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Retroviral genes are not usually expressed in mouse embryonal carcinoma (EC) cells, but
they are readily expressed upon differentiation of these cells. We previously reported the
isolation of EC cell lines that express a neomycin resistance (neo) gene introduced by a
recombinant transducing Moloney murine leukemia virus from specific integration sites,
Minta, Mintb, Mintc, or Mintd. In some of these clones, the entire 5’ long terminal repeat
(LTR) was deleted, and the neo gene was expressed by read-through transcription from
upstream cellular promoters in a “promoter-trap” fashion. One such promoter (“promoter
B” at the Mintb locus) was found in a CpG island, associated with an upstream enhancer
(“enhancer B”). Although enhancer B caused expression of the neo gene in the transductant
EC cell line, no endogenous transcription from promoter B was detected in the parental EC
or NIH3TS3 cells. In contrast, we found a strong counter-flow endogenous transcription unit
(“R” for reverse), which apparently interfered with transcription from promoter B.
Promoter R turned out to have a bidirectional activity in transfection assays. In normal
tissues, promoter R activates gene R, which encodes an 800-residue protein that is highly
homologous to the rat and human heterogeneous nuclear ribonucleoprotein U (hnRNP U).
Northern and in situ hybridization analyses revealed that gene R was abundantly express-
ed in the testis, especially in the pachytene spermatocytes and round spermatids.
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testis.

Mouse embryonal carcinoma (EC) cells, undifferentiated
stem cells derived from teratocarcinoma, do not express
the genes of viruses such as papovaviruses and retroviruses
(1, 2). We previously reported clonal EC cells that express-
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ed a bacterial neomycin resistant (neo) gene from a re-
combinant transducing retroviral vector of the Moloney
murine leukemia virus (Fve-12 virus) because of cellular
enhancers and/or promoters adjacent to the integration
sites Minta, Mintb, Mintc, or Mintd (3-7): i.e., in an
“enhancer trap” or a “promoter trap” fashion. Structural
analysis revealed that the neo gene was expressed only
when part of the proviral genome that included the splicing
donor site was removed. The deletion often extended
upstream to include the entire 5° LTR and the flanking
cellular sequences (5). From these transductant EC cell
lines, we cloned the proviral genomes and their flanking
cellular sequences into a bacteriophage 1 vector. The 5
LTR of the proviral genome was lost from the Mintb locus
in transductant cell line B, resulting in a recombination of
cellular DNA with the proviral sequence immediately
upstream of the neo gene (6). Expression of the neo gene
suggested that the upstream cellular sequence contained a
promoter that was active in EC cells, and that the proviral
neo gene was accordingly transcribed by a read-through
mechanism.

Here, we report such a “trapped” promoter (“B”), which
is located in an intron of another gene (“R” for reverse)
transcribed in the opposite direction. We further analyzed
gene “R” transcribed by promoter R. Gene R encodes an
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800-residue protein, whose amino acid sequence is highly
homologous to those of the rat and human heterogeneous
nuclear ribonucleoprotein U (hnRNP U). The hnRNP U
protein is the largest (120 kDa) member of hnRNPs and an
abundant nucleoplasmic phosphoprotein. It is implicated in
the processing of hnRNA to mRNA (for review, see Ref. 8).
Human hnRNP U was identified originally as the unique
hnRNP containing an RGG box known as an RNA binding
motif (9). In human cells, this protein was identified also as
scaffold attachment factor A (SAF-A), which binds the
AT-rich sequences known as scaffold attachment region
(SAR) elements or matrix attachment region (MAR)
elements (10, 11). Recently, SAF-A was suggested to be
involved in apoptotic nuclear breakdown, because its
proteolytic degradation eliminated the binding to the SAR
elements and resulted in loss of chromatin structure (12).
In the rat, cDNA clones for the hnRNP U homolog were
cloned (13). Proteins of 120 kDa with a binding activity to
the SAR element were also identified in the Xenopus (14),
chicken (15), mouse (14), and bovine (14). These hnRNP U
homologs are suggested to alter DNA conformation through
binding to SAR/MAR elements and to be involved in such
cellular processes as transcriptional activation and repres-
sion (13-15). Here, we report Northern and in situ hybridi-
zation analyses of the mouse hnRNP U and suggest its role
in a testis-specific function.

MATERIALS AND METHODS

Transfection of DNA into EC and NIH3T3 Cells—The
procedures for permanent transfection assay were de-
scribed earlier (5). Transfections for transient expression
assays using luciferase gene constructs were performed
essentially in the same way except that 5 g of plasmid
DNA together with 15 ug of calf thymus DNA (carrier)
were added to a plate of 5-10% 10 cells inoculated a day
earlier.

Luciferase Gene Constructs—Promoter B plasmids
pXP21 and pXP22 were constructed by placing the pro-
moter fragment (HindIII- EcoRI) into promoter-less luci-
ferase plasmids, pXP1 and pXP2 (16) digested with the two
enzymes. Partial promoter plasmid pXP23 was constructed
by insertion of the blunt-ended Smal-EcoRI fragment into
Smal site of pXPl. Enhancer-promoter B constructs
pXP22 and pXP222 were constructed by inserting the
enhancer-containing HindIIl fragment into pXP21. Pro-
moter R constructs pXP31 and pXP32 were constructed by
insertion of the promoter fragment ( Xhol- Pst]) into luci-
ferase vector pXP2 as an Xhol- HindIll fragment that had
been cloned into BluescriptKSII— (Stratagene, La Jolla,
CA). Control plasmid pRSVL containing RSV-LTR (17)
was obtained from Dr. Helinsky (UCSD, San Diego, CA),
and the promoterless luciferase vectors (16) were gifts
from Dr. Nordeen (Univ. Colorado, Denver, CO).

