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ABSTRACT

Neuroserpin is an axonally secreted serine protease

inhibitor expressed in the nervous system that

protects neurons from ischemia-induced apoptosis.

Mutant neuroserpin forms have been found polymerized

in inclusion bodies in a familial autosomal encephalo-

pathy causing dementia, or associated with epilepsy.

Regulation of neuroserpin expression is mostly

unknown. Here we demonstrate that neuroserpin

mRNA and the RNA-binding protein HuD are co-

expressed in the rat central nervous system, and that

HuD binds neuroserpin mRNA in vitro with high

affinity. Gel-shift, supershift and T1 RNase assays

revealed three HuD-binding sequences in the

3′-untranslated region (3′-UTR) of neuroserpin

mRNA. They are AU-rich and 20, 51 and 19 nt in

length. HuD binding to neuroserpin mRNA was also

demonstrated in extracts of PC12 pheochromocytoma

cells. Additionally, ectopic expression of increasing

amounts of HuD in these cells results in the accumula-

tion of neuroserpin 3′-UTR mRNA. Furthermore,

stably transfected PC12 cells over-expressing HuD

contain increased levels of both neuroserpin mRNAs

(3.0 and 1.6 kb) and protein. Our results indicate that

HuD stabilizes neuroserpin mRNA by binding to

specific AU-rich sequences in its 3′-UTR, which

prolongs the mRNA lifetime and increases protein

level.

INTRODUCTION

Serpins are a major class of serine protease inhibitors that form
stable complexes with their cognate proteases: tissue- and
urokinase-type plasminogen activators (tPA, uPA), thrombin
and neurotrypsin. These proteases have been implicated in a
variety of processes in the central nervous system (1,2), where

the predominant serpins are nexin-1, which is expressed in
neurons and glia (3), and neuroserpin, which is mainly found in
neurons (4,5). Neuroserpin is well conserved, and it was first
purified from the ocular vitreous fluid of chicken embryos
(4,6). It has the typical structure of serpin family members, as
recently demonstrated by X-ray crystallography (7). Neuroserpin
is secreted from the neurites of neurons cultured in a compart-
mental system (8). In embryonic and adult mice, the expression of
neuroserpin overlaps with that of tPA (5,9), which implicates it
in the regulation of neural tPA activity. In vitro inhibition
studies indeed identified tPA, uPA and plasmin, but not
thrombin, as targets of neuroserpin (10,11). After focal
ischemic infarcts induced by permanent occlusion of the
middle cerebral artery in mice, neuroserpin reduced the infarct
volume and protected neurons from ischemia-induced apoptosis
(12,13). Recently, mutations resulting in intracellular poly-
merization of neuroserpin have been identified as the cause of
familial encephalopathy with inclusion bodies and hetero-
genous clinical manifestations including presenile dementia
(13,14), and of progressive myoclonus epilepsy (15).

The expression of serine proteases and their serpin inhibitors
is regulated by complex mechanisms that are largely unknown.
PAs are regulated at the promoter level by cytokines, tumor
promoters and other stimuli (16,17). However, the extent of
transcriptional regulation does not account for the changes in
the encoded mRNAs and proteins (18,19). Thus, additional
regulation by post-transcriptional mechanisms, such as the
control of mRNA stability or the translational efficiency was
suggested (20). Indeed, the expression of PA inhibitor type 2
(PAI-2) in human lung carcinoma cells (21), and that of early

population doubling level cDNA-1 (EPC-1), a serpin with anti-
angiogenic and anti-proliferative activities, in human fibro-
blasts (22) are post-transcriptionally regulated.

The developing central nervous system is rich in post-
transcriptional gene regulatory processes, particularly the
regulation of the half-life of mRNAs (23). Although the mecha-
nism of mRNA decay is unclear, it is believed to be initiated
with the deadenylation of the transcripts followed by the rapid
degradation of the RNA body, without the accumulation of
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intermediates (24–26). In addition to the poly(A) tail, several
cis-acting elements play a role in mRNA stability. Best character-
ized among them is the AU-rich element located in the 3′-untrans-
lated region (3′-UTR) of several labile mRNAs encoding
cytokines, oncoproteins and proteins involved in nervous system
development (27–32). Other stability determinants have been
identified within the coding regions or the 5′-UTRs of some
genes, but the proteins binding to them are mostly uncharacter-
ized (33–36).

