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We have investigated the RNA binding specificity of Hel-Nl, a human neuron-specific RNA-binding protein,
which contains three RNA recognition motifs. Hel-Nl is a human homolog of Drosophila melanogaster elav,
which plays a vital role in the development of neurons. A random RNA selection procedure revealed that
Hel-Nl prefers to bind RNAs containing short stretches of uridylates similar to those found in the 3'
untranslated regions (3' UTRs) of oncoprotein and cytokine mRNAs such as c-myc, c-fos, and granulocyte
macrophage colony-stimulating factor. Direct binding studies demonstrated that Hel-Nl bound and formed
multimers with c-myc 3' UTR mRNA and required, as a minimum, a specific 29-nucleotide stretch containing
AUUUG, AUUUA, and GUUUUU. Deletion analysis demonstrated that a fragment of Hel-Nl containing 87
amino acids, encompassing the third RNA recognition motif, forms an RNA binding domain for the c-myc 3'
UTR. In addition, Hel-Ni was shown to be reactive with autoantibodies from patients with paraneoplastic
encephalomyelitis both before and after binding to c-myc mRNA.

RNA-binding proteins are involved in a variety of regula-
tory and developmental processes such as RNA processing
and compartmentalization, mRNA translation, and viral
gene expression. One family of RNA-binding proteins is
defined by the presence of an 80-amino-acid RNA recogni-
tion motif (RRM) which was shown to constitute the core

structure of the RNA binding domain of the UlsnRNP-70K
protein (39). The motif characteristic of this family of pro-
teins is evident from the conservation of several amino acid
residues, most notably RNP1 and RNP2 consensus se-

quences (1, 4, 26, 27). On the basis of crystallographic and
nuclear magnetic resonance spectroscopic studies of the Ul
RNA binding domain of the UlsnRNP-A protein, a model of
the RRM tertiary structure has been derived (21, 36). The
structural model of the domain together with biochemical
studies has led to the suggestion that the RNA binding
surface resides within a monomeric unit domain containing
four antiparallel strands with solvent-exposed aromatic
and basic residues (27).
More than 100 members of the RRM superfamily have

been reported, the majority of which are expressed in all
tissues and are conserved throughout phylogeny (27). Tis-
sue-specific members of the RRM superfamily are less
common but include X16, which is expressed in pre-B cells
(3); Bj6, which is a puff-specific Drosophila melanogaster
protein (62); and elav (embryonic lethal abnormal vision),
which is a neuron-specific protein in D. melanogaster (44).
The natural RNA ligands have been identified for a few
RRM-containing proteins; however, RNA ligands have not
been reported for these tissue-specific RRM proteins. In
order to understand the functions of tissue-specific RRM
proteins in cellular RNA metabolism, it is essential to
identify RNAs with which they interact.

In this study, we characterized the in vitro RNA binding
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specificity of a human neuron-specific counterpart to elav
called Hel-Nl (human elav-like neuronal protein 1). elav
contains three RRMs and has been shown to be vital for the
proper migration and differentiation of the D. melanogaster
nervous system (43, 44). However, to date no known RNA
ligands for elav have been elucidated. Selection of RNAs
from degenerate pools of in vitro transcripts demonstrated
that Hel-Nl preferred to bind RNAs which resemble se-

quences in the 3' untranslated regions (UTRs) of certain
mRNAs. Direct binding studies revealed that Hel-Nl can
bind specific portions of the 3' UTR of rapidly degraded
mRNAs, such as c-myc, c-fos, and granulocyte macrophage
colony-stimulating factor (GM-CSF). Interestingly, despite
the neuron-specific localization of elav-like proteins (43) and
the ability of Hel-Nl to bind growth factor mRNAs, N-myc
mRNA was not capable of binding. Furthermore, the car-
boxy-terminal RRM (RRM3), comprising 87 amino acids of
Hel-Nl, was shown to be sufficient for binding to the c-myc
3' UTR. These findings are discussed with respect to the
genetic lesions in elav and the autoimmune properties of
elav-like mammalian proteins.

MATERIALS AND METHODS

Expression of Hel-Nl constructs in Escherichia coli. Recom-
binant Hel-Nl was expressed in the T7 RNA polymerase
expression system (45) as a fusion protein with a 13-amino-
acid peptide tag termed glO (58). A diagram depicting elav,
Hel-Nl, and deletion constructs of Hel-Nl is shown in Fig.
1. The Hel-N1/RRM1 construct contained amino acid resi-
dues 1 to 161 including all of RRM1 and 35 residues of
RRM2, and Hel-N1/RRM1,2' contained amino acid residues
1 to 186, which include all of RRM1 and 60 residues of
RRM2. The Hel-N1/RRM3 construct contained the carboxy-
terminal 87 amino acid residues 272 to 358. The entire
Hel-Nl sequences and sites comprising the deletion con-

structs will be published elsewhere (29a). After transforma-
tion of each construct into E. coli BL21(DE3)pLysS (45), the
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FIG. 1. Diagram comparing the basic structure of human Hel-Nl with that of the D. melanogaster elav protein. Three subconstructs of
Hel-Nl are shown also. Open boxes represent the RRMs, and shaded regions represent RNP1 and RNP2 (reviewed in reference 27). The
amino acid residues contained within each construct are indicated on the right and left ends of the structures.

bacteria were grown in Luria-Bertani broth at 37°C to an
optical density at 500 nm of 0.3 and induced with 1.0 mM
IPTG (isopropyl-3-D-thiogalactopyranoside) as described
earlier (38). Cells were harvested by centrifugation, washed
twice, and resuspended in 10 ml of E. coli lysis buffer (50
mM Tris-HCl [pH 7.5], 100 mM NaCl, 10 mM EDTA, 0.05%
Nonidet P-40, 1 mM dithiothreitol [DTT], and 0.25 mM
phenylmethylsulfonyl fluoride). Lysis was completed by
freeze-thawing of the cells, followed by 60 s of sonication.
The extract was centrifuged at 10,000 x g for 30 min to
remove insoluble debris. Hel-Nl was partially purified by
removing the nucleic acids with 1% polyetheneimine and
fractionated on S-Sepharose (Pharmacia) with a linear gra-
dient of NaCl at pH 8.2. Fractions containing Hel-Nl
contained no other proteins distinguishable by Coomassie
blue staining of 10% polyacrylamide gel electrophoresis
(PAGE) gels.
RNA selection procedure. RNA selection was according to

