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Abstract

The present study characterized an embryonic lethal mutation induced by insertion of the U3Neo gene
trap retrovirus into an intron of the gene encoding heterogeneous ribonuclear protein U (Hnrnpu), which
maps to the distal arm of mouse chromosome 1. Murine hnRNP U was found to be identical to the
human protein at all but one of 341 amino acid residues. Embryos homozygous for the provirus showed
obvious abnormalities after 6.5 days of development (E6.5) and were resorbed by E10.5. Expression of
the inserted neomycin-resistance gene involved alternative splicing to a cryptic 30 splice site located in the
neomycin resistance gene resulting in a hypomorphic mutation. Homozygous mutant cell lines isolated
from preimplantation blastocysts expressed hnRNP U transcripts at levels 2 to 5 times lower than wild-
type cells, suggesting that nearly wild-type levels of hnRNP U are required for embryonic development.

Abbreviations: dNTP – deoxyribonucleoside triphosphate; HnRNP – heterogeneous ribonuclear protein;
nt – nucleotide; ICM – inner cell mass; LTR – long terminal repeat; MEF – mouse embryonic fibro-
blast; NPT – neomycin phosphotransferase; PBS – phosphate buffered saline; RT PCR – reverse trans-
criptase polymerase chain reaction

Introduction

Transcripts synthesized by RNA polymerase II
associate with RNA binding proteins to form
heterogeneous ribonucleoprotein (hnRNP) com-
plexes (Dreyfuss et al., 1993, 2002; Weighardt
et al., 1996; Krecic and Swanson, 1999). Mono-
clonal antibodies raised against protein-RNA
conjugates precipitate over 20 hnRNP proteins,
named according to their sizes, from A1

(32 kDa) to U (120 kDa) (Pinol-Roma et al.,
1988). The largest component in the complex, the
120kDa hnRNP U protein, interacts directly with
RNA through a carboxy-terminal RGG sequence
(Kiledjian and Dreyfuss, 1992). Since hnRNP U
is entirely nuclear and does not shuttle between
the nucleus and cytoplasm (Pinol-Roma and
Dreyfuss, 1992; Pinol-Roma and Dreyfuss, 1993),
remodeling of hnRNP complexes and/or dissocia-
tion of hnRNP U presumably precedes RNA
transport from the nucleus.

Approximately 50% of the cellular hnRNP
U is associated with the nuclear matrix, the
insoluble material remaining after nuclei are
treated with with DNase I digestion and high-
salt extraction of protein (Fackelmayer et al.,
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1994; Gohring & Fackelmayer, 1997; Gohring
et al., 1997). Chromosomal DNA binds to the
nuclear matrix via interactions between DNA
sequences known as scaffold attachment regions
(SARs) or matrix associated regions (MARs)
and specific DNA binding proteins (scaffold
attachment factors, or SAFs) (Cockerill & Garr-
ard, 1986; Gasser & Laemmli, 1986). A 120 kDa
SAF protein characterized in human (Romig
et al., 1992), chicken (von Kries et al., 1991),
and rat (Tsutsui et al., 1993) cells has been iden-
tified as hnRNP U (Fackelmayer et al., 1994;
von Kries et al., 1994). Binding of hnRNP U to
scaffold/matrix attachment region (S/MAR) ele-
ments involves sequences in the amino-terminus
that are independent of the RNA binding
domain (Gohring & Fackelmayer, 1997; Gohring
et al., 1997). The protein is methylated by
Prmt1, the major mammalian arginine methyl-
transferase (Herrmann et al., 2004). However,
the modification appears to be constitutive and
is thus unlikely to regulate hnRNP U functions
under steady-state growth conditions (Pawlak
et al., 2002).

Recent studies suggest that HnRNP U may
also interact with both specific and general tran-
scription factors. For example, hnRNP U inter-
acts with the glucocorticoid receptor and
inhibits transcriptional activation by the hor-
mone (Eggert et al., 1997). In addition, a sub-
fraction of hnRNP U co-purifies with RNA
polymerase II and inhibits transcriptional elon-
gation, as is characteristic of the enzyme in the
preinitiation complex (Kim & Nikodem, 1999).
hnRNP U dissociates from the Pol II complex
at an early stage in transcription, consistent
with the failure of hnRNP U to co-localize with
sites of transcription in vivo (Mattern et al.,
1999). Finally, hnRNP U/SAF-A reportedly
interacts with the p300 histone acetylase
enzyme, and the two proteins co-localize on S/
MAR sequences within the topoisomerase I gene
prior to transcriptional activation (Martens
et al., 2002).

As with other abundant, ubiquitous hnRNPs,
hnRNP U is thought to function at one or more
steps important for pre-mRNA synthesis, pro-
cessing and transport. The available data support
models in which hnRNP U functions as an adap-
ter to localize proteins, RNA and DNA to the
nuclear matrix and/or to one another. Such inter-

actions could contribute to molecularly coupled
events involved in transcription and mRNA bio-
genesis .

