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INFECTIOUS COMPLICATIONS AFTER ESOPHAGEAL SURGERY

Soji Ozawa, Yuko Kitagawa, Nobuhiko Okamoto, Yoshimasa Shimizu and Masaki Kitajima
Department of Surgery, School of Medicine, Keio University, Tokyo, Japan

The incidence of wound infection, which is an intrasurgical field infection, is lower than the incidence of
pneumonia, which is an extrasurgical fleld infection, after esophageal cancer surgery. Several trials predicting
postoperative infectious complications have been reported. One measured the phytohemagglutinin- and conca-
navalin A-induced proliferation of peripheral blood mononuclear cells in patients ; one measured the white blood
cell (WBC) count 2 h after surgery and the decrease in WBC count on first postoperative day ; and another
showed that the decrease in serum IgG: level can predict the occurrence of methicillin-resistant Staphylococcus
aureus (MRSA) infections. Useful strategies for managing infectious complications have also been reported.
Applying mupirocin calcium hydrate ointment to the nasal cavity decreases the incidence of MRSA infections.
Autologous blood collection reduces the need for allogeneic transfusion in patients undergoing resection of
esophageal cancer, and avoidance of allogeneic transfusion may reduce the risk of postoperative infection. The
total exposure to preoperative chemoradiotherapy should be limited to 40 Gy or less to prevent postoperative

pneumonia.
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Heterozygosity with respect to Zfp 148 causes complete

loss of fetal germ cells durin

g mouse embryogenesis

Akihide Takeuchi!3, Yuji Mishina?, Osamu Miyaishi»3, Eiji Kojima!, Tadao Hasegawa!3 & Ken-ichi Isobe!

Published online 13 January 2003; doi:10.1038/ng1072

Zfp148 belongs to a large family of C2H2-type zinc-finger tran-
scription factors. Zfp148 is expressed in fetal germ cells in 13.5-
d-old (E13.5) mouse embryos. Germ-line transmission of
mutations were not observed in chimeric Zfp148*~ mice, and
some of these mice completely lacked spermatogonia. The
number of primordial germ cells in Zfp748+- tetraploid
embryos was normal until E11.5, but declined from E11.5 to
E13.5 and continued to decline until few germ cells were pre-
sent at E18.5. This phenotype was not rescued by wild-type
Sertoli or stromal cells, and is therefore a cell-autonomous phe-
notype. These results indicate that two functional alleles of
Zfp148 are required for the normal development of fetal germ
cells. Recent studies have shown that Zfp148 activates p53,
which has an important role in cell-cycle regulation’. Primordial
germ cells stop proliferating at approximately E13.5,
which correlates with induction of phosphorylation
of p53 and its translocation to the nucleus. Phospho-
rylation of p53 is impaired in Zfp148*~ embryonic
stem cells and in fetal germ cells from chimeric
Zfp148*/- embryos. Thus, Zfp148 may be required for
regulating p53 in the development of germ cells.

Fig. 1 In situ hybridization of male and female gonads of E12.5
embryos and targeted disruption of Zfp148. a-f, In situ hybridiza-
tion of male {a~c) and female (d—f) gonads with antisense (a,c,d,f)
and sense (b,e) RNA probes specific to Zfp148. Positive signal (violet
granules) was detected in the genital ridge in male and female
gonads. The positive signal was detected in the tubutar structure of
the male gonads (a) but in the peripheral area of the female gonads
(d). At higher magnification, the positive signal was detected pre-
dominantly in PGCs, large cells with large nuclei {c,f). No signal was
detected with the sense probe (b,e). Scale bar = 100 um (a,b,d,e) or
50 um (¢, 7). g, Construction of the Zfp748 targeting construct. Non-
coding region is shown as a black rectangle in exon 9. Unique 5 and
3’ probes are shown as open boxes. B, BamH|; H, HindIi; K, Kpnl; S,
Spel; DT-A, diphtheria toxin A. h, Southern-blot analysis using indi-
cated probes. £5-cell DNA digested with BamHI produces bands of
5.0 kb (wild-type) or 4.0 kb (mutated aliele) with the 5° probe, and
ES-cell DNA digested with Spel produces bands of 8.0 kb {wild-type)
or 6.5 kb (mutated allele) band with the 3’ probe. i, Northern-blot
analysis of the targeted and non-targeted ES ciones. Lanes 1-3 are
targeted clones generating infertile chimeric mice (clone 011, 013
and 014, respectively). Lanes 4-6 are control non-targeted ciones
from the same screening {clone 021, 023 and 025, respectively). All
non-targeted clones showed germ-line transmission. 2fp148 mRNA
is detected as three species in Northern blots%2425, Expression of all
three species was 50% lower in the heterozygous mutant ES cells
than in control ES cells (52.8% for two upper bands and 45.1% for
the bottom band) when hybridized with any Zfp748 probes except
that for exon 9. Blots were hybridized with a probe for 285 riboso-
mal RNA probe to confirm equal sample loading.
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Zfp148 (also known as BFCOL-1, ZBP-89, BERFI and ZNF148)
encodes a Kriippel-type transcription factor of 89 kD with four
tandem zinc-finger DN'A-binding motifs*>. Zfp148 is thought to
promote growth arrest by stabilizing p53. Zbp-89, a rat homolog
of Zfp148, enhances p53 transcriptional activity and prevents
degradation by binding to p53 through its zinc-finger domain!.
Overexpression of Zbp-89 leads to accumulation of p53 in the
nucleus, activation of p21%*f! and cell-cycle arrest. Zfp148 also
interacts with growth-arrest DNA damage-34 (Gadd34; ref. 3)
and activates the Cdkn la promoter?, These activities suggest that
Z{p148 has an important role in regulating cellular proliferation;
it may also be important during development.

Zfp148 is highly expressed in the neural tube (A.T., Y.M., O.M.
and K.-LI., unpublished observations) and in male and female
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gonads during mouse embryogenesis (Fig. la-f). In sity
hybridization shows that Zfp148 mRNA is strongly expressed in
male and female gonads at E12.5 but declines from E12.5 to
E13.5 (data not shown). Zfp148 is primarily expressed in primot-
dial germ cells (PGCs), which can be recognized as large cells
with large nuclei (Fig. 1¢,f).

In this study, we investigated the role of Zfp148 in germ cells
during mouse development. We generated ZfpI48*~ mouse
embryonic stem (ES) cells by gene targeting and injected them
into blastocysts to create chimeric Zfp148 heterozygotes. The tar-
geted Zfp148 allele had a deletion of exon 9, which corresponds
to >60% of the Zfp148 coding region (Fig. 1gh). Five of 1,200
doubly resistant clones had the correct targeting event, and we
used 4 of these for blastocyst injection. We obtained chimeric
mice from injections with Zfp148+/~ ES cells but did not observe
germ-line transmission of the mutated allele of Zfp148 in these

mice. Some chimeras with a high proportion of Zfp148+/~ cells -

were infertile (five of nine Zfp148*/~chimeras were infertile, and
the remaining four did not show germ-line transmission; see
Web Table A online). In contrast, normal germ-line transmission
- occurred in control chimeric mice (6 of 11 control chimeras
showed germ-line transmission; see Web Table A online) using
non-targeted ES cells from the same screening (defined as con-
trol ES cells). These results suggest that chimeric mice become
infertile owing to heterozygosity with respect to ZfpI48 in the
male germ line.

