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Intimal hyperplasia is a key lesion for various vascular disorders such as atheroscle-
rosis, postangioplasty restenosis and transplant arieriopathy. It has widely been ac-
cepted that intimal smooth muscle cells (SMC) originate from the medial layer in the
same artery. However, recent studies suggest that bone marrow can also provide
circulating progenitors for vascular SMC. Bone marrow-derived SMC participate in
neointimal formation in animal models of allotransplantation, severe mechanical in-
jury and hyperlipidemia-induced atherosclerosis. In human, transplantation
arteriopathy also seems to involve circulating SMC, but their role in atherosclerosis
and restenosis remains to be elucidated. Mobilization, differentiation and prolifera-
tion steps of SMC progenitors will provide promising targets for novel therapeutic
approaches against proliferative vascular diseases. J Atheroscler Thromb, 2003;

10: 205-210.
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Introduction

Neointimal hyperplasia is a common feature of various
cardiovascular disease such as atherosclerosis, post-
angioplasty restenosis, transplant arteriopathy and pul-
monary hypertension. Neointima typically consists of
smooth muscle cells (SMC) and extracellularly depos-
ited matrix. In atherosclerotic vascular lesions, the inti-
mal structure is even more complicated by the involve-
ment of monocyte-derived foamy macrophages and T
lymphocytes which derive from blood stream (1).

Intimal and medial SMC differ from each other in sev-
eral aspects, e.g. cytoskeletal characters, responses to
growth factors/cytokines and their ability to deposit ma-
trix. It has widely been accepted, as proposed by Russel
Ross and others in the “Response to Injury” hypothesis,
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that the intimal SMC originate from the medial layer of
the artery (2). According to their theory, vascular injury
leads to endothelial dysfunction and subsequent
upregulation of local growth factors and cytokines. These
changes in turn prompts transition of medial contractile
SMC into more synthetic phenotype, whereby they mi-
grate into the intimal layer and proliferate.

Some groups proposed that not only SMC but other
type of mesenchymal celis like adventitial fibroblasts
might also be involved in formation of neointima (3, 4).
More recently, bone marrow has emerged as a new
source of intimal SMC or SMC-like cells (5-7). Precise
understanding on the origin of neointimal SMC may pro-
vide a clue to develop an ideal therapeutical approach
towards vascular diseases. We will overview the patho-
logical significance of bone marrow-derived vascular cells
with special emphasis on SMC in this review article.

Where Do Neointimal SMC Come From?

Although extensive researches have been carried out
to clarify the cause of intimal proliferative vascular disor-
ders, the origin of intimal SMC remains controversial.
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Figure 1 shows currently presented theories concerning
the source of intimal SMC. Change in medial SMC from
contractile to synthetic phenotype followed by migration
into the intima is so far the most widely accepted mecha-
nism of neocintimal formation (2, 8). In addition, Shi et al.
suggested the possibility that adventitial fibroblasts mi-
grate towards the lumen, differentiate into myofibroblasts
and participate in neointimal formation (3). Other pro-
posed cause of neointimal hyperplasia include expan-
sion of preexisting intimal cells and circulating pericytes
those derive from microvessels (3). Recently, several
groups independently discovered that bone marrow-de-
rived cells with some features of SMC accumulated in
neointima in animal models of transplantation arteriopathy
or severe vascular injury (5-7). It has long been believed
that the only source of endothelial cells and SMC in adults
is the blood vessel wall. However, since Asahara et al.
established the concept of “circulating endothelial pro-
genitors” which contribute to vasculogenesis in adult tis-
sues under both physiological and pathological condi-
tions, the bone marrow cells have been highlighted for
their remarkable plasticity (9). The circulating SMC pro-
genitors can be a new therapeutic target for various pro-
liferative vascular diseases. On the other hand, there also
are results indicating that bone marrow is unlikely to be
the source of neointimal SMC (10, 11). Pathological rel-
gvance of bone marrow-derived SMC will be discussed
in the further sections.