A number of trans-acting factors that interact with AU-rich
sequences have been identified. Two of these, AUF-1/hnRNPD
and HuR, modulate the stability of mRNAs containing
AU-rich sequences in vivo. HuR, a member of the embryonic
lethal abnormal vision (Elav)-like family of proteins
(28,32,37,38), stabilizes mRNAs to which it binds by uncharac-
terized mechanisms (39). Four Elav-like genes have been
identified in mammals: HuR (HuA in rodents), Hel-N1 (HuB
in rodents), HuC and HuD. While HuR is ubiquitously
expressed, the other three genes are only expressed in post-mitotic
neurons and in neuroendocrine tumors (40,41). It has been
demonstrated that HuD binds to the 3′-UTR of mRNAs
encoding proteins such as tau and GAP-43 (29,31).

Here we report that HuD is co-expressed with neuroserpin
mRNA, and to a lesser extent with neurotrypsin RNA in the rat
brain. We demonstrate that HuD protein binds with high
affinity to three AU-rich sequences in the 3′-UTR of neuroserpin
mRNA, but not to neurotrypsin mRNA. We further demon-
strate that stable overexpression of HuD leads to the accumulation
of neuroserpin mRNA and protein in rat pheochromocytoma
PC12 cells. In addition, we show that exogenous HuD stabilizes
neuroserpin 3′-UTR mRNA in co-transfected cells. Our results
indicate that HuD regulates neuroserpin expression by controlling
the stability of its mRNA through the binding to specific AU-rich
sequences in the 3′-UTR.

MATERIALS AND METHODS

Rats

Wistar rats were used. The maintenance and handling of the
animals was as recommended by the European Union (European
Communities Council Directive of November 24, 1986, 86/609/
EEC). All efforts were made to minimize animal suffering, to
reduce the number of animals used and to use alternatives to
in vivo techniques.

In situ hybridization and immunohistochemistry

Under deep pentobarbital anesthesia, rats were perfused
through the heart with cold 4% para-formaldehyde in 0.1 M
sodium phosphate (pH 7.4). The brains were quickly removed,
post-fixed in 4% para-formaldehyde in 0.1 M sodium phosphate
(pH 7.4) and cryoprotected in 4% para-formaldehyde + 30%
sucrose (w/v) in phosphate-buffered saline (PBS) at 4°C.
Subsequently, 25 µm thick coronal sections were cut using a
cryostat. In situ hybridization on floating sections was
performed as described (42). X-ray films (Hyperfilm β-MAX
films; Amersham) were exposed for 15–21 days, developed
with Kodak D19 and fixed. Anatomical abbreviations follow
Paxinos and Watson (43). To analyze the co-localization of
HuD protein and neuroserpin mRNA, a combination of in situ

hybridization and immunohistochemistry was performed on

the same tissue section using a double-labeling technique (44).
Briefly, after hybridization and washes, the free-floating
sections were incubated sequentially with the mouse mono-
clonal 16A11 anti HuD/HuC antibody (1:200) (45) overnight
at 4°C and then with a preadsorbed biotinylated secondary rat
anti-mouse antibody (1:200; Vector Laboratories, Burlingame,
CA) for 1 h at room temperature, followed by immunocomplex
detection using the ABC reagent (Elite kit; Vector Laboratories).
Peroxidase was then visualized with diaminobenzidine
(0.05%) and H2O2. Sections were mounted on coated slides and
air-dried. X-ray films were exposed for 3 weeks. For resolution
at the cellular level, the sections were dipped in Hyper-coat
LM-1 photographic emulsion (Amersham), and films were
exposed for 3 weeks in the cold, developed with D19, fixed,
dehydrated and coverslipped. Optical observations were made
in a Zeiss Axiophot microscope (Carl Zeiss, Oberkochen,
Germany).

Preparation of labeled RNA transcripts

DNA templates for neurotrypsin and neuroserpin transcripts
were synthesized by the polymerase chain reaction using the
following oligonucleotides: for neurotrypsin 3′-UTR correspond-
ing to nucleotides 2615–3344 the oligonucleotides were
T72615 (5′-GTAATACGACTCACTATAGGGCTATACCA-
AAGTCTCAGC-3′) and 3344a (5′-GCACGCTGTAGGTAG-
AAAG-3′). For neuroserpin 3′-UTR corresponding to nucleotides
1343–2908 the oligonucleotides were T71343 (5′-
GTAATACGACTCACTATAGGGCGAGTACAAAGAAA-
GCAGG-3′) and 2908a (5′-TATTCTTCCTTACAGGC-3′).
For transcript A corresponding to neuroserpin 3′-UTR nucleotides
1343–1674 the oligonucleotides were T71343 and 1674a
(5′-ATCATTTTACTACAATTCC-3′). For subfragment B
corresponding to neuroserpin 3′-UTR nucleotides 1623–2037
the oligonucleotides were T71623 (5′-GTAATACGACTCAC-
TATAGGGCTGTCTGAGATTTGAAACC-3′) and 2037a (5′-
GGCCTCTTGATGTCATCC-3′). For subfragment C correspond-
ing to neuroserpin 3′-UTR nucleotides 1977–2443 the oligo-
nucleotides were T71977 (5′-GTAATACGACTCACTATAG-
GGCCCACATGACTCTACTAGC-3′) and 2443a (5′-GTCT-
GTGAAAATGTGAGG-3′). For subfragment D correspond-
ing to neuroserpin 3′-UTR nucleotides 2395–2908 the oligo-
nucleotides were T72395 (5′-GTAATACGACTCACTATAG-
GGCCCTTGGGTTGCAATGTCG-3′) and 2908a. All neuro-
trypsin and neuroserpin templates were gel-purified. RNA
transcripts were synthesized using T7 RNA polymerase
(Promega) and purified as described (28).

