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Csn3 (Cops3) maps to the mouse chromosome 11 region syntenic to the common deletion interval for the
Smith-Magenis syndrome, a contiguous gene deletion syndrome. It encodes the third subunit of an eight-
subunit protein complex, the COP9 signalosome (CSN), which controls a wide variety of molecules of different
functions. Mutants of this complex caused lethality at early development of both plants and Drosophila
melanogaster. CSN function in vivo in mammals is unknown. We disrupted the murine Csn3 gene in three
independent ways with insertional vectors, including constructing a ~3-Mb inversion chromosome. The
heterozygous mice appeared normal, although the protein level was reduced. Csn3~/~ embryos arrested after
5.5 days postcoitum (dpc) and resorbed by 8.5 dpc. Mutant embryos form an abnormal egg cylinder which does
not gastrulate. They have reduced numbers of epiblast cells, mainly due to increased cell death. In the Csn3~/~
mice, subunit 8 of the COP9 complex was not detected by immunohistochemical techniques, suggesting that the
absence of Csn3 may disrupt the entire COP9 complex. Therefore, Csn3 is important for maintaining the
integrity of the COPY signalosome and is crucial to maintain the survival of epiblast cells and thus the

development of the postimplantation embryo in mice.

Csn3 (formerly known as Cops3) (11) encodes the third
subunit of an eight-subunit complex, the COP9 signalosome
(CSN), that was first identified in Arabidopsis thaliana as an
essential regulator of light-mediated development (7) and is
conserved from plants to mammals (43). Mutations in different
subunits of the CSN usually disrupt the entire complex in
plants and cause pleiotropic phenotypes such as cellular dif-
ferentiation defects, stunted stature, and death at the seedling
stage (25, 44). Consistent with observations in plants, disrup-
tion of the csnS gene in Drosophila melanogaster resulted in
lethality at the late larval or pupal stage (14). The COP9
signalosome was found to have protein kinase activity and
regulate the deneddylation of the SCF E3 ubiquitin-ligase
complex, which controls ubiquitin-dependent protein degrada-
tion. Because of these two functions, and likely others that
remain to be elucidated, CSN controls a wide variety of im-
portant molecules, such as Jun, p53, and p27**’ (3, 27, 37, 39).
This potentially explains the importance of the multisubunit
CSN complex in development.

Mutations in the genes encoding different subunits convey
common phenotypic features. However, they can also cause
distinct phenotypes, indicating that each subunit may have
unique functions. D. melanogaster mutants carrying null muta-
tions of csn4 and csn5 both displayed defects in oogenesis,
embryo patterning, and larval lethality, but csn4 null flies had
molting defects, while csn5 null flies developed melanotic tu-
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mors (30). Distinct functional roles for different subunits have
also been observed in Schizosaccharomyces pombe (29). Re-
duction-of-function mutations of the Arabidopsis thaliana
CSN3 gene decreased the COP9 complex level and caused
defects in diverse aspects of plant development, which indi-
cates the involvement of CSN in multifaceted developmental
processes (31). The function of CSN in mammals and how
alteration of CSN and subunit 3 will affect mammalian devel-
opment remain unknown.

Human CSN3 maps to the Smith-Magenis syndrome com-
mon deletion interval (8, 13, 32). Smith-Magenis syndrome is a
multiple congenital anomaly/mental retardation syndrome as-
sociated with developmental delay, anatomical developmental
defects, and neurobehavioral abnormalities associated with
del(17)(p11.2p11.2) (16). The mouse Csn3 homolog resides in
the region on chromosome 11 syntenic to the human Smith-
Magenis syndrome deletion interval (4, 34). We disrupted
Csn3 in mice to investigate its role in mammalian development
and in the Smith-Magenis syndrome phenotypes. Homozygous
mice arrested after 5.5 days postcoitum (dpc) showed abnor-
malities in egg cylinder formation and failure of development
at the gastrulation stage. Also, the CSN complex appeared to
have been disrupted. This indicates the essential role of CSN in
mammalian early embryonic development.

MATERIALS AND METHODS

Characterization of mouse Csn3 gene. The gene structure of Csn3 was deter-
mined by PCR and DNA sequencing analysis (K. Walz, unpublished data) and
subsequently confirmed by Blast (NCBI, http://www.ncbi.nlm.nih.gov) analysis
between the complete cDNA sequence (NM-011991) (43) and the genomic
sequence from bacterial artificial chromosome RP23-479]J7 (AC068808) (4).
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Protein comparison between mouse Csn3 and those from other species was
carried out with BlastP (NCBI).

To assess Csn3 gene expression, a 1.7-kb fragment containing the Csn3 full-
length cDNA was isolated from the Invitrogen Pcops3 clone with BamHI and
Apal and used to probe both the adult and embryonic mouse multiple tissue
Northern blot (Clontech) according to the method provided by the manufac-
turer.

Construction of Csn3 targeting vectors. Mouse strain 129/SvEv genomic li-
braries constructed in vectors containing either the 5" half of the human HPRT
minigene (5’ HPRT vector) or 3’ half of the gene (3" HPRT vector) were
screened (48) to identify both 5’ and 3" HPRT insertional vectors. One clone,
pWY1-3', from the 3" HPRT library has an 8-kb genomic fragment of Csn3 and
contains exons 3, 4, 5, and 6, as determined by restriction mapping and PCR
analysis. The pWY1-3' clone was digested with Bg/II and Ndel to delete a 3-kb
fragment corresponding to exon 5 and adjacent intronic regions. After fill-in
repair with Klenow fragment polymerase and subsequent religation, a Bg/II site
was reconstructed, and this site was used to linearize the vector before introduc-
tion into embryonic stem (ES) cells. An Ndel linker was ligated into the recon-
structed Bg/II site, and then the genomic fragment was isolated from the 3’
HPRT targeting vector with Ascl and placed into the 5" HPRT vector to get the
5" HPRT targeting vector pWY1-5'. This Ndel site was used as a linearization site
for pWY1-5'.