Bone Marrow-derived SMC in Response
to Vascular Injury

Transplant arteriopathy

Table 1 summarizes published studies in which contri-
bution of bone marrow as a source of intimal SMC was
examined. So far, at lsast 4 papers have been presented
by independent research groups investigating the cell
origin of intimal SMC in rodent aortic allograft models

(5-7, 12). According to their results, between 10 to 70%
of the neointimal SMC were shown to originate from the
recipient tissue, Shimizu et al. performed allogenic aor-
tic transplantation from BALB/¢ (B/c) mice into C57BL/6
(B6) ROSA26 p-galactosidase (LacZ) transgenic mice
which ubiquitously express LacZ (LacZ mice) (7). The graft
after 8 weeks showed marked neointimal hyperplasia
mostly composed of the cells double positive for X-gal
and o-smooth muscle actin (a-SMA), which are the mark-
ers of the recipient cells and SMC, respectively. When
B/c aortic transplantation was performed into irradiated
wildtype B6 recipients of B6 LacZ mice-bone marrow
cells, approximately 10.8% of a-SMA-expressing intimal
cells also stained positive for X-gal. The resuits suggested
that at least part of the intimal SMC-like population is
accounted for by circulating bone marrow-derived cells.
However, the origin of other recipient-derived SMC-like
cells was not determined in the study.

Hu et al. also showed that the majority of intimal SMC
in allogenic transplant arteriopathy and transplant ath-
erosclerosis originates from recipients, but carefully dis-
proved that bone marrow served as the source (11). They
utilized transgenic mice expressing LacZ only in SMC
(SM-LacZ). When B/c aorta was transplanted to irradi-
ated wildtype B6 recipients of B6 SM-LacZ bone mar-
row, no LacZ activity was found in the graft intima indi-
cating that the bone marrow cells were unlikely to be a
source of SMC in allografts. Supported by previous re-
ports and their own observation, they claimed that X-
gal/a-SMA double positive celis observed by other
groups could be artificial, since those celis might have
been adjascent regions of SMC and leukocytes that were
too close to be separately recognized in the sections.
This is in accord with a study previously performed by Li
et al. (10) in which they used in situ hybridization of sex-
chromosome markers to identify the cell origin. In their
study, female to male aortic allograft abundantly con-
tained Y-chromosome-positive or recipient-derived inti-
mal cell which co-labeled for a-SMA by immunostaining.
However, in female-to-female allografts in recipients with
male bone marrow showed limited number of intimal Y-
chromosome positive cells, and none of these clearly co-
labeled for a-SMA. The results suggested that the SMC
were indeed of recipient origin, but the bone marrow was
unlikely to be their source. Moreover, these cells declined
in number throughout the time after transplantation con-
sistent with graft-infiltrating inflammatory cells.

A few reports referred to pathologica! significance of
circulating or bone marrow-derived SMC progenitors in
development of organ transplant arteriopathy other than
arterial grafis. Saiura et al. elegantly showed the involve-
ment of bone marrow-derived a-SMA positive cells in
coronary neointimal hyperplasia by performing hetero-
topic cardiac transplantation between the wildtype and
LacZ mice (6). It is to be noted that the cells of bone
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Table 1. Summary of previous studies those examined the contribution of bone marrow as a source of intimal SMC.
Method to SMC
Experimental design Species determine the 7 Origin of Intimal SMC BM-derived SMC  Publication
i determination
cell origin
Transplantation arteriopathy
Aortic allotransplantation mice Y-Chr/ISH SMA staining  Adjacent recipient aorta Few if any Liet al. 2001
(10)
Aortic allotransplantation with  mice ROSA26 mice SMA staining  Recipient celis 10.8% of intimal ~ Shimizu et al.
or without hyperfipidemia with X-gal SMC 2001 (7)
staining
Aortic allotransplantation mice ROSA26 mice SM-LacZ Recipient tissue but not Not detected Hu et al. 2002
with X-gal transgenic, from bone marrow (11)
staining X-gal staining
Aortic allotransplantation rat Y-Chr/Real- SMA staining  Recipient cells involved Present Religa et al.
time PCR (70%) 2002 (12)
Cardiac allotransplantation mice ROSA26 mice SMA staining Recipient cells involved Majority of Saiura et al.
with X-gal (86.2%) intimal SMC 2001 (6)
staining
Cardiac allotransplantation human  Sex-Chr/ISH SMA staining  Recipient-derived SMC Present Quaini et al.
present 2002 (18)
Renal aliotransplantation human  Y-Chr/iSH SMA staining  Recipient cells involved Present Grimm et al.
(30%) 2001 (17)
Restengsis and atherosclerosis
Congenic BMT followed by mice Y-Chr/ISH SMA staining Bone marrow cells Majority of intimal Han et al.
arterial injury involved (56%) SMC 2001 (5)
Isogenic BMT followed by mice GFP, ROSA26 SMA staining Bone marrow cells Majority of intimal Sata et al.
arterial injury or with X-gal involved (60%) SMC 2002 (14)
hyperlipidemia staining
Vein isograft with mice ROSAZ6 SM-LacZ Both donor (60%) and Not detected Hu et al. 2002
hyperlipidemia staining with  transgenic, host (40%) cells involved, (16)
X-gal staining, X-gal staining but not from bone marrow

and Y-Chr/ISH

SMC; smooth muslce cells, SMA; a-smooth muscle action, Y-Chr; Y-chromosome, Sex-Chr; Sex-chromosome, 1SH; in situ hybridization,

