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ABSTRACT

The mammalian prion protein (PrPc) is a cellular
protein of unknown function, an altered isoform of
which (PrP80) is a component of the infectious particle
(prion) thought to be responsible for spongiform
encephalopathies In humans and animals. The
evolutionary conservation of the PrP gene has been
reported in the genomes of many vertebrates as well
as certain invertebrates. In the genome of nematode
Caenorhabditis elegans, the sequence capable of
hybridizing with the mammalian PrP cDNA probe has
been demonstrated, predicting the presence of the PrP
gene homologue in C.elegans. In this study, Southern
analysis with the hamster PrP cDNA (HaPrP) probe
confirmed the previous observation. Moreover,
Northern analysis revealed that the sequence is actively
transcribed in adult worms. Thus, we screened
C.elegans cDNA libraries with the HaPrP probe and
isolated a cDNA that hybridizes to the same sequence
in C.elegans that hybridized with the HaPrP probe in
the Southern and Northern analyses. The deduced
amino acid sequence of this cDNA, however, is
substantially homologous with heterogeneous nuclear
ribonucleoprotein (hnRNP) core proteins rather than
mammalian PrP0. The hnRNPs contain the glycine-rich
domain in the C-terminal half of the molecule, which
also seemed to be in PrP° at the N-terminal half of the
molecule. Both of the glycine-rich domains are
composed of tracts with high G + C content, indicating
that these tracts may due to the hybridizing signals.
These results suggest that this cDNA clone is derived
from a novel hnRNP gene homologue in C.elegans but
not from a predicted PrP gene homologue.

INTRODUCTION

Subacute spongiform encephalopathies, such as Creutzfeldt-Jakob
disease, Gerstmann-Straussler Syndrome and kuru in man and
scrapie, bovine spongiform encephalopathy, and transmissible

mink encephalopathy in animals, appear to be transmissible via
infectious agents (1). These agents have yet to be conclusively
identified and are usually referred to as unconventional viruses.
The overall properties of the agent, which has been designated
as a prion (2), differ from those of any known virus or viroid
and early on gave rise to speculations that it might be devoid
both of nucleic acid and of protein, consist of protein only, be
a polysaccharide or a membrane fragment. Recent reports,
however, have documented the existence of prion protein (PrP)
mRNA in a variety of uninfected tissues (3,4). PrP genes have
also been detected by hybridization in the genomes of many
vertebrates, including mouse, rat, rabbit, sheep, goat, and human,
as well as in certain invertebrates, such as nematode
Caenorhabditis elegans, Drosophila, and possibly yeast (5).
Comparison of hamster(3), mouse (6, 7), rat (8), sheep (9),
bovine (10) and human (11, 12) PrF amino acid sequences
deduced from nucleotide sequences of their PrP genes have
revealed extensive homology (approximately 90%). A recent
report (13) described the isolation of a cDNA from fractions
enriched for the acetylcholine receptor-inducing activity in
chicken. This cDNA encodes a chicken protein that is identical
to the mouse PrF at 33% of its amino acid positions. Although
the function of PrP0 is unknown, these findings raise the
possibility that the PrF serves normally to regulate the
chemoreceptor number at the neuromuscular junction.

An exhaustive study of the tiny roundworm C.elegans has
revealed a wealth of information about development and the brain.
In a body composed of very few cells, there are 302 neurons
in its nervous system, as opposed to 100 billion or so in man
(14). Application of the nematode C.elegans as an experimental
material for understanding brain function is of great benefit to
investigating the biological functions of P rF especially in the
central nervous system (CNS) and the roles of PrF in
progressive degeneration of the CNS.

Our Southern analysis with the hamster PrP (HaPrP) cDNA
probe supported the previous data (5) that C.elegans genomic
DNA digested with £coRI had two hybridized bands, suggesting
that the PrP gene homologue might be present in C.elegans.
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Northern analysis data demonstrated that it appeared to be actively
transcribed. By screening C.elegans cDNA libraries by
hybridizing with the HaPrP probe, we isolated positive clones
and evaluated them in detail. In this study, we concluded that
our clones were derived from a novel heterogeneous nuclear
ribonucleoprotein (hnRNP) gene homologue in C.elegans but not
from a predicted PrP gene homologue.

