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Mutations in SBDS are responsible for Shwachman-Diamond syndrome (SDS), a disorder with clinical
features of exocrine pancreatic insufficiency, bone marrow failure, and skeletal abnormalities. SBDS is a highly
conserved protein whose function remains largely unknown. We identified and investigated the expression
pattern of the murine ortholog. Variation in levels was observed, but Sbds was found to be expressed in all
embryonic stages and most adult tissues. Higher expression levels were associated with rapid proliferation. A
targeted disruption of Shds was generated in order to understand the consequences of its loss in an in vivo

model. Consistent with recessive disease inheritance for SDS, Sbds™'~

mice have normal phenotypes, indis-

tinguishable from those of their wild-type littermates. However, the development of Shds™'~ embryos arrests
prior to embryonic day 6.5, with muted epiblast formation leading to early lethality. This finding is consistent
with the absence of patients who are homozygous for early truncating mutations. Sbds is an essential gene for
early mammalian development, with an expression pattern consistent with a critical role in cell proliferation.

Shwachman-Diamond syndrome (SDS) (OMIM entry
260400) is a rare autosomal recessive disorder with major clin-
ical features, including exocrine pancreatic insufficiency, bone
marrow failure, and skeletal abnormalities (4, 29). Patients
present with failure to thrive, susceptibility to infections, and
short stature. Deficiency in the pancreas manifests as early as
the postnatal period, with sparse numbers of pancreatic acinar
cells. Exocrine components are replaced by fatty tissue, while
the islets of Langerhans and the ductal architecture appear
intact. Low levels of trypsinogen, amylase, lipase, and other
exocrine proteins consequently impair digestive function (1,
13, 14). During childhood, up to 50% of SDS patients show
modest improvement in enzyme production and can become
pancreatically sufficient with normal fat absorption (18). The
bone marrow failure manifests with intermittent deficiency of
myeloid lineages including anemia with low reticulocyte levels
and thrombocytopenia or, most frequently, neutropenia. It has
been suggested that stem cell and, probably, stromal cell de-
fects contribute to insufficient cell numbers in myeloid lineages
(1, 10). Neutropenia occurs in 88 to 98% of patients and has
been identified as early as the neonatal period (1, 10). Patients
are susceptible to recurrent infections, and adding to this risk
have been indications of impaired neutrophil chemotactic
functions (2, 9, 31). Bone marrow biopsy usually reveals vary-
ing degrees of hypoplasia and fat infiltration. A significant
proportion of patients develop pancytopenia and myelodyspla-
sia, and it has been estimated that up to one-third of studied
SDS patients develop leukemia, mostly acute myeloid leuke-
mia (8, 30, 32). SDS is considered an important model for
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understanding the molecular mechanisms involved in the pro-
gression to leukemia.

Another prominent phenotype of SDS, the skeletal dysplasia,
appears to be the result of delayed bone maturation. Typical
clinical aspects include short statue, delayed appearance of
secondary ossification centers, and generalized osteopenia,
with variable widening and irregularity of the metaphyses in
early childhood followed by progressive thickening and irreg-
ularity of the growth plates (19). Additional features include
early liver biochemical disturbances as well as some behavioral
and learning features that remain poorly defined (1, 10, 15, 17).

Previously, we have identified SDS-associated loss-of-func-
tion mutations in a novel gene on chromosome 7ql1, desig-
nated SBDS (5). Recurring mutations arise from conversion
between SBDS and its highly similar pseudogene, SBDSP. Ex-
tensive genotype-phenotype correlation has not been reported
for SDS, although there is an absence of patients with a com-
bination of early truncating alterations (5; N. Richards et al.,
unpublished data).

Analysis of the sequence of SBDS with 250 amino acids
reveals membership in a highly conserved protein family with
orthologs in all sequenced archaea and eukaryotes, but it is
absent in prokaryotes (5, 6). Limited functional information
exists, although the structure of the Archaeoglobus fulgidus
SBDS ortholog (accession no. AF0491) was recently solved,
revealing a three-domain architecture: a novel fold of the N-
terminal domain, a common winged helix-turn-helix central
domain, and a ferredoxin-like C-terminal domain which occurs
in some DNA and RNA binding proteins (27, 28).