Purification of glutathione-S-transferase (GST)–HuD
protein

An overnight culture of Escherichia coli BL 21 transformed
with pGST–HuD plasmid (28) was diluted 1:50 in LB medium.
At an OD600 of 0.4, the culture was induced with isopropyl
β-D-thiogalactopyranoside (0.1 mM) at 30°C. Four hours later,
the cells were spun down and resuspended in 10 ml of buffer A
(50 mM Tris pH 8.0, 50 mM NaCl, 1 mM EDTA). The cells
were lysed by the addition of lysozyme (0.2 mg/ml) and Triton
X-100 (1%). The lysate was centrifuged at 12 000 g for 30 min,
and the resulting supernatant was collected and passed through
19- and 23-gauge needles several times. It was then incubated
with GST–Sepharose beads for 1 h at 4°C, centrifuged at
2000 r.p.m. in an S-4180 rotor (720 g) at 4°C, and washed five
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times in PBS. The purified GST protein was eluted with 10

mM glutathione in 50 mM Tris–HCl pH 8.0, dialyzed over-
night in PBS + 10% glycerol and then pooled and stored at –
70°C. GST protein concentration was determined by compar-

ison with a bovine serum albumin (BSA) curve in an acryla-
mide gel stained with Coomassie brilliant blue.

Agarose RNA gel-shift assay

Reaction mixtures (20 µl) contained 50 mM Tris pH 7.0,
0.25 mg/ml tRNA, 0.25 mg/ml BSA, 20 fmol of labeled RNA
and protein as indicated. Mixtures were incubated at 37°C for
10 min. Following incubation, 4 µl of dye mixture (50% glycerol,

0.1% bromophenol blue, 0.1% xylene cyanol) was added, and
25% of the reaction mixture was immediately loaded on a 1%
agarose gel in TAE buffer (40 mM Tris acetate, 1 mM EDTA).
Gels were electrophoresed at 40 V for 3 h and then dried on

DE81 paper (Whatman) with a backing of gel drying paper
(Hudson City Paper, West Caldwell, NJ). XAR5 films
(Eastman Kodak Co.) were exposed for 4–6 h at –70°C.

RNase T1 selection assay

Reaction mixtures (20 µl) contained 50 mM Tris pH 7.0,
0.25 mg/ml tRNA, 0.25 mg/ml BSA, 10–20 fmol of labeled

RNA (100 000–600 000 c.p.m.) and purified GST–HuD (75 ng)
or 10 µg of PC12 crude protein extract as indicated. After 10 min
incubation at 37°C, 5 U of RNase T1 (Calbiochem, La Jolla,
CA) were added to each reaction and incubated at 37°C for a

further 10 min. The mixtures were diluted 1:6 with buffer FBB
(20 mM Tris–HCl pH 7.0, 0.05 mg/ml tRNA) and filtered
through nitrocellulose (BA 85 Schleicher & Schuell). After
washing the nitrocellulose twice in FBB, bound HuD–RNA

complex was extracted with phenol/chloroform and concentrated
by ethanol precipitation. The resulting RNA was dissolved in
formamide stop buffer (Gibco-BRL) and denatured at 65°C for
2 min. Samples were analyzed by 10% polyacrylamide/50%

urea gel electrophoresis. The gel was fixed with 1:1:8 acetic
acid:methanol:water and dried. XAR5 films were exposed
overnight at –70°C.

Nitrocellulose filter binding assay

Reaction mixtures (20 µl) contained 50 mM Tris pH 7.0,
0.25 mg/ml tRNA, 0.25 mg/ml BSA, 20 fmol of labeled RNA

and purified GST–HuD as indicated. After 10 min of incubation
at 37°C, the mixtures were diluted 1:6 with buffer FBB and
filtered using nitrocellulose. After washing the filter twice in
FBB, bound radioactivity was determined by Cerenkov

counting.