In the present study, we characterized mice
and cell lines with a hypomorphic mutation in
the hnRNP U gene, Hnrnpu (Mouse Genome
Database (Blake et al., 2002) accession number,
1858195). The mutation was induced in murine
embryonic stem cells following infection with the
U3Neo gene trap retrovirus (von Melchner et al.,
1992) and transmitted through the germline.
Homozygous mutant mice were severely retarded
in both growth and development indicating that
hnRNP U is essential for embryonic develop-
ment.

Materials and methods

Genotyping by PCR

Genomic DNA was extracted (Laird et al.,
1991) from embryos following overnight incuba-
tion at 55�C in 10 to 50 ll of lysis buffer
(100 mM Tris–HCl, pH 8.5, 5 mM EDTA,
0.2% SDS, 200 mM NaCl, 100 lg/ml Proteinase
K). Samples were heated to 100�C for 10 min
and 1 ll was used for PCR. DNA was precipi-
tated in an equal volume of isopropanol and
resuspended in 20–50 ll TE (10 mM Tris–HCl
pH 8.0, 0.1 mM EDTA). Embryos were geno-
typed using a three primer PCR assay. A 400 nt
fragment from the wild type allele was amplified
by using a primer complementary to an
upstream Hnrnpu exon (1B3 up; TCCTCAGC-
CACCTGTTGAAG) with a primer specific for
genomic sequences downstream of the integra-
tion site (1B3 down; GCTCACTTAACATAGT
TCCAC). A 500 nt fragment corresponding to
the disrupted allele was amplified by using the
1B3 up primer together with a primer specific
for the provirus (neoB; CGAATAGCCTCTC-
CACCCAA). PCR was performed in 25 ll reac-
tions (10 mM Tris–HCl pH 8.3, 5 mM KCl,
1.5 mM MgCl2, 200 lM of each deoxyribonu-
cleoside triphosphate, 2.5 units of Amplitaq
(Perkin–Elmer/Cetus), and each primer at
2 lM). Reactions proceeded through 35 cycles
of denaturation (95�C for 1.0 min), primer
annealing (55�C for 1.0 min), and primer
extension (72�C for 2 min.).
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Sectioning embryos

The decidua were dissected away from the uterus,
rinsed in PBS, fixed in 4% paraformaldehyde for
1 h and dehydrated in a series of 20 min washes
(three times in PBS, and in 25, 50, 75, 75, 95 and
100% ethanol). The decidua were infused with
paraffin by a series of 30 min to 1 h washes (Eth-
anol:xylene, 1:1, twice in xylene, xylene:paraffin
1:1 at 60�C, and three times in paraffin at 60�C).
The embryos were imbedded for sectioning.
Seven micron sections were placed on polylysine
coated slides, incubated on a 42�C slide warmer
overnight and stained with hematoxylin and
eosin.

Isolation of cell lines homozygous for the 1B3
provirus

Cell lines were established from the inner cell
mass of blastocysts obtained by crossing 1B3
heterozygous mice (Robertson, 1987; Ab-
bondanzo et al., 1993). The blastocysts were
isolated initially from C57BL/6 animals; how-
ever better results were acheived after back
crossing for 3 generations into a 129/Sv back-
ground. The cells were maintained on feeder
layers of primary mouse embryonic fibroblasts
(MEF). MEFs were plated and allowed to con-
dition the media for at least 12 h before plating
blastocyst-derived cells. Cells were cultured in
DME supplemented with 15% preselected and
heat inactivated FBS; 100 mM nonessential
amino acids, 0.1 mM b-mercaptoethanol and
1000 U/ml leukemia inhibitory factor (Esgro�,
GIBCO).

Blastocysts were flushed from the uterus
3.5 days p.c., rinsed in media and plated on
MEFs. The cultures were incubated undisturbed
for 2 days, allowing the blastocysts to attach
and hatch from the zona pellucida, and cultured
for two additional days with daily media
changes. During this time the inner cell mass
(ICM) forms a ball of cells on top of the
attached trophoblast cells. Usually on the morn-
ing of the 5th day the ICM was dissected away
from the trophoblast cells by using a drawn
glass capillary. The dissected ICM was washed
twice in PBS then trypsinized for 3 min with
0.25% trypsin EDTA. After 3 min, the ICM
was broken into clumps of cells (not single cells)

and the clumps were transferred to a single well
of a 24 well dish containing a feeder layer.
After 7 days with media changes every other
day, the cells could be serially passaged every
second or third day as needed and then cyropre-
served.