the method described by Tsai et al. (56). Briefly, an oligode-
oxynucleotide containing a T7 promoter sequence (T7 Univ)
at the 5' end, followed by 25 degenerate nucleotides and then
a reverse universal primer sequence (Rev Univ) at the 3'
end, was used in a 35-cycle polymerase chain reaction (PCR)
under the following conditions: 1 min at 94°C, 1 min at 50°C,
and 2 min at 72°C, all in 10 mM Tris-HCl (pH 8.3), and 50
mM KCl-1.5 mM MgCl2-0.01% gelatin-0.1 ,ug each of T7
Univ and Rev Univ primers-200 mM deoxynucleoside
triphosphates-2.5 U of Taq DNA polymerase. With the PCR
products as a template for transcription, RNA was synthe-
sized with the T7 polymerase transcription system (48). The
degenerate pool of synthetic RNA was incubated with glO-
Hel-Nl fusion protein which had been prebound to a rabbit
antibody directed against the glO peptide tag and protein A
beads (Sigma). The pelleted beads were subsequently
washed five times with NT2 buffer (50 mM Tris-HCl [pH
7.5], 150 mM NaCl, 1 mM MgCl2, 0.05% Nonidet P-40), and
the immunoprecipitated RNA was phenol extracted and
ethanol precipitated in the presence of 10 ,ug of carrier yeast
tRNA (Sigma). The RNA was resuspended in 10 pl of water,
and 3 p.l was used for PCR amplification under conditions
described above. The T7 and Rev Univ primers had BamHI
restriction sites incorporated at the 5' ends such that any
resultant concatamers were reduced to monomers upon
BamHI digestion. This process was repeated two additional
times before the products were subcloned into pGEM-
3Zf(+) and sequenced.

Plasmids and mRNA transcripts. Constructs containing the

3' UTRs of the human GM-CSF gene, the c-fos gene, and the
c-myc gene were graciously provided by E. Vakalopoulou
(60) and are shown in Fig. 2. The plasmids were linearized as
follows: GM-CSF RNA was digested with BglII and tran-
scribed with SP6 RNA polymerase, generating a 266-nucle-
otide (nt) RNA transcript; pGEM3 plasmid containing c-fos
DNA was linearized with NaeI and transcribed with T7
RNA polymerase to yield a 620-nt RNA; and pGEM3
plasmid containing c-myc DNA was linearized with BamHI
and transcribed with SP6 RNA polymerase, yielding a 432-nt
transcript. For binding of truncated transcripts of the c-myc
3' UTR to Hel-Nl, 32P-labeled SP6 transcripts were synthe-
sized from the above pGEM3/myc construct linearized with
the following restriction enzymes: BamHI (432-nt RNA,
full-length transcript), RsaI (293-nt transcript), SspI (219-nt
transcript), DraI (181-nt transcript), and MseI (152-nt tran-
script) as depicted by the arrows in Fig. 2.
RNA binding to Hel-Nl. For each binding reaction, 4 mg of

protein A beads was washed three times in NT2 buffer. Five
microliters of rabbit anti-glO antibody, or 20 p.l of human
serum from patients with paraneoplastic encephalomyelitis
(PEM), was incubated with protein A for 10 min on ice and
washed three times with NT2 buffer. Recombinant Hel-Nl
contained in 35 p.l of extract was added, incubated 10 min on
ice, and washed three times with NT2 buffer. After the final
wash, the antibody-protein complex was resuspended in 0.1
ml of RNA binding buffer [20 mM KCl, 150 mM NaCl, 50
mM Tris-HCl (pH 7.5), 0.05% Nonidet P-40, 2.5% polyvinyl
alcohol, 1 mM MgCl2, 1 mM ethylene glycol-bis(13-amino-
ethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 0.5 mg of
Saccharomyces cerevisiae tRNA per ml, 0.05 mg of poly(A)
per ml, 1 mM DTI, 0.125 mg of bovine serum albumin (BSA)
per ml, 0.4 mM vanadyl ribonucleoside complex, 80 U of
RNasin per ml], and equimolar amounts of labeled tran-
scripts were added. After 5 min of incubation at room
temperature, the binding reaction mixture was washed five
times with NT2, 0.1 ml of water-13 p.l of 5 M NaCl-1 p.l of
10 mg of yeast tRNA per ml was added, and the mixture was
PCl extracted and ethanol precipitated. The pelleted RNA
was analyzed by 6% urea-PAGE. Supernatants from the
binding reaction mixtures were analyzed also to confirm that
intact transcripts were available for binding by Hel-Nl.

Transfection of COS cells. COS cells were grown in Is-
cove's medium supplemented with 10% fetal calf serum and
penicillin and streptomycin to 70% confluence. A transfec-
tion cocktail containing 50 p.l of phosphate-buffered saline
(PBS), 0.125 p.g of DNA for each vector, and 1.25 p.l of a
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c-myc 3' UTR

___CUGAGUCUUGAGACUGAAAGAUUUAGCCAUAAUGUAAAC
100

UGCCUCAAAUUGGACUUUGGGCAUAAAAGAACUUUUUUAUGC

UUACCAUCUUUUUUUUUUCUU AACAGAUUUGUAUUUAAGAA
lw 200

UUGUUUU AAAAAAUUUUAAGAUUUACACAAUGUUUCUCUGU

AAAUAUUGCCAUUAAAUGUAAAUAACUUUAAUAAAACGUUU

AUAGCAGUUACACAGAAUUUCAAUCCUAGUAUAUAGUACCUA
300

GUAUUAUAGGUACUAUAAACCCUAAUUUUUUUUAUUUAAGUA

CAUUUUGCUUUUUAAAGUUGAUUUUUUUCUAUUGUUUUUAGA
400

AAAAAUAAAAUAACUGGCAAAUAUAUCAUUGAGCCAAAUCQ

GM-CSF 3' UTR

___AAUGGGAAUAUUUUAUACUGACAGAAAUCAGUAAUAUUU

AUAUAUUUAUAUUUUUAAAAUAUUUAUUUAUUUAUUUAUUU

AAGUUCAUAUUCCAUAUUUAUUC_

c-fos 3' UTR

___AUUGUGUUUUUAAUUUAUUUAUUAAGAUGGAUUCUCAGA

UAUUUAUAUUUUUAUUUUAUUUUUUUCUACCUU__
FIG. 2. RNA sequences in the 3' UTRs of c-myc, GM-CSF, and

c-fos mRNAs as depicted by Vakalopoulou et al. (60) which share
the highest degree of homology. Arrows indicate the truncation sites
for producing the in vitro RNA transcripts of c-myc 3' UTR used in
the experiment shown in Fig. 5. The boxed region indicates a
sequence required for Hel-Nl binding.