Luciferase Assays—Luciferase activities were deter-
mined according to the protocol of DeWet et al. (17) except
that a Bioluminat L.B3500 luminometer (Berthold Analyti-
cal Instruments, Nashua, NH) was used. Integrated photon
counts were recorded for 1 min and corrected for protein
concentrations, which varied from 4.5-7.0 mg/ml and 1.5-
3.4 mg/ml for EC and NIH3T3 cell extracts, respectively.
Data in Fig. 1 are presented as counts/mg protein.

Isolation of the Cellular Genomic Sequence Lost by
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Deletion—From a mouse genomic library generated by
partial digestion of 129/Sv male DNA with Sau3A and
cloned into the EMBL3 vector (18), three bacteriophage A
clones were isolated using the 956-bp Hpal fragment probe
of the promoter region (gray box in Fig. 2). Inserts of these
clones carried overlapping sequences of 10 to 17 kb long.
We characterized clone 8-1.2 (Fig. 2A), which contained the
probe fragment in the center, leaving downstream about 5
kb of the cellular genomic DNA. Restriction mapping
coupled with Southern hybridization analysis revealed that
about 1.6 kb had been deleted in clone B together with a
segment of recombinant retroviral genome including the 5’
LTR (6).

Isolation of ¢cDNA Clones for the Gene R Transcripts—
The ¢cDNA library prepared from F9 EC cell RNA (19) was
kindly provided by Dr. L. Gudas (Dana-Farber Cancer
Institute, Boston, MA). The library was screened with the
0.9-kb Pstl fragment probe (hatched box in Fig. 2, A and
C).

RNA Analyses—Northern blot hybridization analyses
were performed as described by Brown (20), using 3?P-
labeled pBC234 insert DNA (2,059-bp Xhol-Xbal frag-
ment of the gene R ¢cDNA) as a probe. In order to discrimi-
nate the two polyadenylated forms, we used the pBC238
ingsert DNA (316-bp Xbal-EcoRI fragment) as a probe.
Hybridization mapping of the 5" ends of the transcripts
from promoter B and R was performed as described earlier
(5, 21), using Pstl- Xhol fragment as probes (Fig. 4).

DNA Sequencing and Computer-Assisted Statistical
Analyses—For sequencing, overlapping subclones were
constructed in appropriate sizes in the pBS+-, BluescriptK-
SII—, or BluescriptSK+ vectors. The dideoxynucleotide
sequencing method was employed using double-stranded
DNA and modified T7 polymerase (Sequenase, US Bio-
chemical, Cleveland, OH), and AmpliTaq® DNA polymer-
ase (FS, Perkin-Elmer Corporation, Foster City, CA). In
Fig. 4, only the top strand in the original orientation is
shown, although both strands were sequenced for the entire
regions presented.

In Situ Hybridization—The procedures were described
elsewhere (22). The probe is the pBC262 insert DNA
(887-bp Bglll-Sacl fragment of the gene R cDNA).

RESULTS

Structures and Transfection Activities of the Plasmid
Subclones Derived from Phage Clone AB—In order to
localize the cis-acting elements responsible for the neo gene
expression in transductant EC cell line B, the 17-kb insert
of bacteriophage clone AB (5) was recloned into pUC19
(pBU1), and a series of subclones was constructed. Upon
luciferase reporter assay using these plasmids, we found
that about 300 bp of the cellular sequence immediately
upstream of the neo gene contained an essential component
for the cellular promoter (data not shown), which was
provisionally named promoter “B” (for clone B).

Analysis of the neo mRNA—Radiolabeled cRNA probes
anti-parallel to the direction of the neo gene transcription
were prepared and hybridized with polyA* RNAs isolated
from parental F9tk™ and clone B transductant EC cell lines.
The neo gene probe (pDG1 insert shown in Fig. 2B)
hybridized to a single band of about 2.6 kb in clone B but not
in FOtk~ (Fig. 1A). The upstream or downstream cellular
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probes adjacent to the integrated proviral vector hybrid-
ized no mRNAs in either clone B or F9tk ™ (data not shown),
indicating the absence of endogenous polyA- transcripts in
the vicinity of this promoter in the same direction of
transcription as the proviral neo gene.

Analysis of Cellular Enhancer-Promoter B Region—To
characterize promoter B and its possible enhancer in detail,
we employed the firefly luciferase reporter assay (17) with
various expression vectors (Fig. 1B). The resultant lucifer-
ase activities in F9tk~ and NTH3T3 cell lines are shown in
Fig. 1, C and D, respectively. As a positive control, we used
the Rous sarcoma virus LTR (pRSVL; 17). The results
indicated that promoter B was active in both undiffer-
entiated EC cells and NIH3T3 fibroblasts, and that the
888-bp Hindlll fragment contained an enhancer that was
equally effective in both EC and NIH3T3 cells.