Reverse transcriptase PCR

RT-PCR was performed as described (Kawasaki,
1990) starting with cellular RNA prepared by
LiCl extraction. About 20 lg RNA was treated
with 1 unit of RNAse free DNase (Gibco BRL)
(20 mM Tris–HCl pH 8.4, 50 mM KCl, 2.5 mM
MgCl2) for 15 min at room temperature. First
strand cDNA synthesis was performed at 42�C
for 30 min in a 20 ll reaction containing: 5 lg
RNA, 500 nM NEO A primer (50-ATT-
GTCTGTTGTGCCCAGTCATA), 20 mM Tris-
HCl (pH 8.4), 50 mM KCl 2.5 mM MgCl2,
10 mM DTT 400 lM each dNTP, 8 units Super
Script II reverse transcriptase. Two units of
RNAse H was added and incubated for 10 min
at 55�C. About 2 ll of the single strand cDNA
was amplified through 35 cycles (95�C for
1.0 min, 55�C for 1.0 min and 72�C for 2 min.)
in a 50 ll reaction containing: Neo (NeoA or
NeoB; 50-CGAATAGCCTCTCCACCCAA) and
hnRNP U (1B3 Up) specific primers, 10 mM
Tris.HCl, pH (8.3), 5 mM KCl, 1.5 mM MgCl2,
200 lM of each deoxyribonucleoside triphos-
phate, 2.5 units of Amplitaq (Perkin-Elmer/
Cetus), and each primer at 2 lM.

Gene mapping

The murine Hnrnpu gene was mapped by using
the Jackson Laboratory community resource
(C57Bl/6J · Mus spretus)F1 · Mus spretus inter-
specific backcross DNA panel. cDNA sequences
upstream of the provirus integration site detected
a restriction fragment length polymorphism when
the DNA was digested with MspI. Southern blots
of MspI digested DNAs from 94 backcross ani-
mals and both parental strains were probed with
the upstream probe. Each sample was scored for
the presence of the C57Bl/6J allele and the results
were analyzed against the Jackson Laboratory
database to determine the position on the exist-
ing map.
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Results

Recessive embryonic lethal mutation associated
with the 1B3 provirus

The 1B3 cell line was generated by infecting D3
ES cells with the U3Neo gene trap retrovirus and
selecting for G418 resistant clones (von Melchner
et al., 1992). 1B3 cells contain a single, intact
provirus as assessed by Southern blot hybridiza-
tion (Figure 1(a) and data not shown). A 45
nucleotide sequence extending to an MseI site
immediately upstream of the provirus was iso-
lated by inverse PCR (von Melchner et al., 1992).
This sequence hybridized to single-copy cellular
DNA and thus distinguished the wild-type geno-
mic sequence from the locus occupied by the pro-
virus (Figure 1(b)). Of nearly 250 offspring
analyzed, including progeny obtained after nine
backcrosses into a C57Bl/6 background, none
was homozygous for the 1B3 provirus (Table 1).
Transmission of the 1B3 provirus therefore
appeared to be tightly linked to a recessive
embryonic lethal mutation. Heterozygous mice
were somewhat under-represented with 152
observed as compared to 163 expected among
245 progeny, but the difference was not statisti-
cally significant (v2 ¼ 0.12). Moreover, heterozy-
gous mice were indistinguishable from their wild-
type littermates.

The 1B3 provirus disrupts the hnRNP U gene

The 45-nt flanking sequence isolated by inverse
PCR failed to detect transcripts by Northern blot
analysis (not shown), but was used to isolate a
4 kb EcoRI fragment containing the viral inte-
gration site from a k phage genomic DNA
library. Further sequence analysis revealed a 74-
nt region located 321 nt. upstream of the integra-
tion site that is identical to nucleotides 788 – 861
of a cDNA sequence reported for the human
gene, HNRNPU, that encodes hnRNP U
(Figure 2). The region of homology is flanked by
consensus 30 and 50 splice sites, indicating that
the 1B3 provirus integrated into an intron of the
mouse Hnrnpu ortholog. The original 45-nt flank-
ing sequence is also contained within the intron
accounting for the failure of this probe to hybrid-
ize to cellular transcripts. Another exon, match-
ing nucleotides 676–787 of the human hnRNP U
cDNA, is located further upstream in the flank-
ing DNA (Figure 2). Based on Southern blot
analysis, using probes from either side of the pro-
virus, insertion of the 1B3 provirus did not cause
obvious deletions or rearrangements of adjacent
cellular DNA (data not shown).