10-mg/ml solution of DEAE-dextran was prepared. This
cocktail was added directly to cells washed with PBS and
incubated for 30 min at 37°C. A total of 500 ,ul of medium was
added to the dish with chloroquine at a final concentration of
100 ,uM. After incubation for 2.5 h at 37°C, the cells were
washed with PBS and 500 p.1 of medium containing 10%
dimethyl sulfoxide was added for 2.5 min and then replaced
with fresh medium. After 48 h, the cells were washed twice
in PBS and pelleted. Following resuspension in 1 ml of SM
buffer (100mM NaCl, 50 mM Tris-HCl [pH 7.4], 1 mM DTT,
2 U of RNasin, 2 p.1 of vanadyl ribonucleoside complex), the
cells were sonicated and centrifuged at 3,000 x g for 5 min at
40C.
RNase protection. The supernatant from COS cell extracts

was added to 5 mg of protein A which was prebound to 5 p.l
of glO rabbit serum. The bound RNA was ethanol precipi-
tated, dried, and resuspended in 30 p.1 of hybridization buffer
[800 p.l of formamide, 40 p.1 of 1 M piperazine-N,N'-bis(2-
ethanesulfonic acid) (PIPES) (pH 6.4), 80 pI of 5 M NaCl, 2
p1 of 0.5 M EDTA, 78 p1 of diethylpyrocarbonate water).
The solution was then heated for 10 min at 85°C and allowed

to hybridize overnight at 45°C. A total of 300 pI of RNase
buffer was added (915 pl of water, 30 pl of 1 M Tris [pH 7.5],
30 PA of 0.5 M EDTA, 180 p.l of 5 M NaCl) together with 18
p.1 of RNase A (10 mg/ml)-3 pl of RNase T1 (Sigma) and
incubated for 1 h at 30°C. Digestion was stopped with 20 p.1
of 10% sodium dodecyl sulfate (SDS) and 2.5 p.1 of protein-
ase K with incubation for 15 min at 37°C. A total of 15 p.g of
carrier tRNA was added, and the solution was PCl extracted
twice. RNA was ethanol precipitated, dried, and analyzed
by 6% PAGE. The probe for RNase protection assays
corresponded to the first 46 nt of the 3' UTR of c-myc in the
pGEM3 construct.

IUV cross-linking. HeLa cell nuclear extracts were pre-
pared as described by Dignam et al. (17). A total of 500,000
cpm of 32P-labeled transcripts and 5 p.g of nuclear extract
were combined in a microtiter plate, and label transfer from
RNA to protein was carried out as described by Wilusz et al.
(63). RNase A was added to a final concentration of 1 mg/ml,
and the solution was incubated for 15 min at 37°C. Label
transfer to Hel-Nl was carried out similarly, except that the
protein was dissolved in a UV cross-linking buffer (20 mM
HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid], 1 mM MgCl2, 60 mM KCl, 10% glycerol). Competition
experiments included S jig of HeLa cell nuclear extract in
the presence of increasing amounts of Hel-N1, maintaining a
total reaction volume of 10 p.l. Cross-linked complexes were
solubilized in Laemmli buffer and analyzed on an SDS-10%
polyacrylamide gel.

Mobility shift analysis. Analysis of RNA-protein com-
plexes using nondenaturing acrylamide gels was as described
previously (6, 26, 36). [32P]UTP-labeled c-myc or GM-CSF
3' UTR RNAs were incubated with partially purified Hel-Nl
in 50 p.1 of RNA binding buffer and incubated at room
temperature for 10 min. RNA-protein complexes were re-
solved by electrophoresis through a 3.2% nondenaturing
polyacrylamide gel with 0.5x TBE (final concentrations of
45 mM Tris-boric acid and 1 mM EDTA) as the running
buffer. Gels were preelectrophoresed at 4°C for 1 h at 12
V/cm prior to loading the reaction mixture, and electro-
phoresis proceeded for an additional 3 to 4 h at a constant
voltage.

RESULTS

Hel-Nl selects uridine-rich sequences for RNA binding.
Hel-Nl was cloned from a fetal brain cDNA library with
degenerate oligonucleotides and PCR and found to possess
three RRMs as represented in Fig. 1. The cloning, sequence
analysis, and neuronal localization of Hel-Nl will be pre-
sented elsewhere (29a). The putative RNA binding domains
of Hel-Nl are highly homologous to two neuronal proteins
from D. melanogaster, elav and K3(rbp9). However, the
RNA binding specificities of elav, K3, and Hel-Nl are not
known. Thus, several standard RNA binding assays were
employed to identify an RNA structure capable of binding
Hel-Nl. For example, radiolabeled whole-cell RNA from
HeLa cells, neuroblastomas, and glioblastomas was used for
binding to Hel-Nl but did not reveal a cognate RNA species
(data not shown). As an alternative approach, we used a
random RNA selection procedure described previously (56)
to identify RNA sequences preferred for binding to Hel-Nl.
The RNA selection procedure utilized a synthetic DNA of

80 nt which contained a stretch of 25 degenerate nucleotides
in the center and is similar to methods used by other
investigators to identify preferred RNA-binding ligands (5,
19, 56-59). The sequences flanking the degenerate sequence
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B-14 U C C A G U A A C C C C A C C U C C U CL.. ULU.U
C-14 U C A G U U A A A C G U G U A A A C C U J r A A

B-7 U C A U A G C A C C A C C U C A C C C U UrtU U A

C-3 U C A U A G C A C C A C C U C A C C CC U U..U2A
A-6 G G G C U AG G C U U A U C C U C C U_U_U C C

B-13 A U C A U A A A UU C A G U G U C AC U 'J U JC U

C-6 U U AILU.t A .U.UU G C G U C U C C rt JLtAUtU A

C-4 A A C U A C C G G A G U A C A G A U U J U Ut U JA

A-4 U C A G U G G C A U C U C U U t C 11 rJ A C ULU
B-20 C A C A A C C C U A A C LjU C A rU U U G C U rt U

C-2 U G A C C G A U ACACAUU C A U U U A

B-18 A U U G A C U U C G U U A U U G U U U U U. A U U G

B-3 A G A C G C A A U U A A U G AULrtU G rtUVU U U A

C-7 U A G C U C G G A C A U U U A U U U U U A2...U
C-7 ' U A G G U U U C U U U r UAL.L. GAGCAUA

B-19 A U U U Cu c A U .U0A A C G U CU C U C C U U U

A-1 A C A C C C U U U U l A G U U C C U G U A

B-1 CUAAL.L.2CCGAUAUUAAAGCUUAUUA
B-4 A U G AUUUAGAUUU U C G C A C AL.L.U C A

C-9 UACLU.UUC G GUAC UAAAAUC GAU CAG

B-12 UC Cl LU_U..GU.AGCC A C U C U C A G U U G U

C-6R U U A U U U AL_UL U G C G U C U C C U U U A U U A

B-10 U U A9LU. AL..G C G U C U C C ML.U.A U U A

C-5 ULUU. G L.L.L.UC G U GUAAC GCA UAUAC U

A-7 0UAGf UUUAAUAGGGAUAAUAC U UA

B-9 M-2-a G t U U U C G U G U A A C G C A U A U A C U

B-15 U U G A U.L L C G C G C C C G C C G C C U U A G

FIG. 3. RNA sequences selected to bind Hel-Nl by a random RNA selection procedure. Twenty-eight RNAs, each 25 nt in length, were
identified from clones generated by reverse transcription and PCR amplification. Twenty-six of the sequences contained short stretches of
uridylate residues interspersed with other nucleotides. Note that C-6 and C-6R are the same sequence. The boxed region highlights the most
conserved uridylate-rich regions that appeared among the selected RNAs.