Consistent with its phylogeny, additional indirect evidence
supports a role for SBDS in RNA metabolism and/or ribosome
biogenesis (6). The yeast ortholog, YLR022c, is an essential
gene and is clustered with RNA-processing enzymes on the
basis of microarray expression profile analysis in yeast (25, 33).
The archaeal orthologs are located in highly conserved super-
operons containing a number of genes, including those in-
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volved with RNA processing, e.g., orthologs of the eukaryotic
exosome and RNase P complex subunit genes (16). The pre-
dicted protein products of plant orthologs appear to have an
additional C-terminal domain containing an RNA binding U1-
type zinc finger.

Understanding the pathobiology of SDS has been challeng-
ing even with the recent molecular findings because of the
absence of adequate information on gene expression. Further,
the high variability in disease presentation together with the
manifestation of severe disease phenotypes in a combination of
organs not commonly seen in other bone marrow failure syn-
dromes have confounded interpretations of genotype-pheno-
type correlations in patients. In this study, we pursued the
mouse as a model and found that the SBDS ortholog has a
ubiquitous, but variable, expression pattern during embryonic
development and in adult tissues. Increased expression was
found in rapidly proliferating cells. Ablation of Sbds results in
early embryonic lethality in the homozygote with failure of
epiblast development.

MATERIALS AND METHODS

Northern blot analysis. Mouse multiple tissue and embryo RNA blots (Clon-
tech) were hybridized with a 3>P-labeled cDNA probe including the entire open
reading frame of Shds, using standard methods (26). The blots were subsequently
stripped and hybridized with a 3°P-labeled mouse Gapd cDNA probe to evaluate
the integrity and loading of RNA.

Western blot analysis. A polyclonal antibody generated against recombinant
full-length human SBDS was affinity purified using a Sepharose column with
immobilized protein A (Sigma). The specificity of the anti-SBDS rabbit poly-
clonal antibody was initially confirmed for Western blotting with epitope-tagged
SBDS expressed in heterologous cells (see Fig. S1 in the supplemental material).
CD-1 mouse (Charles River Labs; 6 weeks of age) protein extracts from liver,
brain, heart, spleen, pancreas, kidney, lung, testis, and skeletal muscle tissues
were prepared as follows. Approximately 100 mg of tissue was homogenized in
lysis buffer (50 mM Tris [pH 8.0], 150 mM NacCl, 1% Triton X-100, 0.5% sodium
deoxycholate, and 0.1% sodium dodecyl sulfate) supplemented with proteinase
inhibitor cocktail (Roche). Bone marrow protein extract was prepared from
flushed bone marrow cells of adult CD-1 mouse femurs with 1X phosphate-buff-
ered saline (PBS) buffer. All homogenized lysates were centrifuged at 10,000 X g for
15 min to remove insoluble material. Proteins (30 pg in each lane) were sepa-
rated by electrophoresis using 12.5% sodium dodecyl sulfate-polyacrylamide gels
and transferred by electroblotting to Hybond-C membrane (Amersham Bio-
science). The blots were initially blocked overnight with TBST buffer (10 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 0.05% Tween 20) containing 5% milk powder
and incubated with rabbit anti-SBDS (1:2,000 in blocking solution) for 4 h. The
blots were then washed four times in TBST (5 min per wash), incubated with a
horseradish peroxidase-conjugated anti-rabbit immunoglobulin G (1:3,000 in
blocking solution) (Bio-Rad), and washed three times with TBST (10 min per
wash). Signals were visualized using the enhanced chemiluminescence (ECL;
Pharmacia) technique with BioMax MR X-ray film (Kodak).

Tissue section preparation. Mouse tissues and deciduae at embryonic stages
were fixed overnight in 4% paraformaldehyde in 1X PBS buffer (pH 7.3), washed
twice for 30 min each in 1X PBS buffer (pH 7.3) at 4°C, dehydrated, and
embedded in paraffin. Paraffin blocks were sectioned as 7-pum slices for histology,
immunohistochemistry, and in situ hybridization analyses.

