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ABSTRACT

In human cells at least 20 different proteins or groups
of proteins have been identified that are associated with
hnRNAs. These proteins (designated Al - U) are highly
abundant in the nucleus. In this study, we present the
sequence of a novel cDNA clone, sub2.3, isolated from
a human lymphocyte cDNA library. The predicted
amino acid sequence shows homology to repeated
domains in the human hnRNA binding protein K
(hnRNP K), which are believed to be of functional
importance. hnRNP K is among the major oligo(rC/dC)
binding proteins in vertebrate cells and we show here
that the protein product of sub2.3 also binds to
oligo(dC). This is shown by a novel approach where we
demonstrated specific binding of in vitro translated
sub2.3 protein to biotinylated oligo(dC) which was
immobilized on magnetic streptavidin-coated Dyna-
beads. Moreover we found that the sub2.3 transcript
is expressed in a tissue dependent manner with the
highest expression observed in several lymphoid
tissues and skeletal muscle. The gene was also
abundantly expressed in several lymphoid cell lines and
the hepatoma cell line HepG2 while a low expression
was observed in the HL60 myeloid cell line and in the
HeLa cervical carcinoma cell line. In conclusion, this
study presents the cDNA sequence of a novel transcript
which shows tissue specific expression and encodes
a protein with oligo(dC) binding specificity in vitro.

INTRODUCTION
Heterogenous nuclear RNA binding proteins (hnRNP) constitutes
a broad class of proteins, designated Al to U, which are
associated to pre-mRNAs during the processing to mRNAs.
hnRNPs are believed to influence the structure of hnRNAs, and
facilitate or hinder the interaction ofhnRNA sequences with other

components that are needed for the processing of pre-mRNAs.
In addition, hnRNPs may also play important roles in the
interaction between hnRNA and other nuclear structures, in
nucleocytoplasmic transport of mRNA, and in other cellular
processes (1). hnRNPs are localized in the nucleus and are a
major group of proteins there, but there are also examples of
hnRNPs that shuttle between nucleus and cytoplasm, leading to
the speculation that they also can be involved in the transport
ofmRNA from the nucleus to the cytoplasm (1,2). The hnRNP
J and K proteins have been identified as the major oligo(C) and
poly(C) binding proteins in human HeLa cells (3). They are
immunologically related to each other and evolutionary conserved
among various vertebrates (3). In vivo they are believed to bind
to cytidine rich polypyrimidin tracts at the 3' ends of introns,
but in vitro they can bind both to ribopolynucleotides and
deoxyribopolynucleotides (3). One can therefore not exclude the
possibility that these proteins also bind to DNA. Interestingly,
a recent study has shown that hnRNP K can bind to the CT
element in thehuman c-myc promoter, and transfection studies
have demonstrated that hnRNP K augments gene expression in
a cis-element dependent manner, and may thus play a role in
the transcriptional regulation of the human c-myc gene (4).

Several strategies have been employed to isolate genes
expressed in specific cells or tissues. One powerful tool is the
isolation of genes by different subtraction strategies
(5,6,7,8,9,10). In this study we present the sequence of a cDNA
clone obtained from cultured lymphocytes by a subtractive
strategy. This cDNA clone showed strong homology to a mouse
cDNA sequence (GenBank accession no. L19661), designated
hnRNP X (1 1). The hnRNP X cDNA was isolated from a cDNA
library generated from the mouse pre-B leukaemia cell line 70Z3.
Both the sub2.3 gene product and hnRNP X show homology to
repeated domains in hnRNP K (11). In this study we have
investigated if sub2.3 has the same binding specificity as hnRNP
K, and in addition we also present expression data showing an
unique tissue distribution of the sub2.3 transcript.