Northern-blot analysis showed that transcription of Zfp148
was 50% lower in Zfp148*~ ES cells than in control ES cells
(Fig. 1i). Western-blot analysis indicated that full-length 89-kDa
Zfp148 was expressed in Zfp148*"~ and control ES cells, and we
found no evidence that truncated forms of Zfp148 were pro-
duced from the mutated allele (data not shown). These results
suggest that the infertility of Zfp148*/~ chimeric mice is due to

Fig. 3 Reduction in PGCs In gonads of tetraploid 2fp148+- chimeric embryos.
Whole-mount alkaline-phosphatase staining of E8.5 (a), E11.5 (b) and E13.5
Zfp148*- tetraploid embryos (¢) and £13.5 control tetraploid embryos (d}. In
£8.5 and E11.5 tetraploid chimeric embryos, the appearance and migration of
PGCs from Zfp148+"- ES cells seemed normal (a,b). Gonads of E13.5 Zfp148+-
tetraploid embryos had fewer alkaline phosphatase-~positive cells and weaker
ladder formation (c,d). e-j, Histological analyses of tetraploid chimeric
gonads. Hematoxylin and eosin staining (e,f), immunohistochemistry with a
PGC-specific antibody 4C9 (g,h) and TUNEL staining (i) of E13.5 Zfp14g+-
tetraploid embryos {e,g.,/) and control tetraploid embryos (f4,/). The gonads
of Zfp148+- tetraploid embryos had fewer PGCs by hematoxylin and eosin
staining and by immunohistochemistry with a PGC-specific 4C9 antibody and
more TUNEL-positive cells than gonads of control tetraplold embryos. r = Bar,
500 pm (a,b), 1.0 mm {c,d), 50 pm (e-h) or 150 um (i,f).
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Fig. 2 Typical appearance of testes in infertile Zfp 7148+ chimetic mice. a, Testis in
4-mo-old infertile Zfp148+- chimeric mice or Zfp148 wild-type chimeric mice.
Testes of infertile mutant chimeric mice (right) were markedly smaller and
weighed an average of 80% less (21.9 = 1.8 mg; n = 6 from three chimeras) than
testes of contral chimeric mice {left; 113 + 6 mg; n = & from three chimeras). No
overt abnormality was detected in attached tissues. r = Bar, 10 mm. Arrow indi-
cates testes {ts). b-d, Histological sample of testis of 4-mo-old Zfp148 wild-type
control chimeric mice (c) and from Zfp 148+~ chimeric mice (b.d; d Is higher mag-
nification of b). In the mutant testis, no spermatogonia were visible, and
tubules were filled -by Sertoli cells (b,d). Hematoxylin-positive structures
(arrow), which might be debris of Sertoli cells, were detected in some tubules
{d). r=Bar, 150 pm (b) or 50 pm {c,d).

the haploinsufficiency of Zfp148 and not to the expression of a
dominant negative or otherwise abnormal form of the protein.

The testes of infertile chimeric Zfpl48 heterozygotes were
much smaller than those of fertile, germ-line chimeras from con-
trol ES cells (Fig. 24). Histological analyses showed that gametes
were completely absent and that the seminiferous tubules were
populated only with Sertoli cells (Fig. 2b-d). This phenotype is
similar to the human Sertoli cell-only syndrome>S.
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Fig. 4 Complete loss of pro-spermatogonia in
E18.5 mutant chimeric embryos. Chimeric
embryos were generated by injection of ES cells
into ROSA26 diploid blastocysts20. ES cell lineage
can be distinguished from host cells of ROSA26
embryos by staining the embryos with X-gal, and
only blastacyst-derived cells were stained blue.
After staining of whole testes with X-gal, sections
were counterstained with nuclear fast red. The
panels show testes derived mostly from Zfo 148+~
ES cells (a, higher magnification in d), testes
derived partly from Zfp148+- ES cells (b, higher
magnification in e) and testes derived mostly
from control ES cells {¢, higher magpnification in
f). When chimeric testes were derived mostly
from Zfp148*- ES cells (a), Sertoli cells were
mostly negative for lacZ (white). in these testes,
there were small numbers of lacZ-positive pro-
spermatogonia (asterisk), but no lacZ-negative
pro-spermatogonia from Zfp148+- ES cells were
detected (a,d), indicating that pro-spermatogo-
nia were derived only from ROSA26 host blasto-

cysts (asterisk) and that they could survive even they were surrounded by Zfp748+- (white) Sertoli cells. In contrast, when chimeric testes were derived mostly
from host embryos, they contained many lacZ-positive pro-spermatogonia and Sertoli celis {b,e), but no lacZ-negative pro-spermatogonia from Zfp 148+~ ES cells
were detected. Pro-spermatogonia derived from contro} ES cells developed normally in chimeric testes (arrow) with some lacZ-positive pro-spermatogonia from

host embryos (asterisk; ¢,f). r = Bar, 100 um {(a—c) or 50 um (d-f).

It is possible that testes of chimeric Zfp148 heterozygotes
lacked gametes because they never formed or because the
gametes formed in early embryogenesis but were lost at a later
stage. To distinguish between these possibilities, we generated
tetraploid chimeric embryos from Zfp148+~ ES cells and exam-
ined the PGCs. Tetraploid blastocysts contribute little to
embryonic tissues but do contribute to the extra-embryonic tis-
sues; in contrast, ES cells contribute only to embryonic tissues’.
By generating tetraploid chimeric embryos with Zfp148*/- ES
cells, we could form Zfp148*/~ PGCs and observe them in the
absence of PGCs from the host blastocyst (defined as Zfp148*/~
tetraploid embryos).

At E8.0-E8.5, we detected ZfpI 48+~ PGCs at the base of the
allantois around the hindgut pocket (Fig. 3a). PGCs appeared
normal at E11.5, increasing in number and migrating into
the genital ridges (Fig. 3b). Zfp148%/~ tetraploid embryos
appeared morphologically comparable to the control
tetraploid embryos at these stages. But at E13.5, alkaline-
phosphatase activity was weaker in the gonads of Zfp148*/-
tetraploid embryos than in those of tetraploid chimeric
embryos from control ES cells (defined as control tetraploid
embryos; Fig. 3¢,d).

Pro-spermatogonia are large male germ cells that differentiate
from PGCs and can be identified by staining with hematoxylin
and eosin (Fig. 3f) or 4C9 antibody (refs. 8,9; Fig. 3h). The num-
ber of pro-spermatogonia was much lower in Zfp148*-
tetraploid embryos (Fig. 3eg) than in control tetraploid
embryos (Fig. 3f,h), which is consistent with whole-mount alka-
line-phosphatase staining of gonads (Fig. 3¢,d). TUNEL staining
showed more large positive cells (probably pro-spermatogonia)

Fig. 5 Phosphorylated p53 and cell-cycle-arrest induction in control ES cells and
its impairment in Zfp148*- €S cells. a, MTT assay of Zfp748+- ES cells and con-
trol ES cells after 24 h of serum starvation. Data are the mean =+ s.d. of eight
samples. The same experiment was done more than three times and showed
the same pattern. Although the proliferation of control ES cells (clone 023,
closed circle) decreased with decreasing serum concentration, Zfp148+- ES cells
(clone 011, open circle) were resistant to serum starvation. b, Western-blot
analyses of Zfp148, p53 and Ser15P-p53 in Zfp148+- and control ES celis after
serum starvation (3% serum). 2Zfp148 and Ser15P-p53 were upregulated in con-
trol ES cells {clone 023, right panel), but Zfp148+- ES cells did not upregulate
Zfp148 and Ser15P-p53 to the same extent as the control (clone 011, left
panel). No upregulation of p53 was observed in either control or Zfp148+- ES
cells. Coomassie brilliant blue-stained SDS-PAGE samples are shown to confirm
equal sample loading.
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in tubules of Zfp148*/~ tetraploid embryos than in tubules of
control tetraploid embryos (Fig. 3ij). These results strongly
suggest that haploinsufficiency of Zfp148 caused apoptotic cell
death of pro-spermatogonia.

We also injected Zfp148*~ ES cells into lacZ-positive
ROSA26 diploid blastocysts and examined the embryos at
E18.5. These chimeric embryos produced a few lacZ-positive
pro-spermatogonia derived from the host blastocyst (Fig. 4) but
no lacZ-negative pro-spermatogonia from Zfpl48+/~ ES cells
(Fig. 4a,d). This indicates that Zfp148*~ pro-spermatogonia
were not rescued by wild-type Sertoli cells. The Zfp148*/~ pro-
spermatogonia probably entered apoptosis before E18.5.

a
120
AB-1 011
&' d (Zfp148+1)
g 80 %
2 60 AB-1023%.,
E (Zfp148+1%) 4.
s 40 -\
20
15 12 9 6 3 0
serum concentration (%)
b AB-1 011 AB-1 023
(Zip148 +) (2fp148 )
p53 T, ot <omroem e e e

Seri5P-p53 s e wo mor e
0 3 6 9 12
time (h)

e .