We determined the DNA sequence of the 5'-flanking
cellular region, which encompassed promoter B, including
about 2 kb upstream of the neo gene (sequence data not
shown; available at GenBank Accession Number X51437).
The GC content in this region is very high, and there is no
CpG dinucleotide suppression: between the Smal and Xhol
sites (1,853 bp), the CpG island contains 204 CpGs and 238
GpCs with the average GC content of 72% (Fig. 2C). In the
promoter B sequence, there are an Sp1 binding site (CCCC-
GCCGCC; 169 160 bp upstream of Rec) and a cAMP-re-
sponsive element (TGACGTCA; 113-106 bp upstream of
Rec) but no TATA box or YY binding site. We could not
identify any known repressor or silencer elements which
might account for the inactivity of promoter B. Upon a
similarity search by the FASTA algorithm, the DNA

A B
Clone B e —
No DNA
FB
"
pXF
- pXP

Fig. 1. A: Northern blot hybridization analysis of neo mRNA.
Two micrograms of polyA"- RNA isolated from F9tk (lane F) or clone
B ilane By EC cells were loaded per lane. The filter was hyhridized with
a cRNA probe transcribed from a pDG1 plasmid (shown in Fig. 2B). B,
C, and D: Luciferase activities of test constructs in transient
expression assays. The test plasmids were constructed and their
luciferase activities were determined by transient expression assays
as described in “MATERIALS AND METHODS. ™ B: Structures of the
plasmid constructs. Abbreviations Pro and En indicate cellular
promoter B (HindIIl EcoRl fragment) and enhancer B (HindlIl
fragment). respectively, placed in front of the promoter-less struc-
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sequence of the 133 bp fragment in promoter B was found
to be highly similar to those of the antisense strands of
human hnRNP U and rat SP120 ¢cDNAs (91.9 and 95.6%
identity, respectively).

Isolation and Analysis of the Cellular Genomic Sequence
Lost by Deletion We isolated contiguous fragments of
mouse genomic DNA that hybridized with a probe from the
promoter region (Fig. 2A) as described in “MATERIALS AND
METHODS.” Restriction mapping, Southern hybridization,
and sequencing analyses of the clone revealed that a DNA
fragment of about 1.6 kb had been deleted in EC cell line B
together with a segment of the recombinant provirus (Fig.
2B).

Analysis of Transcripts around the Proviral Integration
Site —Because another gene, “gene R (R for reverse},” was
expected on the other strand, we used RNA probes tran-
scribed in both orientations from a genomic fragment that
had been deleted in transductant EC cell line B (hatched
boxes in Fig. 2, A and C), and analyzed total cellular RNA
and polyA™ RNA from F9tk~ and NIH3T3 cells. We could
not evaluate the non-polyadenylated RNA transcribed by
promoter B because of a high background mainly due to a
cross-hybridization with rRNAs (Fig. 3; lanes 1, 2, 5, and
6). The cRNA probe anti-parallel to promoter B hybridized
with no mRNA (lanes 3 and 4). On the other hand, the RNA
probe in the same orientation as promoter B hybridized two
RNA fragments of about 3.4 and 3.8 kb (lanes 7 and 8).
These results indicated the expression of gene R, which was
transcribed in the opposite direction to the neo gene.

Isolation and Characterization of ¢cDNA for the Gene R
mRNA - To identify gene R, we isolated candidate cDNA

C D
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Luciferase activity

tural gene for the firefly luciferase (hatched box), whereas Pro’
indicates cellular promoter R ( Xhol Pstl fragment; Figs. 2 and 4). On
top and bottom of the luciferase constructs are maps of the genomic
DNA in transductant EC cell line B and non-transductant cells,
respectively. C and D: Luciferase activities are shown as average
ratios ta the activity of pXP22, which had about 9.600 and 640.000
counts in the EC and NIH3T3 cell lines. respectively. The large
difference in the activities between the two cell lines is apparently due
to that of transfection efficiencies. Insets in C and D show the same
data in an expanded scale for constructs with lower activities.
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Fig. 2. A: Restriction map of the cellular genomic sequence of boxes indicate the probes used for isolation of the bacteriophage clones

EC cell clone B into which the recombinant retrovirus Fve-12 (4,
6) had integrated prior to the selection for neo gene expression.
B: Restriction map of the same cell line after selection for neo
gene expression. The regions containing the negative elements in the
proviral genome that block viral neo gene expression have been
deleted upstream of the neo gene together with the 5'-flanking cellular
sequence. C: Schematic diagrams of two promoters in the CpG
island transcribing in opposite directions. Gray and hatched

covering the contiguous genomic sequence and the gene R cDNA,
respectively. The box with vertical lines indicates the CpG island. Int
and Rec indicate the proviral integration site and deletion-recombi-
nation point, respectively. Only relevant restriction sites are shown.
Abbreviations for restriction sites are: Ac, Accl; Ap, Apal; Bm,
BamHI; Hd, HindIll; Hp, Hpal; Nc, Ncol; Nd, Ndel; Nh, Nhel; RI,
EcoRI; RV, EcoRV; Sa, Sacl; Sc, Scal; Sm, Smal; St, Stul; Su,
Sau3Al; Xh, Xhol.

Fig. 3. Northern analysis of the transcripts around the provirus integration site.

)—»..

LT

Total cellular RNA (lanes 1, 2, 5, and 6) and polyA - RNA (lanes 3, 4, 7, and 8) isolated
from F9tk ECcells (lanes 1, 3, 5, and 7) and NIH3T3 fibroblasts (lanes 2, 4, 6, and 8) were
electrophoresed in an agarose gel. Blotted filters were then hybridized with cRNA probes
transcribed from the Pstl fragment of the cellular genomic sequence (hatched box in Fig.