ROSA26; transgenic ubiquitously expressing f-gal

marrow origin accounted for up to 86% of the intimal
cells in their study. Vascular bed-specific differences
between aorta and coronary artery may in part explain
the degree of bone marrow cell contribution in the inti-
mal hyperplasia.

Postangioplasiy resienosis

Atherosclerosis and postangioplasty restenosis are
other important vascular disorders also characterized by
intimal hyperplasia. They affect large number of popula-
tion especially in the Western countries and in Japan (13).
Several research groups have investigated whether vas-
cular smooth muscle celis might derive from bone mar-
row in animal models of postangioplasty restenosis.

Han et al. performed congenic male-to-female bone
marrow transplantation followed by arterial injury, and -
examined localization of donor cells using Y-chromosome
in situ hybridization in mice (5). They showed that bone
marrow-derived cells are recruited in vascular healing as
a complementary source of SM-like cells when the me-

dia is severely damaged and few resident SMC are avail-
able for effective repairment. Molecular mechanisms by
which these cells are mobilized and led to injured ves-
sels is yet to be discovered.

Sata et al. also examined whether bone marrow serves
as the source for arterial SMC upon mechanical vascular
injury (14). They wire-injured the femoral artery of irradi-
ated B6 mice to which LacZ transgenic bone marrow
was transplanted. The procedure resulted in neointimal
hyperplasia, and more than 60% and 40% of intimal and
medial celis, respectively, turned out to be LacZ posi-
tive, suggestive of the bone marrow origin. Moreover,
they showed that c-Kit*Sca-1+Lin- hematopoietic stem
cells (HSC) purified from GFP transgenic mice gave rise
to a-SMA-expressing cells in the injured arteries in vivo.
They also described that HSC differentiated into a-SMA-
positive SMC-like cells by co-incubation with cultured
rat SMC in vitro. The possibility of HSC fusion with SMC
in vitro rather than transdifferentiation of HSC as sug-
gested by Terada et al. (15) was not excluded in the study.
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Endothelial progenitors are also implicated in neointimal
formation in response to injury. Werner et al. described
that bone marrow-derived endothelial progenitors par-
ticipated in reendothelialization of injured carotid artery
in mice. Interestingly, statin increased the circulating pool
of endothelial progenitor cells and facilitated arrival of
these cells to injured vesse! wall. As the result, the lesion
showed enhanced reendothelialization and decreased
neointimal formation. Long-term fate of these cells and
their interaction with SMC progenitors remain to be in-
vestigated.

Atherosclerosis
Atheroscierotic vascular lesion induced by hyperlipi-
demia is characterized by lipid rich pilague of foamy mac-

rophages covered by so-called fibrous cap composed,

of intimal SMC and extracellular matrix. SMC content in
fibrous cap is thought to be an important determinant of
plaque stability. Sata et al. examined the aortic wall of
hyperlipidemic ApoE knockout mice which bone marrow
was reconstituted with the cells from either GFP or LacZ
transgenic mice. Surprizingly, approximately 40 to 60%
of a-SMA-positive cells in atherosclerotic plaques
showed the bone marrow markers.

Hu et al. examined the origin of SMC in atherosclerotic
plagque developed in isogenic vein graft (16). They grafted
vena cava segments to carotid arteries between four
types of transgenic mice, including transgenic LacZ mice,
SM-LacZ mice expressing LacZ only in the vascular SMC,
SM-LacZ/apoE(-/-) mice and the wild-type mice. LacZ-
positive cells were observed in neointimal and athero-
sclerotic lesions of all vein segments grafted between
LacZ transgenic and wild-type mice. Double staining for
LacZ and cell nuclei revealed that about 40% of SMCs
originated from hosts and 60% from the donor vessel.
However, the host cells were unlikely to be of bone mar-
row origin since the vein graft did not contain X-gal-
stained cells when transplanted to “chimeric” mice which

Table 2. Examination of vascular SMC origin

bone marrow was reconstituted with SM-LacZ bone
marrow cells.