0 3

.6 9 12

time (h)

97.4 kDa-&>

43.0 kDa &=

nature genetics e volume 33 ¢ february 2003



letter

Recent studies!>* and this study suggest that Zfp148 may regu-
late cell-cycle arrest in pro-spermatogonia through p53 or p21*%aft
at E13.5. For this reason, we examined the expression and phos-
phorylation of p53 in serum-starved Zfp148*/~ ES cells. Previous
studies have shown that phosphorylation of p53 at Ser!S and
Ser20 is essential for p53-dependent cell-cycle arrest!%!1. Prolifer-
ation was inhibited in serum-starved control ES cells (Fig. 5a); in
contrast, Zfp148*~ ES cells continued to proliferate at a higher
rate than did control cells and were less sensitive to serum starva-
tion (Fig. 5a). Expression of Zfp148 and phosphorylation of p53
at Serl5 (Ser15P-p53) increased in control but not Zfp148*~ ES
cells (Fig. 5b). This suggests that Zfp148 regulates phosphoryla-
tion of p53 at Serl5 and that a lower level of Ser1 5P-p53 may con-
tribute to loss of cell-cycle arrest in Zfp148*/~ ES cells.

We also examined expression of Zfp148 and phosphorylation of
p53 in wild-type and Zfp148*- fetal germ cells in vivo. We
isolated wild-type E12.5-E13.5 male gonads and Zfp148*/~ E13.5
male gonads from tetraploid embryos and examined them by
immunohistochemistry (Fig. 6). In wild-type male gonads,
Zfp148 (Fig. 6b), Ser15P-p53 (Fig. 6¢) and p53 (Fig. 6h) were
expressed strongly at E13.5 but weakly at E12.5 (Fig. 6a,d,g). p53
localized primarily to the cytoplasm, but Ser15P-p53 localized to
the nucleus (Fig. 6e,h). We observed similar results in female
gonads from wild-type embryos (see Web Fig. A online). In
Zfp148*F tetraploid chimeric embryos, Zfp148 and p53 were
expressed very weakly at E13.5 (Fig. 6¢,i), and Ser15P-p53 was not
detectable in germ cells positive for 4C9 antibody (Fig. 6c,f). These
results suggest that homozygosity with respect to wild-type Zfp148
is required for phosphorylation of p53 at Ser15 in E13.5 germ cells
and that haploinsufficiency of Zfp148 leads to loss of Ser15P-p53.
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The results presented here show that Zfp148*/~ ES cells were
impaired in p53-dependent cell-cycle arrest. Despite this fact,
Zfp148*/- germ cells did not continue to proliferate in gonads. In
addition, TUNEL-positive cells were observed more frequently
in Zfp148*"~ gonads than in wild-type gonads, suggesting that
deficiency in Zfp148 led to abnormal growth or differentiation,
which triggered apoptosis in fetal germ cells at approximately
E13.5. The fact that Trp53-deficient mice do not show overt
gonadal abnormalities or infertility!? might be explained by the
fact that Trp53 is a member of a gene family that includes Trp73
and Tip63. Thus, partial redundancy for function of Trp53 might
compensate for loss of Trp53 during germ-cell development. But
male Trp53-hypomorphic mice experience gamete degeneration
after birth!?, suggesting that a reduced level of p53 cannot be
complemented by other genes in the Trp53 family.

Unlike Trp53, Zfp148 is not a member of a family of related
genes in the mouse, so haploinsufficiency of Zfp148 cannot be
complemented by a gene with redundant function. An alternative
explanation for the difference in phenotype of Trp53-null and
Zfp148*"- mice is that heterozygosity with respect to Zfp148 might
cause altered p53 function, whereas loss of Trp53 causes complete
loss of p53 function, and that these two functional states for p53
may have different phenotypic consequences during development.
Previous studies also indicate that a mutation in Atm in humans
and mice causes complete lack of male gametes', which may be
mediated by altered Atm-dependent phosphorylation of p53 at
Ser15 (ref. 15). In these mutants, however, germ-cell degeneration
by apoptosis occurs during early meiosis after birth!%!?, These
results suggest that Zfp148 and Atm both contribute to a complex
mechanism for regulating p53, and may have different functions in
the differentiation of germ cells.
Further studies are needed to
address how Zfpl48 regulates
phosphorylation of p53 and
whether impaired phosphoryla-
tion of Ser15-p53 directly leads
to loss of fetal germ cells in the
male gonad.

Fig. 6 Zfp148 and phosphorylated p53
induction in pro-spermatogonia at
E13.5 in the male gonad. Antibodies
against Zfp148 (a-c), Ser15P-p53 (d-f),
p53 (g-i) and pre-immune rabbit serum
as negative control (j-f) were used for
E12.5 (a,d,g,/) and E13.5 (b,e,h,k) male
mouse gonads of wild-type embryos
and £13.5 male gonads of Zfp148+-
tetrapioid embryos (c.f,i/). The germ
cell-specific antibody 4C9 was also
used to detect germ cells (a-¢,/~0). In
a~¢, 2fp148 expression was visualized
with NBT/BCIP (blue), and the presence
of embryonic germ cells was visualized
with diamincbenzidine (brown). in d-j,
Ser15P-p53 or p53 was visualized with
NBT/BCIP (blue), and sections in g-i
were counterstained with nuclear fast
red (pink) as well. Expression of Zfp148,
Sert5P-p53 and p53 were low at E12.5
but upregulated at E13.5 in the wild-
type gonads. Expression of Zfp148 and
p53 in the Zfo148*~ gonads at £13.5
were much weaker than age-matched
wild-type gonads. Ser15P-p53 signal
was not detected in pro-spermatogo-
nia (indicated by arrowheads that cor-
respond to 4C9-positive cells in ¢} in
Zfp148*- gonads (f. No signal was
detected at all after NBT/BCIP staining
with pre-immune, normal rabbit serum
(/-N. r =Bar, 25 pum.
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In summary, this study shows that haploinsufficiency of
Zfp148, an autosomal gene, causes infertility, and that two func-
tional copies of Zfp148 are required for fetal germ cells to survive
in male mouse gonads. A putative mechanism for this effect is
suggested by the fact that Zfp148 and Ser15P-p53 are induced in
wild-type but not Zfp148*~ male germ cells. Thus, Zfp148 may
have an essential role in differentiation of fetal germ cells by stim-
ulating phosphorylation of p53 at Ser15.

Methods

Generation of Zfpl48*~ ES cells and chimeric mice. We isolated
HindI1I/Nsil 5' (2.7-kb) and BamHI/Kpnl 3’ (4.5-kb) fragments of Zfp148
from a 129/5v] mouse genomic library and used them to construct a replace-
ment gene-targeting vector (Fig. 1g). We inserted a neomycin-resistance
gene with a phosphoglycerokinase promoter (PGK-neo) between the Niil
and BamHI sites, deleting more than 60% of the coding region of Zfp148. We
added a cassette expressing diphtheria toxin A to the long homology arm of
the construct. We carried out ES cell targeting and chimera production as
described elsewhere!8, We identified five correctly targeted clones and used
another three clones from this screen as controls, after confirming that both
alleles of Zfp148 were intact. We confirmed that both Zfp148+/~ ES cell lines
(clone 011,012, 013, 014) and control ES cell lines (clone 021, 023, 025) were
euploid (40 chromosomes) and carried a Y chromosome.

Production of ES cell-derived embryos. We prepared tetraploid blastocysts by
fusing 2-cell stage embryos from CD-1 females, culturing them to blastocyst
stage using a previously described protocol'® and carrying out standard blasto-
cyst injection. To generate ROSA26 blastocysts®, homozygous ROSA26 males
were mated with C57BL/6] females, and embryos were injected in the usual
manner. We recovered embryos at E8.0-18.5. We carried out -galactosidase
staining as described?!. Mice used in this study were treated according to NIH
Guide for Care and Use of Laboratory Animals, with procedures approved by
the National Institute for Longevity Sciences Animal Committees.