MATERIALS AND METHODS
HaPrP probe fragment
The cDNA insert was excised from pHaPrP (HaPrP cDNA
containing plasmid) (3) by cleavage with BamHl, followed by
preparative agarose gel electrophoresis. The recovered fragment
DNA (2 kb) was labeled with [a-32P] dCTP and served as a
probe for hybridization during the Southern and Northern
analyses and cDNA cloning. This fragment contains the whole
sequence in the probe previously utilized by Westaway and
Prusiner (5) and furthermore includes the 3' non-coding region.

Preparation of genomic DNA and total RNA from C.elegans

In this study, the wild-type strain (N2) of C.elegans var. Bristol
(15) was used. The worms were cultured on agar plates at 20°C.
The mixed population of worms mainly contained adults or L4
larvae. They were washed and concentrated in M9 buffer (15).
Isolation of genomic DNA from the concentrated worms was
performed using the general method (16). For preparation of total
RNA, the worms (1 g in wet weight) were suspended in 10 ml
of GTC solution (4 M guanidine thyocyanate, 10 mM Tris
(pH 7.5), 1 mM EDTA, 0.5%(w/v) Sarcosyl, l%(v/v) 2-mer-
captoethanol), a one-third volume of glass beads was added, and
the mixture was vortexed ten times for 30 seconds and centri-
fuged. The supernatant was passed through a needle (18-gage)
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Figure 1. Southern analysis of genomic sequences related to pHaPrP. Human
(T9SG gliobUstoma cell line, ATCC # CRL-1690) (lane 1), mouse (NIH3T3
cell line, ATCC # CRL-1658) (lane 2), rat (Donryu rat placenta tissues) (lane
3), chicken (chicken embryo-fibroblast) (lane 4), and C.elegans (lane 5) genomic
DNAs were digested with £ooRI, electrophoresed through a 0.8%(w/v) agarosc
gel, transferred to a nylon filter and hybridized with a [3iP]-labcled cDNA insert
of pHaPrP (A and B) or the C21 clone (C and D). The filter was washed under
conditions of low stringency (A and C) or high stringency (B and D) as described
in 'Materials and Methods'. The three bands, 2.5 (<), 3.0 ( < ) and 4.5 kb ( • ) ,
are observed in C.elegans. The DNA molecular size markers (X-£boT14I digest;
Takara Shuzoh Co., Ltd., Kyoto, Japan) are shown on the right.

ten times, layered over a solution (5.7 M CsCl/10 mM EDTA),
and ultracentrifuged (M. Imagawa, personal communication).
The RNA pellet was dissolved in distilled water. Poly(A+) RNA
was selected by Oligotex-dT30 (Nippon Rosch K.K., Tokyo,
Japan).

Southern analysis
Genomic DNAs of various vertebrates (10 /ig) and C.elegans
(3 ng) were completely digested with £coRI and electrophoresed
on 0.8% (w/v) agarose gels. The DNAs were denatured,
reneutralized, and transferred to nylon membranes (Hybond-N + ;
Amersham Int. pic, Buckinghamshire, UK). Hybridization with
the HaPrP probe was performed in a hybridization solution
(6XSSC, 5xDenhardt's, 30%(v/v) formamide, 0.5%(w/v) SDS,
0.5 mg/ml heparin) at 42°C overnight. The filter was washed
in a solution (0.1 xSSC, 0.5%(w/v) SDS) at 42°C or 65°C under
conditions of low stringency or high stringency, respectively,
followed by exposure to X-ray film (Kodak Co., Tokyo, Japan)
with an intensifying screen.

Northern analysis
Total RNAs (10 or 20 /xg) or poly(A+) RNAs (2.5 y.%) were
heat-denatured, electrophoresed on 0.66 M formaldehyde,
1.2%(w/v) agarose gels and transferred to Hybond-N+ nylon
membranes. Hybridization and washing were performed under
the same procedure as described in the Southern analysis.