Isolation of the cDNAs encoding the mouse
hnRNP U gene

The 4-kb genomic fragment, when used as a
probe for Northern blot analysis, detected tran-
scripts of approximately 2.9- and 3.7-kb in
mouse testis RNA, and was therefore used to
screen a mouse testis cDNA library (Stratagene).
Four cDNAs, with inserts ranging in size from 1
to 2.6-kb, were isolated from among 5 · 105

clones screened. The complete sequence of the

Figure 1. Failure to recover mice homozygous for the 1B3
provirus. (a) Southern blot analysis of the 1B3 provirus insert.
DNA from the parental ES cell line and 1B3 cells was
digested with HpaI, and probed with a Neo-specific probe. (b)
Southern blot analysis of progeny obtained by crossing 1B3
heterozygotes. About 10 lg of DNA was digested with EcoRI
and probed with cDNA sequences upstream of the1B3 provi-
rus. Twenty offspring were analyzed (1–20) and C57BL/6
DNA (C57) was included as a wild type control. Mutant (M)
and wild-type (WT) alleles are indicated.

Table 1. Failure to recover mice homozygous for the 1B3
provirus

Backcross Total +/+ +/) )/)

2–4 114 45 69 0

8–9 131 48 83 0

Total 245 93 152 0

Progeny of crosses between heterozygous mice after the in-
dicated number of back crosses onto a C57B/6J background
were genotyped as illustrated in Figure 1(b). The total number
of progeny and numbers of wild type (+/+), heterozygous
(+/)), and homozygous mutant ()/)) offspring are indicated.

182



2.6-kb cDNA (Figure 3), appears to contain the
entire coding sequence for mouse hnRNP U. An
open reading frame extending from nt 164 to
2560 begins with an ATG predicted to be in a
favorable context for translational initiation
(Kozak, 1991). The 30 untranslated region con-
tains a concensus polyadenylation signal (under-
lined) followed by a stretch of poly(A).

The encoded amino acid sequence of murine
hnRNP U is nearly identical to both the rat
sp120 protein and the human hnRNP U protein
(Figure 3) and the canonical nucleic acid binding
sites are identical in all three proteins. The pro-
tein also contains a potential nuclear localization
signal (underlined) and an RGG sequence
(shaded) (Kiledjian & Dreyfuss, 1992).

Phenotype of embryos homozygous for the 1B3
provirus

Failure to recover mice homozygous for the
Hnrnpu mutation suggested that the gene is
essential for embryonic development. To charac-
terize embryonic defects associated with the
mutation, 1B3 heterozygous mice were inter-
crossed and embryos were examined at different
times of gestation. Blastocysts and embryos
obtained after E6.5 were genotyped by PCR.
Table 2 summarizes the data obtained from 214
embryos examined between E3.5 and E11.5. Re-
sorbed embryos were first observed at E9.5.
Assuming that the resorbed embryos were 1B3
homozygotes, two-thirds (12/18) of the homozy-
gous mutant embryos were resorbed by E9.5.
A similar ratio (8/11) was observed at E10.5.

At E3.5 (blastocyst stage) homozygous
mutant embryos were indistinguishable from het-
erozygous or wild type littermates. Similarly at
E6.5 it was not possible to distinguish mutants
from normal littermates based on their gross
morphological appearance. By E7.5, however,
mutants could be easily distinguished from nor-
mal embryos (Figure 4(a)). Normal littermates
(left) had undergone gastrulation and the head-
fold and neural groove were apparent. Mutant
embryos lacked these features and exhibited a
morphology similar to E6.5 embryos. At E8.5,
normal embryos have completed gastrulation and
begun organogenesis (Figure 4(b), left). Morpho-
logical landmarks such as the neural fold, primi-
tive heart, and somites were present. In contrast,
mutants showed little developmental progress
(Figure 4(b), right). The embryonic portion of
the embryo appeared essentially unchanged from
the E7.5 mutant, while the extraembryonic por-
tion appeared expanded. By E9.5, wild type
embryos had progressed considerably (Fig-
ure 4(c), left). Mutant embryos on the other
hand were severely delayed (Figure 4(c), right).
At this stage 1B3 homozygotes displayed the size
and development most closely resembling E8.5
embryos (Figure 4(e)). Mutants recovered at
E10.5 showed very little developmental progress.
The most advanced mutant observed is shown in
Figure 4(d) (together with a wild type littermate)
and enlarged in Figure 5(f). This embryo dis-
played neural folds, somites, and a beating heart.
Besides the general developmental retardation,
the most obvious defect is the large spherical
allantois. This structure is seen on all mutants

Figure 2. The 1B3 provirus disrupts the mouse Hnrnpu gene. (a) Schematic of the integration site. Exon and intron sequences are
shown as solid boxes and lines, respectively. Distances beween exons and provirus are shown above and the corresponding nucleo-
tides of the human cDNA are shown for the exon sequences (Kiledjian et al., 1991). (b) Genomic sequence upstream of the 1B3
provirus. Exon sequences are shaded and numbers to the right are relative to the integration site. The MseI site involved in the
amplification of 50 flanking sequences by inverse PCR is underlined. This sequence was submitted to GenBank, accession number,
AF073991.
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Figure 3. cDNA sequence of the mouse Hnrnpu gene. The cDNA and predicted amino acid sequences of the murine hnRNP U gene
are shown as submitted to GenBank, accession number, AF073992. The putative nuclear localization and polyadenylation signals are
underlined, and the RGG box is shaded. The position of the provirus integration site in relation to the coding sequence is shown.
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isolated after E9.5 and is expected to arise due to
continued growth of the allantois in the absence
of fusion with the chorion. No homozygous
mutant embryos were recovered after E11.5.