Targeting in embryonic stem cells and germ line transmission. The linearized
vectors pWY1-5" and pWY1-3' were introduced into the AB2.2 ES cells derived
from Hprt-deficient 129SvEvBrd mice (28). ES cell growth, electroporation, and
drug selection were performed as described previously (28, 35). The chimeric
mice were mated to C57BL/6 wild-type mice, and F, progeny were back-crossed
to C57BL/6 mice to produce N, and N3 mice. Two ES cell clones with the 5’
HPRT vector pWY1-5" and one clone with the 3" HPRT vector pWY1-3' were
transmitted through the germ line. Mouse strains targeted with the pWY1-5'
vector and pWY1-3’ vector are referred to as the Csn3°™ strain and the Csn3>™
strain, respectively, and the targeted alleles are referred to as the Csn3°™ and
Csn3®™ alleles, respectively. Both strains were maintained by backcrossing to
C57BL/6 wild-type mice. All the animals were treated in compliance with rele-
vant animal welfare policies.

Confirmation of targeting. After drug selection, targeted ES cells were de-
tected by diagnostic Southern analysis with Ndel digestion. The probe was a
550-bp PCR fragment to the region that was deleted from the targeting vector by
Bglll and Ndel amplified with primers ESPR (5'-TCC CAT TGT AAG CCC
CAC TA-3') and ESPF (5'-GCA ATA CGG TTT ATT AGT GAT AGC C-3').
The PCR product was gel purified (Qiagen gel extraction kit) and labeled with
[«-3?P]dCTP by random priming (Amersham Rediprime IT).

Targeted clones revealed an anticipated 18-kb fragment in addition to the
6.5-kb wild-type fragment. The targeted F;, N, and N5 mice were confirmed by
PCR and/or Southern analysis. One primer complementary to the targeting
vector near the genomic fragment insertion site was synthesized, and the other
primer was constructed to the genomic fragment. For the 5’ HPRT targeting
vector, primers 5" HPRT ex3-psk (pSK vector backbone) F (5'-GAC ATG TGT
GCG TCT CCA TA 3') and 5" HPRT 2ex6-psk R (5'-CCT GAT TCT GTG
GAT AAC CGT ATT A-3") were used to yield an 800-bp product; Primers 5’
HPRT 2ex6-psk F (5'-GAC ATT CTC AGG AGC TCA GTA GGT A-3") and
3" HPRT ex3-psk R (5'-CGA GAA AGG AAG GGA AGA AAG-3') are for the
3" HPRT targeting vector, and PCR amplification with them yields a 350-bp
product. Both primers are unique for their own targeting vector and do not
amplify from the wild-type DNA. Primers for the Myol5 gene, Myol5 F (2)
(5'-CTC TAC AAG CAC CTG CCC TC-3') and Myol5 R (2) (5'-TAT TTC
TCA AAG CTG TCA CTT TGC-3") were used as a positive control for DNA
quality. EcoRI was used in Southern analysis with the same probe used for ES
cell genotyping. This probe revealed an expected 12-kb wild-type band, a 10-kb
band in Csn3>™ strain mice, and an 18-kb band in Csn3*™ strain mice.

Construction of a 3-Mb Csn3-Zfp179 chromosomal inversion. Zfp179 was
formerly targeted with a vector from the 5" HPRT genomic library containing a
genomic fragment with all the Zfp179 exons except for the last exon. Csn3 was
subsequently targeted with pWY1-3" vector in the ES cell clone with targeted
Zfp179 (42). Cre recombinase was introduced into double-targeted ES cell
clones. After sodium hypoxanthine, aminopterin, the thymidine selection, inver-
sion clones were confirmed by Sacl digestion to yield the expected three bands
at 28, 12.5, and 10 kb on diagnostic Southern blot analysis. The ES cell clone with
the Csn3-Zfp179 chromosomal inversion was injected to produce inversion mice.
Homozygous inversion mice are predicted to lose the 10-kb wild-type fragment
on Southern blot analysis.
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Western blotting analysis. Proteins were extracted from the livers of wild-type
and Csn3>™* or Csn3*™™ littermates with Trizol following the manufacturer’s
instructions (Invitrogen). Total protein (10 pg) was electrophoresed on sodium
dodecyl sulfate—4 to 20% polyacrylamide gels (ISC) and transferred to a nitro-
cellulose membrane. Anti-mouse Csn3 polyclonal antibody directed against the
entire Csn3 protein was produced in a rabbit. After incubation with horseradish
peroxidase-conjugated anti-rabbit immunoglobulin G antibody (Bio-Rad) and
enzymatic reaction (Santa Cruz ECL system), blots were developed, and the
signal was quantitated with Un-scan-it software (Silk Scientific). Antiactin anti-
body (Santa Cruz) was used as a loading control.