In situ hybridization analysis. To investigate the expression of Shds in mouse
embryo and adult mouse tissue, a cDNA probe covering the 5’ untranslated
region (UTR) and exons 1 through 3 of Shds was prepared by reverse transcrip-
tion-PCR (RT-PCR) amplification of mouse liver total RNA with oligonucleo-
tide primers S1 (5'CTGGCTAGTGCGCCACTTGA) and S2 (5'CAGCTGTG
TGTGCCGTTCTT). To verify the absence of Shds expression in the null
embryo, a cDNA probe covering exons 3 and 4 was prepared by RT-PCR
amplification from mouse liver total RNA with primers S3 (5'"CACACACAGC
TGGAGCAGAT) and S4 (5’AGCTGCTGGCTGTAGTCCTC). The corre-
sponding fragments were inserted into the pDrive vector (QIAGEN) as per the
supplier’s protocols. In situ hybridizations with digoxigenin-labeled antisense and
sense probes were carried out on paraffin sections as described previously (21, 23).
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Generation of Shds-targeted mice. An Sbds cDNA probe was used to screen
the RPCI-22 bacterial artificial chromosome (BAC) library constructed from
the 129S6/SvEvTac mouse strain with the facilities of The Center for Applied
Genomics at The Hospital for Sick Children. One of the positive BAC clones,
138L15, was found to contain the intact genomic sequence of Shds. Isolated
DNA was digested with Xbal to isolate an 11.7-kb DNA fragment containing
an upstream segment (5.2 kb) as well as exons 1 through 3. The fragment was
recloned into pBluescript vector (Stratagene) and was subsequently digested
with BssSI and Xbal to isolate an 8.5-kb subfragment containing only 1 kb of
the upstream region and exons 1 to 3. The fragment ends were filled in for
cloning into the PGKneolox2DTA vector (a gift of the Soriano Lab, Fred
Hutchinson Cancer Research Center, Seattle, WA) by using the Xbal and
EcoRI sites. The vector contained the diphtheria toxin A gene as a negative
selection marker. The positive selection marker cassette containing the JRES-
lacZ fusion gene and the neomycin resistance gene under control of a mouse
phosphoglycerate kinase promoter was inserted into the Eco4 7111 site of exon
1 to disrupt the translation of Sbds. The vector was linearized with NotI and
electroporated into W4 embryonic stem (ES) cells (Taconic) by InGenious
Targeting Laboratory, Inc. A total of 288 G418-resistant clones were
screened by Southern analysis using two distinct mouse genomic probes
external to the vector segments. Sixty-eight clones were found to be correctly
targeted. Two clones were further verified to have a single gene site insertion
with a neomycin resistance gene fragment probe. Male chimeras were gen-
erated by injection of two independent ES clones into C57BL/6J blastocysts,
and germ line transmission was verified by Southern analysis. Shds heterozy-
gotes were intercrossed to generate homozygous mutants.

Genotyping analysis. Genotyping of mice was carried out by PCR using
three oligonucleotide primers: a common primer located in the first intron
(primer ¢, 5"CTGGGCACAGGATTACTCACAC), a wild-type-allele-specific
primer located in the UTR (primer a, 5" CAGGCGTGGTTGCTTTCTTAT),
and a mutant-allele-specific primer located at the 3’ end of the neomycin
selection cassette (primer b, 5’ AAGCTGATCCGGAACCCTTAAT). PCR
was carried out with 25 ng of genomic DNA isolated from tail clippings in
25-ul reaction mixtures containing 1X MgCl,-PCR buffer (QIAGEN), 40 pM
of deoxynucleoside triphosphates, 200 wM of each primer, 1X Q solution, and
1.25 U HotStart Tag polymerase (QIAGEN). After an initial denaturation at
95°C for 15 min, 35 cycles of PCR at 94°C for 30 s, 58°C for 30 s, and 72°C
for 45 s were performed, followed by a final extension at 72°C for 7 min.
Amplification of the wild-type and mutant alleles resulted in products of 354
and 184 bp, respectively. DNA extracted from the yolk sac was used to
genotype embryonic day 8.5 (E8.5) to E14 embryos. Paraffin sections of E6.5
and E7.5 embryos were subjected to laser microdissection using the Arcturus
PixCell laser capture microdissection system according to the supplier’s in-
structions and as described on the National Institutes of Health website
(http://dir.nichd.nih.gov/lcm/lcm.htm). DNA was extracted using the Pico-
pure DNA extraction kit (Arcturus) according to the manufacturer’s instruc-
tions. Genotyping was performed as described above except that 40 cycles of
amplification were used. DNA was directly extracted from individual blasto-
cysts by using the Picopure DNA extraction kit (Arcturus) and genotyped as
for early embryos.

BrdU labeling and staining. Bromodeoxyuridine (BrdU) (100 wg/g of body
weight; BD PharMingen) was injected intraperitoneally into CD-1 mice at 6
weeks of age. Tissues from euthanatized mice were dissected 24 h after treatment
and were fixed, paraffin embedded, and sectioned as described above. BrdU
staining was performed using the BrdU in situ detection kit (BD PharMingen)
according to the supplier’s recommendations.