In situ hybridization. We carried out in situ hybridization as previously
described?? with modifications, Briefly, we fixed embryos with 4%
paraformaldehyde, dehydrated them, embedded them in paraffin and pre-
pared sections of 7 im. We labeled antisense and sense RNA probes corre-
sponding to coordinates bp 1,634-2,229 of Zfp148 with digoxigenin. We visu-
alized the RNA probe with Fab fragments from antibody against digoxigenein
conjugated with alkaline phosphatase (Roche) and 5-bromo-4-chloro-3-
indolyl-phosphate (BCIP)/nitroblue tetrazolium (NBT) solutions and coun-
terstained with methyl green. For northern-blot analysis of the targeted and
non-targeted ES clones, we loaded 20 g of total RNA per lane and quantified
radioactive signals with an image analyzer systern (BAS 2500, Fuji Film).

Histological analysis. We fixed embryo and adult testes with Bouin’s or
4% paraformaldehyde, dehydrated them and embedded them in paraffin.
We prepared sections of 57 pum and stained them with hematoxylin and
eosin. After staining for B-galactosidase, we used nuclear fast red as a coun-
terstain. We purchased antibody against PGC, 4C9 (LEX-2, rat IgM anti-
body; refs. 8,9) from Funakoshi, visualized by staining with diaminobenzi-
dine and counterstained the sections with hematoxylin. We raised rabbit
polyclonal antibody against Zfp148 against a synthetic polypeptide accord-
ing to standard protocol. The antigenic Zfp148 polypeptide corresponded
to amino acids 452-466 of Zfp148 (EGP SKP VHS STN YDD). We put-
chased rabbit polyclonal antibodies against p53, against Seri15P-p53 and
against Ser20P-p33 from Cell Signaling Technology, visualized with
NBT/BCIP staining and counterstained them with nuclear fast red.

Whole-mount staining of embryos for PGCs. We fixed E8.0-13.5
embryos with 4% paraformaldehyde and stained for alkaline-phosphatase
activity with Fast-Red?,

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay and western-blot analysis. We cultured mutant Zfp148*~ and con-
trol, non-targeted ES cells on STO feeder cells in ES medium (Dulbecco’s
modified Eagle’s medium with 15% fetal bovine serum, 2 mM glutamine
and 0.1 M 2-mercaptoehanol). To prevent contamination of feeder cells, we
cultured ES cells on gelatinized plates for more than two passages in ES
medium. We used leukocyte inhibitory factor to prevent differentiation. We
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seeded 1.0 X 10* ES cells per well on 96-well plates for 16 h, and then trans-
ferred cells to ES medium with variable serum concentration. The MTT
assay was done 24 h after serum starvation treatment using a Cell Counting
Kit (Dojindo). For western blots, we prepared ES cells as described for the
MTT assay and plated them on gelatinized plates. We prepared nuclear
extracts at the indicated time after transfer to 3% serum. We used a 5-ug
sample for western-blot analysis. We stained SDS-PAGE gels with
Coomassie brilliant blue to confirm equal sample loading in each gel lane.

Note: Supplementary information is available on the Nature
Genetics website.
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Abstract

To better understand the link between chromatin modification and manganese superoxide dismutase (Mn-SOD) gene expression,
we have investigated the level of histone acetylation at Mn-SOD proximal promoter. TSA induced the expression of Mn-SOD
mRNA and its transcriptional activity in C2C12 cells. Sp! binding sites in the proximal promoter region of Mn-SOD were tran-
scriptionally responsive to TSA by transfection studies. We have detected a localized acetylation of histones H3 and H4, in vivo
occupation by Spl, early growth responsive-1 (Egr-1), and histone deacetylase-1 (HDAC! ) in the proximal promoter region of Mn-
SOD gene using chromatin immunoprecipitation assays. Our findings indicate that Mn-SOD gene expression is repressed by Spl-
HDACI complex. This repression is released by a focalized histone acetylation and at least in parts a displacement by Egr-1 in
response to TSA. © 2002 Elsevier Science (USA). All rights reserved.

Keywords. Manganese superoxide dismutase; Histone acetylation; Transcription; Histone deacetylase-1; Transcription: Spl; Egr-1

The acetylation of histones is thought to be involved
in the destabilization and restructuring of nucleosomes,
which is probably a crucial event in the control of the
accessibility of DNA templates to transcriptional fac-
tors [1-3]. A current working hypothesis is that re-
cruitment of coactivators with HAT activity by
promoter-bound transcription factors results in the
acetylation of histone residues of nearby nucleosomes,
which increases the accessibility of the DNA to the
transcription machinery [4-6]. Replicative senescence
has been studied using in vitro cultured cells (reviewed
in [7-9)). This system has provided information relevant
to in vivo aging processes. Senescent cells show a
number of phenotypic traits. The cells become enlarged
with a flattened and irregular shape, exhibit increased
senescence-associated B-galactosidase activity (SA-B-
gal), and up-regulate the cyclin-dependent kinase in-
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hibitors (CKIs), such as p21<P"/" (p21) and p16™ks
(p16). A wide spectrum of signals, DNA damage, oxi-
dative stress, histone deacetylase (HDAC) inhibitors
[10,11}, and expression of activated oncogenes, such as
ras [12], raf [13], or mitogen-activated protein kinase
kinase (MEK) [14], can cause phenotypes closely re-
sembling senescence, referred to as premature senes-
cence. Inhibitors of HDACs, such as sodium butyrate
and trichostatin A (TSA), can inducc premature se-
nescence in human diploid fibroblasts [10] and the ex-
pression of p21 in some cultured cells [11,15]. There is a
significant decrease in the level of HDAC! during re-
plicative senescence in human fibroblasts [16]. In ad-
dition to the evidence from in vitro cultured system,
silent information regulator 2 (Sir 2), a nicotinamide
adenine dinucleotide (NAD)-dependent histone de-
acetylase, is a limiting component that promotes lon-
gevity in yeast [17,18]. A line of evidence indicates that
HDAC:s involve in controlling the expression of subsets
of genes related to senescence.

To examine the involvement of histone ucetylation in
Mn-SOD gene expression, we have investigated the
acctylation level of histones at Mn-SOD proximal
promoter and related factors in response to TSA, an
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inhibitor of HDACs. Our findings showed that Spl-
HDACI complex repressed Mn-SOD gene expression
in untreated condition. The epigenctic regulation of
Mn-SOD by Spl-HDAC! complex may contribute to
enhance resistance to oxidative stress in senescence.
This repression was released in TSA-trcated cells by
two distinct mechanisms, a rapid acetylation of histones
H3 and H4 and a displacement of Spl-HDAC! com-
plex by early growth responsive-1 (Egr-1) induced by
TSA.

Materials and methods

Materials. C2C12 cells were obtained from RIKEN CELL
BANK. Cecll culture reagents were obtained from Gibco-BRL Life
Technologies. Fetal bovine serum and TSA werc obtained from
Sigma. Antibodies were from the following sources: anti-acetylated
histone H3, anti-acetylated histone Hd4, anti-Spl, and anti-HHDAC]
from Upstate Biotechnology; anti-Egr-1 and control rabbit immu-
noglobulin G (IgG) from Santa Cruz Biotechnology; horseradish
peroxidase (HRP)-conjugated anti-rabbit-IgG from New England
Biolabs. An Spl consensus oligonucleotide was obtained from Santa
Cruz Biotechnology.

