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The stanniocalcin 1 (STC1) gene is expressed in a wide variety of tissues, including the kidney, prostate,
thyroid, bone, and ovary. STC1 protein is considered to have roles in many physiological processes, including
bone development, reproduction, wound healing, angiogenesis, and modulation of inflammatory response. In
fish, STC1 is a hormone that is secreted by the corpuscles of Stannius and is involved in calcium and phosphate
homeostasis. To determine the role of STC1 in mammals, we generated StcI-null mice by gene targeting. The
number of StcI™'~ mice obtained was in accordance with Mendelian ratios, and both males and females
produced offspring normally. No anatomical or histological abnormalities were detected in any tissues. Our
results demonstrated that Stcl function is not essential for growth or reproduction in the mouse.

Stanniocalcin 1 (STC1) is a glycoprotein that was first iden-
tified in fish as a hormone secreted by the corpuscles of Stan-
nius, an organ unique to bony fish. It is secreted into the blood
in response to elevated calcium and has potent activity on the
gills, kidneys, and gut to regulate calcium absorption and phos-
phate excretion (8, 16, 17). We and others have identified two
related mammalian genes encoding STC1 and STC2 that are
paralogs of the fish gene (2, 4, 6, 11, 20, 21). Mammalian STCs
are expressed in a wide variety of tissues, including the kidney,
ovary, prostate, thyroid, and spleen.

Given its role in fish, initial functional analyses of mamma-
lian STCI1 focused on determining whether its role in regulat-
ing blood calcium has been conserved. In vivo studies in which
recombinant STC1 protein was injected into rats indicated that
STC1 may regulate blood calcium by increasing renal reab-
sorption of phosphate, and in vitro experiments showed that
STC1 could reduce the flux of calcium across the intestines of
rats and swine while increasing absorption of phosphate (19,
21, 27). Interestingly, expression studies showed strong STC1
production in a variety of tissues during murine development
and a general down-regulation of expression during postnatal
development in all tissues except the ovary, where expression
increased. On the basis of these and a variety of other func-
tional and expression studies, it has been proposed that the
physiologic roles of STC1 are pleiotropic and include early
musculoskeletal development, female reproduction, cell motil-
ity, and a cytoprotective role in response to different stressors
(13-15, 22, 24, 31-34). Moreover, evidence is also accumulat-
ing for a role of STCI in cancer (reviewed in reference 3).

To determine whether STC1 plays a crucial role during
normal development and provide a model for examining the
function of STCI in vivo, we generated mice that are null for
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STC1. We generated two independent lines (L278 and L.282)
by homologous recombination and examined them for overt
abnormalities.

MATERIALS AND METHODS

Targeting vector construction and generation of StcI-deficient mice. Genomic
DNA encoding STC1 was isolated from a mouse 129 SVJ Lambda FIXII library
(Stratagene). Various inserts from positive lambda isolates were then subcloned
into vector pGEMS5Zf+ (Promega) for DNA sequencing. A 2.9-kb right target-
ing arm was obtained by PCR of lambda clones with two primers, A630 (5'-CCG
CTCGAGCCTCTTCTTCACAGCATGGGG) and A631 (5'-CGGGGTACC
TAGCCATTGCCATATATTTACTGAGCACCC) containing a XhoI and Kpnl
restriction site, respectively, and inserted into the Kpnl-Xhol site of ploxPneo-1
(23) to generate plasmid pAC242. A 2.5-kb left arm was obtained by PCR of
lambda clones with two primers, A749 (5'-GCGCGGATCCGCTCTATTCCT
GCATAAAACC) and A629 (5'-TCCCCCGGGTCTCTGAGAAGTTTCCGC
TAAGTTG) containing BamHI and Smal restriction site, respectively, and then
inserted into the BamHI-Smal site of pAC242 to generate pAC248. The left
targeting arm contained 5" sequences plus the 5’ untranslated region of exon 1,
including nucleotide —2 upstream of the ATG start codon of exon 1. The
targeting construct, pAC248, was linearized with BamHI and electroporated into
embryonic stem (ES) cells. Genomic DNA isolated from about 400 G418-resis-
tant ES cell colonies was analyzed by Southern blotting. Two correctly targeted
ES cell clones were identified and injected into blastocysts to generate chimeras
and gave rise to two independent lines, L.278 and L282. Chimeras were subse-
quently mated to C57BL/6 females, and the resulting heterozygous animals were
bred to generate wild-type, Stc1™/~, and Stc1 '~ animals for subsequent analy-
ses. All animal work was performed in accordance with guidelines established by
the Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes.

