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Nuclease Sensitive Element Binding Protein 1 Gene
Disruption Results in Early Embryonic Lethality

Lin Fan,1 Stephen N. Jones,2,3 Carolyn Padden,1 Qichang Shen,1 and Peter E. Newburger1,2*
1Department of Pediatrics, University of Massachusetts Medical School, Worcester, Massachusetts
2Department of Cancer Biology, University of Massachusetts Medical School, Worcester, Massachusetts
3Department of Cell Biology, University of Massachusetts Medical School, Worcester, Massachusetts

Abstract Nuclease sensitive element binding protein 1 (NSEP1) is a member of the EFIA/NSEP1/YB-1 family of
DNA-binding proteins whosemembers share a cold shock domain; it has also been termedDNA-binding protein B and Y
box binding protein-1 because of its recognition of transcriptional regulatory elements. In addition,NSEP1 functions in the
translational regulation of renin, ferritin, and interleukin 2 transcripts, and our laboratory has reported that it plays a role in
the biosynthesis of selenium-containing proteins. To test the functional importance of NSEP1 in murine embryonic
development, we have utilized a clone of ES cells inwhich theNSEP1 gene had been disrupted by integration of a plasmid
gene-trapping vector into the seventh exon. Injection of these cells intoC57BL/6 blastocysts resulted in 11high percentage
chimericmice; crosses towild typeC57BL/6mice generated 82 F1 agoutimice, indicating germ line transmission of the ES
cell clone, but genotyping showed no evidence of the disrupted allele in any of these agouti offspring even though
spermatozoa from four of five testedmice contained the targeted allele. Embryos harvested after timedmatings of chimeric
malemice demonstrated only thewildtype allele in 27 embryos tested at E7.5, E12.5, and E18.5. These results suggest that
gene targeting of NSEP1 induces a lethal phenotype in early embryos, due to either haploinsufficiency of NSEP1 or
formation of a dominant negative form of the protein. In either case, these data indicate the functional importance of the
NSEP1 gene in murine early embryonic development. J. Cell. Biochem. 99: 140–145, 2006. � 2006 Wiley-Liss, Inc.
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Nuclease sensitive element binding protein 1
(NSEP1) (GenBank locus NM_004559; OMIM
#154030) is a member of the EFIA/NSEP1/YB-1
family of DNA-binding proteins whose mem-
bers share a highly conserved region of 100
amino acids highly homologous to the E. coli
cold shock domain [Goldstein et al., 1990; Kudo

et al., 1995]. This molecule was originally
named DNA-binding protein B because it was
first identified by screening a human placenta
cDNA expression library for binding to double-
stranded DNA fragments derived from enhan-
cer and promoter regions [Sakura et al., 1988].
The molecule has also been termed Y-box
binding protein-1 in recognition of its role as a
transcription factor that recognizes the Y-box
element in HLA class II gene promoters [Didier
et al., 1988; Kohno et al., 2003]. NSEP1 also
binds to regulatory sites in the leukosialin
(CD43) promoter, human gamma-globin gene
upstream regulatory region, and promoter
regions of pathogenic viruses including HIV-1,
HTLV-1, and polyoma virus JC [Horwitz et al.,
1994; Swamynathan et al., 1998]. It plays a
functionally significant role in the transcrip-
tional regulation of the human genes encoding
Fas, gelatinase A, collagen a1(I), andmultidrug
resistance 1 [Mertens et al., 1998; Ohga et al.,
1998; Lasham et al., 2000; Norman et al., 2001].
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In addition, NSEP1 protein binds to RNA
and functions in the translational regulation of
renin, ferritin, and interleukin 2 transcripts
[Chenetal., 2000;Ashizukaetal., 2002;Skalweit
etal., 2003].Thebifunctional activities ofNSEP1
are typical of many other nucleic acid-binding
proteins that serve as both transcriptional and
translational regulators or even as metabolic
enzymes [Nakagawaetal., 1995;Matsumotoand
Wolffe, 1998; Kim and Dang, 2005].
Our laboratory has previously reported