Genotyping of homozygous embryos. BspHI was used to discriminate the
heterozygous and the homozygous mice from the Csn3>™ strain F; or N, het-
erozygous intercrosses with the same probe from the exon 5 described above.
Asel was used for the Csn3*™ strain N, heterozygous mice intercrosses and
EcoRI and PCR primers for genotyping the Csn3>™ strain and Csn3*™ strain
were used for Csn3> ™™ and Csn3* ™ intercrosses. DNA from 9.5 to 11.5 dpc
embryos was used for genomic Southern analysis. Lysis buffer (100 pl: 50 mM
KCl, 1.5 mM MgCl,, 10 mM Tris-Cl, pH 8.4, 0.5% Tween 20) was added to the
yolk sac from the 9.5 dpc to 11.5 dpc embryos. After incubation at 55°C for an
hour, proteinase K (1 mg/ml) (Roche) was inactivated by heating at 100°C for 15
min, and 1 or 2 ul was used for PCR analysis. For 8.5 dpc embryos, the whole
embryos were lysed by adding 100 wl of lysis buffer, and 2 to 3 .l was used for
PCR. For 7.5 dpc embryos, 15 pl of lysis buffer was added, and 2 to 4 wl was used
for PCR. All the embryos analyzed, including those for histological analysis, were
products of conception from Csn3>™* and Csn3*>™* intercrosses.

Histological analysis of embryos. Embryos at 5.5 dpc to 7.5 dpc were fixed in
4% paraformaldehyde in 1X phosphate-buffered saline (PBS) at 4°C for 4 h to
overnight, embedded in paraffin, and sectioned at a thickness of 6 to 7 pm.
Sections were stained with hematoxylin and eosin. Immunohistologic analysis
was carried out for the selected sections. After rehydration, sections were incu-
bated with 10% goat serum in PBS at room temperature for 1 h, followed by
incubation with primary antibody (anti-Csn3 antibody or anti-Csn8 antibody)
and peroxidase-conjugated secondary antibody (Vector ABC kit) in PBS with
2% goat serum at room temperature for 1 h each. Color reaction was imple-
mented following the manufacturer’s recommendation (Vector, DAB kit). These
sections were counterstained with hematoxylin.

Ice-cold methanol (100%) was used to fix the 3.5 dpc blastocysts. Blastocysts
were then processed through 75%, 50%, and 25% methanol in PBST (1X PBS
with 0.1% Tween 20), followed by washing once in PBST. Whole-mount immu-
nostaining was carried out as for the sections except that tetramethyl rhodamine
isothiocyanate-conjugated secondary antibody was used (Sigma). A Zeiss Axio-
plan2 fluorescence microscope was used to detect the signal. DNA for blastocyst
genotyping was prepared by adding 10l of 1X PCR buffer (Qiagen, HotStar-
Taq) to the blastocyst, incubating at 95°C for 20 min, and freezing (—80°C) for
1h, and 5 pl was used for the PCR. Primers 5" HPRT 2Ty (tyrosinase gene) F
(5'-CTG GGA GAA AAC ATA TTT TGA GAG A-3") and 5" HPRT TyR
(5'-CCA CGA ATG CTG ACA TTC TC-3") were used for 5" HPRT targeting
vector instead of those mentioned above.

In situ hybridization of whole-mount embryos. A probe for the Brachyury gene
was prepared as described previously (19). In situ hybridization was carried out
for two litters of 7.5 dpc embryos with Wilkinson’s protocol (45) with some
modifications: the proteinase K treatment step was omitted, and 4% parafor-
maldehyde was used for all the fixation steps. After photography, embryos were
processed for PCR genotyping. Primers were the same as for genotyping the
blastocysts.

TUNEL analysis. Terminal deoxynucleotidyltransferase-mediated dUTP-bi-
otin nick end labeling (TUNEL) staining of the selected sections was carried out
according to the manufacturer’s instructions (Roche, fluorescence cell death
detection kit). The cells were visualized under a Zeiss Axioplan2 fluorescence
microscope.

Bromodeoxyuridine incorporation analysis. Pregnant females were injected
intraperitoneally with bromodeoxyuridine (100 pg/g of body weight) and sacri-
ficed 60 to 70 min later. Embryos were processed for histology. Bromodeoxyuri-
dine was detected following the manufacturer’s protocol (Roche, bromode-
oxyuridine labeling and detection kit II) except that after dewaxing and
rehydration, sections were incubated with 0.02% pepsin (Sigma) in 0.01 N HCI
for 20 min at 37°C.

Blastocyst outgrowth studies. Blastocysts at 3.5 dpc were cultured in ES cell
medium (containing no leukemia inhibitory factor) in 5% CO, at 37°C. The
blastocysts were photographed after 3 days and after either 5 or 6 days in culture.
The cultured embryos were processed for PCR as for 7.5 dpc embryos.
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RESULTS

Characterization of the mouse Csn3 gene. Blast analysis
between the Csn3 cDNA (NM-011991) (43) and the sequence
from a bacterial artificial chromosome (RP23-479]7) contain-
ing this gene (AC068808) (4) revealed that the gene contains
12 exons (Fig. 1). This is consistent with our independent
analysis of Csn3 gene structure (Walz, unpublished). The
translation initiation site is in exon 1 and the PCI domain (P,
26S proteasome; C, COP9 signalosome; I, initiation factor
elF3), which is found in six of eight CSN subunits (37), is
encoded by exons 8 to 10. The entire Csn3 gene spans about 22
kb. Protein sequence comparison revealed high similarity of
the mouse Csn3 to the CSN3 from plants and humans. It
shares 99% identity with the human protein (NM-003653) (32,
38), 51% with D. melanogaster Csn3 (NM-079466) (1), and
37% with the Arabidopisis protein (AF395059) (15).

As was shown in humans (32), Csn3 is expressed ubiqui-
tously in adult mice, with relatively high expression in the
heart, brain, liver, kidney, and testis (Fig. 2). It is also ex-
pressed in 7- to 17-day embryos. With the exception of the
testis, only one major transcript was detected at about 1.6 kb,
which is consistent with the length of the complete cDNA
sequence. In testis, a 2.7-kb transcript was also detected at a
greatly reduced level compared to the 1.6-kb transcript (Fig.
2). A very faint band at ~3.4 kb may represent an alternative
splicing product or cross-reactivity.

