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Abstract

The Spalt (sal) gene family plays an important role in regulating developmental processes of many organisms. Mutations of human
SALLI cause the autosomal dominant disorder, Townes—Brocks syndrome (TBS), and result in ear, limb, anal, renal, and heart
anomalies. Targeted deletion of mouse Sali] results in kidney agenesis or severe dysgenesis. Molecular mechanisms of Sallf, however,
have remained largely unknown. Here we report that Salll synergistically activates canonical Wnt signaling. The transcriptional
activity of Salll is related to its nuclear localization to punctate nuclear foci (pericentromeric heterochromatin), but not to its lo-
calization or association with B-catenin, the nuclear component of Wnt signaling. In contrast, the RNA interference of Salll reduces
reporter activities of canonical Wnt signaling. The N-terminal truncated Salll, produced by mutations often found in TBS, disturbs
localization of native Salll to heterochromatin, and also down-regulates the synergistic transcriptional enhancement for Wnt signal
by native Salll. Thus, we propose a new mechanism for Wnt signaling activation, that is the heterochromatin localization of Salll.

© 2004 Elsevier Inc. All rights reserved.

The Spalt (sal) gene family plays important roles in
regulating developmental processes of many organisms.
In Drosophila development, sal is a region-specific ho-
meotic gene, which specifies cell fate decisions of chor-
dontonal precursors in the peripheral nervous system
f1,2], regulates tracheal development [3], controls ter-
minal differentiation of photoreceptors [4], and deter-
mines proper placement of wing veins [5,6].

Humans have four sal related genes (SALLI, SALL2,
SALL3, and SALL4) and mice also have four (Salil,
Sall2, Sall3, and Sall4) [7-15]. Heterozygous mutations
of human SALL! lead to Townes-Brocks syndrome,
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with features of dysplastic ears, preaxial polydactyly,
imperforate anus, and (less commonly) kidney and heart
anomalies [16]. With homozygous deletion in mice the
kidney had severe defects which meant that SqllI has an
essential role in kidney development {£7]). The molecular
mechanisms of Salll have remained obscure.

Salll encodes a protein that contains 10 zinc finger
motifs. The most N-terminal zinc finger is a single
C2HCtype and is conserved only in vertebrates (Dro-
sophila sal does not have the N-terminal C2HC zinc
finger) [18]. The other zinc fingers are of the C2H2-type
and are arranged as doublets with a third finger asso-
ciated with the second pair. Recently, it was reported
that Salll functions as a transcriptional repressor, by
being localized to pericentromeric heterochromatin and
is associated with histone deacetylase (HDAC) complex
[19,20]. When linked to a heterologous DNA-binding
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domain (GAL4 DNA-binding domain), Salll protein is
capable of repressing transcription on the synthetic re-
porter containing tandem GALA4-binding sites upstream
of a promoter. The native DNA-binding site and direct
target genes regulated by Szlll proteins have remained
to be determined.

In Drosophila wing development, sal is activated
downstream of dpp (bone morphogenetic protein 4 or-
tholog) and in tracheal development is activated down-
stream of wingless (Wnt ortholog) [5,21-23]). We did
research to determine if mammalian Salll is involved in
signaling pathways related to development. We report
here that Salll synergistically enhanced reporter activi-
ties of the canonical Wnt signal, by localizing to het-
erochromatin. Qur evidence indicates that this
mechanism may be related to the cause of TBS.

Materials and methods

Plasmids. The complete coding Salll cDNA was fused to the HA-tag
by replacing the PCR fragment amplified using the primer containing
HA-tagged sequence and the Safl restriction enzyme site {f, GTCGACA
CCATGTACCCATACGACGTCCCAGACTACGCTTCGCGGAG
GAAGCAAGCG; 1, GAGCAGAAGGTCTGATAATTC). The Sall-
Notl digested HA-tagged Salll cDNA fragment was cloned into the
Xhol-Norl sites of pPCAGEN, 2 mammalian expression vector driven by
the CAG promoter [24,25].

Salll truncated forms were generated as follows; zinc finger region
1 (Za 1) encoding 1-288 amito acids (Safl-Sacl fragment) was inserted
into pCAGEN vector, zine finger region 2 (Zn 2) encoding 285598
amino acids (SacI-4pal fragment), zinc finger region 3 (Zn 3) encoding
595857 amino acids (Apal-Xhol fragment), zinc finger region 4 (Zn 4)
encoding 858-1105 amino acids (Xhol-Spel fragment), and zinc finger
region 5 (Zn 5) encoding 1106-1324 amino acids (Spel-NorI fragment)
were inserted into appropriate restriction sites in pCMV-HA vector
{Clontech). The N-terminal half form of HA-tagged Salll encoding 1-
598 amino acids (Znl-2) was inserted into the pCAGEN vector, and
the C-terminal half form encoding 599-1324 amino acids (Zn 3-5)
inserted into the pCMV-HA vector.

The Salll-GFP fusion was generated by inserting the d2EGFP
fragment from pd2EGFP-1 vector {Clontech) at the 3’ terminal region of
Salll in pBluescript II KS (-) vectorin-frame. Sall-Notl fragment of the
Salll-d2EGFP fusion was excised and inserted into the pCAGEN vec-
tor. To generate GFP-fused $alll truncated forms, the pCMV-HA-
NLS-d2GFP vector was constructed. The PCR fragment coding a single
puclear localization signal from SV40 was inserted into the pCMV-HA
vector (pPCMV-HA-NLS vector) and then the fragment coding d2EGFP
following intact multiple cloning sites excised from pd2EGFP-1 vector
was inserted and the pCMV-HA-NLS-d2EGFP vector was generated.
Salll truncated forms fused to d2EGFP were generated as follows; zinc
finger region 1 encoding 1-288 amino acids (Sall-Sacl frapment), zinc
finger region 1-2 encoding 1-598 amino acids (Sacl-Apal fragment),
and zinc finger region 3-5 encoding 599-1324 amino acids (Spel-Nol
frapment) were inserted into appropriate restriction sites in pCMV-HA-
NLS-d2EGFP vector (Clontech) in-frame. The cDNA fragment of zinc
finger region 1’ (Zn 1) encoding 1-435 amino acids was generated by the
combination of the Sa/T-Sael fragment encoding 1-288 amino acids and
the frapment encoding 299-435 amino acids that was amplified using
primers containing Swmal restriction enzyme site in the reverse one (f,
ATTAGC ACAGAGCCTTGCTAGC; r, CCCGGGGGACATTTGG
TGGCTTGCTTTTTC). The combined cDNA fragment was inserted
into the pCMV-HA-NLS-d2EGFP vector in-frame. The ¢DNA

encoding zinc finger region 1’ (1435 amino acids) without NLS was
generated by combination of the Sail-Sacl fragment encoding 1-288
amine acids and the frapment encoding 299-435 amine acids fused to
d2EGFP, which was excised from the pCMV-HA-NLS-Zn 1'-d2EGFP
vector, as described above, and inserted into appropriate sites in the
pCAGEN vector. To generate the Zn 1’-DsRed2 fusion, the Agel-Xhol
DsRed?2 fragment without NLS was excised from pDsRed2-Nuc vector
{Clontech), and insertedinto the pCAGEN vector with the Sall-Agel Zn
1’ fragment excised from the pPCMV-HA-NLS-Zn I’-d2EGFP vector.

The fragment coding the complete p-catenin ¢DNA was excised
from pBJl-myc-B-catenin by BamHI [26] and inserted into appropriate
sites in the pCMV-myc vector (Clontech).

Protein interaction assay. BOSC23 cells were transiently transfected
with 4 pg pCAGEN-HA-Salll or each pCMV-HA-Salll truncated
form and 3 pg pCMV-myc-p-catenin, After 485, cells were washed
with phosphate-buffered saline, lysed for 10min on ice with 600 ul
buffer A (10mM Hepes—KOH, pH 7.8, 10mM KC), 1.5mM MgCl,,
0.05% NP-40, 0.5mM DTT, and 10% v/v protease inhibitor cocktail
for mammalian cell extract (SIGMA)), and spun at 2300g for | min.
The supernatant was discarded and then the pellet was suspended in
300 pl buffer C (20mM Hepes—KOH, pH 7.8, 500mM NaCl, 1.5mM
MgCly, 0.5mM DTT, and 10% vlv protease inhibitor cocktail for
mammalian cell extract), rotated at 4 °C for 30 min and then spun at
20,000g for 30 min. The supernatant was diluted with an equal volume
of buffer C containing 50% glycerol.