PCR and Southern and Northern blot analyses. Genomic DNA isolated from
ES cells or mouse tails was digested with Xbal or Nhel, separated through a
0.8% agarose gel (Roche) with Tris-borate-EDTA buffer at pH 7.5, and trans-
ferred onto BiodyneB membrane (Pall) by capillary action in 0.4 M NaOH for 3
to 4 h. Two flanking DNA fragments P1 and P3, outside the targeting region,
were used as hybridizing probes for genotyping. Hybridization of Xbal-cut DNA
with the 0.6-kb P1 probe gave a band of 5.1 kb with the wild-type allele, whereas
correctly targeted mutant allele gave a band of 3.7 kb (see Fig. 1). Hybridization
with the 0.5-kb P3 probe gave a 7-kb wild-type band and a 4-kb mutant band on
DNA digested with Nhel. The P1 fragment was obtained by PCR within Stc/
intron 3 using primers A653 (5'-TTTTGCTGAAAGCACAAGCCTC) and A654
(5'-TAATGCTGCCTGACTCTGAGGG). The P3 fragment was generated by
PCR from a region upstream of the Stc/ gene using primers A1507 (5'-TAG
CCGAATGCCAGAAAACGCC) and A1508 (5'-TCAAAGCCAAGTTCCTTC
CCAGAAG). PCR was carried out using the Expand High Fidelity system
(Roche). Following an initial denaturation step (94°C for 10 min), Taq polymer-
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ase was added and 35 cycles of PCR were then performed (94°C for 1 min, 63°C
for 1 min, and 72°C for 3 min) and ended with a cycle of 72°C for 15 min.

For reverse transcription-PCR (RT-PCR) of the transcript from the targeted
locus, total RNA was first transcribed with RNase H-minus Moloney murine
leukemia virus reverse transcriptase (Promega), and then PCR was performed
with primer A1216 (5'-CGACCACCAAGCGAAACATC) derived from the
neomycin resistance gene (Neo) and primer A1252 (5'-CAGGAGAGGCAG
AATGACCACA) from StcI exon 4. The amplified 0.8-kb product was gel pu-
rified and subjected to DNA sequencing with an internal primer, primer A1218
(5'-CCGAATATCATGGTGGAAAAT).

For RT-PCR of Stc2 and glyceraldehyde phosphodehydrogenase (GAPDH),
primer pair A1549 (5'-TGTGACCCTGGCTTTGGTGTTTG) and A1550
(5'-CGTGGGAGGTCTCTGTATGTTGG) and primer pair A1505 (5'-ACC
ACAGTCCATGCCATCAC) and A1506 (5'-TCCACCACCCTGTTGCTGTA)
were used, respectively. One microgram of total RNA isolated from various
mouse organs was reverse transcribed with RNase H-minus Moloney murine
leukemia virus reverse transcriptase in a total volume of 50 pl. After synthesis,
5 pl and 2 pl of cDNA were used for PCR of Stc2 and GAPDH sequences,
respectively. For Stc2 PCR, following an initial denaturation step (95°C for 10
min), Taq polymerase (Roche) was added, and the cDNA was amplified for 30
cycles (95°C for 50 s, 60°C for 30 s, and 72°C for 1 min). GAPDH cDNA was
amplified for 20 cycles.