It remains to be elucidated why the bone marrow cells
contributed to SMC formation in arterial {esions but not
in vein graft atherosclerosis.

Bone Marrow-derived SMC in
Human Vascular Lesions

Are the bone marrow-derived progenitor cells also in-
volved in SMC formation in human vascular disease just
as described in the animal models?

It was reported that in female-to-male renal transplan-
tation cases with the signs of chronic rejection, 34% of
neointimal smooth muscle cells in the graft specimen
expressed Y-chromosomomal signal, a marker for the
recipient cells (17). Therefore, it was suggested that cir-
culating mesenchymal precursor cells exist and are in-
volved in arterial neointimal formation.

Quaini et al. described that in cardiac transplant from
female donor to male recipient, 50% of coronary arteri-
oles contained Y-chromosome-positive “recipient” cells
(18). Among such vessels harboring recipient cells, 31 to
75% of the vascular smooth muscle cells showed Y-chro-
mosome in their nuclei. Interestingly, the highest levels
of chimerism, i.e. co-existence of donor and recipient
cells, in the arterioles were found between 4 and 28 days
of transplantation. The level of chimerism declined after-
wards suggesting that the contribution of circulating pre-
cursors to vascular SMC occur most prominently in the
early stage after transplantation.

In order to investigate the origin of human vascular SMC
in the vesse! wall, we examined the coronary artery au-
topsy specimens of two individuals who had undergone
allogenic bone marrow transplantation (Table 2) (19). A
patient was 40-year-old female who was transplanted a
brother’s bone marrow 10 years earlier. She had diabe-
tes mellitus and her coronary artery showed marked dif-

in cases of allogenic bone marrow transplantation.

Donor of . .
Patient Systemic  Period Method to
(bone marrow Bagl(ground bone inflamma- after determine SMC . Bono marrow Results
recipient) isease marrow ation BMT the cell origin determination replacement
stem cells :
Acute : in situ hybridi- intimal SMC were
50 year-old myelogenous  Brother  Absent 10 years zation for SMA staining  Successful negative for bone
female leukemia Y- and X- marrow cell marker
chromosomes (Y-chromosome)
Chronic EB Immunohisto- Some medial cells
25 year-old virus infection chemical expressed both
female with malignant Sister Present 90 days staining for ~ SMA staining  Successful SMA and donor
lymphoma ABO blood blood group antigen

group antigens

SMC; smooth muslce cells, SMA; a-smooth muscle actin, BMT; bone marrow transplantation
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fuse intimal hyperplasia. Leukocytes in the arterial lumen

were Y-chromosome-positive as determined by in situ
hybridization indicating that the marrow had success-
fully been replaced with donor cells. However, none of
the intimal SMC contained Y-chromosome-positive sug-
gesting that intimal SMC were not of bone marrow origin
in this case. On the other hand, examination of the other
case, a female with chronic Epstein-Barr virus infection
who died 90 days after receiving bone marrow from a
sister, implied the presence of bone marrow-derive SMC-
like cells. The donor blood type was A, and the recipient
originally had the blood type of B. When the recipient’s
coronary artery was immunohistotogically stained with a
specific antibody against biood type A antigen, a group
of cells in the medial layer showed positive signals indi-
cating that they originated from the bone marrow. The
cells at least in part showed characteristics of SMC, since
they were positive for a-SMA but negative for
panleukocyte antigen CD45. Pathophysiological signifi-
cance of the bone marrow-derived SMC-like cells in vas-
cular media but not in intima remains to be elucidated.
Systemic inflammation caused by chronic EB infection
might have caused of the appearance of bone marrow-
derived SMC-like celis.- Another possibility suggested by
ours and Quaini’s studies is that circulating SMC pre-
cursors appear in vessel wall early after transpliantation
or injury and fade away as the time goes by.

Conclusion

Many studies based on animal experiments indicate that
a population of bone marrow-derived cells give rise to
SMC or SM-like cells and contribute to blood vessel
structure in various situations. Unsolved guestions in-
clude the fate of bone marrow-derived SMC in long-term
and whether they have a different role from media-de-
rived SMC. Further characterization of circulating SMC
progenitors and identification of the molecular signals
which mobilize and recruit these cells to injured vessel
may provide a new promising target for proliferative vas-
cuiar diseases.