Disruption of the mouse Csn3 gene. A targeting clone con-
taining an 8-kb genomic fragment of the Csn3 gene was iden-
tified from the 3" HPRT library constructed from strain 129S5
mice (48). This genomic fragment contains Csn3 exons 3, 4, 5,
and 6. The same Csn3 genomic fragment was also cloned into
the 5" HPRT vector. The 3" HPRT vector contains the 3" half of
the human HPRT minigene and puromycin (Puro) selectable
gene, while the 5" HPRT vector contains the 5’ half of the
HPRT gene and the neomycin (Neo) selectable gene (Fig. 1).
Both vectors are insertional vectors that can be used directly
for targeting the ES cells.

Two alleles were constructed to enable PCR genotyping of
early embryos. After deletion of a 3-kb fragment correspond-
ing to exon 5 and adjacent intronic regions with Bg/II and Ndel,
both vectors were introduced into AB2.2 ES cells (28). Ho-
mologous recombination is predicted to result in the repair of
the deleted region around exon 5 (18), duplication of exons 3,
4,5, and 6, and the insertion of the 10-kb vector (17). Such
rearrangements were confirmed by PCR and Southern analysis
of targeted ES cells. Because of the insertion of the 10-kb
vector, the transcription of the gene should be disrupted after
exon 6. Even if the Csn3 transcript can be made by skipping the
entire vector, by conceptual translation, duplication of exon 3
results in a frameshift and a stop codon immediately after the
first exon 6. As expected, no truncated protein was observed by
Western blot analysis in the heterozygous mice with Csn3 an-
tibody directed against the entire protein, suggesting that the
truncated protein probably was not formed or was immediately
degraded or that the message was degraded by nonsense-me-
diated decay.

Targeted ES cell clones are anticipated to have an 18-kb
fragment in addition to the 6.5-kb wild-type fragment after
Ndel digestion and visualized with a probe from exon 5 on
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diagnostic Southern blot analysis (Fig. 1). Of the 192 targeted
ES cell clones screened with each targeting vector, about 20%
of the clones have the expected pattern on Southern blots
consistent with the predicted targeting event. Three such
clones, two from 5' HPRT vector targeting and one from 3’
HPRT vector targeting, were injected into the blastocysts from
C57BL/6 mice. Chimeras were produced and germ line trans-
mission was established. F, mice from the chimeras were back-
crossed to CS7BL/6 mice to obtain N, and N; progeny mice.
The targeted allele was confirmed in mice by Southern analysis
with EcoRI, which yielded the predicted 10-kb band in the 5’
HPRT vector targeted allele (Csn3>™ allele) and an 18-kb
band in 3' HPRT vector targeted allele (Csn3*™ allele) in
addition to the 12-kb wild-type allele and/or by PCR analysis
(800 bp for Csn3>™ allele, 350 bp for Csn3>™ allele).

Disruption of Csn3 by chromosome inversion. Zfp179 (47)
was formerly targeted with an insertional vector from the 5’
HPRT library (48), which resulted in the duplication of the
entire gene except for the last exon. Csn3 was subsequently
targeted with the 3" HPRT targeting vector in the ES cell clone
containing the targeted Zfp179 gene (42). After introduction of
the Cre recombinase, the entire chromosomal region between
Csn3 and Zfp179 was inverted, yielding animals harboring an
inv(11)17(Csn3-Zfp179) chromosome, which disrupted the
Csn3 gene after exon 6 and retained the duplication of Zfp179
(Fig. 3). The inversion was confirmed by diagnostic Southern
blot analysis with Sacl digestion and a probe from Zfp179.
Heterozygous inversion mice appeared normal. Homozygous
inversion mice were absent in 32 offspring from intercrosses of
the heterozygous inversion mice (Table 1), indicating embry-
onic lethality of the homozygous inversion. Since Zfp179 ho-
mozygous duplication mice showed no phenotype (data not
shown), homozygous disruption of Csn3 most probably caused
the lethality.

Embryonic lethality of Csn3™/~ animals. Csn3°™" and
Csn3*™™ mice targeted with either the 5’ or 3’ HPRT target-
ing vector appeared normal in comparison to their wild-type
littermates. They also had normal fertility and body weight.
Western blot analysis showed that the Csn3 protein level in
both strains of mice was reduced by half (Fig. 4), confirming
that the Csn3 gene was disrupted.

