19 cells after neuronal differen-
tiation induced by retinoic acid. They also observed
that HuD mRNA was unchanged during the NGF-me-
diated neuronal differentiation of PC12 cells. Our re-
sults contrast with this previous report. This discrep-
ancy may be the result of differences in our experimen-
tal procedures, such as the use of RT-PCR versus
immunoblotting analysis. Alternatively, the expression
of HuD protein may be regulated at the level of protein
degradation.

We have previously described that regulation of cdk2
activity occurred in strict correlation with the extent
of neurite formation in the presence of NGF (8). In vitro
kinase assays, in our present study, demonstrated that
the morphological change induced by NGF treatment

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

and inhibition by OLNSs correlated well with the regula-
tion of cdk2 kinase activity. Although it is still unclear
whether this decline in cdk2 activity is the cause or
result of differentiation, HuD definitely seems to exert
its effect via the regulation of cdk2 activity. However,
HuD does not affect cdk2 kinase activity once cells are
primed and cdk2 kinase activity is downregulated.
Taken together, our results suggest that in cells of
neuronal lineage the HuD protein may participate in
complex neuronal cell functions: for example, basal ex-
pression of the HuD protein may be a prerequisite for
proliferation and neuronal differentiation (15), yet not
essential for maintenance of the established neuronal
phenotype once cells have differentiated. Further eluci-
dation of the physiological significance of HuD protein
during neuronal differentiation, in particular, its inter-
action with cdk2, is underway in our laboratory.
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