It is also interesting to know how these cells are in-
volved in human atherosclerotic and restenotic lesions.
Autopsy specimens from organ or bone marrow trans-
plantation cases with aclvanced atherosclerosis, although
such are rare, will be very informative in this aspect.

Acknoledgements: We thank Drs. Kenichi Harigaya and
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Abstract

Transforming growth factor-B (TGF-8) has been implicated in the development of diabetic glomerulopathy. In order to evaluate
a role of Smad3, one of the major signaling molecules downstream of TGF-B, in the pathogenesis of diabetic glomerulopathy,
Smad3-null mice were made diabetic with streptozotocin injection and analyzed 4 weeks after induction of diabetes. Electron mi-
croscopy revealed that the thickness of glomerular basement membrane (GBM) in wild-type diabetic mice was significantly higher
than that in non-diabetic mice, whereas no appreciable GBM thickening was found in Smad3-null diabetic mice. Urinary albumin
excretion was dramatically increased in wild-type diabetic mice, whereas Smad3-null diabetic mice did not show any overt albu-
minuria. Northern blotting revealed that mRNA levels of fibronectin and «3 chain of type I'V collagen (¢3Col4) in renal cortex of
wild-type diabetic mice were approximately twice as much as those of non-diabetic mice, whereas their mRNA levels were not
increased in Smad3-null diabetic mice. Real-time polymerase chain reaction (PCR) also confirmed diabetes-induced upregulation of
fibronectin and «3Col4 in glomeruli of wild-type mice. Glomerular expression of TGF-B1, as assessed by real-time PCR, was en-
hanced to a similar degree in wild-type and smad3-null diabetic mice, indicating that the observed differences between wild-type and
Smad3-null mice are not attributable to difference in the expression of TGF-fB1. These data clearly demonstrate a critical role of
Smad3 in the early phase of diabetic glomerulopathy. This may be due at least partly to the present findings that diabetes-induced
upregulation of fibronectin and «3Col4 is dependent on Smad3 function.
© 2003 Elsevier Science (USA). All rights reserved.

Keywords: Diabetic glomerulopathy; Fibronectin; Smad3; Transforming growth factor §; Type I'V collagen

Transforming growth factor-p (TGF-B) has been im-
plicated in the development of diabetic glomerulopathy.
Several reports have shown that TGF-1 mRNA and
protein are elevated in the kidneys of diabetic animals [1-
4]. The ligand-binding TGF-f type Il receptor is upreg-
ulated in the diabetic kidney as well {5,6]. Hyperglycemia

* Abbreviations: FN, fibronectin; GBM, glomerular basement
membrane; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
PCR, polymerase chain reaction; STZ, streptozotocin; TGF-§, trans-
forming growth factor-fB; Col4, type IV collagen.

* Corresponding author. Fax: +81-43-226-2095.

E-mail address: kyokote-cib@umin.ac.jp (K. Yokote).

appears to be a cause of the increased TGF-1 and the
type I receptor in the kidney because high glucose media
reproduce these changes in cultured renal cells [5,7-10].
Finally, neutralization of TGF-B activity in cell culture
and in diabetic animals prevented cellular and renal hy-
pertrophy, overexpression of extracellular matrix pro-
teins, and diabetic glomerulosclerosis, proving that the
TGF-f system mediates many of the nephropathic effects
of high glucose and diabetes [4,11,12].

The TGF-B signal itself is predominantly transduced
by a family of transcription factors, the Smad proteins
[13]. After binding the TGF-B ligand, the type II

0006-291X/03/$ - see front matter © 2003 Elsevier Science (USA). All rights reserved.

doi:10.1016/50006-291X(03)00885-4
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receptor activates the type I receptor kinase, which then
phosphorylates the receptor-regulated Smads (R-
Smads), Smad2 and Smad3. After associating with a
common-partner Smad (Co-Smad), or Smad4, the Smad
complex translocates into the nucleus where it regulates
the expression of target genes [13,14]. In contrast to the
R-Smads and the Co-Smad, an inhibitory Smad
(I-Smad), Smad7, down-regulates TGF-f signaling by
inhibiting the phosphorylation of R-Smads by the type I
receptor kinase [15].

At present, a precise role of individual signaling
molecules downstream of TGF-B in pathogenesis of
diabetic glomerulopathy has not been fully understood,
because most of mice lacking the TGF-f signaling
molecules were embryonic lethal. However, it was re-
cently found that mice null for Smad3 survive into
adulthood [16]. Therefore, in this study, we examined
the mice to evaluate a role of Smad3 in the development
of diabetic glomerulopathy.