To discriminate the homozygous and the heterozygous mice,
BspHI was used for the Csn3°™ strain mice, which is predicted
to yield 23-kb, 21.5-kb, and 10.5-kb fragments in heterozygous
mice and to lose the 23-kb wild-type fragment in homozygous
mice. Asel was used for the Csn3*™ strain mice and is pre-
dicted to yield 8-kb, 8.5-kb, and 14-kb fragments in the het-
erozygous mice and 8.5-kb and 14-kb fragments for the ho-
mozygous mice. No PCR primers could be made to
discriminate the homozygous and heterozygous embryos dur-
ing early development (before 8.5 dpc) within a single allele
because of the duplication of the genomic region. To analyze
the consequence of disruption in homozygous Csn3 embryos,
the two alleles were used to generate compound heterozygous
mice. Homozygous mice from matings between the Csn3™™*
and Csn3*™" mice have fragments from both alleles detected
by PCR and Southern analysis with EcoRI digestion, while the
heterozygous animal should have only one (Fig. 1). Of the 245
mice born from different heterozygous intercrosses (5’ by 5'; 3
by 3’; and 5’ by 3’), no live-born homozygous mice were de-
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FIG. 1. Mouse Csn3 gene structure and targeting strategy. (A) Gene structure and the targeting vectors. The entire gene is comprised of 12
exons represented by the roman numbered boxes. Exons containing the PCI domain are depicted as vertical hatched boxes. ATG is the start codon.
Exons (II1, IV, V, and VI) in the targeting vector are shown as solid vertical boxes. Ndel and BglIl, used to delete the 3-kb fragment corresponding
to exon V and adjacent intronic regions and the linearization sites (Ndel for 5" HPRT vector; BgllI for 3" HPRT vector) are shown. Selectable genes
on the vectors are indicated (Amp, ampicillin resistance gene; Neo’, neomycin resistance gene on the 5" HPRT vector; and Puro’, puromycin
resistance gene on the 3" HPRT vector). Below is shown the predicted genomic structure after targeting. Exons from the targeting vectors are in
solid boxes. The restriction enzymes used for genotyping are depicted (Ndel and EcoRI). Solid horizontal bars under exon V represent the probe
used in all Southern blot analyses. (B) Southern blot and PCR analyses of ES cells and mice. Genomic DNA digested with Ndel (for ES cell
genotyping) or EcoRI (mice tail or embryos) or BamHI (for heterozygous [Het] and homozygous discrimination of Csn3°™ strain mice) or Asel
(for heterozygous and homozygous discrimination of Csn3>™ strain mice) was electrophoresed and transferred to nitrocellulose membrane.
Untargeted ES cell DNA was run as a control (CNTRL) for ES cell genotyping, and wild-type mouse tail DNA (WT) was run as a control for tail
or embryo genotyping. PCR results for one litter of embryos are shown here (F, father; M, mother; —, negative control). Below is the amplification
from the Myol5 gene as a positive control for DNA quality. The size of bands is indicated on the left side.
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bryo blots (Clontech) were probed independently with a Csn3 cDNA
probe. The sizes are demarcated on the left side. The B-actin gene was
detected as a loading control.

tected. The ratio of heterozygous mice to wild-type mice was
1.9 to 1 (Table 1). These data suggest that the Csn3~/~ mutants
die as embryos.

Phenotype of Csn3~'~ mice in early embryogenesis. To de-
termine the time of developmental arrest during embryogen-
esis, timed matings were performed with crosses between
Csn3°™* and Csn3*™* mice (Table 2; Fig. 5). From 9.5 to
11.5 dpc, 41 embryos were examined, 29 of which (71%) were
morphologically normal. Of these 29 embryos, 21 were het-
erozygous and were indistinguishable from the wild-type litter-
mates. No homozygous embryos were observed. The remaining
12 embryos were being resorbed at these stages, and DNA
could not be recovered for genotyping. At 8.5 dpc, 8 out of 31
embryos examined were abnormal, 7 of which were starting to
be resorbed. One Csn3~/~ homozygous embryo was detected
which had developed a head anlage, but this was much smaller
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than normal. It appeared transparent and did not have other
structures that should have developed at that time (e.g.,
somites) (data not shown). Since we only observed one such
embryo, it probably represents an exception. Twenty-three 7.5
dpc embryos were examined. Seven were homozygous, and
each was one quarter to one fifth of the size of the normal
embryos. They had an elongated shape similar to the normal
embryos but appeared to be arresting prior to gastrulation
(Fig. 5A and B). Therefore, Csn3~/~ embryos arrested devel-
opment before 8.5 dpc and were mostly resorbed by 8.5 dpc.

To further investigate the phenotype of homozygous mice,
histological analyses were performed on 5.5, 6.5, and 7.5 dpc
embryos (Fig. 5, 7, and 9; Table 3). At 5.5 dpc, eight mutants
defined by visual abnormalities were similar to their normal
littermates in size and shape. They had morphologically nor-
mal visceral and parietal endoderm, and the ectoplacental
cone was forming. However, the epiblast cells were slightly
disorganized, and the proamniotic cavity was not obvious in
comparison to the normal embryos (Fig. 5E and F). At 6.5 dpc,
10 abnormal embryos were detected out of 61 embryos exam-
ined. These exhibited the expected egg cylinder shape but were
slightly growth retarded. While the abnormal embryos exhib-
ited two germ layers, the number of epiblast cells appeared to
be greatly reduced and the cells were disorganized. The pro-
amniotic cavity in the 6.5 dpc abnormal embryos was more
obvious compared to the abnormal embryos at 5.5 dpc, and
dead cells could be detected (see Fig. 7C and D and 9A and B).
At 7.5 dpc, normal embryos should have gastrulated and
formed mesoderm, but 13 out of 77 embryos were much
smaller and still consisted of two layers of cells as seen in the
6.5 dpc embryos, and there was no indication of mesoderm
formation. Compared to the presumptive mutants at 6.5 dpc,
those at 7.5 dpc were bigger, with more epiblast cells; more
dead cells were found in the proamniotic cavity, and cells were
more disorganized (Fig. 5C and D). Resorbed embryos were
also found at various stages.

Immunohistology analysis was carried out to genotype the
embryos with an anti- Csn3 antibody, which mainly stains the
nucleus. The Csn3 protein was expressed ubiquitously in the
5.5, 6.5, and 7.5 dpc wild-type embryos, indicating the impor-
tance of this gene in early embryonic development (Fig. 5G
and data not shown). In the mutants, Csn3 antibody appeared
to have some background staining, likely resulting from cross-
reactivity (Fig. 4), but the nonspecific staining appeared quan-
titatively different from the specific nuclear staining (Fig. 5G
and H). In total, eight litters were genotyped. Abnormal em-
bryos were confirmed to be the homozygous mutants.