*To whom correspondence should be addressed



960 Nucleic Acids Research, 1994, Vol. 22, No. 6

MATERIAL AND METHODS
Cells
The following human derived cell lines were used in this study;
the pre-B cell lines Reh (ATCC CRL 8286) and Nalm-6, The
Burkitt's lymphoma cell lines Daudi (ATCC CCL 213) and Raji
(ATCC CLL 86), the plasmacytoid cell line U266 (ATCC TIB
196), The T cell line Jurkat (ATCC TIB 152), the myeloid cell
line HL60 (ATCC CCL 240), the hepatoma cell line HepG2 (AT-
CC HB 8065) and the cervical carcinoma cell line HeLa (ATCC
CCL 2). All lymphoid cell lines were grown in RPMI 1640
supplemented with 10 % fetal bovine serum at 37 in an humidified
atmosphere with 5 % CO2. HepG2 and HeLa were grown in
Dulbecco's Modified Eagles medium supplemented with 10 %
Fetal bovine serum.

Isolation of the sub2.3 cDNA clone
The sub2.3 cDNA clone was isolated using a novel subtractive
strategy recently described (10). Briefly, biotinylated l.strand
cDNA generated from Reh mRNA was immobilized onto
strepavidin-coated magnetic Dynabeads (Dynabeads M-280
Streptavidin; Dynal, Norway). mRNA isolated from TPA
stimulated Daudi cells was hybridized to the immobilized 1.strand
cDNA. The specific Daudi mRNA left after the subtraction, was
converted to a radiolabeled cDNA probe and used for the
screening of a cDNA library, generated from TPA stimulated
T cells, in bacteria by colony hybridization as described by
Grunstein and Hogness (12). The sub2.3 cDNA clone was one
of eight cDNA clones isolated from 4 x I04 colonies obtained by
this strategy. A near full-length (1600 bp) sub2.3 cDNA clone
was isolated from the same cDNA library as described above
using the originally isolated sub2.3 cDNA as a probe.

DNA sequencing
Both the original sub2.3 cDNA clone (sub2.3s, 1. 1 kb) and the
longer near full-length cDNA clone (sub2.3f, 1.6 kb) were
sequenced in both directions after restriction fragment subcloning.
Overlapping restriction fragments were subcloned into pBluescript
KS- (Stratagene, CA). Doublestranded sequencing was
performed on plasmid DNA with the Sequenase sequencing kit
(USB, Cleveland, OH) according to the manufactures
instructions. Database searches was performed using the Blast
(National Centre for Biotechnology Information), Fasta and
TFasta programs from the GCG program package (13).

In vitro transcription and translation
In vitro transcription and in vitro translation were performed with
kits obtained from Promega (Madison, USA) according to the
manufactures protocol. Briefly, the sub2.3f cDNA clone in
pBluescript KS- was linearised with SalI, precipitated and
resuspended in RNase free H20. In vitro transcription was
performed for 60 minutes at 37°C, in presence of ribonucleotides,
RNasin, DTT, transcription buffer and T7 RNA polymerase. The
in vitro transcribed RNA was precipitated and subjected to in
vitro translation by incubation with rabbit reticulocyte lysate
(Promega, Madison, USA) in the presence of [35S]-methionine
for 60 minutes at 30°C. The in vitro translation product was
analyzed on a 12 % SDS-polyacrylamide gel. Following
electrophoresis, the gel was fixed, dried, and subsequently
subjected to autoradiography.

RNA isolation and Northern blot analysis
Total RNA was extracted from cells by the guanidine thiocyanate
method (14). 10 /sg samples of total RNA were size fractionated
on 1 % agarose/formaldehyde denaturing gels, transferred to
nylon membranes (Hybond-N nylon, 0.45 micron; Amersham,
Arlington hights, IL) and crosslinked to the membranes by UV
light. Prehybridization and hybridization was performed in
hybridization buffer (5 x SSPE, 5 x Denhardt, 0.1 % SDS and 20
p4g/ml salmon sperm DNA) at 65°C and the membranes were
hybridized over night with a[32P]-dCTP-labelled sub2.3 insert
(Mega-prime DNA labelling systems, Amersham, Arlington
hights, IL). An 19-mer oligonucleotide hybridizing to 18S rRNA
(nucleotides 287-305 in the 18S rRNA sequence) was end
labelled with ['y-32P]-ATP (3000 Ci/mM) as described by
Sambrook et al. (15) and hybridized to the filters over night at
55°C. The membranes were washed with 2 x SSC/0. 1 % SDS
at room temperature followed by 1 x SSC/0. 1 SDS at 650C.
Multiple tissue blots were obtained from Clontech (Multiple tissue
blot 1 and 2; Clontech, CA). Each lane contain 2 /%g mRNA
isolated from different tissues. A third, non-commercial tissue
blot, containing 20 itg of total RNA per lane, was a kind gift
from Kjetil Tasken, Institute of Medical Biochemistry, University
of Oslo, Norway. These blots were prehybridized and hybridized
in hybridization solution (5 x SSPE, 5 x Denhardt, 50 %
formaldehyde and 100 ,ug/ml salmon sperm DNA) at 42°C. The
blots were hybridized with a[32P]-dCTP labelled sub2.3 cDNA
insert over night followed by washing as described by Clontech.
All blots were exposed to XAR-5 film (Kodak) at -700C using
DuPont Lightning-Plus intensifying screens (Wilmington, DE).