included a T7 promoter for synthesis of RNA and flanking
PCR primer sites to regenerate the template. In vitro tran-
scripts from this template constituted a large heterogeneous
pool of RNAs which represent potential binding sequences
(56). After binding of recombinant Hel-Nl to the degenerate
RNA pool and immunoprecipitation of the complex by using
the glO epitope tag (6, 58), bound RNAs were eluted. By
standard reverse transcription and PCR, DNA templates
encoding the bound RNAs were amplified and used again for
RNA synthesis. After two additional cycles of binding and
selection, 28 independent cDNA clones representing individ-
ual RNA species were evaluated by sequence analysis. The
striking finding was the preponderance of uridylate residues
in short stretches interrupted by other nucleotides (Fig. 3).
These U-rich stretches were characteristically 3 to 5 nt in
length and were similar to sequences found in the 3' UTRs of
oncoprotein and lymphokine mRNAs (Table 1) which have
been postulated to confer short half-lives on these messages
(12, 51). Interestingly, among the short U-rich sequences
selected, most could be found in one or more of the 3' UTRs
of the oncoprotein and lymphokine mRNAs (51). It is known
that the sequences present in these 3' UTRs tend to be
AU-rich; however, publications to date have failed to arrive
at a consensus motif responsible for the instability observed
among the wide variety of mRNAs with short half-lives.
Several investigators have noted the frequent occurrence of
the pentamer AUUUA.

When used previously in our laboratory with other mem-
bers of the RRM family of proteins, the random RNA
selection procedure did not yield RNAs containing U-rich
sequences (references 56-58 and unpublished data). Thus,

TABLE 1. RNA sequences containing short stretches of
uridylates, selected from random RNA libraries

by binding to Hel-N1a
Uridylate stretch Instability region(s)p
AUUUA ........ GM-CSF, IFN-a, IFN-,, IFN--y, IL-1, IL-2,

IL-3, c-myc, c-myb
UAUUUAU ........ TNF, IFN-a, GM-CSF, IL-2, c-fos
AUUUUUA ....... GM-CSF, IFN-P, c-myb, c-fos, IgGl-IF, IL-2
AUUUUA ........ GM-CSF, IFN-3, c-myc, IL-2, c-fos, c-myb
GUUUUUA ....... c-myc, c-fos
CUUUUUA ....... IFN-, c-myc
AUUUG ....... c-myb, c-myc
AUUUC ........ c-sis, c-myc
CUUUUA....... c-sis, IL-2
AUUUUC....... IFN-3
CUUUA ....... IL-2, c-myc
a The selected sequences listed were derived from those shown in Fig. 3

and in other experiments and are present in the 3' UTRs of mRNAs described
by Shaw and Kamen (51) as representing instability regions.

b IFN-a, -P, and --y, alpha, beta, and gamma interferons, respectively; IL-1,
-2, and -3, interleukin-1, -2, and -3; TNF, tumor necrosis factor; IgGl-IF,
immunoglobulin Gl-induction factor.
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TABLE 2. Relative binding of Hel-Nl and the UlsnRNP-A
proteins to RNAs shown in the binding experiments in Fig. 4a

Hel-Nl UlsnRNP-A
RNAb

cpm Ratio cpm Ratio

c-myc 3' UTR 47,452 295 2,015 13
GM-CSF 3' UTR 14,496 186 235 3
c-fos 3' UTR 12,876 129 421 4
N-myc 3' UTR 1,536 6 1,837 8
hYl scRNA 374 4 299 3
Ul snRNA 1,470 11 21,390 154

a UlsnRNP-A provided an internal control. cpm, total counts per minute
bound in the RNA binding assay with the glO epitope tag; ratio, the relative
ratio of radioactivity bound per number of uridylate residues in each tran-
script.

b scRNA, small cytoplasmic RNA; snRNA, small nuclear RNA.

FIG. 4. Binding of growth factor RNAs to glO-tagged Hel-Nl
protein with immunoprecipitation with glO antibody. Lanes: 1 to 6,
transcripts remaining in the supernatants after the first step of
binding; 7 to 12, RNAs extracted from the Staph A pellets after five
washes; 1 and 7, 3' UTR of c-fos mRNA; 2 and 8, 3' UTR of
GM-CSF mRNA; 3 and 9, 3' UTR of c-myc mRNA; 4 and 10, 580-nt
transcript of UlsnRNP-70K mRNA; 5 and 11, 426-nt antisense
transcript of hYl gene; 6 and 12, 632-nt transcript of 3' UTR of
N-myc mRNA. The 3' UTR sequences of c-myc, c-fos, and GM-
CSF were derived from the constructs of Vakalopoulou et al. (60)
and as described in Materials and Methods. Approximately equimo-
lar quantities of each radiolabeled transcript were added together
with tRNA and poly(A) competitors to glO epitope-tagged Hel-Nl
protein which was prebound to Staph A-Sepharose beads via
glO-specific antiserum. RNAs were analyzed on a urea-8% acryl-
amide gel.

the U-rich sequence derived with recombinant Hel-Nl was
unique and highly reproducible in that only 2 of the 28
sequences did not contain the U-rich pattern (data not
shown). These variants were rare in the population and thus
may represent ligands of lower binding affinity. Alterna-
tively, because Hel-Nl contains three potential RNA bind-
ing domains, these other sequences may represent ligands
which were bound by one of the domains not involved in
recognition of the U-rich regions. This possibility is compat-
ible with the proposal that Hel-Nl may exist as a ribonu-
cleoprotein (RNP) by interacting with two or more RNAs via
its multiple RRMs (33).
Hel-Nl binds to transcripts containing the 3' UTR of c-myc,

c-fos, and GM-CSF mRNA. To address the question of
whether recombinant Hel-Nl could bind the 3' UTRs of
oncoprotein and lymphokine mRNAs, DNA constructs en-
coding sequences of the 3' UTR of c-myc, c-fos, and
GM-CSF mRNAs (Fig. 2) were used to synthesize radiola-
beled transcripts for binding studies (6, 48, 60). Hel-Nl was
expressed in E. coli as a fusion construct containing a
13-amino-acid epitope tag (termed glO) placed at the amino
end of the protein. Immunization with a peptide representing
the glO epitope was described previously for the generation
of antibodies reactive with various glO-tagged proteins (6,
33, 58). As shown in Fig. 4, transcripts containing in vitro-
synthesized c-fos, GM-CSF, and c-myc 3' UTR mRNAs
were precipitable with anti-glO serum with glO-tagged
Hel-Nl (lanes 7 to 9).