For the immunoprecipitation assay, the extract was diluted with
an equal volume of buffer D (20mM Hepes—KOH, pH 7.8, 1.5mM
MgCl,, 0.5mM DTT, and 10% v/v protease inhibitor cocktail for
mammalian cell extract), twice the volume of the dilution buffer
(25mM Hepes-K.OH, pH7.8, 2.5mM EDTA, 0.1% NP-40, and 10%
viv protease inhibitor cocktail for mammalian cell extract) in a 1.5ml
micro tube and then incubated on ice for 10min. After removal of
particulate cell debris by centrifugation at 20,000g for 5min, the
supernatant was incubated overnight with 2 pg of anti-HA high af-
finity (Roche) at 4°C, HA-tagged protein and its interacting proteins
were isolated by precipitation with protein G-Sepharose beads
(Amersham-Pharmacia) for 3h at 4°C. The beads were washed three
times with wash buffer (20mM Hepes—KOH, pH 7.8, 375mM NaCl,
ImM ZoCl;, ImM EDTA, 0.5mM DTT, 1% NP-40, 10% glycerol,
and 1mM PMSF) and etuted by boiling in Laemmli sample buffer,
HA-tagged protein and its interacting proteins were separated by
SDS~-polyacrylamide gel electrophoresis on 8% gels, transferred to
Immobilon Transfer Membranes (Mitlipore), blocked in 3% nonfat
dried milk, and incubated with anti-HA antibody (Roche) or anti-
myc antibody (SC-40, Santa Cruz Biotechaology). Antibody reac-
tivity was detected using horseradish peroxidase-labeled secondary
antibodies anti-mouse (KPL) and horseradish peroxidase-labeled
secondary aatibodies anti-rat (KPL) and ECL detection reagents
(Amersham-Pharmacia).

Monoclonal antibody for human SALLI. To generate a monoclonal
antibody for human SALLI, we cloned the cDNA fragment of human
SALLL1 encoding 258499 amino acids amplified using primers con-
taining Kprl restriction site at the 5 end (f, GGTACCCGCTTCT
CAGAATGCAGACTTG; r, GGTACCTTGTGTTTGAAGAATGC
CTC). The PCR fragment was cloned into the Kpnl sites of pBACsurf-
1, which is a baculovirus transfer vector designed for expression
of target proteins on the virion surface. Recombinant virus was
produced, purified, and then immunized [27]. Monoclonal antibody
for human SALLI was obtained after screening by immunoblotting
using the extract from HEK293 cells. These selected clones were cross-
reactive for both human SALLI and mouse Salll proteins.

Cell culture, transfection, and RNAi. NIH-3T3 cells and HEK293
cells were maintained in Dulbecco’s modified Eagle’s medium
(SIGMA) containing 10% fetal bovine serum. For reporter assay, cells
were plated in a 6-well plate at a density of 1 x 10%cells per well. For
transfection of plasmids, FuGENES (Roche Molecular Biochemicals)
was used according to the manufacturer’s direction. For transfection
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of double-stranded (ds) RNA oligos, LIPOFECTAMINE 2000 (In-
vitrogen) was used according to the manufacturer’s direction. Five ds
RNAi oligos for SALLl were designed and synthesized by
DHARMACON. Sequences of these oligos are as follows:

No. 6 (5-AAGGUCUUUGGGAGUGACAGU-3),

No. 7 (5-AAGAGAAAUACCCUCAUAUCC-3),

No. 15 (¥-AAUGAUUCAUCCUCAGUGGGU-3),

No, 18 (8-AAGGGUAAUUUGAAGCAGCAC-3),

No, 2! (5-AAGUUCCCAGAAAUGUUCCAG-Y).

The probe used for Northern blots was the Kpnl fragment of
human SALL] ¢DNA, excised from the pBACsurf-human SALL1
vector described above. For Western blotting, we used a monoclonal
antibody for human SALLI1 as described and a monoclonal antibody
for GAPDH (Ambion).

Reporter assay. An internal control reporter pRLTKmini, which
has the minimal thymidine kinase promoter, was comstructed by
removing the Bglll-EcoR1 fragment from the promoter region of
pRLTK (Promega). TOPflash (Upstate Biotechnology) is a luciferase
reporter containing three copies T cell factor (TCF) binding sites
upstream of the thymidine kinase minimal promoter and FOPflash
(Upstate Biotechnology) is the negative contrel for TOPflash con-
taining mutant TCF binding sites. In the reporter assay using Wnt
supernatant, 0.5 pg TOPflash or FOPflash reporter plasmid, 0.05pg
pRLTKmini control reporter plasmid were transiently imtroduced
with 1.0 g Salll or Salll truncated mutant expression plasmids in
NIH3T3 cells. In the reporter assay using HEK293 cells, the same
amounts of reporters were introduced with 0.1pg pCAGEN-HA-
Salil. In the reporter assay using the N-terminal truncated Salll (Zn
1) plasmid, 0.1-1.0pg of this plasmid was transiently introduced
with 0.1pg pCAGEN-HA-Salll in HEK293 cells. After 241h, the
transfected cells were stimulated by threefold-diluted Wat superna-
tants, produced from Wnt3a overexpressing L eells (ATCC) [28].
After 48h, the transfected cells were lysed with 1501 lysis bufler
(50mM Tris-HC?, pH 74, 150mM NaCl, 1 mM EDTA, and 0.1%
NP-40), frozen and thawed three times, and then spun at 20,000z
for 10min. The supernatant was then assayed using Dual-Luciferase
Reporter Assay System (Promega). Luminescent reporter activity
was measured using LUMAT LB 9507 luminometer (EG&G
BERTHOLD). In the reporter assay using the p-catenin expression
vector, 0.3pg pCMV-myc-B-catenin with 0.1-1.0pg pCAGEN-HA-
Salll was transiently introduced into NIH3T3 cells. In HEK293
cells, 0.01 pg pCMV-myc-P-catenin with 0.01-0.1 pg pCAGEN-HA-
Salll was used. Forty-eight hours after transfections, cells were used
in the same way as described above. In the reporter assay combined
with RNA interference, the final concentration 20pM of each si
RNA olige was transfected in Opti-MEM (Invitrogen) as the serum
free condition using LIPOFECTAMINE 2000 (Invitrogen). After
6h, the serum free medium was replaced with Dulbeceo’s modified
Eagle’s medium (SIGMA) containing 10% fetal bovine serum, then
reporter plasmids were transfected in the same way as deseribed
above, In all reporter assays, EGFP expression plasmid, pCMV-
EGFP, was used to normalize the DNA, content of the transfection.
All transfections were normalized to Renilla luciferase activity and
wers replicated. All reporter assays were repeated at least three
times and representative data are shown.

Analysis of protein localization by confocal microscopy and immu-
nocytochemistry. Total 1.0pg of Salll-GFP fusion plasmid or Salll
mutant GFP fusion plasmids or B-catenin plasmid was transiently
introduced into NIH3T3 cells plated in Lab-Tek II Chamber Slide w/
Cover RS Glass Slide (Nalge Nunc International). Twenty-four hours
after transfection, cells were fixed in phosphate-buffered saline (PBS)
containing 2% paraformaldehyde, 0.1% Triton X-100, and 2 pg/ml of
4 6-diamidino-2-phenylindole {DAPI) at 4°C for 20 min, washed for
$min in PBS three times at room temperature, and then blocked with
10% goat serum at room temperature for 30min. Cells were then in-
cubated for ! h at room temperature with an anti-myc antibody diluted
in PBS containing 1% goat serum (1:1000), and detected using a rho-

damine-conjugated secondary antibody anti-mouse (CHEMICON).
The localization of proteins was detected using confocal microscopy

Radiance 2160 (Bio-Rad).