For Northern blotting, 10 pg of total RNA from mouse tissues was sub-
jected to electrophoresis on a 1% formaldehyde gel, transferred to a Magna
nylon membrane (Osmonics) by capillary action, and cross-linked by UV
irradiation. Hybridization and washing conditions were as recommended by
the manufacturer.

All probes for hybridization were labeled with [a->*P]dCTP using the Giga-
prime DNA labeling kit (Bresatec). A 3.2-kb exon 4-containing fragment was
obtained by HindIII digestion of plasmid pAC224 that contained a 6.5-kb Stc/
genomic DNA in pGEMS5Zf+. The 3.2-kb fragment consisted of 360-bp intron 3
and 2.8-kb exon 4 sequences. A 2-kb Neo-specific fragment was obtained by
digesting plasmid ploxPneo-1 with Sall and Xbal. A 300-bp ¢cDNA that was
specific for Stcl exon 2 and exon 3 was purified from plasmid pAC347 (that
contained 0.9-kb Stcl ¢cDNA) after digestion with NotI and HindIII.

SDS-PAGE and Western blotting. Mouse tissue samples (~4 mm?) were
processed with OMNIS5000 homogenizer (Omni) in 1.5 ml lysis buffer (50 mM
Tris-HCI [pH 8], 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and
0.1% sodium dodecyl sulfate [SDS] and supplemented with Roche complete
protease inhibitor and leupeptin). Particulate matter was pelleted by centrifuga-
tion, and the supernatant protein concentrations were determined with the
bicinchoninic acid protein assay kit (Pierce). Proteins were resolved by SDS-
polyacrylamide gel electrophoresis (PAGE) on 12% polyacrylamide gels and
electrotransferred onto Immobilon P membranes (Millipore) for Western blot-
ting. Membranes were probed with a goat STC1 antiserum raised against a
peptide within an internal region of human STC1 (Santa Cruz Biotechnology) at
a 1:500 dilution. Horseradish peroxidase-conjugated donkey anti-goat antibody
was used as secondary antibody at a 1:4,000 dilution. Protein bands were visu-
alized by using Supersignal West Pico chemiluminescence kit (Pierce) on
SuperRX Fuji film.

Histology, radiography, and body composition analyses. Mice were eutha-
nized by CO, inhalation, and necropsies were performed. Organs were fixed in
10% formalin and sent to a veterinary pathologist for sectioning and examina-
tion. Skeletal radiography of whole animals was performed on the B7070 Mam-
moview mammographic system (General Electric) after the animals were anes-
thetized with intraperitoneal injections of ketamine/xylazine. Total body fat and
bone mineral density were determined using dual-energy X-ray absorptiometry
(Lunar PIXImus2; General Electric Medical Systems) as described by the manu-
facturer.

Treadmill performance. Skeletal muscle function was evaluated from tread-
mill performance following a published protocol (30). Measurements were done
on a mouse exercise treadmill equipped with a shock plate (Columbus Exer-4/8)
at a linear velocity of 29 m/min and a 13° incline (aerobic exercise). Seven-week-
old wild-type and StcI ™/~ littermates were first trained for two 10-min intervals.
Performance time was defined as the time the mice ran continuously without
repeatedly falling back to the plate.

Vitamin 1,25(OH),D; treatment and calcium and phosphate measurements.
Wild-type and Stcl /™ adult female mice were given intraperitoneal injections of
vitamin 1,25(OH),D; (Calbiochem) at a dose rate of 2 pg/kg of body weight daily
for 4 days. The mice were injected about an hour before the dark cycle. Animals
were maintained on standard laboratory chow (Glen Forrest Stockfeeders) con-
taining 0.77% calcium, 0.57% phosphorus, and 2,000 IU vitamin D/kg. On the
morning after the last injection, the animals were anesthetized with halothane,
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FIG. 1. Mouse Stcl locus, targeting vector, and targeted allele.
The upper line shows a map of the Stcl locus with the four exons
defined by the black hatched boxes. The Xbal (X) and Nhel (N) re-
striction sites, protein initiation (atg) and termination (taa) codons
are also indicated. The 3’ (P1) and 5’ (P3) external probes used for
Southern blot analyses are shown. The diagnostic Xbal restriction
fragments (5.1 kb and 3.7 kb) and Nhel restriction fragments (7 kb
and 4 kb) are shown with broken arrows.

and blood was collected from the heart. For baseline, a small amount of blood
was collected from the tail a day before the start of injections. Measurements of
calcium and inorganic phosphorus were made from clotted blood using Sigma
diagnostic kits.