Hematological analyses. Mouse peripheral blood cells, including total white
count, neutrophils, monocytes, basophils, eosinophils, leukocytes, and red blood
cells, were counted using the HEMAVET 950 multispecies hematology system
(Drew Scientific, Inc.).

In vitro culture of fibroblasts and blastocysts. Primary fibroblast cultures were
established from embryos of heterozygous intercrosses at E15.5 by standard
methods (24). DNA was isolated for genotyping, and whole-cell protein extracts
were prepared from grown cultures as described above.

Blastocysts were collected by flushing the uteri of pregnant females from Shds
heterozygous intercrosses at E3.5 and were individually cultured in 24-well plates
in ES cell medium without leukemia-inhibitory factor. The cultures were incu-
bated with 5% CO, at 37°C and were examined and photographed every 24 h for
up to 4 days. At the end of the observation period, cells were scraped off the dish
for DNA extraction and genotyping by PCR as described above.
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FIG. 1. Expression profiles of Sbds mRNA and protein in adult mouse organs. (A) Multitissue Northern blot. Poly(A*) mRNA of the adult
mouse tissues indicated hybridized with Sbds (upper panel) and Gapd (lower panel) cDNA probes. (B) Multitissue Western blot of mouse tissues
with affinity-purified polyclonal anti-SBDS (upper panel) and control anti-mouse Gapd (lower panel) (Abcam) antibodies.

RESULTS

Mouse Sbds and expression profile. Sequence alignment
and expressed sequence tag (EST) database analysis revealed
a single active mouse ortholog to SBDS. Sbds (Mm.280484)
shares 97% identity in protein sequence with SBDS (NP
057122). Similar to the human counterpart, Shds generates a
1.6-kb transcript encoding a protein product with a molecular
mass of 29 kDa. We examined expression of Sbds in adult
CD-1 mouse tissues by Northern and Western blot analyses
(Fig. 1). The analyses revealed a ubiquitous pattern with vari-
able expression levels. High expression is seen in testis, pan-
creas, lung, spleen, bone marrow, and liver, with the testis
having the strongest expression. In contrast, very small
amounts of mRNA and protein were detected in heart and
skeletal muscle, respectively. The smaller transcript in the
Northern analysis (Fig. 1A) that appears most prominent in
the testis is likely due to alternative polyadenylation, based on
EST entries. This is also supported by observing only single
Sbds RT-PCR cDNA products from these tissues by using
primers located at the 5" and 3" ends of the coding region (data
not shown), as well as by the absence of any alternative protein
isoforms detected by the Western blot analysis (Fig. 1B).

To investigate expression in different cell types, in situ hy-
bridizations were performed on CD-1 mouse tissue sections.
Sbds expression was detected in most cell types, with very high
levels in cells of the bronchiole epithelium in lung (Fig. 2A),
small intestine epithelium (Fig. 2B), ovary follicles (Fig. 2C),
basal compartment of testis seminiferous tubes (Fig. 2D), and
mucosal epithelium of stomach (Fig. 2E). In contrast, relatively
low expression is seen in most of the adult brain under com-
parable hybridization conditions. The cells of the tissues with
the highest expression proliferate rapidly compared to their
surrounding components. To confirm this, we labeled prolifer-
ating cells of CD-1 mice with BrdU (100 pg/g of body weight).
When staining patterns were compared to the in situ hybrid-
ization signals of adjacent sections, the single BrdU exposure
supported that high Sbds expression was consistent with rapid
cell proliferation (Fig. 2G to O).

The differentiated expression pattern of Sbds in adult mice

prompted us to investigate its expression during embryonic
development. By EST database analysis, Sbds was found to be
expressed in all developmental stages as early as the fertilized
egg. In situ hybridization using both whole-mount and section
methods confirmed the ubiquitous but variable expression lev-
els in different tissues of the embryo (see Fig. S2 in the sup-
plemental material). Northern blot analysis using mRNA from
whole embryos showed that the Sbds transcript level is initially
very high but that it subsequently decreases from early to mid-
and late embryonic stages (Fig. 3). This was also apparent
using in situ hybridization with CD-1 mouse embryos con-
trolled for consistent reaction conditions (see Fig. S3 in the
supplemental material). Overall, Sbhds expression decreases
from early to later stages of the embryo in parallel with growth
rate changes.