In order to assess the effects of homozygous disruption of
Csn3 on preimplantation embryos, immunohistochemistry with
anti-Csn3 antibody was performed on 3.5 dpc blastocysts.
Fourteen blastocysts were stained, two of which were con-
firmed to be mutants by PCR (data not shown). The mutants
were normal in morphology, which was expected because there
was only a slight difference between the mutants and normal
embryos at 5.5 dpc. The Csn3 staining was indistinguishable
between the mutant and the wild-type blastocysts, consistent
with maternal protein deposition in the blastocysts.

A distinct and obvious mesoderm layer was apparently not
formed in Csn3~/~ embryos, but the disorganized epiblast cells
may have obscured the discrimination of mesodermal cells. In
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FIG. 3. Construction of an inversion chromosome inv(11) (Csn3-Zfp179). Csn3 and Zfp179 are ~3 Mb apart on mouse chromosome 11. They
were targeted with the 3" HPRT and 5" HPRT vectors, respectively, which resulted in the duplication of exons III to VI in Csn3, duplication of exons
Ito XV in Zfp179, and insertion of the entire vector (42). After the introduction of Cre recombinase, the chromosome region between two LoxP
sites was inverted, which was confirmed by Southern analysis with SacI and a probe from Zfp179, depicted as solid horizontal bars. P, puromycin
resistance gene; N, neomycin resistance gene; WT, wild type; Inv, inversion.

order to examine mesoderm development in the mutants, the
expression pattern of the Brachyury gene was evaluated.
Brachyury is one of the earliest markers for mesodermal cells.
At 7.5 dpc it is expressed in the primitive streak, in which the
mesoderm formation begins, in the node, and in the noto-
chordal plate extending anteriorly from the node (9, 19). Nor-
mal embryos showed the expected expression pattern, whereas

TABLE 1. Genotypes of live-born offspring from
heterozygous matings

No. of mice
Mating

Wild type Heterozygous Total
Csn3>™ strain F; X F; 30 59 89
Csn3°™ strain N, X N, 9 21 30
Csn3>™ strain N, X N, 15 31 46
Csn3> ™+ N, X Csn3>™* N, 31 49 80
Total 85 160 245
Inv X Inv 12 20 32

the Csn3™/~ mutant embryos showed no Brachyury expression
(Fig. 6). This indicates that the primitive streak and the me-
soderm were not formed in the Csn3~/~ embryos, consistent
with our histological observations. In summary, Csn3~/~ mice
arrested at early embryonic development after 5.5 dpc and fail
to undergo gastrulation.

Apoptotic cell death in Csn3~/~ embryos. The failure of the
homozygous embryos to develop could result from increased
cell death, decreased proliferation, or both. To investigate
these possibilities, TUNEL staining and bromodeoxyuridine
labeling were performed (Fig. 7). TUNEL detects nuclear frag-
mentation, which is one of the characteristic features of pro-
grammed cell death. In normal embryos, cell death was rarely
detected, while in four mutants at 6.5 or 7.5 dpc, death of
epiblast cells was greatly increased. Consistent with the histo-
logical observations, those cells inside the proamniotic cavity
were confirmed to have undergone apoptotic cell death by
TUNEL assay (Fig. 7E, F, G, and H). Six embryos at 6.5 or 7.5
dpc were subjected to bromodeoxyuridine analysis. The per-
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FIG. 4. Csn3 protein level is reduced in heterozygous mice. Total protein (10 wg) from the livers of Csn3°™* and wild-type (WT) littermates
was electrophoresed and probed with anti-Csn3 antibody. Actin was used as a loading control. Proteins are indicated on the right side and sizes
on the left. The Csn3 protein is 48 kDa. Other bands represent cross-reactivity to anti-Csn3 antibody or higher-order protein complexes that

include Csn3.

centage of cells that incorporated bromodeoxyuridine was sim-
ilar between wild-type embryos and the mutants (Fig. 7A, B, C,
and D), and therefore, it is likely that the arrest of embryonic
development was mainly because of increased cell death in the
epiblast.

Blastocysts outgrowth studies. As an alternative approach to
investigate postimplantation development, we examined blas-
tocyst outgrowth in vitro. In total, 11 blastocysts were exam-
ined, of which two were documented to be Csn3 ™/~ mutants by
genotyping. The blastocysts of the mutants were morphologi-
cally normal (Fig. 8). After 3 days of culture, the inner cell
mass (ICM) growth of the mutants was comparable to that of
the normal littermates. The number of ICM cells was greatly
reduced after 5 to 6 days of culture in the mutants. The tro-
phoblastic cells grew similarly in both mutant and normal em-
bryos. It appears that the ICM initially developed and then
there was reduced cell growth. These findings are consistent
with our in vivo observations that epiblast cells proliferate
normally until 6.5 dpc in Csn3 ™/~ embryos, but the cell number
is reduced secondary to cell death.

Decreased CSN stability in Csn3~/~ mice. Since the disrup-
tion of individual CSN subunits was reported to disrupt the
entire complex in plants (44), we examined embryos for the
expression of the Csn8 subunit of CSN. In normal embryos, the
expression pattern of Csn8 was similar to that of Csn3, as
determined by anti-Csn8 antibody staining (Fig. 9A and data
not shown). Both were expressed ubiquitously at 5.5, 6.5, and

TABLE 2. Genotypes of embryos from heterozygous matings

No. of embryos

Time
(dpe) Wild type  Heterozygous = Homozygous  Other*  Total
7.5 5 10 7 1 23
8.5 7 16 1 7 31
9.5-11.5 8 21 0 12 41

“ Embryos resorbed or genotype not determined.