Phenotype of 1B3 homozygotes during early
embryogenesis

To more closely characterize mutant phenotypes
during early embryogenesis, histologic sections
were prepared from decidua isolated from 1B3
heterozygote intercrosses from E7.5 to E8.5. At
E7.5 (Figure 5(a)) the primitive streak and meso-
derm layers are apparent in normal embryos.
Presumptive mutants were readily distinguished
from their normal littermates. The embryos
appeared smaller, with markedly underdeveloped
embryonic ectoderm. Extraembryonic regions,
while less retarded in size, were disorganized and
lacked identifiable extraembryonic cavities or
membranes (Figure 5(b)).

By E8.5 normal embryos had begun organo-
genesis (Figure 5(c)) with neural tube, somites
and heart being readily apparent. In contrast,
development of mutant embryos was severely
delayed (Figure 5(d)). The embryonic portion
shows some disorganized progress since E7.5,
with some mesoderm and primitive allantois
apparent. The extraembryonic portion also shows
some progress with some disorganized extraem-
bryonic membranes and cavities. Approximately
1/3 of mutant embryos persisted until E10.5.
These embryos were grossly abnormal but dis-
played structures characteristic of a neural axis,
heart, amnion and yolk sac. All mutants
observed at E10.5 had an abnormal allantois,

presumably caused by failure to fuse with the
chorion.

In summary, histological sections and whole
mount morphology suggest that 1B3 heterozyg-
otes develop normally until E6.5. Afterwards
their development is greatly slowed such that by
E8.5 the only sign of developmental progress in
the embryonic portion is the presence of some
embryonic mesoderm and the beginning of the
allantois. In general, the defect seems to be less
pronounced in the extraembryonic region so that
by E8.5 there is formation of extraembryonic
cavities and membranes, although they are con-
siderably disorganized.

Effect of the 1B3 provirus on Hnrnpu gene
expression

To determine if cells homozygous for the 1B3
provirus are viable, 1B3 heterozygotes were
crossed, and the resulting blastocysts were cul-
tured as described in Material and methods.
Nineteen out of 33 blastocysts plated gave rise to
stable cell lines; of which two were homozygous
for the 1B3 provirus as assessed by Southern blot
analysis (data not shown). Of the remaining cell
lines 6 were wild-type and 11 were heterozygous.
The viability of homozygous mutant cells could
mean that the protein is not essential or that the
1B3 provirus did not completely disrupt Hnrnpu
expression. To distinguish between these possibil-
ities, levels of Hnrnpu transcripts were assessed
by Northern blot analysis, probing with cDNA
sequences downstream of the provirus integration
site. The provirus inserts two poly(A) sites which,
if utilized efficiently, will ablate transcription of

Table 2. Embryos homozygous for the 1B3 provirus die between E9.5 and E11.5

Embryonic age Number Wild type Heterozygous Homozygous mutant Resorbed

3.5 8 3 3 2 0

6.5 15 4 7 4 0

7.5 15 3 6 6* 0

8.5 42 12 18 12* 0

9.5 67 15 3 6* 12

10.5 27 7 9 3* 8

11.5 30 7 12 0 11

Total 214 53 95 35 32

Embryos produced by crossing 1B3 heterozygotes were dissected from maternal tissue and genotyped by PCR using DNA extracted
either from the entire embryo (E8.5), or from the yolk sac (E8.5). Embryos with obvious mutant phenotypes are marked (*).

185



downstream hnRNP U sequences. Relative levels
of hnRNP transcripts were quantified with a Fuji
phosphorimager, with glyceraldehyde 3-phos-
phate dehydrogenase transcripts (GAPDH) serv-
ing as an internal standard. As shown in
Figure 6, the Hnrnpu probe hybridized to two
transcripts in both wild type and heteroyzygous
cell lines. This pattern is similar to that observed
in Hela cells, in which two transcripts are gener-
ated by alternative polyadenylation. Levels of the
smaller and larger transcripts expressed in homo-
zygous mutant cells were approximately two-fold
(58% of wild-type) and 5-fold (18% of wild-type)
lower than wild type cells, respectively. Similar
results were obtained with the second homozy-
gous mutant line (data not shown). Thus, inser-
tion of 1B3 provirus resulted in a hypomorphic
mutation.