that NSEP1 also plays a role in the biosynthesis
of selenium-containing proteins [Shen et al.,
1998]. This small but important class of
proteins, comprised of 25 selenoproteins in
human cells [Kryukov et al., 2003], includes
important antioxidants such as the glutathione
peroxidase family [Chambers et al., 1986;
Esworthy et al., 1991; Schuckelt et al., 1991;
Chu et al., 1993]. Selenoproteins incorporate
selenium by translational insertion of seleno-
cysteine (SeCys) at a UGA codon [Sunde, 1990;
Böck et al., 1991], which otherwise serves as a
termination signal. Translation of this codon
in eukaryotic selenoprotein mRNA depends
upon a SeCys insertion sequence (SECIS) in
the 30-untranslated region [Berry et al., 1993;
Shen et al., 1993]. The mammalian SeCys
translation apparatus includes multiple pro-
teins involved in SECIS recognition and bind-
ing. The best-established of these constituents
are SECIS-binding protein 2 [Lesoon et al.,
1997; Copeland and Driscoll, 1999; Copeland
et al., 2000] and mSelB [Fagegaltier et al.,
2000b; Tujebajeva et al., 2000], the mammalian
homolog of the prokaryotic selenoprotein-spe-
cific translation factor SelB [Forchhammer
et al., 1989].
NSEP1 contains RNA-binding elements

including four characteristic arginine-rich
motifs [Burd and Dreyfuss, 1994] and specifi-
cally binds to the SECIS element of human
cellular glutathione peroxidase mRNA [Shen
et al., 1998]. However, Krol’s group—which
independently identified NSEP1 as a SECIS-
binding protein by 3-hybrid screening—did not
detect SECIS binding in electromobility shift
assays [Fagegaltier et al., 2000a], so the pro-
tein’s activity in selenoprotein translation has
remained controversial.
Our current study of NSEP1 gene targeting

provides the first in vivo evidence that the
protein plays an essential role in mammalian
embryonic development.

MATERIALS AND METHODS

NSEP1 Gene Targeting

The German Gene Trap Consortium (http://
www.genetrap.de/) provided a clone of murine
129/SvP ES cells in which theNSEP1 gene had
been disrupted by integration of a plasmid gene-
trapping vector [Hansen et al., 2003]. The size
and location of the integrated vector was
determined by PCR and sequencing. Injection
of this clone into C57BL/6 blastocysts generated
eleven high percentage chimeric mice, identi-
fied by coat color. The chimeras were then
crossed to wildtype C57BL/6mice to produce F1
offspring, including 82 agouti mice. PCR geno-
typing was carried out by analysis of DNA
from mouse tail snips, using three pairs of
primers:

A. primers targeting only the inserted vector
1. (pT1F) 50-GTAAGTGAAGCGACCCG-

CATTGA
2. (pT1R) 50-TCAAGAAGGCGATAGAAG-

GCGATG
B. primers targeting both genomic DNA and

the inserted vector
3. (EX7F) 50-CTCGCCAAAGACAGCCTA-

GAGAG
4. (lacZR) 50-GGATTGACCGTAATGG-

GATAGGTC
C. primers targeting genomic DNA bracketing

the inserted vector
3. (EX7F, above)
5. (IN7R) 50-CAGAGGGCAAAAAGCAAG-

CAC.

Southern blottingwas performed by standard
techniques, using HindIII digestion of genomic
DNAandhybridizationwitha 32P-labeled probe
formed by PCR amplification of mouse genomic
DNA with the following primers:

NDBPBKOF1, 50-CGGTATCGCCGAAACTTC-
AATTA
NDBPBKOR1, 50-CAACACTGTCTTCAGAGC-
ACAGGA.

NSEP1-targeted chimeric males were sacri-
ficed, and the epididymis and vas deferentia
were harvested and minced with an 18-gauge
syringe needle in HTF media (Chemicon). The
sperm was concentrated by brief microcentrifu-
gation in an Eppendorf tube and flash frozen in
liquid nitrogen. DNA was prepared from these
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samples and other harvested organs using
standard methods. All animals were main-
tained and used in accordance with the Uni-
versity of Massachusetts Animal Care and Use
Committee.