Results

Salll has the potential to activate the canonical Wnt
signaling

As the expression of spalt is regulated by several
signaling pathways (dpp/BMP, wingless/Wnt, etc.) in
Drosophila development, luciferase assays were done
using several reporters to examine the potential in-
volvement of mammalian Salll. In following experi-
ments, we selected and used two cell lines; NIH3T3
cells and HEK293 cells. Endogencus Salll was detected
in HEK293 cells, in RNA and protein levels, but not in
NIH3T3 cells (data not shown). Among reporters tes-
ted (BMP, TGF-B, retinoic acid, LIF, and Wnt)
[25,29-32], the Wnt responsive reporter consistently
showed a synergistic response to Salll (Figs. 1A and B)
in both cell lines. Salll expression vector was intro-
duced with the Wnt responsive reporter (TOPflash)
that contains multiple TCF binding sites or the control
reporter (FOPflash), and these cells were stimulated by
the supernatant from L cells stably expressing Wnt-3A.
Salll alone only weakly activated the TOPflash re-
porter in both cell lines. In the presence of Wnt stim-
ulation, however, Salll synergistically activated the
TOPflash reporter in both cell lines, but not so the
control FOPflash reporter. Therefore, Salll synergis-
tically activates the canonical Wnt signal. In these
settings, activation status of P-catenin was not altered
as determined by Western blotting, ruling out the
possibility of a secondary production of Wnt ligands
by Salll or Wnt stimulation upstream of B-catenin
{data not shown).

When the canonical Wnt pathway is activated, B-
catenin avoids the ubiquitin-proteosome pathway
following the phosphorylation by GSK3-f and accu-
mulates in the cytoplasm to move into the nucleus and
function as the transcriptional coactivator of the TCF/
LEF transcription factor [33]. In NIH3T3 cells, expres-
sion of P-catenin alone activated gene expression on the
TOPflash reporter only stightly, but co-expression of
Salll and p-catenin synergistically increased its reporter
activity in dependent manner regarding the amount of
Salll {Fig. 1C). In HEK293 cells, Salll also enhanced
the luciferase reporter by P-catenin (Fig. 1D). Salll by
itself could not bind to TCF binding sites in the TOP-
flash reporter, as determined by an electromobility shift
assay using nuclear extracts from Salll-introduced
HEK293 cells (data not shown). Therefore, Salll may
possibly function as a coactivater for -catenin in the
canonical Wnt signaling.
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Fig. 1. Salll synergistically enhanced canonical Wnt signaling pathway. (A,B) The reporter assay responsive to Wnt signaling. TOPflash as the
reporter plasmid responsive to Waot signaling, FOPflash as negative control were introduced inte NIH-3T3 cells (A), HEK293 cells (B). These cells
were stimulated by the Wnt supernatant (Wnt sup} from L cell stably expressing Wnt-3A or the mock supernatant (mock sup) from normal L cells.
(C.D) TOPHash reporter assay by expression of B-catenin, with or without Salll. pCMV-myc-§-catenin (0.3 pg) (the B-catenin expression vector) and
0.1-1.0 pg of pCAGEN-HASall] were introduced in NIH-3T3 cells (C). pCMV-myc-B-catenin {0.01 pg) (the B-catenin expression vector) and 0.01-
0.1 ug of pCAGEN-HASalll were intreduced in HEK293 cells (D). In all reporter assays, pPCMV-EGFP (the control vector) was used to normalize
the DNA content of the transfection, and pRLTKmini was used as the internal control reporter plasmid.

Endogenous Salll participates in Wnt signaling in
HEK293 cells

To determine if Salll endogenously participates in
canonical Wnt signaling, we depleted the endogenous
human SALLI protein in HEK293 cells via double-
strand RNA (siRNA)-mediated interference and did
reporter assays. We designed five kinds of ds RNA]
oligos for human SALLI (Nos. 6, 7, 15, 18, and 21), and
assessed their potential to deplete endogenous SALLI
mRNA, using Northern blot analysis (Fig. 2A). Oligo
No. 18 most effectively, and Nos. 6 and 7 weakly, re-
duced endogenous SALL]1 mRNA in HEK293 cells, but
No. 21 had no effect (Fig. 2A). Therefore, we selected
No. 21 as a negative contro! in following experiments, as
it did not reduce the amount of either SALL1 or
GAPDH (Figs. 2B and C). When used in reporter
assays, oligo No. I8 most eflectively, oligo No. 6 less
effectively, down-regulated the activity on the TOPflash

reporter, in proportion to their efficiency to reduce en-
dogenous SALL] mRNA, while a negative control, No.
21, did not do so (Fig. 2D). Therefore, endogencus
SALLI1 also participates in canonical Wnt signaling, at
least in HEK293 cells.

Salll interacts with p-catenin

We next did immunoprecipitation studies to examine
the interaction between Salll and P-catenin. Nuclear
extracts were prepared from BOSC23 cells, transiently
introduced with both HA-tagged Salll and myc-tagged
B-catenin expression vectors. In these extracts, Salll ef-
fectively interacted with P-catenin (Fig. 3B). To further
determine the domains of Salll required for interactions
with p-catenin, we also did immunoprecipitation studies
using deletion mutants of Salll with f-catenin. Salll has
a total of 10 zinc fingers including multiple double-zine
finger motifs and we constructed five truncated mutants
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antibody and detected using an anti-myc antibody. (D) The localization of Salll in the nucleus did not overlap with that of B-catenin. NIH3T3 cells
on glass coverslips were transfected with full-length Salll-GFP and myc-tagged j-catenin, stained with anti-myc. Cells were viewed using confocal

microscopy.

encoding clusters of each zinc finger motif (Zn 1, 2, 3, 4,
and 5) (Fig. 3A). The immunoprecipitation was done
using lysates from BOSC23 cells introduced with these
truncated mutants and p-catenin. The truncated form,

encoding the most C-terminal double-zinc finger (Zn 5),
had the highest affinity with P-catenin, and the form
encoding the triple Zn finger (Zn 3) had a lesser affinity
for P-catenin (Fig. 3B). To confirm these results, we
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divided Salll into halves and constructed two other
mutant forms; Zn 1-2, the N-terminal half of Salll,
encoded first and second Zn finger regions, and Zn 3-5,
the C-terminal half, encoded third, fourth, and fifth Zn
finger regions (Fig. 3A). B-Catenin strongly interacted
with the C-terminal half domain encoding Zn 3-5, but
not with the N-terminal half domain encoding Zn 1-2
(Fig. 3C).

We next assessed whether the localization of Salll in
the nucleus correlated with those of PB-catenin in
NIH3T3 cells, because NIH3T3 cells were useful to
distinguish between euchromatic and heterochromatic
regions than in HEK293 cells by confocal microscopy.
Salll was localized to punctate nuclear foci (pericen-
tromeric heterochromatin) as reported [19,20]. B-Cate-
nin in the nucleus was also localized to the punctate
nuclear foci, but its localization pattern only partially
overlapped with Salll (Fig. 3D). This suggests that not
all Salll in nucleus associates with B-catenin. We also
assessed whether, upon Wnt stimulation, the localiza-
tion pattern of Salll changes to overlap with that of p-
catenin. Salll localization, however, did not change with
or without Wnt stimulation (data not shown). Thus,
Salll is not a simple coactivator for B-catenin on the
TOPflash reporter.

The transcriptional activity of Salll correlates with its
localization in the nucleus

Recently, Salll was reported to localize to punctate
nuclear foci (pericentromeric heterochromatin) and its
nuclear localization to correlate with its transcriptional
repression [19,20]. We categorized 10 zinc fingers of
Salll to five clusters of zinc fingers (Zn 1, 2, 3, 4, and 5)
(Fig. 4A). To assess whether the localization of Salll in
the nucleus also correlates with its transcriptional acti-
vation in Wnt signaling, we constructed Salll-GFP or
Salll mutants-GFP (Fig. 4A) and examined localization
of these GFP-fusion proteins in NIH-3T3 cells using
confocal microscopy (Fig. 4B). To focus localization of
those mutants only in nucleus, the nuclear localization
signal from SV40 was fused to the N-terminal of each

GFP-fusion mutant. The full-length Salll-GFP was lo-
calized as a small speckled pattern in the nucleus and co-
localized with 4,6-diamidinc-2-phenylindole (DAPT)
and heterochromatin protein 1 (HP1), as reported
[19,20] (Fig. 4B and data not shown), The N-terminal
half of Salll, Zn 1-2, was also localized in a similar
fashion to the full-length Salll, but localization of the C-
terminal half, Zn 3-5, looked different; larger speckles or
aggregates than those of the full-length and N-terminal
half of Salll-GFP (Fig. 4B). It was reported that the
most N-terminal zinc finger domain that binds to
HDAC complex is essential and sufficient for its re-
pressor activity [19]. Therefore, we constructed Zn I
encoding 1-435 amino acids, which was reported to be
the minimal truncated form as a transcriptiona! repres-
sor (Fig. 4A). Unexpectedly, Zn 1', which was reported
to localize to heterochromatin in COS-1 cells, showed 2
uniform loealization in the nucleus (Fig. 4B). The most
N-terminal single zinc finger region, Zn 1, also showed
uniform localization in the nucleus (Fig. 4B). Therefore,
its localization to heterochromatin requires both the N-
terminal single zinc finger (Zn 1) and the following
double zinc fingers (Zn 2).