RESULTS

Generation and confirmation of Stc1-deleted mice. As a pre-
lude to disrupting the Stcl gene, we isolated a 16-kb mouse
genomic clone from a 129 SVJ lambda library. The gene was
completely sequenced, and it has four exons (GenBank acces-
sion number AF512563). Exon 1 encodes the 5" untranslated
region and the first 39 amino acid residues of Stcl exon 2
encodes 48 residues, exon 3 encodes 71 residues, and exon 4
encodes the last 89 residues plus the 3’ untranslated region.
The targeting vector was designed to delete the part of exon 1
that contains the first 39 residues of the N-terminal coding
region and also exons 2 and 3 (Fig. 1). Correct deletion was
first identified by Southern blot analysis with probe P1 that in
wild-type animals showed a band of 5.1 kb, a band of 3.7 kb in
StcI ™'~ animals, and both bands in StcI*/~ animals (Fig. 2A).
When the same Southern blot was stripped and reprobed with
a 0.3-kb Stc1 cDNA specific for exon 2 and exon 3, a band was
seen in wild-type and StcI*/~ animals, and no band was seen in
the Stcl ™/~ animals (Fig. 2B). This indicated that correct ho-
mologous recombination had occurred as planned in the
Stc1™'~ mice. This was further confirmed by Southern analysis
of genomic DNA digested with Nhel and probed with P3, a
DNA fragment upstream of the left targeting arm. Wild-type
DNA gave a 7-kb band, whereas StcI ™/~ DNA gave a 4-kb
band (Fig. 20).

To confirm genomic deletion, Northern blot analysis was
performed on RNA isolated from ovaries that are known to
produce a high level of StcI transcripts (26). The blot was
probed with the 0.3-kb Stc/ cDNA specific for exon 2 and exon
3. A 4-kb band was seen in wild-type animals as expected but
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FIG. 2. Southern blot analysis of wild-type (+/+), heterozygous
(+/-), and homozygous mutant (—/—) mice. (A) Tail DNA was di-
gested with Xbal, transferred onto a BiodyneB membrane, and hy-
bridized with radioactive probe P1. The predicted bands are seen for
each genotype. (B) The membrane was stripped and rehybridized with
a 0.3-kb cDNA probe specific for Stc/ exons 2 and 3. No band is seen
in the —/— lane, indicating targeting of the StcI allele. (C) DNA was
digested with Nhel and hybridized with probe P3. The positions of
DNA molecular size markers are indicated at the sides of the blots.

not in StcI '~ animals, indicating that deletion had occurred
(Fig. 3A).

When we hybridized a similar Northern blot with a 3-kb
exon 4-specific probe, a 4-kb band was seen in wild-type sam-
ples as expected (Fig. 3B). However, an equally strong but
slightly larger band was also seen in the StcI /'~ sample. We
postulated that this band results from splicing of the neomycin
resistance (Neo) transcript to the remaining exon 4 of Stcl.
This conclusion was supported by hybridizing a duplicate
Northern blot with a 2-kb probe generated from the Neo cas-
sette. The probe hybridized only to the larger 4-kb band in the
Stc1~'~ sample and not to the wild-type sample (Fig. 3C). The
smaller 1.4-kb band corresponds to the usual Neo transcript.