Isolation of homozygous mutant cell lines,
might select for cell variants that express higher
levels of hnRNP U. Therefore, mutant embryos
were also analyzed for Hnrnpu expression by
in situ hybridization. Sections of wild type and
morphologically mutant embryos were hybridized
to 35S-labeled probes prepared from sense and
anti-sense cDNA sequences downstream of the
provirus integration site. Both normal and
mutant embryos showed expression throughout
the embryo (data not shown), confirming that
the phenotype associated with the 1B3 provirus
did not result from a null mutation.

Figure 4. Wild-type and 1B3 homozygous mutant embryos.
Wild type (left) and mutant (right) embryos at E7.5 (a), E8.5
(b), E9.5 (c), E10.5 (d) were photographed under dark field
microscopy. Panels (e) and (f) are higher magnifications of
mutants at E9.5 and E10.5, respectively. The genotypes of the
embryos was confirmed by PCR.

Figure 5. Histology of wild-type and mutant embryos.
Embryos were fixed and sectioned within the decidua. (a)
Normal and (b) mutant embryos at E7.5. (c) Normal and (d)
mutant embryos at E8.5. Abbreviations: a, amnion; al, allan-
tois; e, embryonic portion; ex, extraembryonic portion; h,
heart; me, mesoderm; nt. neural tube; s, somite.

Figure 6. Disruption of Hnrnpu gene expression by the 1B3
provirus. Northern blot analysis of total RNA prepared from
blastocyst derived cell lines. About 10 lg of total RNA for
each cell line was hybridized to 32P labeled probes derived
from sequences downstream of the provirus integration site.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) probes
were used to normalize RNA loading. The migration of the
ribosomal RNAs (18S and 28S) is indicated.
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Splicing and polyadenylation of hnRNP U-Neo
fusion transcripts

Each LTR of the U3Neo provirus contains
sequences for 30 processing and polyadenylation.
Continued expression of Hnrnpu transcripts sug-
gests that the viral poly(A) sites are not always
utilized; instead, splicing removes provirus
sequences inserted in the intron. The question
then arises as to how hnRNP U-neo fusion tran-
scripts are expressed. Previous Northern blot
studies found high levels of a 1.5-kb Neo tran-
script in 1B3 cells (von Melchner et al., 1992),
the approximate size expected for Hnrnpu-Neo
fusion transcripts terminating in the 50 LTR. One
possibility is that fusion transcripts may combine
the proximal upstream Hnrnpu exon, 50 splice
site, flanking intron and 50 LTR into a single,
terminal exon. However, this option contradicts
current exon definition models in which exons in
pre-mRNA are processed as autonomous units.
Alternatively, the proximal Hnrnpu exon may
maintain its autonomy and splice to a cryptic 30

splice site, located either in Neo or in the adja-
cent intron as observed in most entrapment
clones genenerated with U3Neo vectors (Osipo-
vich et al., 2004).

To distinguish between these alternatives,
Hnrnpu-Neo fusion transcripts expressed in ES
cells were analyzed by reverse transcriptase PCR
(RT-PCR). A primer specific for the hnRNP exon
immediately upstream of the provirus and two dif-
ferent primers complementary the neomycin resis-
tance gene were used to amplify transcripts
extending from the Hnrnpu into the provirus
(Figure 7(a)). Transcripts extending through the 50

splice site, proximal intron and into the provirus
would produce an RT-PCR product 503 nucleo-
tides using the 1B3 up and neoB primers. As
shown in Figure 7(b), the size of the major PCR
product was significantly smaller (98 nt) than
expected for transcripts colinear with the flanking
DNA. Moreover, the major PCR product did not
hybridize to a U3 probe (Figure 7(c)). Three inde-
pendent RT-PCR products were cloned from sepa-
rate amplification reactions and sequenced. As
shown in Figure 7(d), all of these transcripts
spliced from the proximal 50 splice site in Hnrnpu
to a cryptic 30 splice site located in the Neo gene
(Figure 7(d)). The same cryptic splice site, which is
commonly used by U3 entrapment vectors con-

taining wild-type Neo sequence (Roshon et al.,
2003; Osipovich et al., 2004), contains a PyAG
and a potential branch point sequence characteristic
of 30 splice sites, but lacks the upstream poly-
pyrimidine stretch. Since the 30 splice site is down-
stream of the neomycin phosphotransferase
initiation codon, Hnrnpu-U3Neo transcripts are
expected to encode a fusion protein consisting of
the amino terminal 219 amino acids of hnRNP U
fused to amino acid 10 of neomycin phosphotrans-
ferase (NPT).