We next did Iuciferase reporter assays using full-
length Salll protein and these Salll truncated forms.
NIH-3T3 cells, introduced with these truncated Salll
expression plasmids and TOPflash reporter, were stim-
ulated by Wnt supernatants (Fig. 4C). Interestingly,
Zn 3-5 (C-terminal half), that has the potential to bind
B-catenin, had no activity in the luciferase assay. In
contrast, Zn 1-2 (N-terminal half), that has the capacity
to localize to heterochromatin, activated the TOPflash
reporter, regardless of no interaction with P-catenin
(Figs. 3B and C). This indicates Salll localization to
heterochromatin, but not its association with p-catenin,
correlates with its transcriptional activation in Wnt
signaling. As Zn 1 and Zn I/, which have only the first
zinc finger, did not show synergistic enhancement of the
reporter activity nor localization to heterochromatin,
both zinc finger regions 1 and 2 are required for locali-
zation to heterochromatin and its synergistic transcrip-
tional enhancement in Wnt signaling,

<

Fig, 4. The N-terminal balf region of Salll has the potential to be localized to heterochromatin and to enhance synergistically Wnt reporter activity.
(A) Diagram of GFP fused full-length Salll and its deletion mutants used in the confocal microscopy. Mutants are fused to NLS in N-terminus and
to EGFP in C-terminus. (B} NIH3T3 cells grown on glass coverslips were transfected with corresponding deletion mutants of Salll-GFP (green) or
$alll-truncated mutants-GFP, counterstained with DAPI (blue) to identify heterochromatin in aucleus, and viewed using confocal microscopy. {C)
The reporter assay responsive to Whnt signaling using Sall1-GFP or Salll mutants-GFP plasmids. NTH3T3 cells were transfected with 1.0 pg of each
Salll-GFP or Salll mutants-GFP, and after 24 h, stimulated with Wt sup or the mock sup.

Fig. 5. Zn V', which is produced by mutations often observed in human TBS, disrupts the localization of native Salll protein and its transcriptional
activity in Wnt sigoaling in a dominant-negative fashion. (A) NIH3T3 cells were transfected with corresponding deletion mutants of Salll-GFP
(green), NLS-Zn 1'-GFP, or Zn I’-GFP without NLS, and stained with DAPI (blue), and viewed using confocal micrescope. (B) Full-length
Salll-GFP was introduced into NIH3T3 cells, together with DsRed (upper panels) or Zn I'-DsRed (lower panels). DAPI staining (blue) shows
heterochromatin. (C) The reporter assay responsive to Wnt signaling using the N-terminal truncated mutant Zno 1'. HEK293 czlls were transfected
with 0.1-1.0pg Zn I’ plasmid with or without 0.1 pg HA-Salll plasmid in addition to reporter plasmids, and after 24 h, stimulated by the Wnt sup or
the mock sup.
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Zn I', which is produced by mutations often cbserved in
human TBS, disrupts the localization of native Salll
protein and its transcriptional activity in Wnt signaling in
a dominant-negative fashion

It was recently reported that mice carrying a muta-
tion which caused the production of the truncated Salll
protein, Zn 1, recapitulated the abnormalities found in
human TBS [34,35]. We confirmed that Zn 1’-GFP
protein without NLS was localized uniformly in the
cytoplasm and in the nucleus, as reported (Fig. 5A). As
Zn 1’ was also reported to associate with all Sall family
members, probably through the conserved N-terminal
glutamine-rich domain {34,36], we hypothesized that
Zn 1’ without NLS may affect the focalization of native
Salll protein and its synergistic enhancement of Wnt
signaling. We constructed Zn 1’ protein fused to
DsRed, introduced it with full-length Salll-GFP fusion
in NIH-3T3 cells, and examined the localization of
these proteins using confocal microscopy. When co-
expressed with the control DsRed protein, full-length
Salli-GFP remained to be localized to heterochromatin
(Fig. $B). Zn 1’ fused to DsRed, however, affected the
localization of Salll-GFP; Salll-GFP was localized in
both the cytoplasm and the nucleus. Salll-GFP in the
nucleus was no longer localized to heterochromatin,
being uniformly localized together with Zn 1'-DsRed
(Fig. 5B). This indicates that Zn 1’ functions as a
dominant-negative form for native Salll proteins, by
inhibiting the native Salll from localizing to hetero-
chromatin. To assess whether Zn 1’ also functions as
the dominant-negative form in Wnt signaling, we next
did luciferase reporter assays of HEK293 cells using
the Zn 1’ truncated forms without NLS. As HEK293
cells express endogenous Salll, Zn 1’ introduction
down-regulated the activity of endogenous Salll on the
TOPflash reporter in a dose-dependent manner
(Fig. 5C). When introduced with exogenous native
Salll, Zn 1’ also efficiently inhibited synergistic acti-
vation of the Wnt responsive reporter by native Salll
(Fig. 5C). This indicates that the N-terminal truncated
Salll, Zn ', which is caused by high-frequent muta-
tions in TBS, also functions as a dominant-negative
form in canonical Wnt signaling. We propose that this
newly defined mechanism of Wnt signaling activation
by heterochromatin localization of Salll may explain
one of the causative mechanisms of TBS.

Discussion

Sall plays important roles in a variety of organs, but
its molecular mechanisms have remained largely un-
known.

Here we show that Salll functions as a transcriptional
activator specifically in the canonical Wnt signaling

pathway. The luciferase activity on the TOPflash re-
porter stimulated by Wnt-3a was synergistically acti-
vated by the introduction of Salll (Fig. 1). We also
tested other unrelated zinc finger proteins on the
TOPflash reporter, and found that the effect on Wnt
canonical pathway was specific to Salll (data not
shown). The synergistic activity on TOPflash reporter by
Salll was also observed by transfection of B-catenin and
Salll. The introduction of ds RNAi oligo for human
SALLI1 to HEK293 cells not only reduced the amount
of endogenous SALLI protein, but also led to down-
regulation of the TOPflash reporter activity (Fig. 2).
Activation of Wnt signaling by Salll did not correlate
with its localization with f-catenin, but rather with its
localization of heterochromatin (Figs. 3 and 4). Further,
the N-terminal truncated form of Salll (Zn 1), which
was reported to lead human TBS abnormalities in mice
[34], disturbed localization of the native Salll and also
down-regulated the synergistic activity on TOPflash
reporter by native Salll (Fig. 5).

In two previous reports, Salll was seen to function as
a transcriptional repressor on the artificial promoter
containing tandem GAL4 binding sites, when linked to
the heterologous GAL4 DNA-binding domain, and also
that Salll associated with HDAC and several compo-
nents of the chromatin remodeling complex (MTAL,
MTA2, and RbAp46/48) [20,34]. Therefore, Salll could
repress gene expression by recruiting the HDAC com-
plex. It was net, however, reported that native Salll
functions as a transcriptional repressor. We found that
the native form of Salll could function as a transcrip-
tional activator in Wnt signaling essential for many
developmental processes and that its activity correlated
with its localization to heterochromatin [37]. The in-
crease of Salll proteins may squelch some transcrip-
tional repressor complex, including HDAC, or be
associated with chromatin remodeling factors to alter
the chromatin structure near the promoter region of
Wnt target genes.