Quantitative comparison of radiolabeled transcripts con-
taining the 3' UTR of c-myc, c-fos, and GM-CSF demon-
strated a strong binding to Hel-Nl compared with several
control RNAs (Table 2). The specificity of Hel-Nl binding to
these transcripts was substantiated with many control
RNAs. For example, Fig. 4, lanes 10 to 12, demonstrates
that UlsnRNP-70K mRNA and hYl antisense RNA, as well
as the 3' UTR of N-myc, respectively, did not bind to
Hel-Nl. Other control transcripts including precursor
mRNA transcripts containing polypyrimidine-rich introns;
Ul RNA, a transcript encoding neomycin resistance; vari-
ous vector sequence transcripts; and noncoding regions of
the dopamine 1 receptor mRNA failed to bind Hel-Nl (data
not shown). In total, at least 15 different in vitro transcripts
were examined as controls for RNA binding specificity, and
all failed to bind to Hel-Nl. Of particular interest was the
finding that Hel-Nl bound c-myc, but not N-myc, 3' UTRs.
Although the c-myc and N-myc 3' UTRs contain uridylate-
rich regions, the c-myc 3' UTR contains many characteristic
short uridylate stretches, including three AUUUA penta-
mers, whereas the N-myc 3' UTR lacks this pentamer.
Furthermore, the N-myc 3' UTR has not been identified
among the oncoprotein and lymphokine mRNAs with insta-
bility regions. As a control for specificity of RNA binding
under these conditions, the UlsnRNP-A protein was able to
bind efficiently to Ul RNA but not to other transcripts
(Table 2). In the above experiments, c-myc mRNA showed
the strongest binding to Hel-N1; thus, it was chosen as the
model transcript for subsequent in vitro binding experiments
although it may not be the in vivo Hel-Nl cognate RNA. As
in our previous studies, RNA binding reactions were carried
out in the presence of RNA competitors including tRNA and
poly(A) (39, 40).

Sequences within the 3' UTR of c-myc mRNA required for
binding of Hel-Nl. To delineate the mRNA sequence to
which Hel-Nl binds, a series of transcripts progressively
deleted from the 3' end of the c-myc 3' UTR were immuno-
precipitated with glO-tagged Hel-Nl (Fig. 5). Binding to the
full-length transcript of 432 nt and to 3'-truncated transcripts
of 293, 219, and 181 nt was consistently strong (Fig. 5, lanes
5 to 7, and data not shown). However, removal of the 29-nt
sequence 5'-UAACAGAUUUGUAUUUAAGAAUUGUU
JUUU-3' from the 181-nt transcript decreased binding by
Hel-Nl to an undetectable level (Fig. 5, lane 8). It is
apparent that the loss of binding between positions 181 and
152 was due to recognition of all or part of the 29-nt
sequence; however, we cannot rule out effects of secondary
structure or other regions of the RNA that may be involved

nts.
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FIG. 5. Binding of Hel-Nl to various transcripts from the 3'
UTR of c-myc mRNA. The binding assay was identical to that used
for Fig. 4. Supernatants (lanes 1 to 4) and bound 32P-labeled RNA
transcripts (lanes 5 to 8) from immunoprecipitation experiments
used the following transcripts: BamHI (432-nt, full-length tran-
script), SspI (219-nt transcript), DraI (181-nt transcript), and MseI
(152-nt transcript) were as depicted in Fig. 2 and as described in
Materials and Methods. Transcripts were analyzed on a urea-
acrylamide gel.

in binding. The above sequence shows strong similarity in
the underlined regions to RNA sequences selected from
random pools as shown in Fig. 3 and Table 1.
One of the more common elements present in the 3' UTR

of the proto-oncogene and lymphokine RNAs is the pen-
tamer AUUUA (8, 10, 12, 34, 51). This pentamer was
present in the 29-nt sequence of the c-myc 3' UTR found to
be crucial for binding of Hel-Nl. Shaw and Kamen (51)
demonstrated that sequences from the 3' UTR of GM-CSF
containing six repeats of the AUUUA pentamer could, when
placed in the noncoding region of the P-globin mRNA,
reduce the half-life from 24 h to 30 min. The AUUUA
pentamer was suggested to be an integral part of the insta-
bility consensus sequence (51) present in these 3' UTRs, but
a direct role for this sequence in mRNA stability has not
been demonstrated unequivocally. Other regions of these
mRNAs have also been implicated in instability (25, 30, 42,
52); however, studies of protein interactions with the 3' UTR
have focused on the conserved AUUUA pentamer as the
major cis determinant of instability (34, 35, 60). As shown
above, the hYl transcript did not bind Hel-Nl despite the
presence of an AUUUA pentamer. Although the 29-nt
sequence delineated here contains a single AUUUA pen-
tamer, the exact contact points between Hel-Nl and c-myc
3' UTR are not known.

Demonstration of Hel-Ni binding to the 3' UTR of c-myc
mRNA in transfected COS cells. Having established that
Hel-Nl could bind the 3' UTR of oncogene and cytokine
mRNAs in vitro, we obtained confirmatory evidence for this
interaction with transient transfection. COS cells were trans-
fected with DNA constructs encoding the 3' UTR of c-myc
mRNA together with control constructs encoding other
mRNAs (Fig. 6). Constructs used in transient transfections

FIG. 6. Binding of Hel-Nl to c-myc 3' UTR by coexpression in
COS cells. Lane 1, transfection of COS cells with glO-tagged RRM3
and the 3' UTR of c-myc followed by immunoprecipitation with glO
antibody and RNase protection; lane 2, transfection of COS cells
with g1O-tagged Hel-Nl and the 3' UTR of c-myc followed by
immunoprecipitation with glO-tagged antibody and RNase protec-
tion; lane 3, transfection of COS cells with a secretory alkaline
phosphatase gene and the 3' UTR of c-myc followed by immuno-
precipitation with glO antibody and RNase protection; lane 4,
transfection of COS cells with glO-tagged Hel-Nl and the 3' UTR of
c-myc followed by immunoprecipitation with normal serum and
RNase protection; lane 5, the RNA probe digested with RNase; lane
p, undigested probe used for RNase protection; lane m, molecular
weight markers.

included glO-Hel-N1, a secretory alkaline phosphatase
gene, and a glO construct encoding the carboxy-terminal 87
amino acids of Hel-Nl (Hel-Nl/RRM3) (diagrammed in Fig.
1). After 48 h of incubation, cytoplasmic fractions were
prepared and glO-containing proteins were immunoprecipi-
tated with glO rabbit antiserum. RNA in the immunoprecip-
itates was analyzed by RNase protection with a probe
representing the first 42 nt of the 3' UTR of c-myc mRNA.
As shown in Fig. 6, lanes 1 and 2, both Hel-Nl and
Hel-N1/RRM3 bound the c-myc transcript in cotransfected
COS cells. Control experiments demonstrated that, in the
absence of glO antiserum (lane 4) or when a protein without
a glO epitope tag (lane 3) was used, the 3' UTR of c-myc
mRNA was not precipitable. The occurrence of multiple
RNase-protected bands in lanes 1 and 2 was consistently
observed with these probes and may be due to their low
G+C content. These experiments demonstrate that Hel-Nl
is capable of binding the 3' UTR of c-myc mRNA in
transfected COS cells. Further, these data suggest that
Hel-N1/RRM3 alone was sufficient for binding the 3' UTR of
c-myc. As demonstrated below, this conclusion was corrob-
orated further by additional binding experiments.