Isolation of genomic DNA and Southern blot analysis
Genomic DNA was isolated from the Daudi cell line on a nucleic
acid extractor 340A (Applied Biosystem, USA) essentially,
according to the manufactures instructions. 7 ug of genomic DNA
was subjected to restriction cleavage (HindI, BamH1, EcoRl,
EcoRV or Pstl) in appropriate digestion buffer with 4mM
spermidin for 3-4 h at 37°C . The reactions were subjected to
horizontal agarose gel electrophoresis at 30 volts for 20 h.
Denaturation of DNA, and blotting of agarose gel to filter was
performed as described by Sambrook et al. (15). DNA was
crosslinked to the filter (Hybond N+; Amersham) by the
combination of baking for 2 h at 80°C and 10 min UV exposure.
Sub2.3 insert was labelled with c[32P]-dCTP (3000 Ci/mM) by
random priming as described above. Prehybridization and
hybridization of the filter was performed in 5 X SSPE,
5 xDenhardt, 0.1 % SDS and 20 p4g/ml salmon sperm DNA.
The probe was hybridized to the filter at 65°C over night. The
filters were washed with increasingly stringent washes, dried and
subjected to autoradiography.

Nucleic acid-binding assay
The nucleic acid binding assay was performed using a novel
approach where oligonucleotides were immobilized to a magnetic
solid phase (Dynabeads M-280 streptavidin; Dynal, Norway).
The binding and washing conditions in the assay were essentially
as described for oligo(dC) binding assays described previously
(3,16). The biotinylated oligonucleotides used in this study were
a 20-mer oligo(dC) and a control oligonucleotide with the
sequence: 5'-GGA-CCT-TCC-TTG-GTG-TGT-TG -3'. 10 Ag
of each oligonucleotide in PBS was immobilized to 50 ul (10
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..-...CCIACACCICCCTCCCC...........CCCCCCCAGCCG....-...................---...... .CCAAAGACITGACCACGIAACCAG

I CCCGCCCCI I CCCCI I CCCGCCCCGCI CCCCt tI1 1CCCCt CAGCGCACICGCGCCICCAG11 IttGCCCI tII CACTIC I CACCAGI GACCAAAGCT I GACCACICAA- - AG