Another C2H2 type zinc finger protein Ikaros func-
tions as both transcriptional repressor and activator,
and is localized to pericentromeric heterochromatin
[38—40]. Ikaros associates with DNA-dependent AT-
Pase Mi-2 included in the NuRD chromatin remodeling
complex [41]. Tkaros has six C2H?2 type zinc fingers; the
N-terminal zinc finger cluster consisting of four zinc
fingers functions as the DNA-binding domain and C-
terminal two zinc fingers as a dimerization domain [42].
When linked to a heterologous GAL4 DNA-binding
domain, Ikaros functions as a transcriptional repressor
on the reporter containing tandem GAL4 binding sites.
On the other hand, the native form of Ikaros enhances
activity of the reporter that contains tandem Ikaros
binding sites upstream of the thymidine kinase pro-
moter, and also enhances activity of the reporter con-
taining no Ikaros binding sites but only Spl
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transeription factor binding sites. When Ikaros is not
localized to heterochrematin caused by point mutations
in its DNA-binding domain or dimerization domain,
Ikaros does not enhance activities of these reporters.
Therefore, localization of Ikaros to heterochromatin
correlates with its transcriptional activation [38]. It was
also reported that Sall proteins interact with all family
members through its conserved ghutamine-rich domain
[36]. Therefore, a similar mechanism may function both
for Salll- and Ikaros-dependent activation. As the
Zn 1-2 region of Salll was required and is sufficient for
its heterochromatin localization (Fig. 4), these zinc
fingers may bind to target sequences in heterochroma-
tin, directly or indirectly. The identification of DNA
sequences or molecules in heterochromatin compart-
ments, which are required for heterochromatin locali-
zation of Salll, would elucidate the mechanism of
heterochromatin localization of Salll and eventually
the mechanism of the activation of Wnt signaling by
Salll.

Tt is to be noted that Salll-dependent activation is not
general but rather it is specific to Wnt, at least among
several pathways tested (BMP, TGF-B, retinoic acid,
and LIF). The Whnt signal is regulated by multiple steps
and large numbers of agonists and antagonists bind to
p-catenin and TCF [26,43-48]. In addition, there is
emerging evidence that more complicated mechanisms
function in Wnt activation, including the transcriptional
regulation by remodeling chromatin structure and by
sumoylation [49,50]. In the former mechanism, it was
reported that Brahma (Brm)/Brahma-related gene-1
(Brg-1), a component of mammalian SWI/SNF or RSC
chromatin remodeling complex, binds to P-catenin,
changes the chromatin structure by its ATPase activity,
and then enhances Wnt-dependent transcription [49].
On the other hand, when an ARID domain protein Osa
is contained in the Brm/Brg-chromatin remodeling
complex, it tightens the chromatin structure and re-
presses Wnt-dependent gene expression [50]. In the latter
mechanism, the sumoylation of Lef-1 by PIASy, a
member of E3 SUMO ligase, transfers Lef-1 to the nu-
clear body, a specific subcompartment in the nucleus,
and then suppresses its transcriptional activity [51]. Tef-
4 is also sumoylated by PIASy, transferred to the PML
nuclear body, and activates Wat-dependent transcrip-
tion [52]. It is to be noted that Salll also interacts with
SUMO-1 and ubiquitin-conjugation enzyme UBE2I
(human homolog of yeast UBCY), and is sumoylated
[53], though its physiological relevance to Wnt signal
remains to be determined. In this study, we propose
another mechanism of Wnt signal activation by het-
erochromatin Jocalization of Salll, Further elucidation
of this mechanism will lead to better understanding of
not only the Wnt signal but also phenotypes observed in
various species ranging from Drosophila to humans
lacking SALL/spalt functions.
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Abstract

Fetal microchimerism indicates a mixture of cells of maternal and fetal origin seen in maternal tissues during and after pregnancy,
Controversy exists about whether persistent fetal microchimerism is related with some autoimmune disorders occurring during and
after pregnancy. In the current experiment, an animal model in which EGFP positive cells were taken as fetal-origin cells was designed
to detect the fetal microchimerisim in various maternal organs. Ethanol drinking and gentamicin injection were adopted to induce liver
and kidney injury simultaneously. EGFP positive cells were engrafted not only in the maternal circulation and bone marrow, but also
in the liver and kidney as hepatocytes and tubular cells, respectively. These results indicate that fetal cells are engrafted to maternal
hematopoietic system without appatent injury and they also contribute to the repairing process of maternal liver and kidney.

© 2004 Elsevier Inc. All nights reserved.
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Microchimerism has been defined as a chimera of
small number of cells from different individuals coexis-
ting within tissues. It has been known for many years
that there is a bi-directional traffic of maternal cells
and fetal cells through the placenta during pregnancy.
Fetal microchimerism indicates a mixture of cells of
maternal and fetal origin seen in maternal tissues during
and after pregnancy. It has been shown that fetal micro-
chimerism persists in some women for more than 27
years after delivery [1,2].

The recognition that fetal cells pass into the maternal
circulation and persist for many years has aroused a
question of whether or not persistent fetal microchime-
rism may trigger a maternal immune reaction resulting
in what appears to be an autoimmune disorder, because
microchimeric fetal cells are semiallogenic to the
maternal immune system, Therefore, many studies have

* Corresponding author. Fax: +81 6 6879 3639.
E-mail address: taka@medone.med.osaka-u.ac jp (T. Ito).

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/.bbrc.2004.10.105

focused on the association between fetal cell microchim-
erism and subsequent development of autoimmune
diseases, especially those having features of chronic
graft-versus-host disease, such as systemic sclerosis
(SSc) [3-T7], Sjbgren’s syndrome (SS) [8,9], primary bili-
ary cirrhosis (PBC) {10], and autoimmune thyroid dis-
eases (AITD) [11,12]. These autoimmune diseases have
a predilection for women with childbearing age and often
initiate or exacerbate after pregnancy. Although fetal
cells are found in the local lesion of these diseases and
may react with stimulation by maternal cells when sepa-
rated and cultured in vitro [13], there is still a controversy
about the hypothesis that fetal microchimerism may be
the cause of the disease since fetal microchimeric cells
are also found in tissues from patients with non-autoim-
mune diseases such as chronic hepatitis [14] or found in
tissues from control subjects with the same frequencies
as from patients with autoimmune diseases [4,7]. It is
possible that the accumulation of fetal cells in the local
lesion may be due to the response to tissue injury and
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therefore it may be the consequence rather than the cause
of the disease.

Alternatively, there is another possibility that fetal
microchimerism might have a beneficial effect on the
host rather than a detrimental effect. Srivatsa et al
[11] found fully differentiated thyroid follicle formed
by male fetal cells closely attached to and indistinguish-
able from the rest of the tissue in the thyroid specimen of
one female patient with goiter. The possibility that a fe-
tal stem cell could be transplanted and engrafted in the
maternal thyroid to form mature thyroid follicles is
plausible since several studies have shown that intrave-
nously transplanted hematopoietic stem cells can mi-
grate to sites such as muscle and liver, and be
engrafted to the host organs [15-17].

As to the strategy used in the identification of fetal
microchimerism in human, male cell markers have been
adopted in most studies because of its simplicity. But it
isimportant to note that fetal microchimerism is derived
not only from male fetus but also from female fetus.
Using male genetic markers might bring deviations to
the results of the study.

Therefore, in this study, we have designed an animal
model for fetal microchimerism detection where EGFP
is set as the marker of fetal-origin cells in the maternal
tissues. With this model, we have investigated the fetal
cell residence in various maternal tissues.

Materials and methods

Animals. Male transgenic Sprague-Dawley rats carrying the en-
hanced green fluorescent protein (EGFP) transgene (EGFP rat) and
female Sprague-Dawley (SD) rats were purchased from Japan SLC
(Hamamatsu, Japan). All rats were maintained at the animal facility of
Osaka University School of Medicine, They were allowed to get free
access to standard laboratory diet and tap water. The female rats
weighing 250-300 g were subjected to the following experiment. All the
procedures described here were approved by the Animal Committee of
Osaka University School of Medicine.