To further investigate the nature of the spliced product, total
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FIG. 3. Northern blot analysis of wild-type (+/+) and homozygous
mutant (—/—) mice. (A) Ten micrograms of total RNA from ovaries
was subjected to electrophoresis in a 1% formaldehyde gel, transferred
to a Pall BiodyneB membrane, and hybridized with a 0.3-kb cDNA
probe that was specific for exon 2 and exon 3. The Stc!/ transcript is
seen only in the wild-type mice. (B) The blot was hybridized with a
3.2-kb exon 4-specific probe. While the correct transcript is seen in
wild-type mice, an extraneous 4-kb band is seen in StcI ™/~ mice.
(C) The blot is a duplicate of that in panel B, but it was hybridized
instead with a 2-kb Neo-specific probe. This probe hybridized to the
novel 4-kb band, suggesting an aberrant splice Neo-Stc! exon 4 prod-
uct. The lower 1.4-kb band is the usual Neo transcript. (D) RNA from
ovaries isolated from wild-type and StcI '~ L.278nd mice (that had the
Neo cassette deleted) were hybridized with Stc/ cDNA. The novel 4-kb
band is no longer present in the 1L.278nd Stc1~/~ mice. The lower panel
shows hybridization to GAPDH as a loading control.
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FIG. 4. Sequence analysis of the novel transcript from the targeted
allele. (A) The positions of the two RT-PCR primers A1216 and A1252
and the sequencing primer A1218 are indicated. The thicker line below
represents the spliced product of the Neo transcript and exon 4, with the
intervening intron 3 region deleted. (B) DNA sequence of the Neo-exon
4 spliced product obtained with primer A1218. The italicized letters show
sequence derived from the neomycin cassette, and the protein-coding
sequence for the neomycin resistance gene is underlined with the termi-
nation codon in bold type. The nonitalicized letters are sequence derived
from exon 4 of StcI; the exon 4 sequence is out of frame in the transcript,
and there are three additional stop codons (bold type).

RNA from an StcI '~ animal was subjected to RT-PCR using
a sense primer from the Neo gene and an antisense primer
from exon 4 (Fig. 4A). A 0.8-kb product was obtained and
sequenced. The DNA sequence (Fig. 4B) revealed that the
larger 4-kb transcript seen in Stcl’~ animals consisted of
intact Neo sequence joined to exon 4. The termination codon
(TGA) of the Neo gene is still intact, and the Stcl sequence
which follows is out of frame and contains two consecutive stop
codons (TGA). It is therefore highly likely that only the neo-
mycin resistance protein would be translated from this 4-kb
transcript and that no Neo-StcI exon 4 fusion protein would be
produced. This supported the conclusion that no truncated
STC1 protein is produced from the StcI ™/~ allele.

Two independent mouse lines, L.278 and L282, were gener-
ated with the Stcl allele deleted as described above. As the
targeting vector used for homologous recombination con-
tained a pair of loxP sites flanking the Neo cassette (23), we
crossed L278 mice with CMV-CRE deleter mice (Jackson Lab-
oratory). Progeny were screened for deletion of the Neo cas-
sette, and subsequently, CMV-CRE mice were bred out to
generate mice with only the Stc/ deletion (data not shown).
This line is designated L278nd (for Neo deleted). Northern
blot analysis of RNA isolated from wild-type and Stc1 '~ ova-
ries revealed the absence of any Stc/ transcripts in the latter
(Fig. 3D). This result confirmed our conclusion that the 4-kb
RNA transcript seen in L278 and L282 lines is derived from a
spliced Neo-Stcl product driven by the promoter in the Neo
cassette.

Western blot analysis. Immunoblot analysis against STC1
protein was performed with a commercially available poly-
clonal antibody. A single protein band of about 32 kDa, which
is the predicted size for STC1 protein, was seen in extract from
StcI*'* quadriceps muscle but not in StcI~/~ quadriceps
(Fig. 5A). We had previously generated STCI polyclonal anti-
bodies but found them unsuitable for Western blot analysis
due to high nonspecific cross-reactivity (unpublished results).
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FIG. 5. Western blot analyses of STC1 protein from wild-type and
Stc1™’~ mice. (A) Total protein samples (30 wg) from quadriceps
muscle of two wild-type (+/4) and two Stcl ™/~ (—/—) mice were
resolved by SDS-PAGE and immunoblotted with STC1 polyclonal
antibody. The leftmost lane contains 10 pg of purified human recom-
binant STC1 (rSTC1) protein produced by a baculoviral expression
system (12). (B) Protein samples (30 wg) from heart (ht) and kidney
(kid) were loaded. Cross-reactivities of this antibody are indicated by
the presence of various bands that are larger than the STC1 bands in
both wild-type and Stc1 ™/~ tissues. Blots were stained for total proteins
with Ponceau S (PonS) to indicate equal loads before immunoblotting
was carried out. The positions of molecular mass markers (in kilodal-
tons) are indicated on the right.