CCCAAC CCCCCGAACGCCGCCCGCCGCICGCCAIGCGATGCCGGI CGGACTGAAAGTGGACtAAACGTGACtCICACCAI 1CGGCI Ct TAIGCACGGAAAGGAAGIAGG

TCCAGCTCCCTGC1M.--...... CtGCTAGACAtGGACACCGGTGtGATTGAAGGlGGAtTAMTGlCAClC2CACCATCAGCCTAC- TAtGCAtGGAAAGGAAGI GG

AAGCATCAT GGGAAGAGCGGATCGC AAGAGGAI CCGCGAGGAGAG GGCGCGCGGA CAACA C CGGAGGGGAA 1G CCGGAGAGAACAI CAC1 CI GACCG

CAGIAICAtCGGAAAGAAAGGAGAATCtGItAAGAAGA1GCGCCAGGAGAGtGGTGCACGIAICAMCAICICAGAAGGGAA1IGICCIGAACAAI 1AICACt ItGGCIG

GCCCCACCMIGCCATCT tTMGGCCt1 CGCtAI CATCAI CGACMGCTGGAGGAAGAIAI CMCAGCTCCAt GACCMCAGIACCGCGCCCAGCAGCCCCCCGGTCACC

GACCACtMI GCCAI CT ICtACCC I TGCCATGAt CA tIGACAACTCCAAGAGGACAtMGCAGCICtAT GACCAATACIACAGCIGCCAGIAGACCCCCGGTtACC

C1 GAGGCICCGGGIGCCGCCACCCAGIGCGGC1 CCCIGAT IGGGAAGGCGGG1GMGA CAGAGAI CCGCG GAG1 CGGGCGCAGW1 CCAGGI GGCGGGGA

TTACGGC1GG1GGh1CCGCIAGICAGGGGCJCCCIATGGAAAAGG1GGITGC1I ACMGAICAAGGAMTGAGAGAGIACAGGGGCICACGGCCAGGTGGCAGGGGA

TAT GCI GCCCCMCI CCACCGAGCGGGCCAI CACCAI CGCT GGCG7GCCGCAGCI GICACCGAG1G1GICAAGCAGAT I TGCCCIGICAI GCI GAGACGClCT CCCCAG

TATGCCXCCCCAAC1 CAACI GAGCGGGCAATCACIAT IGCIGCAtCttCCGCAGtCCAICt It1GAGtGTGtCCACAICtGCGIGGICAI GICtG1AGI CCCCCCC-.....