Materials and methods

Animals and induction of diabetes. Six- to 10-week-old male
Smad3*#/*# mice [16} and CL57/B16] mice were housed in the animal
facilities, maintained on a 12-h light/12-h dark cycle, and fed standard
laboratory chow. Smad3®®¥/®® mice were backcrossed for six genera-
tions to CL57/Bl6 mice. Mice were made diabetic with an intraperi-
toneal injection of streptozotocin (STZ, Sigma Chemical, St. Louis,
MS, USA). Immediately after dissolving in an ice-cold citrate buffer at
pH 4.6, STZ was injected at 100 mg/kg of body weight/day for 3 days.
Countrol mice received the citrate buffer only. The first day of STZ
injection was designated as Day 0. On Day 27, the mice were detained
in individual metabolic cages for 24 for urine collection. The urine
volume was measured gravimetrically, and urinary albumin concen-
trations were determined with an enzyme-linked immunosorbent assay
using a murine microalbuminuria kit (Albuwell M; Exocell, Philadel-
phia, PA, USA). On Day 28, after fasting for 12h, mice were anes-
thetized by an intraperitoneal injection of 60mg/kg sodium
pentobarbiturate (Nembutal; Dainippon Chemicals, Tokyo, Japan) for
further analyses. Plasma glucose and creatinine were assayed by
standard procedures just before the mice were sacrificed.

Morphometric analysis. The kidneys were rapidly dissected out, and
small pieces (approximately 1-mm cubes)} of renal cortex were fixed in
0.1M phosphate-buffered 1.2% glutaraldehyde, postfixed in 1% os-
mium tetroxide, and embedded in Epon 812. Ultrathin sections were
cut, double-stained with uranyl acetate and lead citrate, and examined
with a Hitachi (Tokyo, Japan) H-500H electron microscopy. Thick-
ening of glomerular basement membrane (GBM) was determined as
described [17]. Briefly, glomerular capillary loops were photographed
by electron microscopy and printed to an original magnification of
30,000x. Twenty regions of the basement membrane were selected at
random in a glomerulus and the thickness of each region was mea-
sured. Measurement was performed for a minimum of five glomerulj
per mouse and all mice in each group were evaluated.

Northern blotting. The expression of mRNA in renal cortex was
analyzed by Northern blotting. Total RNA was prepared using
RNeasy mini kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s instructions. Northern hybridization was performed
essentially as described [18] using a *P-labeled cDNA probe. To ob-
tain hybridization probes specific for murine ol and o3 chains of type
IV collagen (Col4) or fibronectin (FN), total RNA derived from

murine kidney was reverse transcribed and subjected to polymerase
chain reaction (PCR) using the following murine primers. Sense and
antisense primer sequences for olCol4 (GenBank Accession No,
J04694, 2043-3006bp) were 5-GCAGGAAAGGTTGTCCCACT-3
and 5-TTTGTCCTTTCTCTCCCTGGT-¥, for o3Cold (GenBank
Accession No. AF169387, 3127-4077bp), 5-GGAATGAAAGGG
GAAAAAGG-3 and 5-TTTGGGGCCAGGGATAATT-¥, and for
FN (GenBank Accession No: XM_129845, 5448-6046 bp), and 5'-AA
GTGTGATCCCCATGAAGC-3 and 5-ATTGATCCCAGACCAA
ACCA-3, respectively. Predicted sizes of the amplified products were
964 bp for alCol4, 951 bp for a3Col4, and 599 bp for FN. The PCR
fragments were cloned into pDrive cloning vector (Qiagen) and their
sequences were verified by direct sequencing. Hybridization was also
performed with a ¥P-labeled glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) cDNA probe, in order to assess the amount of RNA.
loaded in each lane. Densitometric analyses of fluorograms and au-
toradiograms were performed using an imaging scanner (EPSON ES
8000) with the NIH Image 1.44 software.