Embryo Analysis

NSEP1 þ/� males were mated with NSEP1
þ/þ females, and embryos were flushed from
the uterine horns of females at days 7.5, 12.5,
and 18.5 post coitum. Genomic DNA was pre-
paredbyplacing individual blastocycts into10ml
of NSPK buffer (20 nmM Tris (pH 8.0), 100 mM
KCl, 4 mM MgCl2, 0.9% Triton-X 100, 0.9%
NP-40, with 300 mg/ml Proteinase K) for 4 h at
608C. One half of the reaction was used for
genotyping by a standard PCR protocol.

RESULTS AND DISCUSSION

Murine embryonic stem cell clone W094B04,
derived from the TBV2 (129/SvP) ES cell line,
was obtained from the German Gene Trap
Consortium (http://www.genetrap.de/). Its posi-
tion in the NSEP1 gene was mapped by PCR
amplification from the inserted gene trap
plasmid and sequencing of the murine genomic
flanking regions. As shown schematically in
Figure 1, exon 7 of the NSEP1 gene was
interrupted by insertion of the gene trapping
vector pT1bgeo, which includes an upstream
30splice consensus sequence, a promoterless
fusion gene formed from the beta-galactosidase
(lacZ) reporter and the neomycin resistance
selector, and signals for chain termination and
polyadenylation [Hansen et al., 2003]. In the
resulting transcript, endogenous splicing accep-
tor of exon 7 is being used, with transcription
through the upstream region of exon 7 then
through the targeting vector (T. Floss, German
Gene Trap Consortium, personal communica-

tion). The vector fusion gene’s chain termina-
tion signal results in loss of all downstream
NSEP1 sequences. The clonewas expanded and
cells injected into C57BL/6 blastocysts, gener-
ating eleven high percentage chimeric mice,
identified by coat color. Estimated percent
chimerism ranged from 50% to 95%.

The 11 high percentage chimeras were
crossed to wild type C57BL/6 mice and six of
them generated 82 F1 agouti mice, indicating
germ line transmission of the ES cell clone in
these F1 founders. Genotyping of these F1 mice
by PCR showed no evidence of the disrupted
allele in any of the agouti offspring of the
chimeric founders when tail snip DNA was
amplified with primer pairs 1–2 or 3–5.
Figure 2 illustrates the results from a repre-
sentative set of F1 tail snip DNA samples tested
with the internal plasmid primer pair 1–2,
located entirely within the targeting vector.
These primers amplified a 1499 bp product from
DNA extracted from theW094B04 targeted cell
line (lane 2) but not from control AB2.2 ES cells
(lane 1) or any of the F1 tail snip DNA samples
(lanes 3–11).

Figure 3 illustrates the results from a repre-
sentative set of F1 tail snip DNA samples tested
with the bracketing primer pair 3–5, which
generates a 924 bp product from the wild type
allele and an 8 kb product from the disrupted
allele containing the targeting vector. The
control ES cell line AB2.2 (lane 1) demonstrates
the wild type allele; the W094B04 targeted ES
cell line (lane 2) shows both the wildtype and
targeted alleles; and the tail snip samples (lanes
2–11) show only thewild type, indicating lack of
transmission of the targeted allele.

To confirm the presence of ES-derived germ
cells the potential for transmission of the
targeted NSEP1 allele, we performed PCR
genotyping of spermatozoa, as well as somatic

Fig. 1. Schematic diagramofNSEP1 gene disruption by the exon-trapping vector pT1bgeo. The fusion gene
insert is represented by the upstream splice acceptor site (triangle) and the open reading frames for beta
galactosidase (LacZ) and neomycin resistance (Neo).
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tissues, from five chimeric male founders, all of
which had produced agouti F1 offspring. As
shown inFigure 4, spermatozoa from four of five
tested mice showed detectable levels of the
targeted allele, as did their other tissues tested
(not shown).
In view of the absence of the targeted allele in

live births, we sought to determine whether the
targeted allele was present in embryos. PCR
genotyping was performed on DNA extracted
from embryos harvested at E7.5–E18.5 after
timed matings of chimeric male mice to wild
type C57BL/6 females. Figure 5 illustrates the
results from a representative set of embryo
DNAsamples testedwith the bracketing primer
pair 3–5; all appeared homozygous for the
wildtype NSEP1 allele. As shown in Table I,
only the wildtype allele was present in all 27
embryos tested at E7.5, E12.5, and E18.5.
These results suggest that haploinsufficiency