In summary, Sbds was found to be ubiquitously expressed in
all embryonic stages and most adult tissues. In addition, its
elevated expression in rapidly growing tissues may highlight a
critical aspect of function required for cell proliferation.

Targeted disruption of the Sbds gene. To investigate the role
of Sbds in vivo, we generated a null allele through gene tar-
geting technology (Fig. 4). The Sbds genomic sequence was
isolated from a 129S6/SvEvTac mouse BAC library and sub-
sequently inserted into the targeting vector. The Sbds null
allele was achieved with the interruption of translation in exon
1 through the insertion of an IRES-lacZ and neomycin resis-
tance cassette. A diphtheria toxin A gene was also included in
the vector to provide negative selection of ES cells that did not
undergo homologous recombination (Fig. 4A). Linearized vec-
tor DNA was electroporated into W4 ES cells. Twenty-four
percent of neomycin resistance clones were identified as having
the desired recombination by Southern blot analysis with 5’
and 3’ external probes (Fig. 4B). Two independently derived
Sbds™~ ES clones were microinjected into C57BL/J6 blasto-
cysts to establish mutant allele strains. Germ line transmission
was evaluated by PCR genotyping (Fig. 4C). The targeted al-
leles were maintained in hybrid C57BL/6J and 129S6/SvEvTac
genetic backgrounds, and the two lines led to the generation of
mice with identical phenotypes, as described below.
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FIG. 2. Sbds is highly expressed in rapidly proliferating tissues. In situ hybridization with a Sbds cDNA probe is shown. High expression was
found in bronchiole epithelium in lung (A), small intestine epithelium (B), ovary follicles (C), testis seminiferous tube (D), and mucosal epithelium
of stomach (E). In contrast, the expression in adult brain (F) is low. Increased Sbds expression was correlated with rapidly proliferating cells in
small intestine epithelium (G, H, and I), ovary follicles (J, K, and L) and testis seminiferous tubes (M, N, and O). (G, J, and M) Hematoxylin and
eosin staining of intestine epithelium, ovary follicles, and testis seminiferous tubes, respectively. (I, L, and O) In situ hybridization of adjacent tissue
sections, respectively, with a cDNA probe consisting of the 5" UTR and exons 1 to 3 of Shds. (H, K, and N) Adjacent sections, respectively, were
stained with an anti-BrdU antibody. Arrows mark examples of cells with incorporation of BrdU. Bars, 100 pwm.

Consistent with the targeting of the Sbds locus, Western blot
analysis of protein extracts from embryonic fibroblast cells of
heterozygous mice showed reduced levels (approximately
50%) of Sbds compared to extracts from wild-type littermates

(Fig. 4D). Heterozygous mice (Sbds*’~) were fertile and de-
veloped normally. Cohorts of heterozygous mice were kept for
up to 18 months and showed no predisposition to ill health
compared with age- and sex-matched wild-type littermates.
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FIG. 3. Expression of Shds during mouse embryonic development.
(A and B) Mouse embryo multiple-tissue Northern blot. Poly(A™)
mRNA from whole mouse embryo at the stages indicated was hybrid-
ized with Shds cDNA (A) and Gapd cDNA (B) probes.

Specifically, we examined the growth rate (body weight and
body length), blood cell counts (neutrophils, red blood cells,
leukocytes, and platelets), and bone development (bone stain-
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TABLE 1. Genotype and phenotype analysis of embryos and
offspring from Shds ™'~ intercrosses”

No. of embryos”

Stage With genotype:

With empty Total
Shds™'*  Sbds*'~  Sbhds™/~ deciduae
E3.5 9 17 8 34
E6.5 6 15 4 (4) 0 25 (4)
0 > 23 7(7) 0 35 (7)
E8.5 16 19 8(8) 0 43(8)
E9.5 4 12 0 4 20
E10.5 9 16 0 9 34
Full term 39 74 0 113

“ Live-born offspring, staged embryos (E6.5 to E10.5), and blastocysts (E3.5)
were genotyped by PCR.
 The number of phenotypically abnormal embryos is indicated in parentheses.

ing). No SDS-related phenotypes were found in the heterozy-
gous mice (data not shown).