C.elegans cDNA library screening and nucleotide sequence
analysis
The cDNA libraries inserted in XgtlO and Xgtl 1 (kindly provided
by M. Imagawa and H. Yasuda) were used. The NM514 strain
for XgtlO and the Y1090 strain for Xgtl 1 were used as host
bacteria. The screening method employed was that of Sambrook
et al. (17). Hybridization was performed under the low or high
stringency condition as described above. The positive clones were
rescreened twice more and subcloned into the £coRI site of
pBluescript (Stratagene, CA, USA). The cDNAs were sequenced
by the Sanger dideoxynucleotide chain-termination method (18)
using Sequenase Ver. 2.0 (United States Biochemical, OH,
USA).

RESULTS
Confirmation of the sequences in C.elegans reacted with the
HaPrP probe in Southern analysis
Westaway and Prusiner (5) reported the highly evolutionary
conservation of the cellular gene encoding the scrapie prion
protein. In the same report, they also predicted the presence of
the PrP gene homologue in C.elegans. In order to verify this
prediction, we first re-examined the experiment as follows.
Southern analysis of genomic DNAs under the low stringency
condition revealed several strong and faint bands in human,
mouse, rat and chicken genomic DNAs (Fig. 1A). Under the
same conditions, two strong bands (3.0 and 2.5 kb) were observed
in the C.elegans genomic DNA. This observation was identical
to that described by Westaway and Prusiner (5), confirming the
presence of hybridizing signals in C.elegans with our HaPrP
probe. Under the high stringency condition, a specific band in
each mammal, corresponding to the PrP gene, that is, about 15 kb
in human, 1.9 kb in rat, and 2.3 kb in mouse, remained (Fig. IB).
In contrast to the mammals, the intensity of every signal in
chicken and C.elegans was clearly diminished (Fig. IB, lanes
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acids, was much longer than that of the hamster PrP ORF, 254
amino acids (19). The amino acid sequence comparison of the
deduced protein with the hamster PrP0 protein did not give us
a significant similarity overall (Fig. 5). On the other hand,
another amino acid sequence comparison showed 41 % homology
between the C-terminal part of this deduced protein and the
hamster PrP° protein at the N-terminus (Fig. 5). This region is
characterized as the glycine-rich region that contains three GGGQ
and four GGGW repeats as shown in Fig. 4, which also seemed
characteristic in the PrP0 sequence, for example, five in human
(11) and four in hamster (3). The co-presence of the GGGQAV
repeats in both proteins might imply a similar function in part,
although the C-terminus of the putative protein has quite low or
no homology with the C-terminus of the mammal PrP° protein.

The C026 clone Is deduced as a novel hnRNP gene homologue
in C.elegans
Comparison of the deduced C026 protein sequence with
sequences in the GenBank Data base revealed homology with
the A and B group proteins of human heterogeneous nuclear
ribonucleoprotein (hnRNP), Al and Bl (20, 21), respectively,
of rat hnRNP (22), of Xenopus hnRNP, XAla (23), of Drosophila
hnRNP, Hrb98DE (24) and Hrb87F (25) (Fig. 5), and of
grasshopper hnRNP (26) (data not shown) rather than the
mammalian PrF protein (Fig. 5). The C026 protein is 42-48%
identical to these hnRNP members, with identical or conserved
amino acid residues in the entire overlapped sequence. In this
analysis, conserved amino acids include E and D, K and R, T
and S, and A, V, I, L, and F. When the C026 protein is divided
into two parts, the N-terminus (amino acid 1 to 195) and the C-
terminus (a.a. 196 to 346), the N-terminus shares 56-66% amino
acid identity with those of these hnRNP members; whereas, the
C-terminus shares only 20-31% identity. Two other features
conserved among them are the two RNA-binding domains which
contain the two consensus sequences, RNP1 and RNP2, in the
N-terminal half of the molecule and a glycine-rich region
extending throughout almost the entire sequence in the C-terminal
half of the molecule (Figs. 4 and 5). On the other hand, the C026
protein is only 23% identical to the hamster PrP°. The C026
protein also displays different structural domains as does the
mammalian PrP0, including proline- and glycine-rich repeats in
the N-terminal halves of the molecules as well as central and
C-terminal hydrophobic regions. This evidence suggests that the
C026 clone is derived from a novel hnRNP gene homologue in
C.elegans but not from a predicted PrP gene homologue.