CTCCGCAAGGGAGAGtCATGACCAI JCCGtACCAGCCCATGCCGGCCACICCCCCAGTCAtCTGCGCGCGCGGCCAMGAICGGI ......... GCAGCGACGCTGCCGGC

..GAAGGGCCCGIGACCAICCCCIACCGGCCCAAGCCTICCAGI tCICCACTCA CTt TCCAGGICGICAGCACAGCTACAGCACAGGCAGCGACAGIGCCACC

TACCCCCAtGCCACCCA ..................-GACCTGGAGGGACCACCTCtAGATGCCtACTCGAT CMCGACMCACACC*AT tTCTCCGCT CCATCtGGCCA

t11 CCCCACACCACCCCGICCAI GI GCCTCAACCCTGACTGCAGGGACCACCI CAGAGGCCIATACCAT CMGGACAGTAIGCCCA I1CCACAGCCAGA I IGACCA

AGCIGACCAGGIGGCMAGACCAGTCTCACt I IGCCAIGATGCACGGCGGGACCGGATTCGCCGGMt IGACICCAGCC1CCCAGAGGIGAAAGGCIAI 1 GGGCAGT

AGCTGCACCAGT IGGCAATCCAACAGICICAT TI 1CCCATCACCCAIGGCAACACCGCAI tCAGICGCATIGAAtCCACCIC1CCAGAGGCAAACGCCAI IGGGCAGGT

TIGGAIGCA7CTACtCACCACC--*CAIGMCTCACCATCCAAATCMCTMAATGGCTGCATMICGGGCG .........CCAMCATTAATGAGtACCGCCAGAIGTC

IGAtGtCATClCTCAACtACT I TCAIGACl CACCT CCATGATTtGTTGGCTGCATAAtCGGGCGCAAGCGCCAATCATGGACCGICAtGAtG C

CGGGGCCCAGAICAAATIGCCAACCCAGTGGAAGGCTCCICTGGTAGGCAGGT TACTATCACTGGCTCTGCTGCCAGTATTAGTCTGCCCCACtATCTATCAATGCCA

TGGGGCGCCAGACAtCAT tGCMJCCCAGGAAGGAMC>tCACTGATCGGCAGGtlACCAtCACtGGAtCTGCtGCCAGCAItAGCCCtGCTCAGIATCTAATCAAtGCA

GCCt ttCC1CCt GAGGGGC @-*CACGGGG GCAGCIAGAACAGIGCTAGGttCCCtCAAIMCCCCt t 1CtGCTGICtCtCCC-*.... A1GAtCCAACtGTGIM1 11Ct C

CCCItICCICGGAGACAGGIGGCAGCCGGAGCAGCiAGAMCAGACCA-CACCCAICCAIAA..*T GCClGCTGTtCACCACCCGATGAICCATCTG1GTAGt 1 1CtCM

--GJCACTGATTCCACGGTIIAA-AATMTIG1MAGTGTTCAAGTTICTACACAACJTIAICATCCGCTAAGMIITAMAATCACA ....... TTCTCTGTIC

*CAGtCAGCGACISCCAGGT t tAAAIAGtMtGTAAATTClCt-tCUCtTTCTACAC-ATl A CATCCACTlCl1TCA CAv @@ITA **AGT-I * **TtC1C1C1CtG1TC

AGCTGTTAATGCIGCGATI**CCATATT -AGTITTATMAGC1TTICCCTGITTITAGTTTTGTTTTGGGTTTTTTIGGCTCATGAAITTTATTICTGITITGTCGATAAGAAA

AGCAG.T-ACGCTGAGATA!CCAIATTIAGITTTATAAGCCiCTCCCCCTTTI............T..G TiTTG....... TG TTGT. ............

TGCAAGAGIGGAlGtI MtTAAt tTCAG T AGTtCTGTMIGClAGAAT t tAAGA lCC>AA lCGG tGGTAtGMCllCA1AlTT1GAAAAGC1 GGGAAT

Figure 1. Comparison of the cDNA sequences of sub2.3 and hnRNP X. The difference in the 3' UTR between sub2.3s and sub2.3f, as referred to in the text under

RESULTS, is indicated with a solid underline. The poly A tail of sub2.3f is shown i the figure, while the poly A tail of sub2.3s starts from nucleotide number 1492.

TGCIGTCTT
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mg/ml) prewashed (in PBS) streptavidin Dynabeads for 30 min
at 250C. The Dynabeads with immobilized oligonucleotides were
then washed twice in PBS. Sub2.3 and j-lactamase were in vitro
transcribed and translated as described above, and diluted to 500
Al in binding solution (0.1 M NaCl, 10 mM sodium phosphate
pH 7.4). The in vitro translated proteins were precleared with
50 ,1d streptavidin Dynabeads for 1 h at 4°C, after which the
streptavidin Dynabeads were removed, and Dynabeads with
immobilized oligonucleotides were added. This was incubated
for 1 h at 4°C. The beads were then washed 3 times with 0,5
M NaCl, and sample buffer was added. The samples were then
boiled and subjected to SDS-PAGE analysis. The gels were fixed,
dried and subjected to autoradiography.

RESULTS
Isolation, cloning and sequencing of the sub2.3 cDNA clone
A 1100 bp long cDNA clone was isolated from a cDNA library
generated from TPA stimulated T cells by a subtractive strategy
involving three different cell types (10). Immobilized 1.strand
cDNA generated from mRNA isolated from the pre-B cell line
Reh, was used to subtract mRNA isolated from TPA stimulated
Daudi cells (Burkitt's lymphoma cell line). The specific Daudi
mRNA was converted to radiolabeled cDNA and used as a probe
for the screening of a TPA stimulated T cell cDNA library. Initial
Northern blot analysis showed that the transcript size of sub2.3
was approximately 1600 nucleotides, and a near full-length cDNA
clone was obtained by screening the same library with the
originally isolated cDNA clone (sub2.3s). The isolated near full-
length cDNA clone (sub2.3f) was approximately 1600 nucleotides
long. Both cDNA clones were sequenced in both orientations
as described in Material and Methods, and the longest sequence
is shown in figure 1. Sub2.3s and sub2.3f differ in a stretch of
36 nucleotides at their outermost 3' end. The polyadenylate stretch
of sub2.3s starts at nucleotide number 1493 in the sequence
presented in figure 1, while the polyadenylate stretch of sub2.3f
starts at nucleotide number 1534. Apart from this difference, the
two sequences are identical. The difference at the 3' end can be
explained by an alternative usage of different polyadenylation
signals. There is a common AAUAAA polyadenylation signal
localized from position 1433, and a alternative polyadenylation
signal, AUUAAA, localized from position 1474 (Fig. 1). The
sub2.3 cDNA sequence is 1584 nucleotides long, including a 50
nucleotide polyadenylate stretch. The putative initiation codon
is positioned at nucleotide 85 in the cDNA sequence, and occurs
within a strong consensus initiation sequence, XCXGCCATGG
(17). The sub2.3 sequence has an open reading frame of 897
nucleotides predicting the translation of a 299 amino acid long
polypeptide. The predicted amino acid sequence contains one set
of internal repeats, amino acids 26-45 and amino acids 110-129
(Fig.2A). Homology search shows that the sub2.3 cDNA
sequence is 72 % homologous to a mouse cDNA sequence (Fig. 1)
encoding a protein named hnRNP X (GenBank accession no.
L19661; 11). In a short report in Nucleic Acids Research the
hnRNP X cDNA was stated to contain an open reading frame
of 331 amino acids, and the function of hnRNP X is proposed
to be a nucleic acid binding protein with homology to hnRNP
K (11). Using the Blast program or the TFASTA program for
protein homology search, the highest score of homology of sub2.3
is seen with hnRNP K, except for hnRNP X. The identity was
up to 40 % in 80 amino acid stretches (TFASTA; data not
shown). More interesting is the observation of the strong