Shds deficiency causes early embryonic lethality. Sbds
mice were intercrossed to evaluate the phenotype of Sbds '~
animals. Genotyping of 113 offspring from 20 litters revealed
that 39 were wild type (Sbds™/") and 74 were heterozygous
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FIG. 4. Targeted disruption of the mouse Shds gene. (A) Genomic organization of the mouse Sbds gene. The targeting vector and the desired
homologous recombination outcome are illustrated. Black boxes represent Shds exons. Probes A and B correspond to 5" and 3’ external probes used for
Southern blot-based genotyping; arrows a, b, and ¢ correspond to oligonucleotide primers for PCR genotyping. Relevant restriction sites are BamHI (B),
BssSI (S), and Xbal (X). (B) Representative Southern blot analysis of neomycin-resistant ES cells. Genomic DNA was digested with BamHI and
hybridized with probe B. The 15-kb and 10-kb bands represent the wild-type (lanes 1, 3, 4, and 6) and targeted (lanes 2 and 5) alleles, respectively.
(C) Representative PCR genotyping with primers a, b, and c. The observed PCR products derived from wild-type (+) and targeted (—) alleles are 354
and 184 bp, respectively. (D) Sbds expression was evaluated in wild-type and heterozygous embryonic fibroblasts by Western blotting using the anti-SBDS
antibody (upper panel), with comparison to a-tubulin as a control for loading as detected by anti-a-tubulin antibody (lower panel) (Molecular Probes).
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FIG. 5. Failed development of Shds™/~ embryos. (A and B)
Shds*'~ (A) and Shds '~ (B) blastocysts at E3.5 appear normal. (C to
F) Sagittal sections of hematoxylin- and eosin-stained Shds ™'~ (C and
E) and Shds '~ (D and F) embryos at E6.5 and E7.5; disorganization
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(Sbds™'~) for the targeted allele. The complete absence of
homozygous (Shds ') offspring, the observed ratio of the
wild-type and heterozygous progeny, and the small litter size
(mean of 5.7, compared to 8.4 for heterozygote and wild-type
mouse crosses) suggested that ablation of Sbds led to embry-
onic lethality.

To determine the stage of lethality, E3.5 blastocysts from
Shds™'~ intercrosses were isolated and genotyped. Among a
total of 34 blastocysts from three matings, 9 (26%) were
Shds™'*, 17 (50%) were Sbds™'~, and 8 (24%) were Shds '~
(Table 1). The morphology of the Shds '~ blastocysts was
indistinguishable from those of the Sbhds™~ and Shds /" blas-
tocysts in terms of their appearance and the size of the inner
cell mass (ICM) (Fig. 5A and B), indicating that the ablation
does not affect development prior to implantation. We then
analyzed early postimplantation stages with histological sec-
tions. At E6.5, analysis of 25 embryos from three pregnancies
revealed 6 (25%) Sbds™'*, 15 (63%) Sbds*'~, and 4 (17%)
Shds '~ embryos. The Shds ™/~ embryos were approximately
two-thirds of the size of the Shds™/~ embryos. The ectoplacen-
tal cone and extraembryonic portions of the Shds ™/~ embryos,
although smaller, were morphologically comparable to those of
their heterozygous littermates (Fig. SC and D). Although two-
layered egg cylinders were apparent, the embryonic portion
of the Shds~’/“embryos was much smaller than that of the
Shds ™'~ embryos. Also, proaminotic cavities in the embryonic
portions of the Shds™/~ embryos were not visible. At E7.5,
while all wild-type and heterozygous embryos examined had
gastrulated and developed a third germ layer (mesoderm), the
Sbds ™'~ embryos had not developed past the egg cylinder stage
and had not undergone gastrulation. They were significantly
smaller and appeared to be undergoing degradation. Eight
Sbds~'~ embryos were found from 43 embryos at ES.5, but all
were almost completely resorbed, and only empty deciduae
were evident by the later stages of E9.5 and E10.5. Therefore,
Sbhds~'~ mutant embryos displayed severe growth and morpho-
logical defects by the onset of gastrulation and ceased to de-
velop prior to E6.5.

Shds is required for early embryo development. To confirm
that Sbds was ablated in the Shds '~ embryo, the mRNA level
was analyzed by in situ hybridization using a Sbds cDNA probe
containing exons 3 and 4 only. No Sbds transcript was detected
in the E6.5 null embryos compared with their heterozygous
littermates (Fig. 5G and H).