Figure 4. The nucleotide sequence of the C026 and the C21 cDNA inserts and
the deduced sequence of the 346 amino acid protein corresponding to the single
long open reading frame. The coding strand is shown. The first amino acid residue
in the deduced protein sequence corresponds to the first AUG from the 5' end;
the last amino acid residue is adjacent to the first in-frame termination codon
(UAA). This ATG is probably the true initiation codon, because it is preceded
by an in-frame termination codon at nt 133, and its surrounding sequence
(ATCATGACG) closely matches the consensus translation initiation site
(PuNNATGG) proposed by Kozak (29). In the 3' untranslated region, a putative
mRNA processing signal (AATAAA) is indicated with a double underline. At
the N-terminus of the deduced protein, an RNA-binding domain consisting of
tandemly repeated RNP motifs that contain two highly conserved short segments,
referred to as RNP1 and RNP2 (indicated with thick and broken underlines,
respectively), is found. GGGW and GGGQ repeats are in boxes and two of the
G-Q repeats (22 aa) are underlined. The 5'end of the C21 cDNA is marked with
an arrowhead.

DISCUSSION

As already mentioned, Westaway and Prusiner (5) have described
that three invertebrate DNAs reacted with the mammalian PrP
probes in the order nematode — Drosophila > > yeast, and
suggested that the sequences in vertebrates DNA as well as in
these invertebrates DNA may arise from authentic PrP genes.
In order to verify this suggestion, we decided to isolate the
authentic PrP gene from nematode C.elegans. Our data on
Southern analysis with the HaPrP probe supported the previous
data, moreover, our Northern data strongly suggested that the
sequence in C.elegans was actively transcribed. Thus, we
screened C.elegans cDNA libraries with die HaPrP probe under
the low stringency condition the same as in the Southern and
Northern analyses and isolated the C21 clone. This cloned cDNA
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Figure 5. Amino acid sequence comparison of the deduced CO26 protein with
hamster PrP0 (PRP) (3) arid hnRNPs from different organisms belonging to the
hnRNP family (me human Al (HA1) (20) and Bl (HB1) (21), the Xenopus XAla,
(XAla) (23), the Drosophila Hrb98DE, (D98) (24) and Hrb87F, (D87) (25)).
Amino acids that are identical between C026 and others are dotted. Gaps are
indicated by dashes. Conserved residues within the RNA-binding regions (RNP1
and RNP2) are boxed. The amino acid numbers on the right refer to individual
proteins. The hnRNPs are divided into two parts between the residues 195 and
196 of the C026 protein by a vertical line, the NHerminus and the C-terminus.

was able to hybridize one of the two bands in C.elegans genomic
DNA, which was shown to be strongly reacted by the HaPrP
probe in Southern analysis. Moreover, this cDNA also reacted
with one of the four bands in C.elegans mRNA, which were
shown to be reacted by the HaPrP probe in Northern analysis.
From the evaluation in Southern and Northern analyses, we
conclude that this C.elegans cDNA obtained here is derived from
the sequence previously reacted with the mammalian PrP probe.

A comparison of the nucleotide and amino acid sequences
between the cDNA clone and the HaPrP cDNA was carried out.
The maximum homology of the compatible sequence at the
nucleotide level is 52%. There are almost identical, continuous
sequence repeats of 19 bases in their sequences (see Fig. 3). The
cDNA clone appears to be due to hybridization of this very
GC-rich region of the HaPrP cDNA. Westaway and Prusiner
described that their HaPrP cDNA probe containing the 5'BamHl-
Taql cDNA fragment (1 -909 nt (5)) hybridized to the two bands,