Acrylamide RNA gel-shift and supershift assays

Reaction mixtures (10 µl) containing 1 µg of tRNA, 5 fmol of

RNA and 7 µg of protein were incubated in reaction buffer
(15 mM HEPES pH 7.9, 10 mM KCl, 10% glycerol, 0.2 mM
dithiothreitol, 5 mM MgCl2) for 30 min at 25°C and digested

with RNase T1 7.5 U/reaction (Calbiochem) for 15 min at 37°C.
Complexes were resolved by electrophoresis through native
gel (7% acrylamide in 0.25× Tris-borate–EDTA buffer)
without loading buffer (160 V, 2 h at 4°C). For supershift

assays, 4 µg of antibody were incubated with lysates for 1 h on
ice before the addition of radiolabeled RNA; all subsequent
steps were as described above.

Cell lines, plasmids and transfections

PC12 cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% horse serum, 5% FCS and 1 mM
glutamine (all from Gibco-BRL). To generate cells stably
expressing HuD, PC12 cells were transfected using Lipo-
fectamine (Life Technologies) with the pCEFL–AU5HuD
expression vector (46). This is a derivative of the pCDNA3
(Invitrogen) vector in which the CMV promoter has been
replaced by that of the human elongation factor 1α. Stable cell
lines expressing HuD were obtained following selection with
the aminoglycoside antibiotic G418 (800 µg/ml). For neuro-
serpin 3′-UTR-RNA expression, a fragment corresponding to
nucleotides 788–2944 of its cDNA was subcloned into the
BamHI and XhoI sites of pCDNA3.1 (Invitrogen) and used to
transfect PC12 cells.

RNA extraction and northern analysis

Total RNA from PC12 cells was prepared by standard methods
(47). RNAs were fractionated in formaldehyde agarose gels
and blotted onto nylon membranes as described (47). As
controls for the amount of RNA, we used the 18S rRNA
stained with methylene blue. Radioactive probes were
prepared by a random priming procedure (48) using the Ready-
to-go kit (Amersham-Pharmacia).

Western blotting

To perform immunoblot analysis of AU5HuD expression,
PC12 cell protein extracts were prepared following the
Dignam C method (47). Protein extracts were electrophoresed
in 12% polyacrylamide gels and transferred to nylon (Immobilon
P, Millipore) membranes. The filters were washed, blocked
with Blotto (5% skimmed milk in PBS, 0.1% Tween-20), and
incubated overnight at 4°C with an anti-AU5 antibody (1:1000
dilution). Blots were washed three times for 10 min in PBS +
0.1% Tween-20 and incubated with HRP-conjugated anti-
mouse for 1 h at room temperature. Blots were developed by a
peroxidase reaction using the ECL detection system (Amersham).
As control, we measured β-actin using an appropriate antibody
(sc-1615, Santa Cruz Biotechnology). For neuroserpin, protein
extracts were electrophoresed in 10% polyacrylamide gels and
transferred to nylon (Immobilon P, Millipore) membranes. The
filters were blocked in 3% BSA in TBS + 0.5% Tween-20 and
incubated overnight at 4°C with the G47 anti-neuroserpin anti-
body (1 µg/ml). Blots were washed three times for 10 min in
TBS + 0.5% Tween-20 and incubated with HRP-conjugated
anti-goat antibody for 1 h at room temperature. Blots were
developed by a peroxidase reaction using the ECL detection
system (Amersham).

RESULTS

HuD co-localizes with neuroserpin mRNA in the rat brain
and binds to its 3′-UTR in vitro

Analysis of the previously reported neuroserpin and neuro-
trypsin cDNA sequences (4,6,49,50) revealed the presence in
their 3′-UTR of AU-rich stretches homologous to binding sites
for HuD protein in other transcripts (29). Together with the
common neuron-specific expression of neuroserpin, neuro-
trypsin and some Hu genes (HuB, HuC and HuD), this
prompted us to investigate whether the expression patterns of
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these three genes were coincident. Expression of HuD, neuro-
serpin and neurotrypsin in the brain of 5-day-old rats was
analyzed by in situ hybridization. HuD and neuroserpin

showed a highly coincident regional pattern of expression,
with highest levels in cerebral cortex layers II-V and VIb, and

the retrosplenial (RSCx) and piriform (Pir) cortices (Fig. 1A, a
and c). Neurotrypsin RNA was detected in a subset of these

areas, but was virtually absent from others such as cerebral
cortex layers II-IV and VIa (Fig. 1A, compare b with a and c).
To study in further detail whether neuroserpin and HuD co-

localize at the cellular level, we used a combination of in situ

hybridization (against neuroserpin mRNA) and immunohisto-

chemistry using an antiserum (16A11) that specifically detects
HuC and HuD proteins in the rat brain (41). Expression of
neuroserpin RNA was fully coincident with HuC and HuD

proteins in the cerebral cortex of 15-day-old rats including
cortex layer V and RSCx where HuD is the only member of the

Elav family that is expressed (51) (Fig. 1B, see black arrows).