To investigate the developmental defect in the E6.5 Shds ™/~
embryos, we performed in situ hybridization using an Oct4
cDNA probe as a marker for embryonic stem cells and the

of the null embryo was apparent at E6.5 (D), with subsequent degra-
dation clearly evident by E7.5 (F). (G to L) In situ hybridization of
Sbds cDNA with exons 3 and 4 and Oct4 cDNA and Bmp4 cDNA
probes on heterozygous (G, I, and K) and null (H, J, and L) E6.5
embryos. (M and N) Shds™'~ blastocysts (M) were able to outgrow
after 4 days of culture. The growing ICM cells are surrounded by
trophoblast giant cells (TG). By contrast, Shds '~ blastocysts (N) re-
tain trophoblast cells but no ICM growth. ac, amniotic cavity; ep,
ectoplacental cone; em, embryonic portion; ex, extraembryonic por-
tion; exc, exocoelom; pac, proamniotic cavity. Bars, 50 pm (A, B, M,
and N) and 100 pm (C to L).



6662 ZHANG ET AL.

TABLE 2. Genotype and phenotype analysis of
cultured Sbds blastocysts

Total no. of No. (%) with ICM outgrowth:

Gi

enobpe blastocysts Normal Abnormal®
Shds ™" 10 9 (90) 1(10)
Shds™*'~ 13 11 (85) 2 (15)
Shds '~ 6 0(0) 6 (100)

“ Blastocysts with failed ICM outgrowth.

epiblast. In Shds™'~ embryos, the inner layer of the embryonic
portion showed intense hybridization, indicating the growth
and development of the epiblast (Fig. 5I). In contrast Oct4-
positive cells were rare in the Shds/~ embryos (Fig. 5J). Ex-
amination by in situ hybridization with a Bmp4 cDNA probe to
mark extraembryonic tissue (Fig. 5K and L) and a cDNA probe
containing the 5 UTR and exons 1 through 3 of Sbds (data not
shown) revealed that the extraembryonic tissue of the E6.5
Shds '~ embryo was able to develop.

To directly determine the growth capability of Sbds '~ em-
bryos, blastocysts at E3.5 from timed heterozygous matings
were collected and individually cultured in vitro. After 1 day,
all isolated blastocysts hatched from the zona pellucida, ad-
hered to the tissue culture plastic, and began to grow out. After
4 days in culture, Sbds~'~ embryos (Fig. 5N) exhibited giant
cell trophoblasts comparable to those of their heterozygote
(Fig. 5 M) or wild-type (data not shown) littermates. However,
the ICM components did not grow for any of the Sbds™/~
blastocysts (6/6) (Table 2), in contrast to only 15% of Shds™*'~
(2/13) and 10% of Sbds™'* (1/10) blastocysts (representative
outgrowth examples are shown in Fig. 5SM and N). In addition,
we also attempted to generate homozygous Sbds-targeted ES
cells. A total of 1 X 10® heterozygous targeted ES cells were
cultured in ES cell medium with a range of high doses of G418
(0.75 mg/ml to 6 mg/ml) in order to select for rare homozygous
targeted clones (22). A total of 130 clones resistant to high
levels of neomycin were generated; however, PCR genotyping
revealed that none were homozygously targeted for the Shds
gene (data not shown). These results suggested that Sbds func-
tion is essential for the viability and/or proliferation of early
embryonic tissue.

In summary, we found that that Shds "~ mice have normal
phenotypes, indistinguishable from those of their wild-type
littermates. However, the development of Shds '~ embryos
was arrested earlier than E6.5, leading to early lethality with
markedly muted epiblast development from the inner cell mass
tissue. Therefore, Shds is an essential gene for early mouse
development.

DISCUSSION

SDS is a recessive disorder resulting from the loss of SBDS
function. In this study we found that Sbds is an essential gene
in mouse, consistent with observations of SBDS mutations in
SDS patients. Analysis of our large patient collection has re-
vealed two common SBDS mutations, the first, a stop codon
(183-184TA—CT) in exon 2 and the second a splice donor
mutation (258-2T—C) in intron 2. These mutations can be
found with other rare mutations, but many patients are het-
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erozygous for these common changes (5). Interestingly, while
some patients are homozygous for the splice donor mutation,
no patients (of over 250 families) are homozygous for the early
truncation mutation. This correlates with the findings of the
mouse model, where the combination of two null Shds alleles
is not compatible with life. We also found that the mice that
are heterozygous for one null allele have normal growth phe-
notypes and exhibit no apparent skeleton abnormalities or
hematopoietic or exocrine pancreatic dysfunction, consistent
with the absence of disease phenotypes in SDS carriers. It is
therefore evident that many disease alleles lead to loss of function
but that patients likely have low residual SBDS activity.