RNA isolation and analysis. The cells were preincubated in fresh
serum-free medium for 24 h before the treatments, Total cytoplasmic
RNA was isolated using the guanidine isothiocyanate method from the
cells that were left untreated or treated with 100 ng/ml TSA for 2, 4, 8,
16, or 24 h. Samples of 10 ug total RNA were denatured, separated by
electrophoresis in a 1% agarose gel containing formaldehyde, and
transferred to GeneScreen membranes (DuPont, NEN). The mem-
branes were prehybridized and then hybridized with a« Mn-SOD ¢cDNA
[19}, Spl cDNA [20], or Egr-1 cDNA probe [21] labeled with [a-3*P]
dCTP (NEN) using a random primer labeling system (Pharmacia
Biotech). After hybridization, the membranes were washed and ex-
posed to X-ray film (Fuji Film). All blots were rehybridized with a
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA probe
to normalize for mRNA loading differences. To quantify the contents
of mRNA in the cells, the membranes were exposed to imaging plates
(Fuji Film) and radioactivities were measured with a bioimage analy-
zer, Fijix BAS 1500 (Fuji Film).

Cell culture. C2C12 cells were maintained in Dulbecco’s modified
Eagle’s medium, supplemented with [0% fetal bovine serum, {00 U/ml
penicillin, and 100 pg/ml streptomycin.

Plasmid constructs. The mouse Mn-SOD promoter luciferase re-
porter plasmids were constructed as described previously [21]. The
construction of reporter plasmids containing mutated sequences in Spl
binding sites was described previously [22].

Transfection assays. Transient transfection of C2CI12 cells was
carried out using SuperFect Reagent (Qiagen) as previously described
[22]. In general, the day belore transfection, 2 x 10° cells were plated in
[2-well tissue culture plates. A total of 2.5ug DNA consisting of
2.25pg indicated luciferase plasmid and 0.25 pg pRL-thymidine kinase
control vector (pRL-TK) (Promega) per plate was used for transfec-
tion studies. After transfection, the cells were placed in serum-free
medium for 24 h; 100 ng/ml TSA or control bufler was then added for
an additional 16 h. After being harvested, the cells were assayed by the
Dual-Luciferase Reporter Assay System (Promega), using a lumi-
nometer (EG & G Berthold). Protein concentrations of the cell lysates
were determined by the method of Bradford with the Bio-Rad Protein
Assay Dyve Reagent. Promoter activities were expressed as relative light
units (RLU)., normalized against the concentration of the protein. For
transfection assay using reporter plasmids containing mutated se-
quences in Spl binding sites. the lucifernse activity of Mnpro (-250) in

untreated cells was normalized to 100 and the relative activities were
shown. All transfection experiments were repeated three times.

Western blot analysis. Nuclear extracts (20 pg) were run under re-
ducing conditions in 8% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), transferred onto polyvinylidene difluo-
ride membranes (Millipore, Bedford, MA), and reacted with anti-
bodies specific for Spl and Egr-1. The primary antibodies were
detected by counterstaining with a HRP-linked antibody and visual-
ized by enhanced chemiluminescence.

Chramatin template immunoprecipitation ( Chip). Soluble chroma-
tin was prepared according to manufacturer’s recommendations with
slight modification. The equivalent of I x 10° cclls was used per
chromatin immunoprecipitation reaction. Approximately 6 x 10°
C2C12 cells were grown and preincubated in fresh serum-free medium
for 24 h before the treatments. Cells treated with or without 100 ng/ml
TSA for indicated time were fixed by adding formaldehyde to 1%
final concentration. Cross-linking was allowed to proceed at room
temperature for 6 min and terminated with glycine (final concentra-
tion 125mM). Cells were washed with PBS, collected in lysis buffer,
and sonicated on ice. A mean DNA size generated by sonication was
0.3-1.0kb. Chromatin was precleared with salmon-sperm DNA/pro-
tein An agarose slurry for th at 4°C with rotation. Precleared
chromatin was incubated with 2.5 pg of cach antibody specific for
acetylated histones H3 and H4, Spl, and HDACI or 4 pg anti-Egr-1
antibody at 4°C with rotation. Inmunocomplexes were recovered by
adding 30 ul salmon-sperm DNA/protein A-agarose slurry for 1 h at
4°C with rotation. Precipitates were successively washed with fol-
lowing buffers: low salt immunocomplex wash buffer (0.1% sodium
dodecy! sulfate (SDS), 1% Triton X-100, 2mM EDTA, 20 mM Tris-
HCI (pH 8.1), and 150 mM NaCl), high salt immunocomplex wash
buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20 mM Tris-HC!
(pH 8.1), and 500mM NaCl), LiCl immunocomplex wash buffer
(0.25M LiCl, 1% Nonidet P-40, 1% deoxycholate, | mM EDTA, and
10mM Tris-HCl (pH 8.1)), and 1 x TE buffer (10 mM Tris-HCI,
ImM EDTA, pH 8.0) twice. Pellets were eluted two times in 250 pl
elution buffer (1% SDS, 0.1 M NaHCOs;). Cross-links were reversed
by incubating samples at 65°C overnight. Samples were incubated
with 20pg proteinase K at 45°C for 1h, extracted with phe-
nol:chloroform, and ethanol precipitated. Pellets were resuspended in
50ul H,O and utilized for quantitative polymerase chain reaction
(PCR) analysis. PCR were performed in 25 pl volume with immuno-
precipitated material, 10pmol primer set, 0.5U KOD plus DNA
polymerase (Toyobo), and 1uCi [¢-PJdCTP. After 2min of dena-
turation at 94°C, samples were subjected to 30 cycles of a program
consisting of 15s at 94°C and I min at 68°C, ending with a final
7 min incubation at 72°C. The linear range for the primer pair was
determined using different amounts of input samples. The primers
used to amplify Mn-SOD promoter region were 5-GCTCGCTGG
TCCGGGATGGCAGCGGCC-3 (positions ~263 to -237) and 5'-
CTTTTATTCCCTTTAGCAAATTTCAA-3 (positions -107 to
-89). PCR products were electrophoresed on 8% polyacrylamide gels
and quantified on a Fuji phosphorimager.

Results and discussion
TSA enhances the expression of Mn-SOD

C2CI12 cells were treated with TSA to examine the
effect on Mn-SOD gene expression. Mn-SOD mRNA
was increased in the first 2h with TSA treatment. The
level of Mn-SOD mRNA in TSA-treated cells peaked at
8 h with a threefold induction compared to the level in
the untreated cells (data not shown).
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Mn-SOD promoter contains regulutory DNA elements with 100ng/ml TSA for 16h. The promoter activity
responsive to TSA was normalized against the concentration of the pro-
tein, because the activity of pRL-TK control vector

A series of Mn-SOD promoter plasmids was tran- was induced by TSA. Constructs containing 231, 250,
siently transfected into C2CI12 cells and then treated 538, and 1452bp of 5 flanking DNA exhibited a high
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Fig. 1. Functional analysis of the Mn-S8OD promoter. (A) C2C12 cells were transfected with luciferuse reporter constructs containing the 5 flanking
DNA of the Mn-SOD gene and then treated with 100 ng/ml TSA for 16 h, Promoter activitics arc expressed as relative light units (RLU), normalized
against the concentration of the protein. The positions of the bases are indicated relative to the Mn-SOD transcription initiation site (+1). (B)
Reporter plasmids containing mutated sequences (mu 8, mu 9, and mu 10) in Sp! binding sites were used for transfection studies. Brackets indicated
the location of the sites for Spl. (C) C2CI12 cells were transfected with luciferase reporter constructs containing mutated sequences and then treated
with 100 ng/ml TSA for 16 h. The luciferase activity of Mnpro (—=250) in untreated cells was normalized to 100 and the relative activities were shown.
Results are expressed as means £ SE of three independent experiments, ench performed in triplicate.
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level of relative luciferase activity in the untreated cells
and the activity was increased drastically by the
treatment with TSA (Fig. 1A). A 231-bp fragment of
Mn-SOD proximal promoter contained two GC clus-
ters. To clarify the cis-elements for TSA-mediated Mn-
SOD transcription, we performed luciferase assays
with reporter plasmids containing the site-specific
mutations introduced into the Mnpro (-250) (Fig. 1B).
The mutations of the Spl binding sites (Spl and Egr-1
binding sites) reduced the transcriptional activity in
untreated cells (Fig. 1C). Abrogation of one of the Spl
sites (mu 8 and mu 9) caused a 50% reduction of TSA-
induced transcriptional activity compared with that of
the cells transfected with Mnpro (-250). Mutations
of both sites for Spl (mu 10) led to a marked loss of
TSA-induced transcriptional activity. Transfection
studies indicated that Spl protein was a crucial factor
for TSA-mediated Mn-SOD transcription. EMSA ex-
periments showed that the binding clements of Egr-1
and Spl family proteins overlapped and Egr-1 com-
peted with Spl for binding to Mn-SOD promoter
(data not shown).