7.5 dpc and mainly associated with the nucleus. In the Csn3 ™/~
mice, Csn8 was not detected (Fig. 9B and C), an observation
consistent with disruption of the entire CSN complex.

DISCUSSION

The COP9 signalosome (CSN) is an eight-subunit complex.
Mutations in different subunits, including the third subunit in
A. thaliana, all result in severely retarded seedling develop-
ment and lethality after the seedling stage (25). In D. melano-
gaster, disruption of csn4 and csn5 caused lethality at the late
larval stage, with a maternal contribution (30). Obviously, CSN
and its subunits are important for early development in both
plants and D. melanogaster. Here we demonstrate that Csn3 is
essential for early mouse embryonic development.

In D. melanogaster, maternal Csn4 or Csn5 protein deposited
in the csn4 or csn5 null embryos supported embryonic devel-
opment until the late larval stage. Without maternally contrib-
uted proteins, oogenesis was arrested (30). In mice, mutant
embryos can grow with maternal deposition (40), but maternal
RNAs are usually degraded by 6 dpc (36), and embryos after
that stage require at least some de novo gene expression (20).
In Csn3~/~ blastocysts, the Csn3 staining was similar to that in
the normal embryos, which indicates that there is maternal
protein deposition. At 5.5 dpc, the Csn3 protein level was
greatly reduced, Csn3~/~ showed slight defects at 5.5 dpc and
grew through 6.5 and 7.5 dpc. It is difficult to determine
whether the survival to this stage can be entirely attributed to
a maternal effect or whether the Csn3 protein requirements for
development are less before 6.5 dpc because of the slower rate
of cell proliferation compared to that after 6.5 dpc, or perhaps
a combination of both possibilities.

Two biochemical functions have been found for the CSN.
One is the protein kinase function, and the other is controlling
the E3 ubiquitin ligases, through which CSN controls the deg-
radation of a wide variety of proteins, including those involved
in the cell signaling pathway, such as c-Jun, and those in cell
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FIG. 5. Morphology and histological analysis of normal and mutant
embryos from 5.5 dpc to 7.5 dpc. (A and B) Morphology of normal
(A) and homozygous Csn3~'~ (B) 7.5 dpc embryos. (C and D) Hema-
toxylin- and eosin-stained normal (C) and abnormal (D) 7.5 dpc em-
bryos. The normal embryo has undergone gastrulation and has meso-
derm (me). The abnormal embryo still has two layers of cells. No
mesoderm was observed. Note the disorganized epiblast cells (ee) and
seemingly dead cells inside the proamniotic cavity (pc) (open arrow).
(E and F) Hematoxylin- and eosin-stained 5.5 dpc normal (E) and
abnormal (F) embryos. (G and H) Immunohistological analysis of 7.5
dpc embryos with Csn3 antibody. (G) Normal embryo; (H) mutant in
which there is some background staining but no real nuclear staining as
seen in panel G. ac, amniotic cavity; ee, embryonic ectoderm (or
epiblast cells); epc, ectoplacental cone; pc, proamniotic cavity; pe,
parietal endoderm; ve, visceral endoderm. Bars, 100 pm.

cycle control, such as p53 and p27“?7 (3, 37, 41). Microinjec-
tion of the CSN complex into Hela cells inhibited p27+7/
degradation and impeded G,-S phase progression (46). Obvi-
ously, CSN controls cell growth and proliferation, but how
disruption of the complex will affect cells is largely unknown.

TARGETED DISRUPTION OF MURINE Csn3 6805

TABLE 3. Histological analysis of 5.5 dpc to 7.5 dpc embryos”

No. of embryos

Time

Morphology Genotype
(dpc) Total
Abnormal Normal Other —/— +/—or +/+ Other
55 4 11 1 4 13 1 34
6.5 4 19 1 6 31 0 61
75 8 49 3 5 12 0 77
Total 16 79 5 15 56 1 172

“ Morphological analysis was carried out for some embryos but the genotype
was not determined. Genotype was determined by immunohistological analysis.
Other, embryo resorbed or genotype not determined.

In Csn3™/~ mice, bromodeoxyuridine incorporation was
similar to that in wild-type mice. However, cell death appeared
to play a major role in the developmental arrest of the Csn3 ™/~
mice. The cell death may be explained by the accumulation of
molecules involved in the apoptotic pathway such as p53 or the
reduction of certain factors important for the survival of the
cell. Recently, it was demonstrated that Csn5 is important for
the repair of DNA double-strand breaks, and its absence dur-
ing meiosis activates a DNA damage checkpoint in D. mela-
nogaster (12). In mammalian cells, p53 responds to DNA dam-
age by delaying the cell cycle or inducing programmed cell
death (22, 24). To elucidate whether the cell death in Csn3~/~
mice is induced by double-strand breaks requires a further
understanding of CSN function. Epiblast cells undergo rapid
cell division just prior to gastrulation, which may explain why
they were primarily affected.