Hel-Nl forms multimeric complexes with c-myc and GM-
CSF mRNA. As another confirmatory RNA binding method,
we used mobility shift assays with radiolabeled transcripts of
the 3' UTR of c-myc and GM-CSF mRNAs. These tran-
scripts were added to purified Hel-Nl, and mobility shift
analysis was performed as described previously (6, 33, 39,
40). Figures 7A and B show the results of addition of
increasing amounts of partially purified Hel-Nl to c-myc or
GM-CSF transcripts, respectively, followed by analysis on
nondenaturing gels. Both transcripts were shifted to a series
of slower-mobility bands as the amount of Hel-Nl was
increased progressively from 0 to 2.5 ,ug of protein. The
appearance of the multiple RNP bands detected in the
mobility shift experiments suggests that Hel-Nl may form
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FIG. 7. Formation of multimers by mobility shift upon binding of

Hel-Nl protein with the 3' UTR of c-myc (A) and GM-CSF (B)
mRNAs. Recombinant proteins were incubated in increasing
amounts with 32P-labeled transcripts of c-myc (219 nt) and GM-CSF
(266 nt) 3' UTR. After binding for 10 min, complexes were analyzed
on 3.2% nondenaturing polyacrylamide gels. (A) Lanes: 1, in vitro
transcript of 3' UTR of c-myc mRNA; 2 to 8, addition of 0.05, 0.1,
0.2, 0.5, 1, 2, and 5 p,l of purified Hel-Nl (0.5 ,ug/,ul) preincubated
with the c-myc mRNA transcript. (B) Lanes: 1, in vitro transcript of
3' UTR of GM-CSF mRNA; 2 to 7, addition of 0.5, 1, 2, 3, 4, and 5
,ul of purified Hel-Nl preincubated with the GM-CSF mRNA
transcript.

qualitatively different complexes with the GM-CSF 3' UTR
than with the c-myc 3' UTR, although the exact composition
of these complexes is not known. However, we have deter-
mined that the RNA present in each band is full length (data
not shown). As with the Hel-Nl immunoprecipitation bind-
ing reactions, the mobility shift analyses were carried out in
the presence of competitor tRNA, poly(A), and BSA. It
should be noted that E. coli proteins were not responsible for
these mobility shifts because the Hel-Nl protein was purified
and in similar experiments using IPTG-induced E. coli
extract alone multimers were not produced by mobility shift.
Furthermore, our laboratory has used other RRM proteins in
E. coli extracts, as well as purified RRM proteins, and none
has been found to produce multimeric bands by mobility
shift analysis (data not shown).

Hel-Nl and c-myc RNA form an autoantigenic RNP com-
plex. Recent studies of paraneoplastic disorders associated
with small cell lung carcinoma, including paraneoplastic
cerebellar degeneration and PEM, have resulted in the
identification of several autoantigens recognized by autoanti-
bodies in the sera of patients with these disorders (15, 18,
54). One PEM-associated autoantigen, HuD, like Hel-Nl
contains three RRMs, and the proteins share significant
homology. As expected, recombinant Hel-Nl was also re-
active with antiserum from PEM patients (data not shown).

Systemic autoantigens, classically exist as RNP particles
which are reactive with autoantibodies (31). Thus, it was
important to determine whether PEM autoantibodies can
recognize Hel-Nl when bound to c-myc transcripts. When
PEM autoantibodies were used in the RNA binding protocol
in place of the glO antiserum, c-myc transcripts were pre-
cipitable (Fig. 8A, lane 1), while control RNAs did not bind
Hel-Nl in this assay (Fig. 8A, lanes 3 to 5). Similar results
were obtained with GM-CSF transcripts, while four normal
human serum samples lacked the ability to immunoprecipi-
tate these complexes (data not shown).
We also determined whether a preformed complex con-

taining UV-cross-linked Hel-Nl and the c-myc or the GM-
CSF transcript could be recognized by PEM autoantiserum.
Hel-Nl was incubated with 2P-labeled c-myc or GM-CSF
mRNAs and exposed to UV light to mediate covalent

B
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FIG. 8. (A) Immunoprecipitation of Hel-Nl bound to 3' UTR of
c-myc mRNA with PEM autoimmune serum and glO serum. Lanes:
1, 3' UTR of c-myc bound to Hel-Nl and immunoprecipitated with
PEM autoantibody; 2, 3' UTR of c-myc bound to Hel-Nl and
immunoprecipitated with glO antibody; 3, UlsnRNP-70K mRNA
bound to Hel-Nl and immunoprecipitated with PEM autoantibody;
4, hYl antisense transcript bound to Hel-Nl and immunoprecipi-
tated with PEM antibody; 5, 3' UTR of N-myc mRNA bound to
Hel-Nl and immunoprecipitated with PEM autoantibody. (B) Im-
munoprecipitation of Hel-Nl cross-linked to 32P-labeled 3' UTR of
c-myc mRNA. Hel-Nl tagged with the glO epitope was UV cross-
linked and immunoprecipitated with anti-glO serum or with PEM
autoantiserum. Lanes: 1, immunoprecipitation with glO antibody
after UV cross-linking; 2, immunoprecipitation with PEM antibody
after UV cross-linking; 3, UV cross-linking without immunoprecip-
itation; 4, RNase digestion before UV cross-linking; 5, no RNase
and no antibody added after cross-linking. Samples were analyzed
on SDS-10% polyacrylamide gels. The arrow denotes the position of
Hel-Nl', which is approximately 28 kDa in size.

cross-linking between the RNA and associated proteins (35,
60). After UV cross-linking, excess RNA was digested with
RNase A and the proteins were analyzed on SDS-acrylamide
gels (Fig. 8B). The label transfer from c-myc RNA to Hel-Nl
revealed two predominant bands of 85 and 28 kDa (Fig. 8B,
lane 3). The higher-molecular-weight band was shown to
result from E. coli proteins following IPTG induction, since
UV cross-linking of control extracts lacking Hel-Nl also
exhibited the larger band. In subsequent experiments using
the partially purified recombinant Hel-Nl, no bands other
than Hel-Nl were observed. Using PEM autoantiserum, we
found that the 28-kDa band, Hel-Nl', was precipitable (Fig.
8B, lane 2), while four normal human serum samples were
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FIG. 9. Competition and binding assays by label transfer from
32P-labeled 3' UTR of c-myc mRNA to Hel-Nl and HeLa cell
nuclear extract. Lane 1, label transfer to HeLa cell nuclear extract
by UV cross-linking of 32P-labeled c-myc mRNA; lane 2, label
transfer to Hel-Nl by UV cross-linking of 32P-labeled c-myc mRNA;
lanes 3 to 5, addition of 1-, 2-, and 5-,ul equivalents of Hel-Nl extract
to the HeLa cell extract, respectively.