The mouse hnRNP U gene maps to the distal end
of chromosome 1

Early in the course of these studies, the mouse
Hnrnpu gene was mapped by using the Jackson
Laboratories (C57Bl/6J · M. spretus) F1 · M. spre-
tus interspecific backcross DNA panel (see Mate-
rials and methods) (Rowe et al., 1994). This
panel of DNAs was obtained from 94 N2 ani-
mals from the F1 · M. spretus backcross. The
genetic maps of the DNA panel were anchored
to published maps by mapping known loci, sim-
ple sequence length polymorphisms, and loci
defined by endogenous retroviruses. This back-
cross panel allows accurate and efficient mapping
with 1–5 cM resolution. The mouse hnRNP U
gene mapped to the distal end of chromosome 1
(Figure 8). There are no known mutations map-
ping nearby for which hnRNP U would be a
candidate.

Discussion

The present study characterized a hypomorphic
mutation in the mouse Hnrnpu gene induced by
insertion of the U3Neo gene trap retrovirus.
Embryos homozygous for the 1B3 provirus expe-
rience retarded development of embryonic ecto-
derm at E6.5, severe growth retardation
beginning at E7.5 and death between E9.5 and
E11.5. None of the mutants advanced beyond
the size or developmental stage of E8.5 embryos,
but some formed neural plate, primitive heart,
somites and extraembryonic tissues. This is the
second report that an hnRNP gene is essential
for mammalian development.

While the first observable defects coincided
with mesoderm production, it is difficult to
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distinguish whether the phenotype reflects a spe-
cific function of the gene or is a secondary conse-
quence of growth retardation. The phenotype is
consistent with the partial loss of a widely
expressed gene that is required for normal cell
metabolism. Such mutations (assuming they do
not affect cell viability) are expected to suppress
embryonic growth beginning with gastrulation
when the embryo experiences a dramatic increase
in size and growth rate. For example, embryos
with a hypomorphic mutation in DNA methyl-
transferase (Li et al., 1992) survive until E10.5,
are stunted in their development and have similar
defects in the allantois.

There is considerable variability in the severity
of the mutant phenotype even within the
same litter, which may reflect the number and

proportion of mutant embryos and competition
with nearby embryos. The reduction in hnRNP
U could also contribute to the variation, assum-
ing that the levels of gene expression are near the
boundary of that required for function. The vari-
ation was also observed in mice back crossed for
up to 9 generations and thus, does not appear to
result from variation in genetic background.
Mutants persisting beyond E9.5 consistently
show defects in the allantois, as have been
described for mutations affecting a5 integrin
(Yang et al., 1993), DNA methyltransferase (Li
et al., 1992), Csk (Imamoto & Soriano, 1993),
Brachyury (Willison, 1990; Herrmann, 1992) and
Hb58 (Radice et al., 1991). Thus, defects in the
chorioallantoic placenta, including failure of the
allantois to fuse with the chorion, are frequently

Figure 7. Analysis of Hnrnpu-U3Neo fusion transcripts. (a) Strategy used to amplify fusion transcripts. The provirus is shown
downstream of the 50 splice site (50SS) of the Hnrnpu exon upstream and proximal to the 1B3 provirus (Figure 2). The positions of
the primers used for reverse transcriptase PCR (RT-PCR) are indicated. (b) Ethidium bromide stained products of RT-PCR. PCRs
were performed before ()RT) or after (+RT) first strand synthesis with the neoA primer. PCR reactions using DNA templates
were performed to provide controls for products amplified from unspliced transcripts and products amplified from genomic DNA
sequences that might contaminate RNA preparations. Sizes of the RT-PCR products are indicated. (c) PCR products from B were
analyzed by Southern blot hybridization using a U3 oligo as a probe. (d) Sequence alignment between RT-PCR products and geno-
mic sequences. Consensus sequences for 50 splice sites (50), 30 splice sites (30), and the branchpoint (BP) are shown below the geno-
mic sequences. All RT PCR products were generated from transcripts that spliced from nt 955 of Hnrnpu to Neo as shown.
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associated with embryonic death during the E10
to E11 interval. Defects in the allantois are asso-
ciated with insufficient mesoderm formation
caused either by general growth retardation or
by mesoderm-specific gene defects. For example,
most BMP 4 null embryos arrest at gastrulation
due to failure to produce mesoderm, whereas,
death at later stages is associated with a failure
to produce sufficient extraembryonic mesoderm
including the yolk sac and allantois (Winnier
et al., 1995).

U3 gene trap vectors were designed to dis-
rupt cellular gene function by usurping the pro-
moter of the occupied genes and by ablating
transcription downstream of the two poly(A)
sites (one in each LTR) carried by the provirus.
Since poly(A) sites are not usually recognized
when located in introns (Adami & Nevins, 1988;
Levitt et al., 1989; Niwa et al., 1992), U3 gene
traps were expected to select for clones in which
the provirus had inserted into exons of trans-
criptionally active genes. However, our previous
studies have demonstrated that U3Neo entrap-
ment vectors are typically expressed following
insertion into introns, from cellular transcripts
that splice to cryptic 30 splice sites in the neo-
mycin phosphotransferase (NPT) coding
sequence or in the adjacent intron (Roshon
et al., 2003; Osipovich et al., 2004). The major-
ity of Hnrnpu-Neo fusion transcripts utilized the
same cryptic Neo splice site.