2). Lanes 1 to 4 show hybridization with the bottom strand probe (i.e. complementary to
the top strand, which is in the same direction as the proviral neo gene in EC cell line B).
Lanes 5 to 8 show hybridization with the top strand probe (i.e. complementary to the

12 34 56 78

clones as described in “MATERIALS AND METHODS.” The
clone 2.1 contained the longest insert of 3,380 bp ¢DNA,
whose open reading frame encoded 800 amino acid residues
(Fig. 5), leaving untranslated regions of about 190 and 800
bp on the 5 and 3" ends, respectively (Fig. 4). The sequence
immediately upstream of the initiation codon agrees with

Vol. 125, No. 6, 1999

bottom strand, which is in the opposite direction to the proviral neo gene). Arrows indicate
the positions of 28S (4.7 kb) and 18S (1.9 kb) rRNAs.

the consensus for a translation initiation site described by
Kozak (23). Analysis of the 3" untranslated region revealed
two copies of the polyadenylation signal sequence (AATA-
AA), 377-bp apart. The cDNA domains corresponding to
the first four exons of gene R were precisely assigned based
upon the genomic DNA sequence information (Fig. 2C).
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These data indicated that the deleted region of the cellular
genomic DNA in EC cell line B included exon 1 and
promoter R, whereas promoter B and its enhancer region,
which activated the proviral neo gene, corresponded to
introns 1, 2, and 3 of gene R together with two short exons
(exons 2 and 3). Only exon 1 lies in the Cp( island, leaving
the other exons outside.

Characterization of Promoter R—To investigate cellular
promoter R, the DNA sequence upstream of the 5" end of

M. Matsui et al.

clone 2.1 was determined and the contiguous genomic
sequence was reconstituted (Fig. 2). As shown in Fig. 4,
there was a TATA box sequence (— 244 to —238), and two
possible Sp1 binding sites were identified upstream of the
TATA box sequence (—309 to —300, —258 to —248). We
further determined the mRNA initiation site using an
RNase protection assay (Fig. 6). A single major protected
band indicated that the gene R transcript started about 35
bp downstream from the TATA box (Fig. 4; —208 to

-493 ccaggtgaggact -481
-480 gaaggcgggtggaggagagcctccgccagacacagaaggcagagcecgeccggatggageecga -421
-420 cggctcaagagcgtaaaggcgcgcactgcggctgttectgecgtttaaccgaaaggtgget -361
-360 tctaagagcctccatttgcgcggtccggeccagegeggaggt Bggggcgggd -301
-300 ggcctgecgegegeagegetetagegggectcgectcggcagggggeggggchcctata  -241
-240 ttacgtgcgcggegccgcecectgcgagaggacgttgegtgectgdetcgegeegggegagt  -181
-180 ctecgcgtcttgectecgcgaactcggtgaaggaattggecgeccgttcgacaccaggegggt -121
-120 ccgttctgcagcagcactcagccatctccageccgcageccgeegeccgggeccgaccagecag -61
-60 cagccgccgecgccacaggccgagggagecagcagtcageggggaaccggggeecctecaac -1
1 ATGAGTTCTTCGCCTGTTAATGTCAAGAAGCTGAAGGTGTCGGAGCTGAAGGAGGAGCTC 60

61 AAGAAGCGGCGCCTCTCCGACAAGGGCCTCAAGGCCGATCTCATGGATCGACTCCAGGCC 120
121 GCGCTGGACAACGAGGCAGGAGGCCGCCCCGCCATGGAGCCCGGGAACGGCAGTCTCGAC 180
181 CTAGGTGGCGATGCGGCCGGGCGCTCGGGAGCGGGCCTAGAGCAGGAGGCCGCGGLTGGC 240
241 GCCGAAGACGACGAGGAGGAGGAGGGCATCGCCGCTCTGGACGGCGACCAGATGGAGCTG 300
301 GGCGAGGAGAACGGGGCGGCGGGGGCGGCTGACGCCGGCGCGATGGAGGAAGAGGAGGCA 360
361 GCGTCGGAAGACGAGAACGGCGACGACCAGGGCTTCCAGGAGGGGGAAGACGAGCTCGGT 420
421 GACGAGGAGGAGGGCGCGGGCGACGAGAACGGTCACGGGGAGCAGCAGTCCCAACCGLCG 480
481 GCAGCGGCGGCGCAGCAGCAGCCTTCCCAGCAGCGTGGTGCCGGCAAGGAGGCCGCGGGC 540
541 AAGAGCAGCGGCCCCACCTCGCTCTTCGCGGTGACGGTGGCGCCGCCAGGGGCGAGGCAG 600
601 GGCCAACAGCAGGCGGGAGGAGACGGCAAAACAGAACAGAAAGGTGGAGATAARAAGAGA 660
661 GGCGTTAAAAGACCGCGAGAAGATCATGGCCGAGGGTATTTTGAGTACATCGAAGAAAAC 720
721 AAGTACAGCAGAGCCAAGTCTCCTCAGCCACCTGTTGAAGAAGAAGACGAACACTTCGAT 780
781 GACACAGTGGTTTGTCTTGATACTTATAATTGTGATCTGCATTTTAAAATCTCGAGAGAC 840
841 CGTCTGAGTGCTTCTTCCCTTACTATGGAGAGTTTTGCTTTCCTGTGGGCTGGAGGAAGA 900
901 GCTTCCTACGGTGTGTCAAAAGGCAAAGTCTGCTTTGAGATGAAGGTAACAGAGAAGATT 960