Acetylation level of histones H3 and H4 correlates with
Mn-SOD transcriptional activation

We investigated the possibility that TSA stimulation
results in the acetylation of histones H3 and H4 within
Mn-SOD promoter. We immunoprecipitated forma-
mide cross-linked, sonicated chromatin fragments from
the untreated cells and TSA-treated cells using anti-
bodies specific for the acetylated histones H3 and H4
(Figs. 2A and B). Input corresponded to PCR contain-
ing 0.5% total amount of chromatin used in immuno-
precipitation reactions. An enhancement of acetylated
histones H3 and H4 was rapidly observed in Mn-SOD
proximal promoter after TSA stimulation in C2CI12
cells. Increased acetylation level of histones H3 and H4
sustained over twofold in 6 h after stimulation compared
with the level of untreated cells. The levels of localized
acetylation of histones H3 and H4 declined gradually
and reduced to the level of the untreated cells in 15h and
24 h after stimulation, respectively. A localized acetyla-
tion of histones H3 and H4 at Mn-SOD promoter oc-
curred concomitantly with its gene expression in TSA-
treated cells (Fig. 2B).

In vivo occupancy by Spl, Egr-1 and HDACI

Mn-SOD promoter has GC clusters bound by Spl
family proteins and Egr-1 (data not shown). We per-
formed Chip assays to analyze in vivo occupancy of the
related factors to Mn-SOD promoter (Fig. 2). Spl
binding to the proximal promoter was detected in the
untreated cells. The binding by Spl was increased in 1h
and then reduced by 9 b, following TSA treatment. After

A
Mn-SOD gene
> @D 4
B

TSA 100 ng/ml
f 1
~ 1h 30 6h 9% 15k 24k

P
a-acetylated histone H3

@mmm

a-aeetylated histone 14
u-Spl
a-Egr-1

a-HDAC 1

Input

Fig. 2. A localized histone acetylation and in vivo occupancy by Spl.
Egr-1, and HDACI! in Mn-SOD promoter. (A} Mn-SOD proximal
promoter was examined in Chip assay. Spl and Egr-1 binding sites are
shown. Small arrows indicated a primer pair of Mn-SOD gene, posi-
tions —263 to -237 and -107 to —89. Large arrow indicated a tran-
scription start site. (B) Antibodies specific for acetylated histones H3
and H4, Spl, Egr-1, and HDAC! were used to immunoprecipitate
chromatin. PCR was performed with the primer pair of Mn-SOD gene.
Amplified products were detected by autoradiography. Input corre-
sponded to PCR containing 0.5% total amount of chromatin used in
immunoprecipitation reactions.

that, Sp! occupancy was gradually increased again in
TSA-treated cells. In contrast to Spl binding, the in-
tensity of Egr-1 binding to Mn-SOD promoter gradually
increased from 1h to 3h and peaked at 6h in TSA-
treated cells. This result was consistent with the results
that Egr-1 was synthesized in response to TSA shown in
Figs. 3A and B. In vivo occupancy by HDACI to the
promoter was slightly detected in the untreated cells and
strongly detected in the cells within 1h after TSA
stimulation. HDAC!1 occupancy was drastically reduced
in the treated cells for 6h and then increased by 15h
after TSA treatment. This pattern was reminiscent of
that of Sp! binding observed in the cells, indicating the
possibility that HDACI was recruited by the association
with Spl.

Egr-1 expression is induced by TSA

We analyzed the expression of Spl and Egr-1 in re-
sponse to TSA. Nuclear extracts were subjected to SDS-
PAGE and Western blot analysis. As shown in Fig. 3A,
Spl family proteins were expressed counstitutively in
nuclear extracts prepared from both untreated and
TSA-treated cells. In contrast, Egr-1 was induced in the
nuclear extracts prepared from TSA-treated cells. The
expression of Spl mRNA was not altered by TSA
treatment (Fig. 3B). After TSA stimulation, the induc-
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Western: a-Spl

Western: o-Egr-1

B TSA 100 ng/ml

{ !
() 2h 4h 8h 16h 24h

Spl mRNA

Egr-1 mRNA

Fig. 3. TSA induces Egr-1 in C2C12 cells. C2C12 cells were left un-
treated or treated with 100ng/ml TSA for the indicated time. (A)
Nuclear extracts were subjected to Western blot analysis using anti-
Egr-1 or Spl antibody. (B) Northern blot analysis using an Egr-1 or
Spl ¢cDNA probe.

tion of Egr-1 mRNA was detected within 4h and
maintained by 24 h.

Transcriptional activation of Mn-SOD induced by
TSA was mediated by two distinct mechanisms. One is
an inhibitory effect of TSA on HDAC! activity essential
for regulation of transcription. Inhibition of HDACI
activity resulted in a rapid acetylation of histones H3
and H4 around the proximal promoter region of Mn-
SOD transcriptionally responsible for TSA. We could
not exclude the contribution of the other HDACs to
Mn-SOD transcription. Another is a displacement of
Spl-HDAC! complex by Egr-1 in response to TSA.
Egr-1 was found to compete with Spl in the binding to
Mn-SOD promoter shown in EMSAs and Chip assay.
We previously showed that platelet-derived growth
factor (PDGF) induced Mn-SOD gene expression and
the mechanism of Mn-SOD transcription mediated by
PDGF involved MEKI-extracellular signal-regulated
kinase 1 and 2 (ERK1/2) signaling pathway and its
downstream transcription factor, Egr-1 [21]. The in-
duction of Egr-1 occurred more rapidly in PDGF-trea-
ted cells than in TSA-treated cells. This competition
may play a role in regulation of promoter activity of
Mn-SOD.
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HEMOSTASIS, THROMBOSIS, AND VASCULAR BIOLOGY

Aging and obesity augment the stress-induced expression of tissue factor

gene in the mouse

Koji Yamamoto, Takayoshi Shimokawa, Hong Yi, Ken-ichi Isobe, Tetsuhito Kojima, David J. Loskutoff, and Hidehiko Saito

Hypercoagulability and thrombotic ten-
dency are frequently induced by a variety
of stressors. Clinically, aged subjects and
obese patients are more susceptible to
thrombotic diseases associated with
stress, but the underlying mechanisms
are unknown. We investigated the expres-
sion of a procoagulant gene, tissue factor
(TF), in a mouse model of restraint stress.
Twenty hours of restraint stress to mice
caused a substantial induction of TF
mRNA in several tissues. Importantly, the
magnitude of induction of TF mRNA by
restraint stress was larger in aged mice
compared with young mice. In situ hybrid-

ization analysis of the stressed aged mice
revealed that strong signals for TF mRNA
were localized to renal epithelial cells,
smooth muscle celis, adventitial cells,
and adipocytes but not to vascular endo-
thelial cells. These observations suggest
that restraint stress induces the TF ex-
pression in a tissue-specific and cell type~
specific manner. Genetically obese mice
were also hyperresponsive to restraint
stress in the induction of TF gene, espe-
cially in their livers and adipose tissues.
Stress-induced microthrombi formation
was pronounced in renal glomeruli and
within the vasculature in adipose tissues

of aged mice. Tumor necrosis factor-o
(TNF-a) antigen in plasma was elevated
by stress in aged mice and obese mice,
and pretreatment of mice with anti-TNF-«
antibody partially attenuated the stress-
mediated induction of TF gene in adipose
tissues in these mice. These results sug-
gest that the induction of TF gene may
increase the risk of stress-associated
thrombosis in older and obese subjects
and that TNF-« may be involved. (Blood.
2002;100:4011-4018)