Given the role of HuD as a regulator of mRNA stability, we
performed T1 RNase digestion assays to elucidate whether

HuD protein could bind neuroserpin mRNA. For comparison,
binding to neurotrypsin mRNA containing also AU-rich
sequences in its 3′-UTR (GenBank accession no. NM003619)
was also investigated. At least three binding sites for GST–HuD

were found in the 3′-UTR of neuroserpin mRNA (Fig. 1C,
right, black arrows). In contrast, no binding was detected in
neurotrypsin mRNA (Fig. 1C, left). In line with the fact that all
members of the Elav-like protein family (the neuron-specific
HuB, HuC and HuD, and the ubiquitous HuR) share identical

binding properties (27,52), the same three bands for neuro-
serpin mRNA were obtained using GST–HuR protein (data not
shown).

HuD specifically binds three zones in the 3′-UTR of

neuroserpin mRNA

Next, we determined the localization of the HuD-binding
segments within the 3′-UTR of mouse neuroserpin mRNA. To

this end, purified GST–HuD fusion protein was incubated with
four partially overlapping in vitro-labeled transcripts (neuro-
serpin A–D) covering the entire 3′-UTR of neuroserpin mRNA

Figure 1. HuD co-localizes with neuroserpin mRNA in the rat brain and binds to its 3′-UTR in vitro. (A) In situ hybridization analysis showing the co-expression

of HuD and neuroserpin RNAs in cerebral cortices layer II-V and VIb and in the Pir and RSCx cortices (compare a and c) of post-natal day 5 rats. Neurotrypsin
expression (b) is also partially coincident. (B) HuD/HuC proteins and neuroserpin mRNA co-localize at the cellular level in the RSCx of post-natal day 15 rats.

Combination of in situ hybridization against neuroserpin with immunohistochemistry using an antiserum against Hu proteins (16A11). Black arrows indicate cells
with strong expression of neuroserpin mRNA (dots) and Hu proteins (brownish signal). (C) RNase T1 analysis of HuD–neuroserpin mRNA binding in vitro. The

indicated concentrations of GST–HuD or GST proteins were incubated with 32P-labeled 3′-UTR (10 fmol, 200 000–400 000 c.p.m.) of neurotrypsin (left) or neuroserpin
(right) mRNAs. Total T1 digests of neurotrypsin (T1 NT) and neuroserpin (T1 NS) RNAs are shown. Black arrows indicate the three HuD-bound RNA fragments

corresponding to neuroserpin mRNA. The structures of neurotrypsin and neuroserpin mRNAs are shown at the top.
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(Fig. 2A). GST–HuD–RNA complex formation was analyzed

by agarose gel shift assays. High affinity binding of HuD was
found for the neuroserpin A, B and D transcripts, but not for
neuroserpin C (Fig. 2B). To examine the specificity of this

binding we performed gel-shift assays using labeled neuro-
serpin transcript B and two other RNA-binding proteins, Sex-lethal
and SF1/BBP, which show affinity for U-rich or UACUAAC
sequences, respectively (53,54). Indicating a specific inter-

action of HuD, neither Sex-lethal nor SS1/BBP bound to
neuroserpin transcript B (Fig. 2C).

To measure the interaction between HuD and the transcripts
A, B and D, we used a quantitative RNA binding assay (55).

Low concentrations (20 fmol) of each labeled transcript were
incubated with increasing amounts of HuD protein. The
mixtures were then filtered through nitrocellulose to estimate

the radioactivity retained in protein complexes. Binding of
HuD to neuroserpin A and B transcripts was detected at 1 nM
and maximal (70% of input transcript) at 200–500 nM, with a

Kd of 8–10 nM. Lower, but still significant, binding with a
midpoint at ∼20 nM was observed for the neuroserpin D tran-
script (Fig. 3).