nonreactive (data not shown). These label transfer experi-
ments consistently displayed Hel-Nl as a 28-kDa fragment
(lane 2) which was reactive with PEM antibodies (data not
shown). This band is 10 kDa smaller than the expected size
of recombinant Hel-Nl. This fragmentation was similar to
results reported with two other RRM proteins which spon-
taneously fragment in vivo and in vitro (46, 55), but the
functional implications of these observations are not clear.
Interestingly, the glO rabbit antiserum was not able to
immunoprecipitate any of the UV-cross-linked proteins (Fig.
8B, lane 1), suggesting that Hel-Nl' lacked a 10-kDa frag-
ment corresponding to the amino terminus of Hel-Nl and the
glO epitope tag.
The cause of the fragmentation of Hel-Nl is unknown, but

it was consistently observed with the label transfer protocol.
Nonetheless, our experiments demonstrate that PEM au-
toantibodies did not interfere with the ability of Hel-Nl to
recognize and bind its RNA ligand as observed previously
for other systemic autoantigenic RNA-binding proteins stud-
ied in our laboratory (6, 31, 33, 40). Furthermore, these data
indicate that the RNA binding domain for the 3' UTR of
c-myc mRNA resides in a 28-kDa fragment containing at
least the third RRM of Hel-Nl (Fig. 1).

UV cross-linking of 3' UTR of c-myc to Hel-Ni in competi-
tion with proteins in HeLa nuclear extracts. Several studies
have used label transfer to identify proteins that are capable
of being UV-cross-linked to the 3' UTR of c-myc (35, 60). To
determine whether Hel-Nl can compete with cellular pro-
teins for binding to c-myc mRNA, HeLa cell nuclear extracts
and E. coli extracts containing recombinant Hel-Nl were
incubated with 32P-labeled c-myc 3' UTR and exposed to UV
light. After cross-linking, excess RNA was digested with
RNase A and analyzed on an SDS-acrylamide gel (Fig. 9,
lanes 1 and 2). When increasing amounts of Hel-Nl were
added to the nuclear extract prior to UV cross-linking, a
band of about 65 kDa was reduced by the competition with

Hel-Nl; however, its identity is unknown (Fig. 9, lanes 3 to
5). A 32-kDa protein band identified previously as being
capable of cross-linking to c-myc 3' UTR (60) was not
diminished significantly (Fig. 9, lanes 3 to 5). It is possible
that the 65-kDa protein may recognize similar structures and
sequences in the 3' UTR which are in close proximity to
those bound by Hel-Nl. Thus, it will be interesting to
examine the sequence and RNA binding properties of the
65-kDa protein and to determine whether it is involved in
processing and/or instability of HeLa cell mRNAs.

Defining the c-myc mRNA binding domain of Hel-Nl. In
order to understand the functional significance of RNA-
protein interactions, it is important to define the binding
characteristics of the respective ligands. Query et al. (39)
defined the Ul RNA binding domain of the U1-70K protein
with an in vitro binding assay and transcripts of Ul small
nuclear RNA. However, many RNA-binding proteins pos-
sess RRMs for which the RNA targets are not known
(reviewed in reference 27). In some cases, proteins which
possess more than one RRM, like Hel-Nl, may have RNA
targets identified for only one of the RRMs. For example, the
UlA and U2B" proteins each possess two RRMs, but the
amino-terminal RRM of each is sufficient for binding Ul and
U2 RNAs, respectively (6, 33, 49). The carboxy-terminal
RRMs of UlA and U2B" do not have known RNA binding
targets, and thus the amino acid residues which constitute
these RNA binding domains have not been assigned. Simi-
larly, poly(A)-binding protein consists of four RRMs, only a
subset of which have been shown to bind to poly(A); the
function of the other RRM(s) is presently unknown (11, 27,
37).
As suggested from the data of Fig. 6, RRM3 of Hel-Nl

alone may possess 3' UTR binding activity. To determine
whether RRM3 of Hel-Nl can function as an independent
RNA binding domain for c-myc, 3' UTR deletion mutants
(Fig. 1) that expressed either RRM1 (termed Hel-N1/RRM1),
RRM 1 and most of RRM2 (termed Hel-N1/RRM1,2'), or an
87-amino-acid protein containing only RRM3 (termed Hel-
N1/RRM3) were constructed. Of the three deletion con-
structs, only Hel-N1/RRM3 lacked the amino terminus of the
native Hel-Nl. Figure 10 demonstrates that Hel-N1/RRM3
alone (lane 3) was sufficient for binding the 3' UTR of c-myc
mRNA with the immunoprecipitation RNA binding assay.
There was no detectable binding to Hel-N1/RRM1 or to
Hel-N1/RRM1,2' fragments (Fig. 10, lanes 1 and 2) even
when varying amounts of protein were used. We conclude
that the 87-amino-acid fragment containing RRM3 of Hel-Nl
constitutes an RNA binding domain for the 3' UTR of c-myc
mRNA.

DISCUSSION

Determining an RNA ligand for putative RNA-binding
proteins is a particularly difficult problem. The most com-
mon approach involves direct in vitro binding of radiolabeled
cellular RNA and sequencing or probing for bound ligands.
Unfortunately, only highly abundant RNAs or highly stable
RNAs are usually detectable by these methods. More re-
cently, selection from random or degenerate pools of nucleic
acids has proved useful for identifying binding sequences for
DNA- and RNA-binding proteins (5, 56, 59). In this study,
we used an in vitro selection protocol from random RNA to
delineate preferred binding sequences for Hel-Nl. The ob-
jective of this approach is to gain insights into potential
biological ligands. Thus, it is not always necessary that a
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FIG. 10. RRM3 of Hel-Nl constitutes an RNA binding domain
for 3' UTR of c-myc mRNA. Deletion mutants of Hel-Nl containing
RRM1 (lane 1) RRM1,2' (lane 2), RRM3 (lane 3), and full-length
Hel-Nl (lane 4) were expressed in E. coli. Each expressed protein
construct was tested for its ability to bind c-myc 3' UTR mRNA by
immunoprecipitation using the glO serum as described in the legend
to Fig. 4 and Materials and Methods. Lane 5 shows the c-myc 3'
UTR transcript used in the binding reactions; P represents probe
alone.

single unique consensus sequence be derived by this in vitro
method.