Insertion of U3 gene trap vectors into introns
have had variable effects on the expression of the
occupied genes, as illustrated by essentially null
mutations in Rangap1 (Ran GTPase activating
protein) (DeGregori et al., 1994), EphA2
(Eph receptor A2) (Chen et al., 1996), Hnrpc
(Williamson et al., 2000), Fus (Hicks et al., 2000)
and Prmt1 (arginine methyltransferase 1) (Pawlak
et al., 2000), as well as a hypomorphic allele
involving Hnrpa2b1 (hnRNP A2/B1) (Roshon
et al., 2003). The severity of each mutation
appears to depend on the efficiency of splicing
between 50 exons of the occupied gene and cryp-
tic 30 splice sites in or upstream of the entrap-
ment vector. Thus, the hypomorphic mutation in
Hnrnpu, like the previously described Hnrpa2b1
mutation, results from transcripts that skip the
relatively weak cryptic 30 splice site in the U3Neo
gene. By contrast, the null mutation in Hnrpc
results from the efficient utilization of a cryptic 30

splice site in the adjacent intron sequence.
These the expression of Hnrnpu-U3Neo

fusion transcripts is consistent with an exon def-
inition model in which splicing and polyadenyla-
tion require interactions between factors acting
across exons (Robberson et al., 1990; Niwa
et al., 1992). This model predicts that polyaden-
ylation signals are not utilized unless they can
be defined as part of a 30 terminal exon (Adami
& Nevins, 1988; Levitt et al., 1989; Niwa et al.,
1990, 1992; Miller & Stoltzfus, 1992; Wasserman

Figure 8. Mapping of the mouse Hnrnpu gene. (a) Haplotype
from The Jackson BSS backcross showing part of Chromo-
some 1 with loci linked to #Ib3. Loci are listed in order with
the most proximal at the top. The black boxes represent the
C57BL6/Jei allele and the white boxes the SPRET/Ei allele.
The number of animals with each haplotype is given at the
bottom of each column of boxes. The percent recombination
(R) between adjacent loci is given to the right of the figure,
with the standard error (SE) for each R. (b) Map from The
Jackson BSS backcross showing the distal end of Chromo-
some 1. The map is depicted with the centromere toward the
top. A 3 cM scale bar is shown to the right of the figure. Loci
mapping to the same position are listed in alphabetical order.
Missing typings were inferred form surrounding data where
assignment was unambiguous. Raw data from The Jackson
Laboratory were obtained from the World Wide Web
address, http://www.jax.org/resources/documents/cmdata.
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& Steitz, 1993; Furth et al., 1994). We find that
the proximal hnRNP U exon upstream of the
provirus does not lose its identity; rather, the
exon splices either to the Neo splice site or to
the next hnRNP U exon. Moreover, the poly(A)
site in the 50 LTR appears to be used exclu-
sively in conjunction with the Neo cyptic 30

splice site.
cDNAs encoding murine hnRNP U were

characterized as part of our analysis of the 1B3
mutation, providing an additional vertebrate
hnRNP U sequence for interspecies comparisons
(the chicken, rat and human sequences had been
reported previously). Overall, murine and human
hnRNP U differ at only a single residue, while
functionally significant regions such as the RNA
recognition motif and nuclear localization signal
are completely conserved among all vertebrate
species. Phylogenetic conservation of hnRNP U
despite the presence of related genes, suggests
that the protein has distinct functions in mRNA
biogenesis or gene regulation.

Cell lines derived from homozygous mutant
blastocysts expressed 2–5 times less hnRNP U
transcripts and were more difficult to establish
than wild type or heterozygous cell lines. We
considered the possibility that in vitro propaga-
tion selected for cells that expressed higher levels
of hnRNP U than are expressed in the corre-
sponding mutant embryos. However, hnRNP U
transcripts were easily detected in homozygous
mutant embryos as assessed by in situ hybridiza-
tion. While this analysis was not quantitative and
some cell types may be more affected than oth-
ers, the results suggest that the reduced levels of
hnRNP U are not sufficient for embryonic devel-
opment.

Without null cell lines, we were unable to
determine if hnRNP U is required for cell viabil-
ity. For example, cells deficient in hnRNPA1
(Ben-David et al., 1992) and lacking hnRNP C
(Williamson et al., 2000) have been described.
Even so, the availability of cell lines expressing
reduced levels of hnRNP U transcripts, could
assist cell-based studies of hnRNP U function.
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