So far, many genes have been found to be important for
early embryonic development. Fliih and Cgbp were essential
for development at implantation (4.5 dpc) (5, 6). Hnf-4 ho-
mozygous mice showed defects at 7.5 dpc (9). The phenotypes
of our mutants are more similar to those of Rad51 homozygous
knockout mice, which also start to show defects at 5.5 dpc and
are resorbed by 8.5 dpc (26). Both mutants formed the pro-
amniotic cavity, failed to go through gastrulation, and had
increased cell death in the epiblast. However, decreased cell
proliferation was more obvious in Rad5] '~ embryos than in
our Csn3~/~ animals. Interestingly, mouse Rad51 is homolo-
gous to Rad51 in Saccharomyces cerevisiae, which repairs dou-
ble-strand breaks by recombination. Mouse Rad51 may also be

FIG. 6. No Brachyury expression in 7.5 dpc Csn3~/~ mutant em-
bryos. (A) Normal embryo. (B) Csn3~/~ embryo. Bars, 100 wm.
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FIG. 7. Bromodeoxyuridine and TUNEL analysis. (A, B, C, and D)
Bromodeoxyuridine labeling of normal (A and C) and mutant (B and
D) 7.5 dpc (A and B) and 6.5 dpc (C and D) embryos. (E, F, G, and
H) TUNEL staining of 7.5 (E, F, and G) and 6.5 dpc (H) embryos.
There is almost no signal in the normal control embryo (E). (F, G, and
H) Mutants. Note strong staining inside the proamniotic cavity (open
arrow). Embryos in panels A and B are from the same litter, as are
those in panels E and F. ac, amniotic cavity; ee, embryonic ectoderm
(or epiblast cells); pc, proamniotic cavity; ve, visceral endoderm. Bars,
100 pm.
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FIG. 8. Outgrowth of blastocysts in vitro. Morphologically abnor-
mal blastocysts were not observed in 33 blastocysts. Wild-type blasto-
cyst (A) and Csn3~/~ mutant blastocyst (B) are morphologically sim-
ilar. After 3 days of culture, the inner cell mass (ICM) developed in
both mutant and wild-type embryos (C and D). After 5 days of culture,
the ICM of wild-type embryos developed more in comparison to the
3-day culture (E), while the ICM of mutant embryos in the 6-day
culture appeared greatly reduced in cell number (F). TG, trophoblast
giant cells. Magnification: 400X for blastocysts; 200X for cultures.

associated with double-strand break repair because trophecto-
derm-derived cells from homozygous mutants were sensitive to
gamma radiation, and the mutant embryos lived longer and
developed further in a p53 mutant background. It will be in-
teresting to see if there is any relation between CSN and
Rad51.

In Arabidopsis thaliana, mutations in most of the CSN sub-
units, including CSN3, can lead to the failure of CSN complex
formation (31, 44). CSN3 has previously been demonstrated to
interact directly with CSN8 (15). In our case, Csn8 was unde-
tectable in the Csn3™/~ embryos, suggesting that the entire
complex was disrupted. As a result, at least certain functions of
the complex, such as the SCF deneddylation activity that re-
quires the entire complex (10), were most likely to be deficient
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FIG. 9. Immunohistological analysis with Csn8 antibody. (A) A 6.5 dpc normal embryo. (B and C) Mutants at 6.5 dpc (B) and 7.5 dpc (C).
Panels A and B show embryos from the same litter. Panel C and panel H in Fig. 5 show different sections of the same embryo. ee, embryonic

ectoderm (or epiblast cells); pc, proamniotic cavity. Bars, 100 pm.

in the Csn3~/~ cells. Csn4 and Csn5 were both found not only
in the CSN complex but also in other forms in D. melanogaster,
and in csnS null mutants the complex was formed (23, 30). It
appears that some of the subunits have their own functions
independent of the CSN complex. Overexpression of Csn5
promoted the degradation of p27*#’ in mammalian cells (41),
while high levels of CSN complex inhibited p27*7 degradation
(46). The human CSN3 was also found in two to three larger
complexes than the CSN complex (38). It is unknown if those
larger complexes include CSN. It is likely that the phenotype
observed in the Csn3~/~ mice resulted from the disruption of
both the CSN complex and the Csn3-specific functions.

In addition to an important role in early embryonic devel-
opment, Csn3 may be required in later development and in
different tissue functions. Reduction-of-function lines of CSN3
in A. thaliana showed diverse developmental defects (31), and
Northern analysis showed ubiquitous expression in adult tis-
sues of mice. To elucidate the role played by Csn3 in later
development and in different organ systems, conditional
knockout mice will be required.

Smith-Magenis syndrome is caused by a microdeletion on
17p11.2, and clinical manifestations include mental retarda-
tion, skeletal abnormalities, sleep disorder, and neurobehav-
ioral anomalies (16). The phenotype is thought to result from
the haploinsufficiency of one or more genes. Since heterozy-
gous Csn3 knockout mice showed no obvious phenotypes, it
may not be the gene responsible for the Smith-Magenis syn-
drome phenotypes. Previously, Csn3 was speculated to be pos-
sibly responsible for the sleep disorder because it controls
light-mediated development in plants (33). Sleep studies in
heterozygous Df(11) (Csn3-Zfp179) mice (42) are ongoing.

Another important reagent developed in our study was an
inv(11)17(Csn3-Zfp179) inversion chromosome. Balancer
chromosomes are used widely in D. melanogaster for stock
maintenance and mutagenesis screens (2). Recently, a balancer
chromosome was introduced into mouse genetics and used for
a large-scale mouse mutagenesis screen (21, 49). The ~3-Mb

inversion covering the Smith-Magenis syndrome mouse syn-
tenic region may be used to maintain individual mutations in
genes that lie within this interval.

In conclusion, we demonstrated the importance of Csn3 in
CSN complex assembly and its essential role in early mouse
embryonic development. It will be interesting to investigate
further the potential relationships between CSN and cell death
and CSN and double-strand break repair and other molecules
involved in double-strand break response and repair, such as
Rad51. This may enable new insight into CSN function.
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