961 CCAGTAAGACACTTATATACAAAAGATATTGATATACATGAAGTTCGGATTGGCTGGTCA 1020
1021 CTAACCACAAGTGGAATGTTGCTTGGTGAAGAAGAATTTTCTTACGGGTATTCTCTGARAA 1080
1081 GGAATAAAAACATGCAACTGTGAGACAGAAGATTATGGGGAGAAGTTTGATGAAAATGAT 1140
1141 GTGATTACATGCTTTGCTAACTTTGAAACTGATGAAGTTGAACTCTCTTATGCGAAGAAT 1200
1201 GGACAAGATCTTGGTGTTGCCTTTAAGATCAGTAAGGAAGTTCTTGCTGACCGGCCACTA 1260
1261 TTCCCACATGTTCTCTGCCATAACTGTGCAGTTGAATTTAATTTCGGTCAAAAGGAAAAG 1320
1321 CCATACTTTCCAATACCTGAAGACTGTACTTTTATCCAAAATGTCCCCTTAGAGGACCGA 1380
1381 GTTAGAGGACCAAAAGGACCTGAAGAGAAGAAGGATTGTGAGGTTGTAATGATGATTGGC 1440
1441 TTGCCAGGAGCTGGAAAAACTACCTGGGTTACTAAACATGCAGCTGAAAACCCTGGGAAA 1500
1501 TACAACATTCTTGGAACAAATACGATTATGGACAAGATGATGGTGGCAGGTTTTAAGAAG 1560
1561 CAAATGGCAGATACTGGAAAACTGAACACACTGTTGCAGAGAGCCCCACAGTGTCTTGGC 1620
1621 AAGTTTATTGAAATTGCTGCCCGTAAGAAGCGAAATTTTATTCTGGATCAGACAAATGTG 1680
1681 TCTGCTGCTGCCCAGAGAAGAAAAATGTGCCTGTTTGCAGGCTTCCAGCGGAAAGCTGTT 1740
1741 GTAGTGTGCCCAAAAGATGAAGACTATAAGCAGAGGACACAGAAGAAGGCAGAAGTAGAG 1800
1801 GGGAAGGACCTACCAGAACATGCTGTCCTCAAGATGAAAGGAAACTTCACCCTTCCAGAG 1860
1861 GTTGCAGAATGCTTTGATGAAATAACCTATGTTGAACTTCAGAAAGAGGAAGCCCAAAAG 1920
1921 CTTTTGGAGCAATATAAAGAAGAAAGCAAARAGGCACTGCCACCAGAAAAGAAGCAAAAC 1980
1981 ACTGGCTCAAAGAAAAGCAATAAGAATAAGAGTGGCAAGAACCAGTTCAACAGAGGTGGT 2040
2041 GGCCATAGAGGCCGTGGAGGATTCAATATGCGAGGTGGCAATTTCAGAGGAGGAGCTCCT 2100 Fig. 4 DNA sequence of gene R.
2101 GGGAATCGTGGTGGATATAATAGGAGAGGCAACATGCCACAGAGAGGTGGTGGCGGTGGA 2160 The amino acid coding region is shown
2161 AGTGGTGGAATTGGCTATCCATACCCACGTGGCCCTGTTTTTCCTGGCCGAGGTGGTTAC 2220 jn yppercase letters, and others in
2221 TCAAACAGAGGGAATTACAACAGAGGTGGAATGCCCAACAGAGGGAACTATAACCAGAAC 2280  Jouerwnge  Characteristic sequences
2281  TTCAGAGGACGAGGAAATAATCGTGGCTACAAAAATCARTCTCAGGGCTACAATCAGTGG 2380  ,roindicated: two possible Spl binding
2341 CAGCAGGGTCAATTCTGGGGTCAGAAGCCATGGAGTCAGCATTATCACCAAGGATATTAT 2400 sites. boxed and bold: TATA box se-
2401 TAAatacccaaataaaacgaactgatacatatttctccaaaaccttcacaagaagtcgac 2460 quen'ce dotted undexy'line' transcrip-
2461 tgttttctttagtaggctaactttttaaacattccacaagaggaagtgcctgcgggttce 2520 tion ini’tiation site boxed'(l use it
2521 ttttttagaagctttgtgggttgatttttttttcttttettttttgtacatttttaattg 2580 was estimated fron'J the sequence lad-
2581 cagttttaaagtgaatcgtaagagaacctcagcattgtgcacgataagagaatgtgtcag 2640 der afte . £ thq bilit
2641 tatttcagggttctacattttatctgtaaaatgtgacttttttttttatcacaacaaaag 2700 er r correction o. € mobrity
2701 taaaatgttgctttgtacctggtgtcttttattaagcatttactcccccatttctcacag 2760 dlﬂ'erenc'e !:)gtv?een DNA and RNA, the
2761 agaataacagtcgggagtcattgtcacaataaaatagcaatgttagcagccagattcatg 2820 ba'se of initiation cou.ld.not be deter-
2821 gaaggactaaggggtcctcatgaattgcattaagattctgtactgctcatgatacactcc 2880 mined precisely; see “MATERIALS
2881 atcctctctagactgcctgccgggtaatagtggacgggtaatctctgacaaaacgggaag 2940 AND METHODS');_ 5 -end. of clone 2.1
2941 gctattttttttctgtttgacaatggaattggcataattgggaatgaagataaaatttgg 3000 insert, ¢ at —178 in italic and bold;
3001 aaccaagattgagaagatggagtgtatgtagaagggctgttcaaaaatgtaaacttggtt 3060 consensus sequence for translation ini-
3061 gcattatatgtggaggctcaaacttgtgaaggttaaataccataaaattttccatttgtt 3120 tiation, italic and underline; initiation
3121 ctgcattttgattctgaaaagaaagctgctttgcccatttcttattaaaaaaacttgttg 3180 and stop codons, capital and bold; two
3181 taaaaaaaaaaaaaaaaaaaaa 3202 polyA signals, lowercase and bold.

J. Biochem.
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—197).

Partial fragments of promoter R were tested for the
promoter activity by a luciferase reporter assay. As shown
at the bottom of Fig. 1, C and D, the constructs showed
strong promoter activities not only in the original (pXP31)
but also in the reverse (pXP32) orientation (designated
R~). Furthermore, promoter R was active in both types of
cells and its activity was 10 to 40 times stronger than that
of promoter B.