When we further tested this polyclonal antibody on a variety of
wild-type and Stc1 /'~ tissues, such as the heart and kidney, no
32-kDa band was seen (not shown), but there was some cross-
reactivity with other larger proteins (Fig. 5B).

Analysis of offspring from heterozygous breeding pairs.
Mice that carried one copy of the deleted gene were interbred
to generate litters that were Stc1™/*, Stc1*/~, and Stc1 ™/~ as
determined by Southern blot analysis of DNA extracted from
tail snips. Out of 226 pups born, 59 were StcI*'*, 99 were
StcI*'~, and 68 were StcI~'~. This is close to the predicted
Mendelian ratios of 1:2:1 expected for nondeleterious alleles.
Thus, the Stcl knockout pups were no less viable than their
wild-type littermates. The postnatal growth rates of wild-type,
Stc1*’~, and StcI ™'~ male and female mice over a 10-week
period were indistinguishable (Fig. 6). The Stcl™~ and
Stcl ™'~ mice did not exhibit gross morphological or behavioral
abnormalities compared to wild-type mice. Histological exam-
ination by a qualified veterinary pathologist of the lung, heart,
liver, kidney, brain, spleen, stomach, small intestine, colon,
ovary, uterus, and testis did not reveal overt differences (data
not shown).

Stc1 has been shown to be highly expressed in osteoblasts
and chondrocytes, and a role in bone development has been
suggested (13, 32). Skeletal X-ray analyses on wild-type and
StcI™'~ animals at the age of 4 months and 9 months were
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FIG. 6. Postnatal growth rate. The weights of female and male
littermates were measured weekly after weaning (week 1). There were
seven females of each genotype, seven Stc1™'~ males, and six Stc1 ™"
and Stc!~'~ males. Error bars indicate standard errors of the means.

performed. No skeletal abnormalities were seen (data not
shown) at this level of resolution. To further substantiate this,
we also measured whole-body bone mineral content and den-
sity and fat content of the mice using dual-energy X-ray ab-
sorptiometry (DEXA). No significant differences were seen
between StcI ™' and Stc1 ™/~ mice (Table 1).

Analysis of reproductive capabilities. The ovary and testis
have been shown to have high levels of Stc/ mRNA expression
(1, 26). In order to determine whether fertility was affected in
Stc1™~ mice, multiple matings were carried out. Each pair of
StcI*'* and StcI ™'~ mice was housed separately and allowed
to mate for 4 months. Pups were separated after weaning. No
physical differences were noted between StcI '~ pups and
pups from wild-type mice. Table 2 shows that similar numbers
of pups were born and that the average number of pups per

TABLE 1. Body composition analysis of 7-week-old mice
measured with DEXA®

Bone mineral Bone mineral

Mice” () Wt (g) density (mg/cm?)  content (mg) % Fat
Male

WT (6) 244 =0.8 519+ 14 3531+ 18.0 175 =07

Null (8) 244 =04 533 £0.5 377.6 £ 13.7 159 =04
Female

WT (13) 178 £0.3 44.6 £ 0.6 287580 189 =*05

Null (10) 182 %03 470 = 1.0 3094 =125 17404

“ All values are expressed as the mean * standard error of the mean.
® Wild-type (WT) and StcZ-null mice were studied.
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TABLE 2. Offspring from multiple matings®

No. of pups

Genotype Tot;}l no. Avg litter size
Female Male Total of litters (SD)
+/+ X +/+ 53 66 119 18 6.5 (%2.3)
—/= X —/= 82 88 170 23 7.4 (*25)

“ Five pairs of wild-type (+/+) and mutant (—/—) mice were housed separately
and allowed to mate for 4 months. Pups were separated from the parents after
weaning.

litter was similar, suggesting that the absence of StcI does not
affect the fertility of male or female mice.