To precisely identify the sequences bound by HuD in each
neuroserpin transcript we performed T1 RNase selection
assays. HuD–neuroserpin RNA complexes were allowed to
form and then subjected to digestion with T1 RNase. RNA
fragments bound to HuD were isolated by adsorption of

complexes to nitrocellulose followed by elution with phenol–
chloroform. A single 20 nt fragment of neuroserpin A, two
fragments of 27 and 24 nt of neuroserpin B, and one 19 nt frag-
ment of neuroserpin D were detected, while as expected from
the previous results, no fragments were obtained from the
neuroserpin C transcript (Fig. 4A). Likewise, no binding was
found using GST protein as control (Fig. 4A). Given the
sequence specificity of T1 RNase (cleaves after a G) and the
size of the fragments, their sequences were readily located in
the 3′-UTR of neuroserpin RNA (Fig. 4B, underlined). The 20 nt

fragment in neuroserpin A is the most upstream in the neuro-
serpin 3′-UTR region and it contains a CUUUnC sequence.
The two fragments in neuroserpin B are in tandem, separated
by an internal G in a 51 nt sequence, while the 19 nt fragment
in neuroserpin D is located further downstream, close to the 3′-end
of neuroserpin mRNA (Fig. 4B). All retained fragments are
AU-rich sequences that harbor AUUUA or UUAUUUAUU
motifs, previously characterized as determinants of mRNA stability
(26,32). HuR also bound to the same regions in neuroserpin
3′-UTR mRNA (data not shown).

HuD binds to neuroserpin B transcript in PC12 cell
extracts

To examine whether purified HuD also binds neuroserpin

mRNA in cells, we incubated whole cell extracts of PC12 cells
with labeled HuD-binding fragments of the 3′-UTR of neuro-
serpin mRNA. In T1 assays, identical 27 and 24 nt fragments
of neuroserpin B transcript (chosen because of its highest
affinity) were retained using either PC12 cell extracts or purified
GST–HuD protein (Fig. 5A). In contrast, no fragments were
retained when using neuroserpin C transcript (data not shown).

Figure 2. HuD protein binds to three sites in the neuroserpin mRNA 3′-UTR.

(A) Scheme of neuroserpin cDNA and the four (A–D) transcripts obtained
from the 3′-UTR. (B) Agarose gel-shift assays showing binding of HuD to

neuroserpin A, B, and D transcripts, but not to neuroserpin C transcript.
32P-labeled transcripts (20 fmol, 400 000–600 000 c.p.m.) were incubated with

the indicated concentration of GST or GST–HuD protein. After 10 min
incubation mixtures were resolved on 1% agarose gels. (C) Comparative analysis

of the binding of HuD and of Sex-lethal (SXL) and SF1/BBP proteins to neuro-
serpin transcript B (20 fmol, 400 000 c.p.m.). Conditions were as in (B).

Figure 3. HuD binds neuroserpin 3′-UTR transcripts with high affinity. RNA–

protein complex formation was analyzed by nitrocellulose filter binding
assays. A 20 fmol aliquot of each transcript (400 000–600 000 c.p.m.) was

incubated with the indicated concentrations of HuD protein for 10 min at 37°C.
Plot of the percentage of RNA bound versus HuD concentration. Squares, tran-

script A; circles, transcript B; triangles, transcript D.
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This indicated the presence in PC12 cells of at least one protein

able to bind neuroserpin mRNA in the same region as HuD. To

further investigate this issue, we transiently transfected PC12

cells with an HuD-expression vector. Extracts from normal and

HuD-overexpressing PC12 cells were incubated with the

labeled neuroserpin B transcript and subjected to acrylamide

gel-shift assays. Two retained bands were found, which were

stronger in the case of extracts from HuD-overexpressing cells

(Fig. 5B, first two lanes). In contrast, no shifted bands were

found using the neuroserpin C transcript (Fig. 5B, right). This

result suggested that HuD was present in the retarded

complexes, though we cannot rule out the possibility that other

Hu proteins could also be included. To confirm the presence of

HuD in the retarded bands we performed supershift assays.

Incubation of neuroserpin B transcript with an HuD-specific

antibody (16C12) or with 16A11 antibody that recognizes HuC

and HuD proteins (45) caused a clear supershift (Fig. 5B, lanes

3 and 4). As expected from the previous results, incubation

with an anti-HuR antibody resulted also in a (less) shifted band

indicating that HuR binds neuroserpin RNA (lane 5). In

contrast, an anti-Erk antibody used as control had no effect

(lane 6).