A recent study revealed the localization of SBDS in normal
human fibroblasts, with its apparent concentration in the nu-
cleolus, where rRNA and ribosomes mature (3). There is cell
cycle dependence, with nucleolar localization during the G,
and G, cell phases and more diffuse nuclear localization during
S phase. High expression during rapid growth and proliferation
aligns well with a role of Sbds in rRNA metabolism and ribo-
some biogenesis and with the localization studies. Marked in-
creases in de novo protein synthesis and RNA metabolism are
especially essential after implantation. As the function of Sbds
has not been elucidated, it is difficult to precisely target the
inadequacy that leads to ICM and epiblast demise, possibly
due to low Sbds directly or to the specific loss of a downstream
metabolite requirement. Our observations, taken together with
consideration of a possible long half-life (on the order of
hours) and the very low level of SBDS observed in patients (3;
unpublished observations), indicate that a maternal protein effect
may be enabling survival to beyond the implantation period.

A large number of gene ablations with the timing of lethality
comparable to that for Sbds have been described (7). Also
relevant, for comparison, are those genes affected in other
human syndromes involving deficiency in RNA and/or ribo-
some metabolism with similarity in clinical features of hema-
tological deficiency and leukemia susceptibility. The congenital
bone marrow failure syndrome Diamond-Blackfan anemia is
one such syndrome, frequently resulting from loss of RPS19, a
ribosomal component. However, and in contrast to the case for
Sbds, its ablation leads to lethality very early, prior to implan-
tation (20). Another bone marrow failure syndrome, dyskera-
tosis congenita, can be caused by mutations in different genes,
one being DKCI (encoding dyskerin) on the X chromosome.
Ablation of dyskerin in male mice leads to apparent abnor-
mality as early as E7.5 with subsequent embryo resorption
(11). While dyskerin does localize to the nucleolus as well as
the nucleoplasm, consistent with its predicted role in rRNA
processing, interpretation of phenotype must also consider dys-
kerin’s apparent role in telomere function (12). Direct compari-
son to loss of Sbds is limited pending more information on the
function or functions of the genes involved in these syndromes.

SBDS protein family members are highly conserved. Taken
together with the observed ubiquitous and essential expression,
it is apparent that Sbds plays an important role in the cells of
many tissues. Given the clinical picture of SDS patients, which
includes overt symptoms in only some tissues and in some cell
types, it would also appear that there is variable sensitivity to
the loss of SBDS function. The occurrence of symptoms does
not directly correlate with tissue levels of mRNA (in human [5]
or mouse [this study]). For example, the exocrine components
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constitute the bulk of pancreatic tissue that exhibits relatively
high levels of Sbds expression, and yet this compartment is ex-
tremely sensitive to SBDS loss in patients. Pancreatic exocrine
dysfunction is a universal feature of patients with SBDS muta-
tions (14; unpublished observations). Bone marrow exhibits rela-
tively lower expression. Although microarray analysis has shown
that SBDS expression is high in human hematopoietic stem cell
and progenitor cell populations compared to mature blood cell
populations (John Dick, personal communication), deficiencies of
the mature neutrophils, in both their abilities and numbers, are
the most common hematological deficiencies observed in SDS
(10). An essential gene can lead to differential outcomes if tissues
have different requirements for the gene product, either consti-
tutively or at specific developmental stages. Alternatively, it may
also be that loss may be compensated in a tissue- or cell type-
specific manner. The sensitivity of loss of Sbds in the severely
afflicted tissues requires further investigation to distinguish be-
tween these possibilities.

In this study, we have found that Sbds is ubiquitously expressed
in all stages of mouse embryonic development and in adult tis-
sues, with levels that are generally correlated with cell prolifera-
tion. As Shds was also found to be essential in mice, hypomorphic
or conditional alleles in combination with the generated null al-
lele will be required to provide disease-relevant mouse models for
the detailed study of SDS pathogenesis. These mammalian mod-
els can be used to investigate which, and how, processes are
affected in the organs that exhibit the most severe clinical pheno-
types when thresholds of SBDS reach critically low levels. They
will also provide insight into why only specific organs show effects
and how variability in presentation of disease ensues.
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