DNA Sequence Analysis of Gene R—The deduced amino

1109

acid sequence of the putative coding region of gene R (Fig.
5) is highly homologous to those of human hnRNP U (96.3%
identity (9), GenBank Accession Number X65488] and rat
SP120/hnRNP U [99.3% identity, (13), GenBank Acces-
sion Number D14048]. A putative nuclear localization
signal (NLS) exists between the amino acids 218 and 226,
consistent with the finding that hnRNP U and SP120
possess an NLS in similar positions and that both proteins
are localized in the nucleus (9, 13). An RGG box was found
(position, 691 to 710), which appears to be necessary for the

hn 1 MSSSPVNVKKLKVSELKEELKKRRLSDKGLKAELMERLQAALDDEEAGGRPAMEPGNGSL 60
ms 1 MSSSPVNVKKLKVSELKEELKKRRLSDKGLKADLMDRLQAALDNE AGGRPAMEPGNGSL 59
rt 1 MSSSPVNVKKLKVSELKEELKKRRLSDKGLKADLMDRLQAALDNE-AGGRPAMEPGNGSL 589

hn 61 DLGGDSAGRSGAGLEQEAAAGGDEEEEEEEEEEEGISALDGDQOMELGEENGAAGAADSGP 120

+ + ++ + + -
ms 60 DLGGDAAGRSGAGLEQEAAAGA----- EDDEEEEGIQALDGDQMELGEENGAAGAADAGA 114
rt 60 DLGGDAAGRSGAGLEQEAAAGA----- EDDEEEEGISALDGDQMELGEENGAAGAADAGA 114

hn 121 MEEEEAASEDENGDDQGFQEGEDELGDEEEGAGDENGHGEQQPQPPATQ-QQQPQQQRGA 179
- +-- +

ms 115 MEEEEAASEDENGDDQGFQEGEDELGDEEEGAGDENGHGEQQSQPPAAAAQQQPSQQRGA 174

rt 115 MEEEEAASEDENGDDQGFQEGEDELGDEEEGAGDENGHGEQQSQPPAAA--QQASQQRGP 172

hn 180 AKEAAGKSSGPTSLFAVTVAPPGARQGQQQAGGDGKTEQKGGDKKRGVKRPREDHGRGYF 239
+
ms 175 GKEAAGKSSGPTSLFAVTVAPPGARQGQQOQAGGDGKTEQKGGDKKRGVERPREDHGRGYF 234
+
rt 173 GKEAAGKSSGPTSLFAVTVAPPGARQGQQQAGGDGKTEQKAGDKKRGVEKRPREDHGRGYF 232

hn 240 EYIEENKYSRAKSPQPPVEEEDEHFDDTVVCLDTYNCDLHFKISRDRLSASSLTMESFAF 299
ms 235 EYIEENKYSRAKSPQPPVEEEDEHFDDTVVCLDTYNCDLHFKISRDRLSASSLTMESFAF 294
rt 233 EYIEENKYSRAKSPQPPVEEEDEHFDDTVVCLDTYNCDLHFKISRDRLSASSLTMESFAF 292

hn 300 LWAGGRASYGVSKGKVCFEMKVTEKIPVRHLYTKDIDIHEVRIGWSLTTSGMLLGEEEFS 359
ms 295 LWAGGRASYGVSKGKVCFEMKVTEKIPVRHLYTKDIDIHEVRIGWSLTTSGMLLGEEEFS 354
rt 293 LWAGGRASYGVSKGKVCFEMKVTEKIPVRHLYTKDIDIHEVRIGWSLTTSGMLLGEEEFS 352

hn 360 YGYSLKGIKTCNCETEDYGEKFDENDVITCFANFESDEVELSYAKNGQDLGVAFKISKEV 419
+

ms 355 YGYSLKGIKTCNCETEDYGEKFDENDVITCFANFETDEVELSYAKNGQDLGVAFKISKEV 414

rt 353 YGYSLKGIKTCNCETEDYGEKFDENDVITCFANFETDEVELSYAKNGQDLGVAFKISKEV 412

hn 420 LAGRPLFPHVLCHNCAVEFNFGQKEKPYFPIPEEYTFIQNVPLEDRVRGPKGPEEKKDCE 479
ms 415 LADRPLFPHVLCHNCAVEFNFGQKEKPYFPIPEDCTFIQNVPLEDRVRGPKGPEEKKDCE 475
rt 413 LADRPLFPHVLCHNCAVEFNFGQKEKPYFPIPEDCTFIQNVPLEDRVRGPKGPEEKKDCE 473

hn 480 VVMMIGLPGAGKTTWVTKHAAENPGKYNILGTNTIMDKMMVAGFKKQMADTGKLNTLLQR 539
ms 475 VVMMIGLPGAGKTTWVTKHAAENPGKYNILGTNTIMDKMMVAGFKKQMADTGKLNTLLQR 534
rt 473 VVMMIGLPGAGKTTWVTKHAAENPGKYNILGTNTIMDKMMVAGFKKQMADTGKLNTLLQR 532

hn 540 APQCLGKFIEIAARKKRNFILDQTNVSAAAQRRKMCLFAGFQRKAVVVCPKDEDYKQRTQ 599
ms 535 APQCLGKFIEIAARKKRNFILDQTNVSAAAQRRKMCLFAGFQRKAVVVCPKDEDYKQRTQ 594
rt 533 APQCLGKFIEIAARKKRNFILDQTNVSAAAQRRKMCLFAGFQRKAVVVCPKDEDYKQRTQ 592

hn 600 KKAEVEGKDLPEHAVLKMKGNFTLPEVAECFDEITYVELQKEEAQKLLEQYKEESKKALP 659
ms 595 KKAEVEGKDLPEHAVLKMKGNFTLPEVAECFDEITYVELQKEEAQKLLEQYKEESKKALP 654
rt 593 KKAEVEGKDLPEHAVLKMKGNFTLPEVAECFDEITYVELQKEEAQKLLEQYKEESKKALP 652