HuD increases neuroserpin mRNA stability in PC12 cells

Elav-like proteins have been proposed to modulate the half-life

of their target mRNAs (30,56–58). Given the ability of HuD

protein to bind neuroserpin mRNA and their co-expression

in vivo, we studied the effect of HuD on neuroserpin mRNA

Figure 4. Localization of HuD binding sites in neuroserpin 3′-UTR. (A) HuD

binds to three sites in the 3′-UTR of neuroserpin mRNA. RNase T1 analysis of
HuD–neuroserpin RNA complexes. GST–HuD or GST proteins (75 ng)

were incubated with 32P-labeled neuroserpin transcripts (20 fmol, 400 000–
600 000 c.p.m.) at 37°C for 10 min. RNase T1 (0.5 U) was then added to reaction

mixtures before they were filtered through nitrocellulose. Protein-bound RNA
fragments were extracted and resolved on 12% denaturing polyacrylamide

gels. RNase T1-protected fragments are indicated. T1 digests of each transcript
are shown (T1 A, T1 B, T1 C, T1 D). (B) Sequence of the neuroserpin mRNA

3′-UTR showing the precise location of the HuD-binding sites (underlined).

Figure 5. HuD binds neuroserpin mRNA 3′-UTR in PC12 cells. (A) T1 RNase

analysis showing binding of PC12 protein extracts (10 µg) to neuroserpin
transcript B (trcp B). GST–HuD protein (75 ng) was used as control. The two

protected bands are indicated. (B) Supershift assay showing the presence of
HuD and HuR proteins in the retarded bands obtained with PC12 cell extracts.

Retarded complexes (bracket) were detected by incubating PC12 protein
extracts with neuroserpin transcript B (trcp B, left) but not with transcript C

(trcp C, right) (compare lanes 1 and 2 with 7 and 8). Extracts from HuD-
overexpressing PC12 cells (lane 2) gave stronger bands than those from nor-

mal PC12 cells (lane 1). Incubation with a specific anti-HuD antibody (16C12,
lane 3) or an anti-pan-Hu antibody (16A11, lane 4) caused a supershift (black

arrow), while incubation with a specific anti-HuR antibody (HuR, lane 5)
produced a different supershifted band (gray arrow). No supershifted bands

were obtained using an unrelated anti-Erk antibody (Erk, lane 6).
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levels in PC12 cells. To this end we used an expression vector
for a AU5-tagged HuD protein (pCEFL–AU5HuD). In line
with previous reports (31), we observed that stable transfection
of HuD in PC12 cells induced the formation of neurites (Fig. 6A).
Since ectopic neuroserpin expression in pituitary AtT-20 cells
also induced processes (59), we analyzed the expression of

neuroserpin mRNA in HuD-transfected PC12 cells. HuD over-
expression induced a 2-fold increase in the cellular content of
neuroserpin mRNAs (3.0 and 1.6 kb; Fig. 6B, left) and over a
3-fold increase in neuroserpin protein (Fig. 6B, right). To
confirm that this effect was a consequence of an increase in
neuroserpin RNA stability, the 3′-UTR of neuroserpin cDNA
was subcloned in the pCDNA3.1 vector. This construct was

used to co-transfect PC12 cells together with increasing
amounts of an expression vector for the tagged HuD. We found
that the cellular level of neuroserpin 3′-UTR RNA was
extremely low in vector-transfected cells, and strongly
increased in cells expressing AU5HuD (Fig. 6C, left). Expression
of exogenous tagged HuD was assessed by western blotting

(Fig. 6C, right). Taken together, our results indicate that HuD
enhances the cellular content of neuroserpin by increasing its
stability as the result of the binding to specific AU-rich
sequences located in the 3′-UTR.

DISCUSSION

In this study, we report that HuD protein binds with high
affinity to the 3′-UTR region of neuroserpin RNA both in vitro

and in PC12 cells. Moreover, we show that HuD stabilizes and
thereby increases neuroserpin mRNA and protein levels in

these cells. The HuD-mediated increase in neuroserpin mRNA
and protein is accompanied by the induction of neurites, which
has been observed in AtT-20 cells transfected with neuroserpin
(59). Furthermore, we show that HuD protein and neuroserpin
RNA are co-expressed in some areas of the rat central nervous
system in which HuD, but no other member of the Hu family,
is expressed (51). Both HuD and neuroserpin are highly
expressed in the hippocampus, cerebral cortex and olfactory

bulb, whereas their levels in other areas such as the striatum
and cerebellar Purkinje cells are much lower (5,51). In addition,
expression of HuD and neuroserpin follow a common pattern
during brain development in rodents: both peak at birth (P0,
P1) and then decrease slowly to reach adult levels (5,51).
These findings reinforce HuD as a candidate to regulate neuro-
serpin mRNA stability in vivo.