Measurement of serum calcium and phosphorus after vita-
min D; treatment. As in vitro experiments have suggested that
mammalian STC1 has a role in calcium and/or phosphate ho-
meostasis, we induced hypercalcemia by treating with vitamin
D; to determine whether the Stcl~/~ mice respond differently.
Stcl™'~ and wild-type mice received four daily injections of
vitamin D5, and blood serum was collected for calcium and
phosphorus measurements. The results (Fig. 7) showed that (i)
there was no difference in the normal level of serum calcium
and phosphorus in wild-type and Stc/-deleted mice and (ii)
that vitamin D5 increased the level of calcium and phosphorus
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FIG. 7. Measurement of serum calcium and phosphorus concen-
trations (conc.) in wild-type and homozygous mutant mice. Wild-type
and homozygous mutant adult female mice were given intraperitoneal
injections of vitamin D3 at a dose rate of 2 ng/kg of body weight daily
for 4 days. A small amount of blood was collected from the tail before
the start of injections, and terminal blood was taken the morning after
the last injections. Bars show mean values, and error bars indicate
standard deviations.
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FIG. 8. Analysis of Stc2 RNA expression. RT-PCR amplification of
STC2 from various organs isolated from male (A) and female (B) wild-
type (+/+) and homozygous mutant (—/—) mice. Amplification of
GAPDH was used as the internal control, with a smaller amount of
starting cDNA and fewer cycles of amplification. Kid, kidney; Ht,
heart; Liv, liver; Lg, lung; Tes, testis; Ov, ovary; Ut, uterus.

to the same extent regardless of genotype, suggesting that Stc/
does not have a systemic antihypercalcemic role in this context.

Treadmill performance. It has previously been demon-
strated that expression of STC1 can be induced by a variety of
stress factors, including elevated calcium, hypoxia, traumatic
brain injury, and viral infection. To test response to stress, we
subjected wild-type and Stcl ~/~ mice to continuous exercise on
an exercise treadmill and found that the endurance of Stcl ™/~
mice (11.8 = 5.6 min [mean * standard error of the mean];
n = 7) was similar to that of wild-type mice (11.8 % 7.0 min;
n=4).

Analysis of Stc2 mRNA expression. To investigate whether
Stc2 mRNA expression could be compensating for the loss
of Stcl, total RNA was isolated from organs that normally
express Stcl at a wide range of levels and was analyzed by
RT-PCR (1, 26). No consistent up-regulation of Stzc2 mRNA
expression was seen in Stcl '~ ovary, kidney, testis (organs
known to express high levels of Stcl), heart, lung, uterus (low
Stcl expression) or liver (undetectable Stcl expression) com-
pared with Stc1™'* organs (Fig. 8).

DISCUSSION

We isolated the Stcl gene from a mouse strain 129 genomic
library and sequenced the complete gene, which has four ex-
ons. Two independent lines of mutant mice were generated in
which Stcl exons 2 and 3 and the protein-coding portion of
exon 1 were deleted. Southern and Northern blot analyses
showed that the expected deletion had occurred. Deletion of
Stcl was further confirmed by Western blot analysis showing
the absence of the 32-kDa STCI1 protein from the quadriceps
of Stc1™/~ mice. In some tissues, including kidney and heart,
the polyclonal antibody cross-reacted with larger proteins.
Many groups, including our own, have reported immunohisto-
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chemical analyses of STC1 expression, and the cross-reactivity
seen here highlights the importance of using gene-deleted tis-
sue samples as negative controls in such studies.