1 2 3 4 5
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Figure 6. Southern (A) and Northern (A) analyses using the PrP-2 probe containing
the 251-733 nt cDNA fragment of the HaPrP cDNA. A: Human (lane 1), mouse
(lane 2), rat (lane 3), chicken (lane 4), and C.elegans (lane 5) genomic DNAs
digested with £coRI were used for Southern analysis using the [-^Pi-labeled
PrP-2 probe under the low stringency condition. In human, mouse and rat, expected
bands 15, 2.3, and 1.9 kb, respectively, and unexpected faint bands or smears
are seen. In chicken, no band is seen. One faint band, 3.6 kb, is only observed
in C.elegans. The DNA molecular size markers (X-£coT14I digest) are shown
on the left. B: Samples of total RNA (20 pg) from human (T98G) (lane 1), mouse
(NIH3T3) (lane 2) and C.elegans (lane 3) were used for Northem analysis using
the [32P]-labeled PrP-2 probe under me low stringency condition. In T98G cells
and NM3T3 cells, expected bands 3.0 and 2.5 kb, respectively, and unexpected
bands are seen. In C.elegans, only one faint band (1.0 kb) is observed. RNA
molecular standards (0.24-9.5 kb RNA Ladder) are shown on the left.

Table 1. Statistical significance (Z value) of protein similarity scores between
the C026 predicted product and hnRNPs and HaPrP.

Library sequence matched
Protein Species

Similarity score
I O

Z value
1 O

HA1
HB1
XAla
D98
D87
PRP

Human
Human
Xenopus
Drosophila
Drosophila
Hamster

632
623
585
526
623

81

672
684
702
655
774
139

77.2
76.0
71.1
63.5
76.0
6.4

82.3
83.8
86.1
80.1
95.4
13.9

The statistical significance of each comparison of the two sequences was estimated
by the RDF program of Lipman and Pearson (30), which generates the Z value
= ((similarity score - mean of random scores(°31.0))/|standard deviation of
random scores ( = 7.79)), (Ktup=l). I or O indicates the initial or optimized
alignment score, respectively. A Z value > 4 is believed to be biologically
significant. Other abbreviations for proteins are as described in legend for Fig. 5.

which seem to be the same bands seen by us from Southern
analysis in C.elegans DNA (Fig. 1A, lane 5). To clarify the
region responsible for this hybridization reaction, we removed
the 5' region including these repeats and the 3' non-coding region
from the HaPrP cDNA and used it as a new HaPrP probe,
designated PrP-2, which contains the 251-733 nt cDNA
fragment of the HaPrP cDNA, for the Southern and Northern
analyses. As shown in Fig. 6A, the PrP-2 probe did not hybridize
to the previous two bands which reacted with the HaPrP probe
in Southern analysis shown in Fig. 1A, but weakly hybridized
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to a new 3.6 kb band instead. Moreover, in Northern analysis
(Fig. 6B), the PrP-2 probe did not hybridize to the previous four
bands which reacted with the HaPrP probe shown in Fig. 2A,
but weakly hybridized to a new 1.0 kb band instead. These data
indicate that the sequence at the 5' half region from 1 to 270
nt in the HaPrP cDNA is responsible for hybridizing between
the C.elegans sequences and the HaPrP cDNA under the low
stringency condition. Therefore, the continuous repeats are
involved in this 5' half region of the HaPrP cDNA and probably
resulted in the cross-hybridization between them.