A.

B.

C.

1.i (26) GSIIGKKGESVKRIREESGA

2.i (110) GSLIGKGGCKIKEIRESTGA

Kl. i (54) AGAVIGKGG-KNIKALRTDYNA-ASV

K2. i (399) AGSIIGKGGQR-IKQIRHE--SGASI

2.i (110) GSLIGKGGCKIKEIR-ESTGA

K2.i (399) GSIIGKGGQRIKQIRHE-SGA

Figure 2. Comparison of internal repeats in the sub2.3 amino acid sequence and
in hnRNP K. (A) comparison of two repeats from sub2.3 (I.i and 2.i). (B)
comparison of internal repeats from hnRNP K (Kl.i and K2.i; Matunis 1992).
(C) comparison of internal repeat 2.i from sub2.3 with k2.i from hnRNP K.
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Figure 3. Expression of the sub2.3 transcript in different human tissues. (A),
(B) and (C) represents multiple tissue blot nr 1, 2 and 3, respectively, as described
in Material and Methods. Molecular weights in kb are indicated to the left in
panel A.

homology between one set of the 23 amino acid internal repeats
in hnRNP K (Kl.i and K2.i; Fig.2B) with the 20 amino acid
internal repeat from sub2.3 (l.i and 2.i; Fig.2A and C). The
homology between 2.i (sub2.3) and 20 amino acids from K2.i
(hnRNP K) is 85 % when conservative amino acid changes are
permitted, and the identity is 70 % over the same 20 amino acid
stretch (Fig.3C).

In vitro translation
The sub2.3f cDNA clone was in vitro transcribed and translated
as described in Material and Methods. The product of in vitro
transcription and translation from sub2.3f has a mobility on
SDS-PAGE that corresponds to a molecular weight of 38 kDa
(Fig.6). In figure 6 (lane 5) one also sees the occurrence of several
lighter protein bands. To confirm that the heaviest band
corresponds to the product of sub2.3 and is not an artifact, we
have in vitro translated a 5' truncated cDNA (sub2.3s) lacking
the predicted initiation codon. As expected, the result from this
experiment shows the disappearance of the heaviest protein band
translated from the longer transcript (data not shown). The
occurrence of the lighter bands can be explained by leaky
scanning using downstream AUG's as a consequence of the
artificial system for in vitro transcription and translation. In vitro
translation has also been performed in the presence of
microsomes, but whiteout any observed change in the mobility
of the protein, indicating the absence of a signal sequence and
glycosylation (data not shown).
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Figure 4. Expression of the sub2.3 transcript in different cell lines. Upper panel:
hybridization with the sub2.3 cDNA, lower panel: hybridization with an 18S rRNA
probe.
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Figure 5. Southern blot analysis of genomic DNA isolated from Daudi cells.
The DNA was cleaved with the indicated restriction enzymes as described in
Material and Methods. Molecular weights in kb are indicated to the left in figure.