We have demonstrated that HuD binds to three AU-rich

sequences present in the 3′-UTR of neuroserpin mRNA. T1
RNase assays led to their characterization as being of 20, 51
and 19 nt in length. Since these assays were performed by
incubating HuD and neuroserpin mRNA before T1 digestion
to prevent the destruction of putative RNA structures important
for protein–RNA interaction, the possibility that filter-bound
oligonucleotide fragments may correspond to two or more
smaller fragments cannot be excluded.

Although mutation and accumulation of neuroserpin protein

are associated with senile dementia (14) and with epilepsy (15)
and it has been demonstrated that neuroserpin has a neuroprotect-
ive function after focal ischemic stroke (12,13), little is known
about the regulation of neuroserpin gene. In mouse primary
hippocampal neurons, neuroserpin gene transcription is induced

Figure 6. HuD increases neuroserpin expression in PC12 cells. (A) Stably transfected HuD induces formation of neurite-like processes in PC12 cells. Phase-contrast

micrographs of untranfected (left) and HuD-transfected (right) cells. Bar, 250 µm. (B) Ectopic HuD expression increased neuroserpin mRNA and protein levels in
PC12 cells. Four independent experiments were performed. Northern blot analysis (left) shows an increase (∼2-fold) in neuroserpin mRNAs (3.0 and 1.6 kb) in

HuD-transfected versus vector-transfected PC12 cells. Western blot analysis shows that the level of neuroserpin protein also increased in HuD-transfected cells
(right, top). Quantification of neuroserpin protein expression after normalization to β-actin is shown (right, bottom). (C) Ectopic HuD expression increases the

level of co-transfected neuroserpin 3′-UTR mRNA in PC12 cells. Left, northern blot analysis of neuroserpin 3′-UTR mRNA (NS 3′-UTR) levels in cells trans-
fected with increasing amounts of a plasmid encoding a tagged HuD protein (pCEFL–AU5HuD). Right, western blot analysis of the expression of tagged AU5HuD

protein in transfected PC12 cells. Expression of β-actin protein was studied as control.
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through depolarization by elevated extracellular KCl (60).

Binding sites for several transcription factors including Sp1,

AP-2 and C/EBP have been identified in the proximal region of
the mouse neuroserpin gene promoter (60). In the same study,

zif/268 behaves as a silencer of neuroserpin transcription. Our
results demonstrate that neuroserpin expression is also regulated

post-transcriptionally through the control of the stability of its
mRNA by HuD. Since all the neuronal Hu proteins have identical

binding properties, in agreement with their coincident spatio-
temporal pattern of expression the levels of neuroserpin

mRNA in specific central nervous system regions during
development could be determined by either a single member of

the Hu/Elav-like family of RNA-binding proteins or by combin-
ations of them.

The Hu/Elav-like proteins are pleiotropic regulators of gene

expression in mammalian cells. Hu proteins stabilize multiple
mRNAs. Among them, HuD regulates the expression of

several oncogenes, cytokines, genes involved in central
nervous system differentiation, and cell cycle regulators such

as p21WAF, c-fos, GAP-43, tau and c-myc (31,55,61). Hel-N1
controls the Id helix–loop–helix transcriptional repressor in

neural precursors (62). In non-neural cells, HuR regulates the

stability of RNAs for tumor necrosis factor alpha (63), the
serpin PAI-2 (21), the tumor suppressor neurofibromin (NF1)

(64), and vascular endothelial growth factor (30). Hu/Elav-like
proteins can stabilize or destabilize specific mRNAs perhaps

by influencing the access of degrading enzymes or of other
proteins to RNA substrates (32,39,65).

Neuroserpin exerts its biological functions in nervous

system development or maintenance by the regulation of its
cognate serine proteases, especially tPA (10,11). This indicates

that neuroserpin levels modulate cell migration, axon
outgrowth, and synaptic plasticity in which tPA is critical. Our

results define a novel mechanism of regulation of neuroserpin
expression acting through the control of the stability of its RNA

via the binding of the HuD protein. The post-transcriptional
mechanism reported here merits further study for its impli-

cation in neuroserpin expression following brain injury and in
neuropathological states such as ischemia- or trauma-induced

hyperexcitability, or in patients suffering abnormalities associated

with pathological neuroserpin accumulation and polymerization.
Remarkably, both neuroserpin and HuD genes are up-regulated in

schizophrenia (66). Post-transcriptional mechanisms of regulation
are considered to be more rapid than those based on the control

of the rate of gene transcription. Therefore, the HuD-mediated
control of neuroserpin levels may contribute to the response of

neuroserpin activity to the sudden changes following acute
pathological events. Together with the previous studies

showing that HuD regulates the expression of GAP43 and tau,
our results indicate that HuD, and perhaps other Hu proteins,

may play a crucial role in a number of regulatory key processes
in the developing and adult central nervous system.
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