Real-time PCR. The expression of mRNA in isolated glomeruli was
quantified by real-time PCR. The isolation of glomeruli from mice was
performed essentially as described [19] using Dynabeads. One to five
microgram of RNA isolated from the glomeruli was used for cDNA
synthesis. In all experiments, to avoid contamination of genomic
DNA, the samples were treated with DNase before cDNA synthesis. In
the reverse transcription reactions, we used a mixture containing ol-
igo(dT) primer, pd(T);,-1s (Amersham Biosciences, Piscataway, NJ,
USA), and Ready-To-Go You-Prime First-Strand Beads (Amersham
Biosciences) including buffer, ANTP, and murine reverse transcriptase.
Quantitative PCR was performed using the SYBR Green PCR Master
Mix (Perkin—Elmer Applied Biosystems, Foster City, CA, USA) and
analyzed on an ABI PRISM 7000 Sequence Detector System (Perkin—
Elmer Applied Biosystems). Primers were chosen with the assistance of
the computer program Primer Express version 1.5 (Perkin—Elmer
Applied Biosystems). The forward primer and reverse primer for
each molecule were 5-TGCCTCGGGAATGGAAAG-3 and 5-TT
CCCATCGTCATAGCAGTT-3 (FN, GenBank Accession No.
XM_129845, 3594-3682 bp); 5-CCCAGCCAGTCCATTTATAGAA
T-3' and 5-CAGCGAAGCCAGCCAGAA-3 (a3Col4, GenBank
Accession No. AF169387, 5190-5274bp); and 5-GCAACATGTGG
AACTCTACCAGA-3 and 5-GACGTCAAAAGACAGCCACTCA-
3' (TGF-B1, Gene Bank Accession No. M13177, 847-952bp); and 5'-
TGTGTCCGTCGTGGATCTGA-3 and 5-CCTGCTTCACCACC
TTCTTGA-3' (GAPDH, GenBank Accession No. M32599, 757—
855bp). The thermal cycling comprised an initial step at 50°C for
2 min followed by a denaturation step at 95°C for 10 min, 40 cycles at
95°C for 155, and 40 cycles at 60°C for 1 min. Varying lengths of
oligonucleotides produce dissociation peaks at different melting tem-
peratures. Consequently, at the end of the PCR cycles, the PCR
products were analyzed using the heat dissociation protocol to confirm
that one single PCR product was detected by SYBR dye. Each data
point was repeated four times. Quantitative values were obtained from

- .the threshold PCR cycle number at which the increase in signal asso-

ciated with an exponential growth for PCR product starts to be de-
tected. The relative mRNA levels in each sample were normalized to its
GAPDH content.

Statistical analysis. Data are expressed as means & SE. Student’s ¢
test was applied to determine the significance of differences between
data for control and treated mice, with p value of less than 0.05 being
taken as significant.

Results

In order to evaluate a role of Smad3 in the pathogen-
esis of diabetic glomerulopathy, wild-type and Smad3-
null mice were made diabetic with an intraperitoneal
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Table 1
Characteristics of the experimental groups of mice
Wild-type Smad3-null
Non-diabetic Diabetic Non-diabetic Diabetic
Number of mice 22 21 6 6
Body weight (g) 28.34+£0.3 258+04 20.7+0.9 174+14
Plasma glucose (mg/dl) 137+6 275412 116416 341+42
Urine volume (ml/day) 1.0+£0.1 16.040.1 09402 2.2+06
Plasma creatinine (mg/dl) 0.08 £0.01 0.10+0.01 0.06 4+ 0.00 0.07+0.00

Data are expressed as means &+ SE.

injection of STZ, and analyzed 4 weeks after induction of
diabetes. Table 1 shows background data of the experi-
mental groups of mice. Body weight of Smad3-null mice
was obviously lower than that of wild-type mice. How-
ever, diabetes-associated reduction of body weight was
similarly observed in wild-type and Smad3-null mice.
Plasma glucose levels of diabetics were higher in wild-type
and Smad3-null mice, and no significant difference was
found between them, however, the degree of increase in
urine volume of diabetics was relatively low in Smad3-
null mice. Plasma creatinine level was not significantly
different between each group of mice.
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Fig. 1. (A) Electron micrographs of glomeruli in non-diabetics (left
panels) and diabetics (right panels) of wild-type (upper panels) and
Smad3-null (lower panels) mice (30,000x). Four weeks after induction
of diabetes, the mice were anesthetized, and the kidneys were rapidly
dissected out and fixed. Ultrathin sections were cut, stained, and ex-
amined with an electron microscopy. (B) Comparison of thickness of
GBM and lamina densa between non-diabetics and diabetics of wild-
type and Smad3-null mice. Thickness of GBM and lamina densa was
determined as described in Materials and methods. Data are expressed
as means = SE (n = 5). *P < 0.05.