Animal model of microchimerism and the subsequent induction of liver
and renal tubular infury. After mating with a single EGFP male rat and
the subsequent delivery of babies, a single SD female rat was kept alone
ina cage and burdened with simultaneous liver and renal tubular injury.
Ethanol was used to induce chronic liver injury with a method modified
from Carmiel-Hagpai's report [18]. Gentamicin administration was
adopted to evoke gentamicin-induced nephropathy [19,20]. The post-
partum rats were supplied with drinking water containing 5% of ethancl,
without apy free access to automatic tap water. The period of ethanol
drinking lasted for at least 30 days. The body weight and the amount of
the ethanol-containing water drunk by each female rat were recorded
everyday to calculate the ethanol taking dosage. At the same time, these
postpartum rats received 60 mg/kg/day of gentamicin (Sigma, St. Louis,
MO) by subcutaneous injection for 14 consecutive days after the delivery
of babies, The same procedure was repeated after a 2-week interval.

Flow cytometric analysis of mononuclear cells in peripheral blood.
The postpartum rats were anesthetized by intra-peritoneal adminis-
tration of pentobarbital and sacrificed after two cycles of gentamicin
injection. Peripheral blood was taken via abdominal aorta and kept in
the tube rinsed with heparin in advance, One milliliter of the peripheral
blood was set aside for the assay of blood chemistry as described later.

Ficoll density separation combined with NH,Cl-lysis method was
adopted to collect monenuclear cells from the peripheral blood. In
brief, 2 m! of the peripheral blood was carefully overlaid on 5mi of
Lymphoprep (Axis-shield PoC AS, Oslo, Norway) and centrifuged at
800g for 20 min at room temperature. After the centrifuge, a cell
fraction, located at the interphase, was collected and washed twice
with phosphate-buffered saline (PBS)/2% fetal calf serum (FCS). Then
the pellet was resuspended with 0.5 ml PBS/2% FCS and then 7.5ml
of lysis solution [8.26g/L NH,Cl /1.0g/L KHCO; /f0.0373/L
EDTANayHCI (pH 7.4)] was added. After gentle mixing, it was in-
cubated at room temperature for 5 min and then centrifuged at 300g for
5 min at room temperature, The pellet was washed with PBS/2% FCS
twice and resuspended with 0.5 ml PBS/2% FCS. Then the sample was
subjected to flow cytometric analysis by FACScan (Becton-Dickinson,
San Jose, CA, USA), The mononuclear cells in the peripheral blood of
EGFP rats and wild type rats were collected in the same manner and
were set as positive and negative controls, respectively.

Flow cytometric analysis of bone marrow cells. The postpartum rats
were anesthetized and sacrificed as described above. The bone marrow
cells were collected by flushing the tibia and femur with ice~cold hep-
arnized PBS/2% FCS and filtered through 70 um nylon mesh. After
the wash, the cells were resuspended with 2ml PBS/2% FCS and
subjected to flow cytometric analysis.

Measurement of plusma creatinine, BUN, ALT, and AST. Periph-
eral blood was taken via aorta as described above. Plasma was sepa-
rated from 1 ml of whole blocd by centrifuge at 300¢ for 5 min at 4°C,
Creatinine {Cr), blood urea nitrogen (BUN), aspartate aminotrans-
ferase (AST), and alanine aminotransferase (ALT} were measured by
using appropriate biochemical methods in a commercial laboratory
{SRL, Tokyo, Japan).

Tissue preparation. After blood sample was taken via aorta, organs
including kidney and liver were thoroughly perfused through the aorta
with ice-cold PBS followed by 4% paraformaldehyde (PFA)/PBS before
harvest. The organs were harvested and fixed in 4% PFA/PBS for 6 hat
4°C in the dark and further in 30% sucrose/PBS overnight at 4 °Cinthe
dark. After that, the tissues were embedded in OCT compound (Sakura
Finetechnical, Tokyo, Japan) and kept at —80 °C for cryostat sections.

Tmmunohistochemistry of fixed frozen samples. Immunohistochem-
ical analysis of frozen sections was performed as described previously
[19). In brief, for albumin staining of the liver, 4-pm fixed frozen sec-
tions were incubated with normal goat serum for 30 min first and then
with purified IgG fraction of polyclonal rabbit antiserum to rat albu-
min (Accurate Chemical and Scientific Corporation, Westbury, NY,
USA) for 1 h at room temperature. The sections were washed with PBS
three times, were incubated with Texas red-conjugated anti-rabbit IgG
antibody (Vector Lab, Burlingame, CA, USA) for 30 min at room
temperature, and were washed with PBS three times. The nuclei were
staiped with 4',6-diamidino-2-phenylindole (DAPI) (Molecular
Probes, Eugene, OR, USA) for 3 min at room temperature and then
washed with PBS three times. Finally, the sections were mounted with
VECTASHIELD Mounting Medium (Vector Lab, Burlingame, CA,
USA) and observed under a fuorescence microscope {Nikon Eclipse
E600) (Nikon, Tokyo, Japan) with appropriate filters. All images were
captured by a digital imaging system connected to a Macintosh com-
puter. For laminin staining of the kidney, the procedure was the same
except that rabbit apti-laminin antibody (Monosan, Uden, The
Netherlands} was used as a primary antibody,

Results

Existence of EGFP positive cells in maternal peripheral
blood

As mentioned in Materials and methods, EGFP posi-
tive cells were regarded as the fetal cell origin and were
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used as the marker of fetal microchimerism in our exper-
iment. When we analyzed the peripheral mononuclear
cells from wild type rats (Figs. 1A-C) and EGFP trans-
genic rats (Figs. 1D-F), a distinct different pattern of

963

distribution was observed. The majority of the cells from
EGPFP transgenic rats distributed over 200 on the EGFP
intensity scale which formed two sharp peaks while cells
from wild type rats distributed in the region less than
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Fig. 1. Flow cytometric analysis of peripheral mononuclear cells. (A-C) Peripheral blood from wild type rats as a negative control. {D-F) Peripheral
blood from EGFP transgenic rats as a positive control. (G-J) Peripheral blood from rats treated with gentamicin and ethanol, (A,D,G) The FSC-
SSC chart. (B,E,H) The FSC-EGFP chart. (C,F,I}) The histogram of EGFP. (J) The FSC-SSC distribution of cells in the R1 region of (I). The
distribution pattern indicates that EGFP intensity 200 might be set as the cut-off point to distinguish EGFP positive cells from negative cells, Some
cells in our treated rat distributed in the region over 200 on EGFP intensity scale (R1) are EGFP positive cells derived from fetus,
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200 on the EGFP intensity scale. This indicates that
EGFP intensity 200 might be set as the cut-off point
to distinguish EGFP positive cells from negative cells.
Based on this cut-off point, we found EGFP positive
cells existed in the peripheral mononuclear cells of our
treated rats (Figs. 1G-J).

Existence of EGFP positive cells in maternal bone marrow

Bone marrow cells prepared from the treated rats
were analyzed in the same manner as that used for
peripheral mononuclear cells. EGFP positive cells were
also found engrafted in the maternal bone marrow
(Figs. 2A-D). This indicates that fetal cells migrated
from the maternal circulation and resided in the bone
marrow in the absence of apparent injury to the bone
MAarrow.

Engraftment of EGFP positive cells in liver as hepatocytes

Table 1 shows the average amount of daily ethanol
consumption during the pericd of ethanol supply, and
the results of blocd biochemistry of each rat. The aver-
age consumption of ethanol for each rat is over 4 mg/
kg/day which is enough to induce liver injury according
to Carmiel-Haggai’s report [18). In accordance, the ALT
level of all 4 rats was elevated, which supported the exis-
tence of liver injury. When the frozen liver specimens
were observed under a fluorescence microscope directly,
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Fig. 2. Flow cytometric analysis of bone marrow cells from rats
treated with gentamicin and ethanol. (A) The FSC-SSC chart, (B) The
FSC-EGFP chart. (C) The histogram of EGFP. (D) The FSC-8SC
chart of cells in the R1 region of (C). There are several cells distributed
in the region over 200 on EGFP intensity scale (R1) which are EGFP
positive cells originated from fetus.