660 PEKKQNTGSKKSNKNKSGKNQFNRGGGHRGRGGLNMRGGNFRGGAPGNRGGYNRRGMPQ 719

hn

+
ms 655 PEKKQNTGSKKSNKNKSGKNQFNRGGGHRGRGGFNMRGGNFRGGAPGARGGYNRRAMPQ 714
rt 653 PEKKQNTGSKKSNKNKSGKNQFNRGGGHRGRGGFNMRGGNFRGGAPGNRGGYNRRGNMPQ 712

hn 720 RGGGGGGSGGIGYPYPRAPVFPGRGSYSNRGNYNRGGMPNRGNYNONFRGRGNNRGYKNQ 779
- + +

ms 715 RGGGGG-SGGIGYPYPRGPVFPGRGGYSNRGNYNRGGMPNRGNYNQNFRGRGNNRGYKNQ 773

rt 713 RGGGGG-SGGIGYPYPRGPVFPGRGGYSNRGNYNRGGMPNRGNYNQNFRGRGNNRGYKNQ 771

hn 780 SQGYNQWQQGQFWGQKPWSQHYHQGYY
ms 774 SQGYNQWOOGOFWGQKPWSQHYHQGYY
rt 772 SQGYNQWOQGQFWGQKPWSQHYHQGYY

Vol. 125, No. 6, 1999

Fig. 5. Amino acid sequence align-
ment of the gene R product (mouse),
hnRNP U (human), and SP120 (rat).
Nuclear localization signals are shown in
bold, and RGG-boxes in bold and italic
letters. The species are shown on the left
margin with abbreviations: hn, human;
ms, mouse; and rt, rat. The symbols plus
806 (+) and minus (—) represent ‘similar’
800 and ‘not-similar’ amino acids, respec-
798 tively.
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RNA-binding property of human hnRNP U (9). The gene R kinase phosphorylation site; 26-28, 317-319, 358-360,
product and human hnRNP U also share the features such  525-527, 593-595, 649-651, 663-665, 666-668, 671-673,
as putative N-glycosylation sites (codons: 56-59, 559-562, and 741-743 for protein kinase C phosphorylation sites;
615-618, 669-672 and 772-775), putative phosphorylation = 122-125, 508-511, 617-620, and 629-632 for casein kinase
sites (codons: 23-26 for cAMP-/cGMP-dependent protein  II phosphorylation sites), and abundant acidic amino acids

A B Fig. 6. Hybridization mapping of
the transcription start site of gene

2 1 0 kb R. A: Right: Autoradiograph of labeled

— 1 1 c¢RNA probe fragments protected from

A( - . RNase digestion after hybridization at

f 4 x 30 C with 20 ug of total cellular RNA

Al") 1- J J LI - - L - r_‘j from F9tk- EC cell line. Left: Auto-

RCC mRNA Int radiograph of sequencing mixtures using

the same DNA template and the primers

Intron 1 Exon 1
as those used for labeling the cRNA
ENS KA probe, and electrophoresed simultane-
RNA Probe _> ously. The small arrowhead indicates the
Ps *h position of the protected fragment,
Template whereas the open arrow below shows the
position of the DNA sequence corre-
DNA sequencing ——p» sponding to the RN A size after correction

for the difference in the electrophoretic
mobility between RNA and DNA (“MATERIALS AND METHODS”). B: Schematic diagram of the
hybridization mapping experiment. Broken line between Rec (deletion-recombination site) and Int
(proviral integration site) indicate the genomic region that was deleted in EC cell line B. T7 indicates
the bacteriophage promoter. Vector part of the template plasmid is not shown. Abbreviations for
restriction sites are the same as in Fig. 2.
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Fig. 7. Detection of the gene R

expression by Northern analysis

in various tissues. A: Two bands
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Fig. 8. In situ localization of the gene R mRNA in seminiferous
tubules of an adult mouse. Three sections are shown in dark-field (A,
C, and E) and bright-field photomicrographs (B, D, and F), respective-
ly. The silver grains (white dots in the dark-field photographs) indicate
the abundant gene R mRNA. The slides were counterstained with
hematoxylin. The Roman numbers indicate the stages of the sper-
matogenic cycle. G: Gene R expression and the spermatogenic cycle.
The symbols + +, +, +, and — indicate very strong, strong, weak, and
no expression of the gene R transcripts, respectively. The Roman
numbers show the stages of the spermatogenic cycle, whereas the
Arabic numbers (1-16) indicate the steps of spermatid development
(24). Arrows and arrowheads indicate representative pachytene sper-
matocytes and round spermatids (step 4-6 in B and step 8 in F),
respectively. Abbreviations are: In, intermediate spermatogonia; B,
type B spermatocytes; Pl, pre-leptotene spermatocytes; L, leptotene
spermatocytes; Z, zygotene spermatocytes; P, pachytene spermato-

cytes; Di, diplotene spermatocytes; 2°, secondary spermatocytes. Scale bar, 60 xm.
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in the N-terminus. The remarkable similarity in the amino
acid sequence and the presence of the well-conserved
motifs strongly suggest that the gene R product is the
orthologous mouse homolog of hnRNP U.

Analyses of Gene R Expression—The antisense DNA
probe for the gene R coding region hybridized with two
bands of different sizes (3.4 and 3.8 kb) in nearly equal
intensity in RNAs from various tissues (Fig. 7A). The gene
R transcripts were found in various tissues, with the
highest expression in the testis. When a probe spanning the
3’ untranslated region between the first and second poly-
adenylation signals was used, only the upper band was
detected (Fig. 7B), probably reflecting the presence of two
polyadenylated forms of the gene R transcript.