mRNA expression
The expression pattern of the sub2.3 gene in different human
tissues was investigated using two commercial Northern blots
obtained from Clontech (multiple tissue blots 1 and 2) and one

non-commercial multiple tissue blot (multiple tissue blot nr 3).
Tissue blot number 1 shows a high expression of sub2.3 in
skeletal muscle, low expression in heart and almost no expression
in brain, placenta, lung, liver, kidney and pancreas (Fig.3A).
Results from the hybridization of tissue blot number 2 with sub2.3
demonstrates a high expression in two lymphoid tissues (thymus
and peripheral blood leucocytes) and lower expression in spleen,
prostate, testis, ovary, small intestine and colon (Fig.3B). In the
third, non-commercial tissue blot, sub2.3 shows high expression
in skeletal muscle, a lower expression in liver, spleen, adrenal
gland, and thyroid gland, and almost no detectable expression
in brain and transverse colon (Fig.3C). We have also hybridized
the sub2.3 cDNA clone to a multiple cell line blot, containing
RNA isolated from different cell lines (Fig.4). The results show
that the gene is expressed in the B lymphoid cell lines Nalm6,
Daudi, Raji, U266, in the T cell line Jurkat and in the hepatoma
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Figure 6. Nucleic acid binding assay. Lane 1: molecular weight standard. Lanes
2-4: i3-lactamase after in vitro translation, after incubation with control
oligonucleotide and after incubation with oligo(dC), respectively. Lane 5-7:
sub2.3 protein after in vitro translation, after incubation and binding to oligo(dC)
and after incubation with control oligonucleotide, respectively.

cell line HepG2, while a very low expression is observed in the
myeloid cell line HL60 and the cervical carcinoma cell line HeLa.
This blot has been reprobed with a oligonucleotide against 18S
rRNA to compare the amounts of total RNA applied.

Sothern blot analysis of genomic DNA
Southern blot analysis of genomic DNA isolated from the cell
line Daudi shows the occurrence of several bands when cleaved
with different restriction enzymes (Fig.5). The occurrence of only
2 bands after cleavage with EcoRV indicates that the gene exists
in not more than two copies in the genome. We have also
performed the same analysis on genomic DNA obtained from
peripheral blood leucocytes from healthy individuals whiteout
any observed difference in the restriction pattern.

Nucleic acid-binding properties of the sub2.3 protein
Based on the partial homology to hnRNP K, which binds both
to oligo(rC) and oligo(dC) (3), we wanted to investigate whether
sub2.3 had the same nucleotide binding specificity. The sub2.3
gene product and a control protein, ,B-lactamase from E. coli, were
synthesized in vitro as described in Material and Methods, and
their binding to oligo(dC) was assayed using an approach adapted
from the isolation of DNA binding transcription factors (18),
based on the immobilization of oligonucleotides to a magnetic
solid phase (magnetic streptavidin Dynabeads). In vitro translated
sub2.3 and f-lactamase were incubated with a oligo(dC) 20-mer
or a control oligonucleotide, both immobilized onto streptavidin
Dynabeads, under conditions described for the binding of proteins
(hnRNPs) to oligo(dC) affinity columns (16). The results obtained
show that in vitro translated sub2.3 binds to oligo(dC), but not
to the control oligonucleotide (Fig.6). The specificity of the
experiment is confirmed by the observation that ,B-lactamase binds
neither to oligo(dC) nor to the control oligonucleotide (Fig.6).

DISCUSSION
We present here the sequence of a cDNA (sub2.3) isolated from
a human T cell cDNA library. sub2.3 shows strong homology
to a mouse cDNA sequence proposed to encode a nucleic acid
binding protein (hnRNP X; 1 1), and is partially homologous to
human hnRNP K at the amino acid level. sub2.3 is most likely
the human homolog to hnRNP X. The sub2.3 sequence has an
open reading frame of 897 nucleotides initiated by a strong
consensus initiation sequence predicting the production of a 299
amino acid long polypeptide. hnRNP K has been shown to bind