Table 1
Ethancl consumption and blood chemistry of the rats treated with
ethano! and gentamicin

No. Average ALT AST Cr BUN
consumption  (IU/L) (IU/L)  {mg/dL) (mgfdL)
of ethanol
(g/kg BW/day)

1 4.8 36 64 0.43 25.2

2 9.1 36 122 0.31 28.7

3 6.7 63 239 0.91 531

4 1.7 42 151 0.21 294
Normal range 24 +64 68+165 06011 1544254

The average consumption of ethanol for each rat is over 4 mg/kg/day
which is enough to induce liver injury. The ALT and BUN levels of the
4 rats were all elevated,

EGFP positive cells were found scattered in the liver
(Figs. 3A-C). The EGFP positive cells were also positive
to albumin (Figs. 3D-F), a marker of hepatocytes.
These results indicate that fetal cells contributed to
hepatocytes in the maternal injured liver.

Engraftment of EGFP positive cells in kidney as
tubular epithelial cells

As shown in Table 1, BUN levels of the 4 rats were all
elevated. We have already confirmed that gentamicin
nephropathy is a good model for trapping circulating
tubular precursor cells in the bone marrow [19]. No
EGFP positive cells could be found in the glomeruli be-
cause cells expressing EGFP protein were detected with-
in the tubular basement membrane, indicating they were
tubular cells. These cells expressed EGFP in a cytoplas-
mic pattern, which excludes the possibility that we sim-
ply observed EGFP endocytosed from the circulation or
from the tubular fluid by tubular epithelial cells {Figs.
4A-D).

Discussion

Human fetal cells can be found in the maternal circu-
lation as early as 4-5 weeks of gestation and persist for
several decades after delivery [1,2] The results of the
current animal experiment prove the existence of fetal
cells in the rat maternal circulation which is in accor-
dance with the previous reports on human, and support
the notion that fetal microchimerism is a common phe-
nomenon associated with pregnancy in nature. Further-
more, the finding of fetal cells engrafted in maternal
bone marrow, liver, and kidney indicates that fetal cells
do not only exist in the peripheral circulation but also
migrate from the peripheral circulation and reside in
multiple maternal organs.

The majority of the studies on fetal microchimerism
have traced male DNA as a marker by PCR or FISH
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Fig. 3. Chimeric state of liver. (A) Wild type rat as a negative control; (B) EGFP rat as a positive control; (C-F) postpartum rat treated with
gentamicin and ethanol; (A,B,D) liver is stained with DAPI. (DAFI, blue) (E) liver is stained with purified IgG fraction of polyclonal rabbit
antiserum to rat albumin (Albumin, red) (F) merged image of {D,E) and also an ¢lectronicalty magnified image of rectangle in (C). (Albumin, red;
DAPI, blue) arrow in (D) indicates cells which express EGFP in a cytoplasmic pattern. The same cell is pointed by arrow in (E,F). The cell pointed by
arrow in (F) is positive to both EGFP and albumin, indicating fetal-derived hepatocyte. Representative images are shown {400x, original

magnification).

Fig. 4. Chimeric state of kidney. (A) Wild type rat kidney as a negative
control; (B) EGFP rat kidney as a positive control; (C,D) kidney from
postpartum rat treated with gentamicin and ethamol. A letter G
indicates glomeruli. (A-D) Kidney is stained with with anti-laminin
antibody and DAPI. EGFP positive cells within the tubular basement
membrane in (C) are tubular cells. Laminin, red; DAPI, blue.
Representative images are shown [400x for (A,B)} 600x for (C) 800x
for (DY),

to detect microchimerism in those female hosts who
have given birth to or aborted sons. But when targeting
male DNA, the particular Y-chromosome sequence can
be important. Moreover, fetal cell microchimerism
would also exist in mothers who have given birth to
daughters but such microchimerism cannot be found
out as long as by tracing Y-chromosome. In our exper-
iment, we avoided such problems by mating wild type
female rats with EGFP transgenic male rats as employed
by Imaizumi’s report [21]. EGFP transgenic rats are
engineered to express enhanced green fluorescent pro-

tein (EGFP) in all cells except for hair and red blood
cells, whose expression is driven by cytomegalovirus en-
hancer and chicken B-actin promoter [22]. Therefore, it
is convenient to recognize fetal microchimerism as the
EGFP positive cells in the wild type maternal tissues,
which can be easily detected by direct observation under
a fluorescence microscope regardless of the gender of
baby rats.

Chimeric fetal cells are semiallogenic to the maternal
immune system. The persistence of semiallogenic fetal
cells in maternal solid organs has created an interest in
the relationship between these fetal-origin cells and local
lesions of some autoimmune diseases with postpartum
onset and/for exacerbation. Most evidence comes from
the studies on SSc, an autoimmune disease with a charac-
teristic of graft-versus-host disease and with a predilec-
tion for women in childbearing age. Nelson et al. [3]
found that the frequency of fetal cell microchimerism
in circulation was higher in SSc patients than in healthy
controls. Artlett et al. [5] reported the same results and
also found fetal DNA and cells in skin lesions of SS¢ wo-
men. Ohtsuka et al. [23] reported the existence of signif-
icantly higher quantities of fetal DNA in their skin
lesions. Similar results have been reported by studies of
PBC and AITD. They suggest that fetal cells residing
in maternal organs might lead to the local inflammations
in such autoimmune diseases. However, Johnson et al. [4]
investigated the distribution of fetal cells in various or-
gans of 8Sc¢ patients and proved that not only the affected
organs but also the organs without clinical phenotypes
had fetal cells. Johnson et al. [14] also reported the case
of fetal microchimerism in liver of chronic hepatitis-C
patient which is not an autoimmune disease. Fetal cells
were also found in the specimen of non-autoimmune thy-
roid adenoma {11]. In our animal experiment, fetal cells
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were found engrafted not only in maternal bone marrow
which was kept intact throughout the experiment, but
also in liver and kidney to which injury was induced by
chemicals in a non-immunological manner. Thus, the
migration and residence of fetal cells in various maternal
organs might be a common phenomenon. What seems to
be an important factor for the existence of fetal micro-
chimerism in a certain organ could be the cell turnover
rate. Bone marrow has a rapid tumover, facilitating
engraftment of fetal cells without injury. In kidney or li-
ver, cell turnover is not as rapid as bone marrow [24].
However, in a state where organs are chronically injured
with whatever causes, it is likely that fetal microchimer-
ism is established more frequently and detected more eas-
ily than in normal physiological state. Given that the
accumulation of fetal cells in local lesions of antoimmune
diseases might result from changed profiles of inflamma-
tory factors and chemoattractants, inflammatory cells
including fetal-origin cells from other organs such
as bone marrow can be recruited to the local lesions.
Another possibility is in situ proliferation of already
engrafted fetal cells in the local lesions because the
fetal-origin cells had great power of proliferation under
local stimuli in vitro {13]. In our experiments, however,
we did not observe EGFP positive cells in non-injured
maternal organs {data not shown). Therefore, we assume
that recruitment from the circulation to injured organs is
the dominant mechanism for establishing chimeric liver
and kidney.

Several types of fetal cells have been demonstrated in
the maternal circulation during pregnancy, including
CD34" and CD347CD38" hematopoietic progenitor
cells [1), nucleated erythroblasts [25], trophoblasts {26],
and leucocytes [5]. Persistent fetal hematologic progeni-
tor cells have been detected in maternal peripheral blood
as long as 27 years after delivery in human. Fetal leuco-
cytes may play a role in the inflammatory process of the
autoimmune diseases. However, fetal progenitor cells
might bring different effects on the maternal body. We
found that fetal cells join the construction of the mater-
nal organs with the phenotypes which are indistinguish-~
able from their maternal counterparts. Evidence from
the research on stem cells of bone marrow has proved
that the stem cells reside in the recipient’s organs after
transplantation and take part in the repair process of
the organs in response to injury [15-17]. In the current
study, fetal cells resided in the kidney as tubular cells
when gentamicin-induced nephropathy was evoked,
but no EGFP positive cells were observed in the glomer-
ular region. Gentamicin-induced nephropathy is an ani-
mal model of renal tubular injury, and we reported that
bone marrow-derived cells are engrafted in renal tubular
cells of this animal model [19]. We also reported that
intravenously transplanted kidney-derived side popula-
tion (SP) cells contributed to non-injured liver [19)
These results provide the clue that stem/progenitor cells

from fetal microchimerism may engraft liver, kidney,
and/or bone marrow, and may take part in the regener-
ation and reconstruction of renal tubules and/or hepato-
cytes after injury.