© 2002 by The American Society of Hematology

Introduction

The stress response is thought to be required for the maintenance of
homeostasis and is characterized by rapid changes in the gene expres-
sion of stress proteins.! This response is best demonstrated in the
neuro-endocrine system (eg, the hypothalamic-pituitary-adrenal axis)*
and, in this setting, may be mediated by the activation of the glucocorti-
coid cascade? and of the sympathetic nervous system.*> The restraint
stress model often has been used to investigate the stress response
experimentally in terms of pharmacologic, physiologic, or pathologic
phenomena in vivo.5 For example, restraint stress induces the expression
of heat shock protein, a typical stress protein, in the rat,>* and this
induction may be mediated by the sympathetic nervous system.** The
induction of stress proteins may contribute to the development of a
number of clinically relevant phenomena, including tissue and organ
damage, and the immune response.” Hypercoagulability in the blood
and thrombotic tendency also may be induced by physical®? and mental
stress. ' In this context, aged animals®3 and/or obese mice!!'2 may have
lower tolerance to stress insults. Clinically, older and obese individuals
are susceptible to the stress-mediated pathologic changes, including
thrombotic complications,!*'* possibly because of the stress-induced
imbalance in the coagulation and fibrinolytic system.

Tissue factor (TF) is the primary cellular initiator of the
coagulation protease cascade and serves as a specific cofactor for
plasma factors VII/VIIa.'’ TF is constitutively expressed by several

extravascular cell types (eg, epithelial cells, adventitial cells,
adipocytes) and is inducibly expressed by monocytes and endothe-
lial cells within the vasculature. Cis-acting regulatory elements
within the human TF promoter would control constitutive and
inducible expression in various cell types.!® TF gene expression
appears to be regulated by a variety of transcription factors (eg,
nuclear factor-kB [NF-kB], AP-1, and Egr-1)!%17 and is activated
by external signals, such as inflammatory cytokines (eg, tumor
necrosis factor-a [TNF-a], interleukins), growth factors, or bacte-
rial lipopolysaccharide. Aberrant expression of TF may be respon-
sible for thrombotic episodes in patients with a variety of clinical
disorders, including atherosclerosis,!® sepsis,!® and cancer.®® A
couple of studies have shown an increase in TF-mediated coagula-
tion and/or factor VII activity in obese patients.?! Aging is also
associated with increased plasma level of factor VII, which is an
independent risk factor for thrombotic disease.?® Thus, TF/factor
VII may contribute to the hypercoagulable state under a variety of
pathologic conditions.

We previously reported that plasminogen activator inhibitor-1
(PAI-1) and/or antithrombin was involved in the development of
renal glomerular thrombosis induced by restraint stress.?> In the
present study, we analyzed the gene expression of another key
molecule for thrombosis, TF, in a murine model of restraint stress
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Figure 1. Changes in the expression level of TF mRNA in mouse tissues by
restraint stress, Eight-week-old C57BL/6J mice were placed into restraint tubes for
2 or 20 hours, and then the tissues were removed. Total tissue RNA was prepared
and analyzed for TF mRNA expression level by quantitative RT-PCR assay as
described in "Materials and methods.” For each tissue type, [1 indicates level before
stress; B4, after 2 hours of restraint stress; and B, after 20 hours of restraint stress.
The data are represented as the means and SD (n = 8) in each amount of time under
stress, and the error bars represent interanimal variation, *P < .05; **P << .02. Ki
indicates kidney; Li, liver; H, heart; SI, small intestine; Ao, aorta; Adi, adipose
{epididymal fat); Lu, lung; B, brain.

in vivo. Furthermore, we investigated the effects of aging and
obesity on the stress-induced TF expression and tissue thrombosis
by using extremely aged (12- and 24-month-old) mice and
genetically obese (C57BL/6J ob/ob) mice. Overnight restraint
stress to mice substantially induced TF mRNA expression in some
tissues. More importantly, the stress-induced TF expression and/or
microvascular thrombosis were pronounced in aged mice and in
obese mice. Finally, endogenous TNF-«, which was also increased
by stress, may be a primary mediator for the induction of TF gene
in this restraint model. Thus, elevated TF expression by stress may,
in part, contribute to the stress-associated thrombosis, and this
response of TF gene is exacerbated by aging and obesity.

Materials and methods
Restraint stress

Male C57BL/6I mice aged 2, 12, and 24 months, were obtained from SLC
Japan (Shizuoka, Japan) and through the National Institute of Aging. Mice
were placed into 50-mL conical centrifuge tubes fitted with multiple
punctures so as to allow ventilation. The tubes were placed in horizontal
holders, and the animals thus were maintained for a continuous period of
restraint.’ During this time, the animals were provided with water only.
After 2 or 20 hours of restraint, the mice were killed by overdose inhalation
anesthesia with methoxyfiurane (Pitman-Moore, Mundelein, MD). Tissues
were rapidly removed by standard dissection techniques and were either
minced and immediately frozen in liquid nitrogen for preparation of total
RNA or fixed in chilled 4% paraformaldehyde and embedded in paraftin for
in situ hybridization and for staining with periodic acid Schiff (PAS) or
hematoxylin/eosin. This experimental protocol was approved by the animal
resource committes of our university.

In separate experiments, 8-week- and 24-month-old male C57BL/6J
mice were pretreated intraperitoneally either with control (nonimmune)
hamster immunoglobulin G (1gG; 25 pg/mouse; Genzyme, Cambridge,
MA) or with the IgG fraction of a neutralizing hamster monoclonal
antibody (mAb) to mouse TNF-a (25 pg/mouse; Genzyme)® before 20
hours of continuous restraint stress. The blood was collected into 20 mM
EDTA (ethylenediaminetetraacetic acid) (final concentration) and centri-
fuged at 3000g for s minutes, and then the plasma was removed and stored
at —70°C. The tissues were collected and prepared as described above.
Meanwhile, 6-week-old male obese mice (C57BL/6J ob/ob) and their lean
counterparts (CS7BL/6] +/7), both of which were obtained from The
Jackson Laboratories (Bar Harbor, ME), were put into restraint tubes for 20
hours and then killed. The tissues were removed and prepared for
subsequent analysis as described earlier. They were also pretreated intraperi-
toneally either with control hamster [gG (1 pg/g) or with hamster
antimouse TNF-a antibody (1 pg/g) before 20 hours of continuous restraint
stress, and the tissues were cotlected.
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RNA extraction and quantitative RT-PCR assay

Total RNA was prepared from unfixed tissues by using the ULTRASPEC
RNA ISOLATION SYSTEM (Biotecx Laboratories, Houston, TX)
and then quantitated by measuring absorption at 260 nm. The content of
TF mRNA in murine tissues was determined by quantitative reverse
transcription—polymerase chain reaction (RT-PCR) assay by using a com-
petitor RNA (cRNA) containing sequences of upstream and downstream
primers for mouse TF and B-actin, as described previously.?¢ After reverse
transcription using the c¢RNA, ranging from 0.1 to 10 pg, and PCR
amplification of 30 cycles (95°C for I minute, 60°C for 1 minute, and 72°C
for 1 minute) using **P-end-labeled sense primer (5 X 10° cpm), 20-pL
aliquots of the PCR products were electrophoresed on a 2.5% agarose gel.
The appropriate bands corresponding to the cRNA product and the target
mRNA product were excised from the gel, and the incorporated radioactiv-
ity in each was determined with the use of a scintillation counter. Finally,
the content of TF mRNA in each tissue was determined by extrapolation
using the cRNA standard curve, and the data were represented as picogram
TF mRNA per microgram total RNA. All of the RT-PCR experiments were
performed in triplicate. Variations in sample loading were assessed by
comparison with B-actin mRNA.

Statistical analysis

Statistical analysis of all quantitative RT-PCR results was performed by
using the unpaired Student ¢ test. Differences were not considered
significant when P > .05 (group size. n = 6 or 8).

Determination of TNF-« antigen in mouse plasma

Total TNF-c antigen in plasma (picogram per milliliter was measured using
the ELISA-view kit (BioSource International, Camarillo, CA).