of NSEP1 induces a lethal phenotype in early
embryos. Alternatively, the gene-targeting
event could have created a dominant negative
form of the protein. The gene trap vector

inserted into the seventh exon of the gene,
leaving intact the first six exons, which contain
the RNA-binding cold shock domain [Toh et al.,
1998], and eliminating all or most of the less-
conserved seventh and eighth exons, which
probably contain sites for protein–protein
interactions. Thus, the protein product, a fusion
of NSEP1 exons 1–6 with a reporter/selector
fusion gene, is likely to bind to the SECIS.
However, the absence of normal C-terminal
domains and steric hindrance by the gene trap-
encoded fusion region could prevent protein–
protein interactions and thus result in a
dominant negative effect. Another, less likely,
possibility would be that NSEP1 gene disrup-
tion produced a functional defect in mature
spermatozoa, either by diminished transcrip-
tion of an essential gene with a critical Y-box
promoter element or by inhibiting translation of
an essential selenoprotein. Elongating sperma-
tids express high levels of the selenoprotein
thioredoxin–glutatione reductase [Su et al.,
2005] and mature sperm utilize the selenoen-
zyme glutathione peroxidase 4 as the major

Fig. 2. PCR genotyping of F1 agouti mice, using primers
directed to the targeting vector. Lane 1, AB2.2 negative control;
lane 2, W094B04 positive control; lanes 3–11, F1 agouti mouse
tail snip DNA samples.

Fig. 3. PCR genotyping of F1 agouti mice, using exon 7 and
intron 7 primers that bracket the insertion. Lane 1, AB2.2
wildtype control; lane 2,W094B04 positive control; lanes 3–11,
F1 agouti mouse tail snip DNA samples.

Fig. 4. PCR genotyping of spermatozoa from chimeric founder
males, using primers directed to the targeting vector (upper
panel) and beta-actin (lower panel). Lanes 1–5, sperm DNA
samples from individual chimeric founder mice; lane 6,
template-free control.

Fig. 5. PCR genotyping of F1 E12.5 embryos, using exon 7 and
intron 7 primers that bracket the insertion. Lane 1, AB2.2
wildtype control; lane 2,W094B04 positive control; lanes 3–12,
embryo DNA samples.
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structural protein of the mitochondrial mid-
piece [Ursini et al., 1999].

In either case, the current data indicate
the functional importance of the NSEP1 gene,
which has heretofore been considered a con-
troversial participant in selenoprotein transla-
tion and a transcription factor with many
functions, none of which had been proven
critical for survival of a cell or organism. The
phenotype is consistentwith, but hardly specific
to, the embryonic lethal effect of disrupting
translation by knockout of the Trsp gene
encoding the selenocysteine carrier tRNA[Ku-
maraswamy et al., 2003]. Alternatively, or
additionally, the lethal phenotype could result
from decreased expression of a Y-box gene such
as leukosialin, Fas, gelatinase A, collagen a1(I),
or multidrug resistance 1 [Mertens et al., 1998;
Ohga et al., 1998; Swamynathan et al., 1998;
Lasham et al., 2000; Norman et al., 2001].
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Jenö P, Moroni C. 1995. AUH, a gene encoding an AU-
specific RNA binding protein with intrinsic enoyl-CoA
hydratase activity. Proc Natl Acad Sci U S A 92:2051–
2055.

Norman JT, Lindahl GE, Shakib K, En-Nia A, Yilmaz E,
Mertens PR. 2001. The Y-box binding protein YB-1
suppresses collagen a1(I) gene transcription via an
evolutionarily conserved regulatory element in the
proximal promoter. J Biol Chem 276:29880–29890.

Ohga T, Uchiumi T, Makino Y, Koike K, Wada M, Kuwano
M, Kohno K. 1998. Direct involvement of the Y-box
binding protein YB-1 in genotoxic stress-induced activa-
tion of the human multidrug resistance 1 gene. J Biol
Chem 273:5997–6000.

SakuraH,Maekawa T, Imamoto F, YasudaK, Ishii S. 1988.
Two human genes isolated by a novel method encode

DNA-binding proteins containing a common region of
homology. Gene 73:499–507.

Schuckelt R, Brigelius-Flohé R, Maiorino M, Roveri A,
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