In conclusion, fetal cell microchimerism is a common
phenomenon observed in many females after pregnancy.
The fetal cells reside not only in the maternal circula-
tion, but also in bone marrow, and in liver and kidney
after injury. These fetal cells may take part in the repair
process of the maternal organ when injured or during
the rest of life even without injury.
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Transforming growth factor-f1 gene
polymorphism modifies the histological
and clinical manifestations in Japanese
patients with IgA nephropathy

Abstract: Transforming growth factor (TGF)-Bl, a multifunctional cytokine,  Authows® sMilation:
which regulates proliferation and differentiation of a variety of cell types, has

the central role in the development and progression of renal injury in both r:ﬂ:a
animal models and human. Although it has been suggested that genetic $. Goto,
variations in the TGF-$1 gene are associated with the activity of the gene i
product, their clinical significance in glomerular disease is unknown. We 1. Allro,
investigated whether the polymorphisms of C-509T and T869C in TGF-§1 2:2;::;

account for interindividual variation in manifestations of IgA nephropathy M. Kadomura,

(2AN) using 626 Japanese subjects including 329 patients with histologically ~ F. Aklysma,

proven [gAN and 297 healthy controls with normal urinalysis. The " s

frequencies of genotypes, alleles, and major haplotypes were similar between M. Sakatsume,

the patients and controls. The C-509T and T869C polymorphisms were in F. Gejpo

tight linkage disequilibrium, and the major haplotypes were C-Cand T-T, Divisian of Clinical Nephrology
which accounted for more than 95% of the total. In patients with -509CCand  and Rheumatology, Nilgata
in those with the 869CC, urinary protein excretion was higher than in those mi’:ﬁg;ﬁm SS;';:;L:T
with other genotypes, whereas no difference in other clinical manifestations Niigata, Japan

was noted. Moreover, patients with -509CC and those with 869CC genotypes Cormaspondence tor

presented with a significant higher score of mesangial cell proliferation than  jehiel Narita

in those with other genotypes. These results suggest that TGF-p1 gene Divislon of Clinical Nephralogy
polymorphisms are specifically associated with heavy proteinuria and :ﬂ:::ﬁ':;ﬂﬁ?
mesangial cell proliferation in Japanese patients with IgAN, although they do  Graduate School of Medical
not confer susceptibility to this disease. and Dental Sclences

1-754, Asahimachl-dort
Niigata 951-8510

Japan

Tel.: #81.25-227-21%3

Fax: +81-25-2270775
emall: narital@med.niigatau.
acjp

Transforming growth factor-pl (TGF-B1) is a mualtifunctional cyto-
kine, which regulates proliferation and differentiation of a wide
variety of cell types. /n vitro studies have suggested that mesangial
matrix accumulation, increased fibrosis, and cell proliferation are
promoted by TGF-B1 (1, 2) The central role of this cytokine in the
development and progression of renal injury has been well documen-
ted in both animal models and human diseases (3). Recent evidence
indicates the functional roles of TGF-pl signaling in mediating
apoptosis and epithelial-to-mesenchymal transdifferentiation, -which
have been proposed as putative primary pathomechanisms of pro-
gression of renal disease (4). In addition to the central roles of this
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cytokine in the progression of renal disease, TGF-BL is known to
be involved in the class switching to immunoglobulin (Ig)A in
B-lymphocytes (5}, Because it has been shown that the concentration
of TGF-Bl is predominantly under geretic control (6, 7), genetic
polymorphisms, which influence the gene transcription or the activ-
ity of TGF-pl, may account for the development, as well as the
interindividual variation in manifestations of glomerular disease
stich as primary IgA nephropathy (IgAN).

IgAN, characterized by mesangial proliferative glomerulonephritis
with predominant deposits of IgA in the glomerular mesangial area, is
the most commeon form of primary glomenilonephritis, and one of the
principal causes of end-stage renal disease (ESRD). Almost 40% of
IgAN cases progress to ESRD during the initial 20 years after the onset,
whereas the remaining patients have benign renal prognosis (8-10). It
has been suggested that, both environmental and genetic factors are
involved in the development and progression of this disease (11, 12).

The human gene encoding TGF-f1 (MIM 190180), located on chro-
mosome 19q13, is highly polymerphic. Five polymorphisms in Cauca-
sian populations have been identified: two in the promoter region at
position —800 and —509, one at position +72 in a non-translated
region, and two in the signal sequence at positions -+869 and +915,
which change codon 10 (T or C, leucine—proline) and codon 25 (G or C,
arginine—proline), respectively (6). For codon 25, the C alelle encoding
proline for these polymorphisms is associated with lower TGF-f1
synthesis # vitro and ¢ vivo, However, there is no gene variation at
codon 25 in Japanese (13, 14). In this study, we evaluated two poly-
morphisms, C-509T and C869T of TGF-f1, because both of them
have been reported to be associated with some clinical phenctypes
{15-19). Grainger etal. (7) found that the C-509T polymorphism was
associated with the circulating concentration of TGF-pl, which was
significantly lower in subjects with CC genotype than with other
genotypes in Caucasian women. On the other hand, CC genotype of
the 7869C polymorphism was associated with higher TGF-B1 con-
centration than other genotypes in Japanese {18, 19).

Little is known about the linkage disequilibrium between these
two genetic polymerphisms, or their significance in the patients with
IgAN. Therefore, in this study, we have investigated the possible
association of genetic polymorphism of C-509T and T869C in TGF-
B1 with the development, as well as the clinical and histopathological
manifestations, in Japanese patients with IgAN.

Materials and methods

Study subjects

The ethics committee of our institution approved the protocol for the
study, and informed written consent for the genetic studies was
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obtained from all participants. Japanese patients were eligible for
inclusion in the analysis when (1) they had been diagnosed as having
IgAN by kidney biopsy at our institute between 1976 and 2002 (2),
they had no evidence of systemic diseases such as hepatic glomer-
ulosclerosis, Schénlein-Henoch purpura, and rheumatoid arthritis (3},
written informed consent for genetic study was obtained. Among
4587 patients who underwent renal biopsy at our institute between
1976 and 2002, 582 were diagnosed as having IgAN. In total, 329
patients fulfilled the above criteria and were recruited for this study.
In all cases, the diagnosis of [gAN was based on a kidrey biopsy that
revealed the presence of dominant or codominant glomerular mesan-
gial deposits of IgA as assessed by immunofluorescence. The major-
ity of the 253 patients, who did not enter the study, were not included
because written informed consent for genetic study was not avail-
able.

To provide a control for the local genotype frequency being exam-
ined, 297 Japanese volunteers (146 female and 151 male) aged 40
years or older with no history of renal disease and with normal
urinalysis were also recruited.

Clinical and histologica! manifestations

Clinical characteristics of the patients with IgAN at the time of
diagnosis including gender, age, body mass index (BMI}, urinary
protein excretion (g/24 h), serum creatinine (sCr, mg/dl), 24-h creatin-
ine clearance {Ccr, ml/min), serum IgA (mg/dl), and office blood
pressures were investigated from their medical records. The time
from the first urine abnormality to renal biopsy (month) was also
recorded for 245 of the 329 patients, where the first episode of urine
abnormality {proteinuria or hematuria) could be clearly defined.

Histopathological findings were classified according to the classi-
fication described previously (20). A single pathologist evaluated all
specimens by light microscopy in a double blind fashion. Glomerular
changes were scored for each glomerulus, and the average score of
each patient was calculated. The scores for cellular proliferation and
the matrix increase in the mesangium were graded from zero to four
as follows: grade 0, no light-microscopic abnormalities; grade 1,
segmental mild proliferation of mesangial components; grade 2, seg-
mental moderate or global mild proliferation of mesangial compon-
ents; grade 3, segmental sclercsis or global moderate proliferation of
mesangial components; and grade 4, global sclerosis or global
marked proliferation of mesangial components,

Other glomerular changes including endocapillary proliferation,
duplication of glomerular basement membrane (GBM), crescent for-
mation, and adhesion of tufts to Bowman's capsule as well as tubu-
lointerstitial lesions were graded from zero to four according to their