To further investigate the expression of gene R in the
testis, we performed in situ hybridizations with the
pBC262 insert as a probe (Fig. 8). In the seminiferous
tubule at each stage of spermatogenesis, specific sper-
matocytes and spermatids are found corresponding to each
stage (24). Abundant gene R mRNA (a dense distribution of
silver grains in Fig. 8, A, C, and E) was observed in various
stages of seminiferous tubules. In stages X-XI, a high-level
transcription of gene R was detected in pachytene sper-
matocytes (arrow), which were located in the periphery of
the seminiferous tubule, whereas the signals in more
centrally-located step 10 and 11 spermatids were as weak
as in the background (Fig. 8, A, B, E, and F). In stages IV-
VI, strong signals were observed in both pachytene sper-
matocytes (arrow) and round spermatids (step 4-6, arrow-
head), but there was little hybridization in the step 15
spermatids (Fig. 8, A and B, right upper). The stage IX
seminiferous tubules showed a high level of gene R expres-
sion in the pachytene spermatocytes (arrow) and a low level
of expression in step 9 spermatids (Fig. 8, C and D). In
stage VIII, a strong signal was detected in both pachytene
spermatocytes (arrow) and step 8 spermatids (arrowhead),
but expression was detected little in step 16 spermatids
(Fig. 8, E and F, left lower). In summary, gene R was
expressed in pachytene spermatocytes and round sper-
matids (Fig. 8G).

DISCUSSION

In the transductant EC cell line, we found three promoter
sequences (B, R, and R™) at the proviral integration site. Of
these, only promoter R was active in the parental EC and
NIH3T3 cells. Promoter B was situated downstream of the
promoter R in the reverse orientation. Because promoter B
was much weaker than promoter R, it was active for the
proviral neo gene only in the transductant cell line, where
promoter R was spontaneously deleted. The remaining
allele of gene R in the clone B is intact and expressed (data
not shown), and gene R appears to be essential because
homozygous knockout is embryonically lethal (unpublished
data).

Several mammalian genomic sequences in CpG islands
have bidirectional promoter activities and transcribe two
genes of head-to-head configuration (25-32). Although
transfected promoter R~ showed significant activity by the
reporter assay, we could not detect its natural transcript in
the parental EC cells. Similar bidirectional promoters
driving only unidirectional transcripts in vivo include those
of c-Ha-ras (33), transcription factor USF (34), and
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dipeptidylpeptidase IV (35). The in vivo significance of
promoters B and R~ needs to be investigated further in
various cell types.

As seen in the Northern analysis (Figs. 3 and 7), two
different sizes of the gene R mRNA were detected in
various tissues, most likely due to the two alternative
polyadenylation signals 376 bp apart. Two forms of the
hnRNP U transcripts were reported in the human as well
(11). A number of genes have multiple polyadenylated
forms of mRNAs, and some of them are developmentally
regulated (for review see Ref. 36). Both polyadenylation
signals of gene R were used equally in the adult tissues
investigated, and it remains to be determined whether they
play different roles during development.

Although the hnRNP U gene is a housekeeping gene, and
the encoded protein helps process hnRNA to mRNA, the
gene R mRNA was expressed at a wide variety of levels: at
a high level in the testis and at significantly lower levels in
the liver, spleen and pancreas. Our observation that gene R
is highly expressed in the testis in pachytene spermato-
cytes and round spermatocytes (Figs. 7 and 8) is consistent
with a previous electron microscopic finding using anti-
bodies against hnRNPs (37). The timing of gene R expres-
sion during the course of spermatogenesis coincides well
with that of the hnRNA synthesis: highest in late pachytene
spermatocytes and significantly lower in the other stages
(38, 39). Furthermore, it is possible that the hnRNP U
protein is one of several RNA-binding proteins that play
important roles in spermatogenesis (for review see Ref.
40). The human and rat hnRNP U proteins bind to AT-rich
elements, SAR/MAR. At the same time, proteins such as
topoisomerase II, SATB1, and yeast RAP1 also bind to the
elements and regulate cellular functions including tran-
scription (41-45). Of these, yeast RAP1 has been reported
to stimulate meiotic recombination at the HIS4 locus (45).
A testis-specific gene, Tsx, is located in AT-rich sequences
(46), and it is conceivable that the gene R product regulates
its expression through SAR/MAR.

It has been reported that human hnRNP U is associated
with the glucocorticoid receptor in the nucleus and inter-
feres its signal transduction (47). The amino acid sequence
of the C-terminus portion of androgen receptor is signifi-
cantly similar to that of glucocorticoid receptor (51%
identity and 809% similarity in 366 amino acids). Because
the C-terminus domain is sufficient for the hnRNP U
binding, it is conceivable that the gene R product is
associated with androgen receptor as well.

The human hnRNP U/SAF-A binds to hnRNA through
its RGG-box at the C-terminus. In contrast, it has been
reported that a double-stranded DNA-binding motif at the
N-terminus mediates its apoptosis-inducing activity (12).
It remains to be determined whether the testis-specific
function of hnRNP U is mediated by either of these
domains.

In conclusion, we cloned gene R, which is the nRNP U
homolog in the mouse and likely to play an important role
in spermatogenesis.

We thank Dr. T. Kadesh for providing pSV2Agpt, Drs. D. Helinski
and S. Nordeen for luciferase constructs, Dr. H. Lehrach for mouse
genomic DNA library, and Dr. L. Gudas for EC cell cDNA library. We
thank Drs. G. Dreyfuss, T. Ikeyama, and W. Balkan for fruitful
discussions.
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