Although the C026 clone isolated from a C.elegans cDNA
library using the C21 probe under the high stringency condition
has a full length (346 amino acids) of deduced protein sequence,
it shows quite low homology with the mammalian PrP0;
whereas, it shows quite high homology with vertebrate A and
B hnRNPs as well as invertebrate hnRNPs (Fig. 5). The statistical
evaluation (Table 1) indicates that this deduced 346-amino acid
C026 gene product displays extremely more significant similarity
to various members of the hnRNP family than to the mammalian
PrP gene product. In eukaryotic cells, nascent RNA transcribed
by RNA polymerase II is present in the nucleus as RNA-protein
complexes, termed the hnRNP complexes. Considerable
experimental evidence points to a role of hnRNP complexes in
the post transcriptional processing of hnRNA and particularly
in the splicing reaction (20, 24). Proteins A and B are members
of two related families of basic proteins that share common
antigenic determinants and extensive homologies in the primary
structure. The vertebrate A and B hnRNPs and the invertebrate
hnRNPs may form a distinct subfamily within the larger family
of related RNA binding proteins. So far, from C.elegans,
genomic or cDNA clones for the sequences related to hnRNPs
are not reported. The hnRNPs have consensus sequences, RNP1
and RNP2, for RNA-binding domains at the N-terminus. Identical
repeats are also found in the N-terminus of the deduced amino
acid sequence of the C026 clone. This region of the C026 protein
is considered to be an RNA binding domain. The sequences of
the C026 protein and the hnRNPs are highly homologous at the
N-terminus rather than at the C-terminus. By comparing the
amino acid composition of the first 195 amino acids in the C026
protein with those of hnRNPs, it is obvious that the C-terminal
half of this protein (residues 196—346) represents an extremely
glycine-rich (48%) domain that is quite analogous to that
(38-52% glycine) in the C-terminal halves of the hnRNPs
(Fig. 5). While the exact sequences are poorly conserved between
the C-terminal halves of the different hnRNPs, the compositions
are very similar; this concept is also seen between the C026
protein and the hnRNPs. In contrast to this C026 protein and
hnRNPs, the N-terminus of the mammalian PrP° protein
(approximately residues 29-94) represents the analogous glycine-
rich (approximately 47%) domain (3, 6—12). A striking feature
of the mammalian PrP0 protein is that 13% of the residues are
in four direct tandem repeats of eight amino acids, i.e., the
octapeptide WGQPHGGS/G, from positions 57 to 88. In
addition, remnants of this sequence are found on either side of
the four repeats. The suggested secondary structure of these
repeats is composed exclusively of random coils and /3-turns (6).
Analysis of the primary structure of the glycine-rich domain of
hnRNP revealed that it also contains 16 repeating oligopeptide
units and is structurally flexible due to the high content of residues
with strong /3-turn and random coil prediction (22). However,
the consensus sequence in the repeats is absolutely different from

that of the previous repeats seen in the mammalian PrP0 protein.
Taken together, these findings strongly suggest that this cDNA
isolated here was derived from an hnRNP gene homologue but
not from the predicted PrP gene homologue in C. elegans. This
suggestion raises the possibility that the sequences detected in
other invertebrates with the mammalian PrP cDNA probe arise
from hnRNP genes but not from authentic PrP genes. From the
unpublished results by Westaway and Mirenda (27), they failed
to clone a homologous PrP gene from Drosophila but the clones
obtained are predicted to encode threonine-rich proteins unrelated
to PrP, which also support this possibility.

The other sequences in C.elegans, which correspond to the
3.0 kb band and the three 2.2, 1.4 and 0.7 kb transcripts loosely
reacted with the mammalian PrP cDNA probe in Southern
(Fig. 1A) and Northern analyses (Fig. 2A), respectively, are
considered to differ from an authentic PrP gene, because the
sequences did not hybridize with the PrP-2 probe as previously
described. However, it would be interesting to examine whether
these sequences are related to those of the hnRNPs. Moreover,
the other sequences in C.elegans, which correspond to the 3.6 kb
band and the 1.0 kb band weakly reacted with the PrP-2 probe
in Southern and Northern analyses (Fig. 6), respectively, are also
considered to differ from an authentic PrP gene. This is why
the sequences did not hybridize with the HaPrP probe. Taken
together, our findings raise the possibility that animals lower than
vertebrates, at least nematode, might not possess authentic PrP
gene homologues. The following evidences may support this
assumption: the unexpectedly low homology (33%) between the
murine PrP° and the chicken prion-like protein recently cloned
(13), i.e., this is extraordinarily lower than the homology between
the human ubiquitously expressed protein Oct-1 and its
counterpart in chicken (an overall 96% amino-acid sequence
identity) (28), and the failure to detect PrP sequences in Xenopus
(5). We think that PrP genes might be unique in vertebrates,
especially mammals. This possibility has already been suggested
by Oesch et al. (27) based on unpublished results by Westaway
and Mirenda previously described. A recent report (29) that mice
engineered to lack the gene for PrP0 show no detectable
abnormalities in behavior or development up to at least seven
months of age, suggesting a possibility that the function of the
missing PrP within the cell is assumed by related or different
protein(s), or that the function is redundant. Hence, we cannot
rule out the possibility that the sequences in vertebrates as well
as in C.elegans, which weakly reacted with the PrP-2 probe
(Fig. 6), are predicted to encode proteins not exactly but partially
related to PrF.

Note added
While this paper was under review, we found a report that, in
a survey of expressed genes in C.elegans, a cDNA clone
corresponds to hnRNP (31).
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