Derivation of a sequence of character involving short
stretches of uridylates which were selected by Hel-Nl
proved sufficient to lead us to the growth factor 3' UTRs.
Regardless of whether the particular mRNAs shown in Table
1 are native ligands for Hel-Nl, they represent valuable and
interesting biological targets with which to study its binding.
Thus, we were able to demonstrate direct RNA binding of
Hel-Nl to the 3' UTRs of c-myc, GM-CSF, and c-fos
mRNAs. Several confirmatory methods including immuno-
precipitation, label transfer, and mobility shift assays con-
sistently demonstrated the specificity of RNA binding in
vitro. In addition, we demonstrated that an 87-amino-acid
sequence comprising the third RRM of Hel-Nl is, by itself,
capable of binding the 3' UTR of c-myc. These findings were
confirmed further by cotransfecting Hel-Nl and the 3' UTR
of c-myc transiently into COS cells.
We employed several controls to validate the specificity of

Hel-Nl binding to the 3' UTRs of these mRNAs. Perhaps the
most interesting controls were the coding and noncoding
regions of N-myc which were unable to bind Hel-Nl. This
result is curious given that c-myc and N-myc have highly
similar amino acid sequences and that both proteins have
been implicated in neuronal growth and development (2, 9,
20). However, significant differences reside in the 3' UTRs
of c-myc and N-myc mRNAs (16). The N-myc 3' UTR,
although uridylate rich, lacks sequences characteristic of
those selected and shown in Fig. 3 and noted by others to
reside among the instability sequences (51). Therefore,
N-myc has not been grouped with c-myc, GM-CSF, c-fos,

and other unstable mRNAs. Thus, the differences between
the 3' UTRs of c-myc and N-myc correlate with differences
in the half-life of the messages and in the Hel-Nl binding
data. Also of note was the fact that N-myc transcripts
contain the sequences CUUUA, AUUUG, CUUUC, and
G(U)5G(U)1OC within the 5' UTR and coding regions but do
not bind Hel-Nl. In addition to N-myc mRNA, other control
transcripts including UlsnRNP-70K mRNA coding se-
quences and 3' UTR; hYl RNA (which contains a single
AUUUA); Ul mRNA; dopa-1 receptor mRNA; neomycin
resistance RNA; and pre-mRNA transcripts containing poly-
pyrimidines and pGEM3, pSP64, and other vector tran-
scripts failed to bind to Hel-Nl.
Hel-Nl may represent a trans-acting RNA-binding protein

which recognizes the 3' UTR of highly unstable mRNAs. The
ability of Hel-Nl to bind the 3' UTR of various proto-
oncogene and cytokine mRNAs containing AU-rich regions
suggests the possibility that it may function as a trans-acting
factor involved in regulatory pathways such as mRNA
translation, compartmentalization, or stability. Although
other experiments have suggested that tissue-specific trans-
acting factors can affect the half-life of mRNAs containing
AU-rich 3' UTRs (50), none of these factors has been
elucidated. Hel-Nl is a potential candidate for such a factor
on the basis of its in vitro binding to growth factor mRNAs.
However, no direct role for Hel-Nl in regulating these
processes has yet been demonstrated.

Levels of c-myc and other growth factors are known to
change during development as withdrawal from the cell
cycle appears to be a prerequisite for commitment to termi-
nal differentiation (13, 14, 53). It is possible that Hel-Nl and
related proteins participate in neuronal development by
affecting growth factor mRNAs. Furthermore, Hel-Nl may
represent a group of tissue-specific proteins that participate
in regulating growth factors involved in the differentiation of
various cell types (14, 20, 22). Such a model is compatible
with the genetic phenotype of elav which has been shown to
function in differentiation and migration of neuroblasts into
adult neurons (23, 44).

It is interesting to note that K3(rbp9) contains a distinct
CT repeat transcription promoter element that also exists in
the myc homolog of D. melanogaster, achaete-scute (28).
Both K3(rbp9) and achaete-scute, as well as elav, are
implicated in neurogenesis in D. melanogaster. We have
noted that the 3' UTRs of achaete-scute t4 and tS mRNAs
(61) contain the RNA sequences selected to bind Hel-Nl and
common to the growth factor mRNAs shown in Fig. 3. Thus,
it will be important to determine whether direct interactions
can occur between achaete-scute mRNAs and elav or
K3(rbp9) proteins.
The elav-like proteins, including Hel-Nl, HuD, and

K3(rbp9) contain highly similar RRMs, which makes it likely
that they bind to similar RNA target sequences. As a group,
the elav-like RRMs appear related to the D. melanogaster
splicing protein, Sex lethal (29), and to some heterogeneous
nuclear RNP proteins, especially in the RNP1 octamer
regions (29a). Thus, it is possible that elav, K3(rbp9), HuD,
and Hel-Nl are members of a subgroup of RRM proteins
which bind to both precursor and mature mRNAs. For
example, it is possible that Hel-Nl can bind to pre-mRNA
sequences such as the polypyrimidine tracts of yet-unknown
pre-mRNAs, while functioning also at the 3' UTR on the
mature mRNA. This possibility is consistent with the pro-
posal of Pinol-Roma and Dreyfuss that certain heteroge-
neous nuclear RNP proteins appear to cycle between the
nucleus and the cytoplasm (38). However, complete analysis

MOL. CELL. BIOL.

CY) (Y)

N N



Hel-Nl: A URIDYLATE-RICH 3' UTR RNA-BINDING PROTEIN 3503

of the in vivo localization and cellular RNA targets of
Hel-Nl and related proteins will be necessary to implicate
them as regulatory RRM proteins with such dual functions.

Implications for autoimmunity and cancer. The observa-
tion that Hel-Nl, like HuD, is reactive with an autoantibody
present in the serum of patients with PEM (54) puts it in the
category of other human autoantigens that are members of
the RRM superfamily (26, 41, 47). Furthermore, the ability
of Hel-Nl to bind to growth factor mRNAs as an RNP
complex is intriguing since PEM patients are a subset of
those afflicted with small cell lung cancer, a disease in which
levels of c-myc are elevated (7, 24, 32). Although we have
not precisely mapped the epitopes recognized by PEM
patients, we have observed that the PEM serum does not
react with RRM3. This is consistent with the finding that
autoantibody recognition of Hel-Nl did not interfere with
binding to c-myc RNA (Fig. 8A). While these findings
suggest a potential link between an autoimmune response
and oncogenesis, the precise origins of autoantibodies to
Hel-Nl remain as elusive as with the other systemic autoan-
tigens (47).
The c-myc oncogene is known to be activated or amplified

in a number of naturally occurring neuronal tumors, includ-
ing small cell lung cancer (7, 24, 32), medulloblastomas (9),
and neuroendocrine tumors (2). Although no direct link
between occurrence of these tumors and expression of
Hel-Nl has been demonstrated, studies of the interactions of
Hel-Nl and other elav-like proteins with growth factor
mRNAs should help provide a better understanding of their
role in autoimmunity and cancer.
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