Stcl expression has been reported in a variety of tissues
during early mouse development, especially the skeletal and
muscular tissues (13, 24, 31). Mice that overexpressed a human
STC1 transgene (driven by exogenous metallothionein pro-
moter or myosin light-chain promoter) were dwarfed and had
decreased bone length (7, 25). It was therefore unexpected that
our Stc1 ™/~ mice were born apparently healthy without overt
abnormalities and grew at a rate that was indistinguishable
from that of wild-type mice. Some of the mutant mice have
been kept for over 20 months with no apparent abnormalities.
Skeletal X-rays and DEXA analyses of mineral content were
also normal. Thus, although overexpressed ectopic STC1 in
transgenic mice negatively regulates growth, growth is essen-
tially normal in the absence of Stc!.

The ovary is the site of greatest Stcl expression in mature
mice (1), and it has been reported that Stc/ is highly expressed
in theca-interstitial cells of the ovary, in the corpora lutea, and
in the oocyte (26). In addition, ovarian STC1 production in-
creases during gestation and the presence of a nursing litter
results in increased expression in lactating mice (5), and STC1
is found in mammary gland ductal epithelium (28). These data
have been interpreted to suggest that STCI is involved in
regulation of ovarian function and lactation. Furthermore, it
has been shown that transgenic female mice overexpressing
STC1 had severely compromised reproductive ability, and
wild-type pups nursed by transgenic mothers were underweight
(25). However, the StcI '~ mice had no alteration in fecundity,
with no decrease in litter number or size. Pups of Stcl ™/~
mothers had normal weight at weaning. The data therefore
indicate that lack of Stcl function did not have a significant
adverse effect on either reproductive ability or lactation.

Several early reports using recombinant protein suggested
that mammalian STC1 might have conserved the antihypercal-
cemic role previously documented for fish STC (19, 21, 27). We
chose to induce hypercalcemia in the StcI '~ mice by treat-
ment with vitamin Dj, in part because its active metabolite has
been shown to increase Stc/ mRNA levels in mouse and rat
kidneys (10, 29). We found that the levels of serum calcium
and phosphate were identical to those of similarly treated
wild-type animals. This observation suggests that mammalian
STC1 may not have a major systemic role in controlling the
serum calcium level, at least when it is perturbed by vitamin
Ds. This is consistent with a recent report on transgenic mice
that contained high blood levels of human STCI protein but
were nevertheless normocalcemic (25). However, in view of the
data showing that administration of STC1 can affect mineral
homeostasis and the observation that one out of two transgenic
mouse models overexpressing human STC1 were hyperphos-
phatemic, more-extensive studies of calcium and phosphate
metabolism in the Stcl/~ mice are warranted.

Our data suggest that under normal laboratory housing
conditions, in a pathogen-reduced environment, mice lacking
STCI1 can develop normally; however, it is clear from previous
studies that STC1 production can be induced by a wide variety
of stresses, including hypoxia and viral infection. In view of
data indicating that Stcl transgenic mice have musculoskeletal
abnormalities, including abnormal muscle mitochondria (7),
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we examined the responses of wild-type and StcI '~ mice to
the mild stress of exercise on a treadmill. We did not find any
alteration in the endurance of the Stc ~/~ mice, but these mice
are an excellent model system for investigating the possibility
that Stcl has a role in response to other types of stress.

Mammals and fish contain a second stanniocalcin gene, Stc2
(4, 6, 11, 18, 20). The STC2 protein has about 35% sequence
identity with STC1 and is also expressed in a wide variety of
tissues in mice (4, 9, 11). We considered the possibility that the
loss of StcI function had been compensated by the expression
of Stc2 and tested this by examining Stc2 mRNA expression in
tissues including kidney, heart, liver, lung, testis, uterus and
ovary. No evidence for up-regulation of Sfc2 mRNA was
found. To definitively rule out the possibility that Stc2 expres-
sion is able to compensate for the loss of Stcl in StcI ™'~ mice,
it will be necessary to generate mice that are null for both Stc1
and Stc2.
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