In situ hybridization

In situ hybridization was performed using 335-labeled antisense riboprobes,
as described previously.?0 After hybridization, the slides were dehydrated
by immersion in a graded alcohol series containing 0.3 M NH,Ac and dried.
Then the slides were coated with NTB2 emulsion (Kodak, Rochester, NY;
1:2 in water), and exposed in the dark at 4°C for 8 to 12 weeks. The slides
were developed for 2 minutes in D19 developer (Kodak), fixed, washed in
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Figure 2. Induction of TF mRNA by restraint stress in the tissues of young and
aged mice. The Indicated tissues were removed from 8-week- (8w), 12-month-
(12m), and 24-month-old (24m) C57BL/6J mice before (open bars) and after
(hatched bars) 20 hours of restraint stress. Total tissue RNA was prepared and
analyzed for TF mRNA expression fevel by quantitative RT-PCR. The data are
represented as the means and SD (n = 8) in each age group, and the error bars
represent interanimal variation. *P < .05 in 24m versus Bw mice; **F < .04 in 24m
versus Bw mice; ***P < .02 in 12m versus Bw mice.
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water, and counterstained with hematoxylin/eosin. No specific hybridiza-
tion signal could be detected in parallel sections using #9S-labeled sense
probes in each experiment {(not shown).

Preparation of antimouse TF antibody and Western
biot analysis

Polyclonal rabbit antiserum specific for mouse TF (2 mg/mL, 1:2000
dilution in Tris (tristhydroxymethyl)aminomethane)-buffered saline (TBS)
containing .15 Tween-20 (TBS-T) was kindly provided by Drs K. Enjyoji
and H. Kate, National Cardiovascular Center and Research Institute, Osaka,
Japan. This specific antibody was raised in rabbits by the direct introduction
of the encoding cDNA of mouse TF cloned into the pcDNA3 plasmid as
described previously.’ Serum titers and the specificity of the antibody
were determined by standard Western blot analysis using protein extracts
from COS-7 cells expressing mouse TF und recombinant mouse TF fused to
glutathione-S-transferase protein (Amersham Pharmacia Biotech, Tokyo,
Japan) (not shown). TF antigen in the lysates of adipose tissues obtained
from obese and lean mice after 0, 2, and 20 hours of restraint stress was
determined by sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blot analysis using the enhanced chemilumines-
cent (ECL) detection system (Amessham Interniational, Buckinghamshire.
United Kingdom). Briefly, each 2 pg of the tissue lysates was electropho-
resed under reduced conditions on an 86 SDS-PAGE and transferred to

Figure 3. In situ hybridization analysis of TF mRNA in
the kidneys and small intestines of control and
stressed mice. Kidneys were harvested from 8-week-old
and 12-month-old mice before and after 20 hours of
restraint stress. Small intestines werg also harvested
from 8-week-old and 24-month-old mice before and after
20 hours of restraint stress. Both tissues were analyzed
by in situ hybridization with the use of ®S-labeied cRNA
probes as described in “Materials and methods.” The
hybridization signal for TF mBNA corresponds to the light
blue dots in paneis B,D-H. (A-D) Kidneys of the un-
stressed (A, 8 weeks old; C, 12 months old) and stressed
(B. 8 weeks old; B, 12 months old) mice. (E-H} Small
intestines of the unstressed (E, 8 weeks old: G, 24
months old) and stressed (F, 8 weeks old; H, 24 months
old} mice. Arrows indicate cells that are strongly positive
for TF mANA. M.M. indicates muscularis mucosag; V.,
villous core. All slides were exposed for 10 weeks at 4°C.
Original magnification % 400.
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polyvinylidene diiouride (PDVF) membranes (Bio-Rad Laboratories,
Hercules, CA). The membranes were soaked in TBS containing 5% nonfat
mitk and 0.1% Tween-20 for | hour at room temperature to block addi-
tional protein binding sites and washed 3 times (15 minutes/wash) in
TBS-T. The membranes were then incubated with antimouse TF. washed 4
times in TBS-T, and incubated for 1 hour with peroxidase-linked donkey
antirabbit antibody (Amersham). After 3 washes in TBS-T, the membranes
were developed with the ECL detection kit according to manufacturer’s
instructions.

Resuits

Induction of TF mRNA in tissues of the restraint-stressed mice

Initially, the effects of short and long exposure to restraint stress on
the expression of TF mRNA in tissues were investigated in
8-week-old male C37BL/6J mice by using quantitative RT-PCR
technique (Figure 1). Short duration (2 hours) of stress to mice did
not substantially increase TF mRNA in all tissues examined. In
contrast, a substantial induction of TF mRNA was detected in
kidneys (6-fold), small intestines (2-fold), aortas (2-fold), and
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adipose tissues (2-fold) after 20 hours of restraint stress. Unexpect-
edly, little or no responses of TF gene to restraint stress were
observed in livers, lungs, hearts, and brains. These results suggest
that the induction of TF gene by restraint stress occurred in a
tissue-specific manner.

Stress-induced TF mRNA expression in young and aged mice

Experiments were performed to investigate the effect of aging on
the induction of TF expression by restraint stress, using voung
(8-week-old) and extremely aged (12- and 24-month-old) mice
(Figure 2). Basal (before stress) levels of TF mRNA expression in
the tissues were slightly elevated in aged mice. but the differences
were not substantial. Importantly, the magnitude of induction of TF
mRNA expression in kidneys, small intestines, aortas. and adipose
tissues substantially increased as animals age (Figure 2). Oaly in
kidneys, TF mRNA expression was more increased by stress in
12-month-old mice than in 24-month-old mice. Again, no substan-
tial induction of TF mRNA by 20 hours of restraint stress was
observed in livers, lungs, hearts. and brains both in young and aged
mice {not shown).
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Cellutar localization of TF mRNA in tissues of the
restraint-stressed mice

To localize the TF mRNA induced by restraint stress in gach tissue, in
situ hybridization analysis was performed by vsing tissue sections from
the control and stressed mice. Although there was no detectable signal
for TF mRNA in kidneys of the unstressed aged mice (Figure 3A.C). the
epithelial cells of proximal and distal wbules (Figure 3B.D) in the
stressed mice expressed abundant TF mRNA. Moreover, signals for TF
mRNA in renal tubular epithelial cells were dramatic in the stressed
aged mice compared with young mice (Figure 3B.D). In small intestines
of the stressed mice, several cell types, including smooth muscle cells
and inflammatory cells, in the villous core, in lamina propria, and in
muscularis mucosae, showed strong signals for TF mRNA (Figure
3EH) although these cells occasionally expressed TF mRNA in the
uastressed mice (Figure 3EG). Again, the increased signals for TF
mRNA by stress in the intestinal cells were dramatic in aged mice
(compare Figure 3F with 3H). These results are consistent with the data
obtained by quantitative RT-PCR assay (Figure 2).

In aortas, only focal signals for TF mRNA were detected in the
unstressed young and aged mice (Figure 4 A,C). However,

Figure 4. In sltu hybridization analysis of TF mRNA in
the aortas and adipose tissues of control and stressed
mice. Aortas and epididymal fat tissues were harvested
from 8-week-old and 24-month-old mice before and after
20 hours of continuous restraint stress and then analyzed
by in situ hybridization as described in "Materials and
methods.” The hybndization signal for TF mRNA corre-
sponds to the light biue dots in aft panels: {A-D) Aortas of
the unstressed (A, 8 weeks old; C, 12 months old) and
stressed (B, 8 weeks old; D, 12 months old) mice. Arrows
indicate cells that are strongly positive for TF mRNAIn the
adventitia of aorta. S.M. indicates vascular smooth muscie
tayer; Ad, adipose tissue around the vassel wall of aorta.
(E-H) Epididymai fat tissues of the unstressed (E, 8
weeks old; G, 24 months old) and stressed (F, 8 weeks
oid; H. 24 months old) mice. All slides were exposed for
10 weeks at 4°C. Original magnification for all panels
. 400.