964 Nucleic Acids Research, 1994, Vol. 22, No. 6

to both oligo(dC) and oligo(rC), and is together with hnRNP J
the major oligo(C) and poly(C) binding protein in human HeLa
cells (3). It is likely that K and J play a role in the nuclear
metabolism of hnRNAs, particularly of pre-mRNAs that contain
cytidine rich sequences (3). hnRNP K does not contain a RNP
consensus sequence RNAbinding domain, found in many of the
characterized hnRNP proteins (1), but contains a conserved
45-amino-acid sequence (KH motif; 19) and gly -arg -gly -gly
or gly-lys-gly-gly sequences (3). The KH motif overlaps a
set of direct repeats described by Matunis et al. (3), and this motif
has been suggested to be important for RNA binding (19). The
sub2.3sequence also contains a set of direct repeats of 20 amino
acids with 85 % homology to one of the internal repeats in hnRNP
K (3). The strong homology between these repeats can indicate
that these sequences are important for the binding specificity.
Like hnRNP K sub2.3 does not contain an consensus RNA
binding domain found in most hnRNPs (1).
Because of the homology of sub2.3 with repeated domains in

hnRNP K, suggested to interact with RNA (19), we wanted to
test for oligo(dC) binding of the sub2.3 protein product. Using
an approach where oligo(dC) was immobilized to a solid magnetic
phase, we showed that the protein encoded by sub2.3 bound to
oligo(dC) but not to a control oligonucleotide. A control protein,
3-lactamase, did neither bind to the oligo(dC) nor to the control
oligonucleotide. These experiments indicate that, like hnRNP K
and J, the sub2.3 protein product has oligo(dC) binding
specificity. It has recently been shown that hnRNP K can bind
to the CT-element in the c-myc promoter and may have a role
in the transcriptional regulation of this gene, leading to a
potentially dual role for hnRNP K binding to both hnRNA and
DNA (4). The nucleic acid binding specificity of the sub2.3
protein has to be evaluated further to investigate if sub2.3 belongs
to a new class of hnRNA binding proteins and if it is involved
in binding to DNA.
The expression pattern of the sub2.3 transcript varies

considerable between different tissues. It is abundantly expressed
in skeletal muscle, thymus and peripheral blood leucocytes while
a lower expression is observed in prostate, spleen, testis, ovary,
small intestine, heart, liver, adrenal and thyroid glands. In
contrast, it is only faintly expressed or not detectable in brain,
kidney lung, placenta and transverse colon. Sub2.3 is expressed
in different lymphoid cell lines, in normal B and T lymphocytes
(data not shown), in addition to the hepatoma cell line HepG2.
Sub2.3 is expressed at a low level in the HL60 cell line and in
HeLa cells. To our knowledge, no previous studies have
demonstrated a differential tissue expression pattern of hnRNPs
in humans. The hnRNP X transcript was found to be expressed
in numerous tissues and cell types whithout further specification
(11). In a study from tobacco plant tissue-specific alternative
splicing is shown for two pre-mRNA binding proteins (20) and
a study from Drosophila melanogaster demonstrates that the
expression of the Hrb87f transcript, encoding a pre-mRNA
binding protein related to hnRNP A and B, is regulated during
embryogenesis, larval and pupae stage (21). The functional
consequence of the differential expression pattern of sub2.3 has
to be investigated further.
We have isolated two sub2.3 cDNAs, one near full-length

cDNA clone (sub2.3f) corresponding to the size of the transcript
observed on Northern analysis, and one shorter cDNA clone
(sub2.3s), truncated in the 5'-untranslated region. Apart from
being shorter at the 5' end, the sub2.3s cDNA clone also differs
from sub2.3f in a stretch of 36 nucleotides at the 3' end. The

poly A tail shows a different localization in these two cDNA
clones, and the difference is likely due to the usage of two
different polyadenylation signals observed in the sequence,
AAUAAA and AUUAAA. There exist several examples of the
usage of different polyadenylation signals generating transcripts
that differ in length (22,23,24,25) and there are also examples
of tissue specific expression of such transcripts (21,22,23).
However, we can not formally exclude the possibility that these
two forms are splice variants using different exons. Whether there
is any functional importance of this difference, or whether these
two transcripts are differently regulated, is not addressed here.

In conclusion our data presents the identification of a novel
human protein with oligo(dC) binding specificity. One very
interesting feature of the sub2.3 gene is the tissue specific
expression pattern which indicates a tissue-dependent function
of this protein.
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