Fig. 1 shows electron microscopic analyses of the
glomerular capillary loops of mice. In non-diabetics,
there was no difference in thickness of GBM and lamina
densa between wild-type and Smad3-null mice (Fig. 1A,
left panels, and B). In wild-type mice, the thickness of
GBM as well as lamina densa in diabetics was signifi-
cantly higher than that in non-diabetics (Fig. 1A, upper
panels, and 1B). On the other hand, in Smad3-null mice,
the diabetes-associated thickening of GBM and lamina
densa was not observed (Fig. 1A, lower panels, and 1B).
Furthermore, as shown in Fig. 2, urinary albumin ex-
cretion was dramatically increased in wild-type diabetic
mice, whereas Smad3-null diabetic mice did not show
any overt albuminuria.

Next, we examined transcript levels of alCol4,
a3Col4, and FN in renal cortex of wild-type and Smad3-
null mice by Northern blotting. As shown in Fig, 3, in
wild-type mice, the expression of both FN and «3Col4
was significantly increased in diabetics as compared with
that in non-diabetics, whereas no difference was found
in the expression of alCol4 between diabetics and non-
diabetics. In contrast, the expression of the 3 molecules
was not appreciably affected under the diabetic condi-
tion in Smad3-null mice. We further analyzed transcript
levels of FN, a3Col4, and TGF-Bl in purely isolated
glomeruli of wild-type and Smad3-null mice by real-time
PCR. As shown in Fig. 4, the diabetes-associated up-
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Fig. 2. Comparison of urinary albumin excretion between non-dia-
betics and diabetics of wild-type and Smad3-null mice. Four weeks
after induction of diabetes, the mice were detained in individual met-
abolic cages for 24 h for urine collection. The urine volume was mea-
sured gravimetrically and wrinary albumin concentrations were
determined with an enzyme-linked immunosorbent assay. Data are
expressed as means & SE (n = 5). ¥*P < 0.05.
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Fig. 3. Effects of diabetes on transcript levels of ol1Col4, 03Col4, and
FN in renal cortex of wild-type and Smad3-null mice. Four weeks after
induction of diabetes, the mice were anesthetized, and the kidneys were
rapidly dissected out. Total RNA was isolated from renal cortex,
separated by agarose gel electrophoresis, and transferred to a nylon
membrane. The membrane was hybridized with #P-labeled alCol4,
a3Col4, FN, and GAPDH cDNA probes, and signals were detected by
autoradiography. (A) A representative Northern blot. (B) Comparison
of transcript levels of a1Col4, a3Col4, and FN between non-diabetics
and diabetics of wild-type and Smad3-null mice. The level of each
transcript was estimated by the ratio of its signal to GAPDH signal on
autoradiograms measured with the image analyzer. Data are expressed
as means = SE (1 = 5). *P < 0.05.

regulation of FN as well as «a3Col4 was observed also in
glomeruli of wild-type mice, as expected. It was also
confirmed that the expression of TGF-Bl was similarly
enhanced in wild-type and Smad3-null diabetic mice.

Discussion

In the present study, analyses by electron microscopy
showed that, in wild-type mice, the thickness of GBM in
diabetics was significantly higher than that in non-dia-
betics (Fig. 1). On the other hand, in Smad3-null mice,
no difference was found in the thickness of GBM
between diabetics and non-diabetics (Fig. 1). Urinary
albumin excretion was dramatically increased in wild-
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Fig. 4. Effects of diabetes on transcript levels of a3Col4, FN, and
TGF-B1 in purely isolated glomeruli of wild-type and Smad3-null
mice. Four weeks after induction of diabetes, the mice were anesthe-
tized and perfused with Dynabeads through the heart. The kidneys
were removed, minced, and digested with collagenase. The collagenase-
digested tissue was gently pressed through a cell strainer and the sus-
pension was then centrifuged. The pellet was resuspended and
glomeruli containing Dynabeads were gathered by a magnetic particle
concentrator. Then, total RNA was isolated from the isolated
glomeruli and used for cDNA synthesis, Quantitative real-time PCR
was performed using the SYBR Green PCR Master Mix and analyzed
on an ABI PRISM 7000 Sequence Detector System. The relative
mRNA levels in each sample were normalized to its GAPDH content.
Data are expressed as means & SE (n = 5). *P < 0.05.

type diabetic mice, whereas Smad3-null diabetic mice
did not show any overt albuminuria (Fig. 2). Northern
blotting revealed that, in wild-type mice, mRNA levels
of FN, a major component of both mesangial matrix
and GBM [20], as well as a3Col4, a major component of
GBM [21,22], in renal cortex of diabetics were approx-
imately twice as much as those of non-diabetics (Fig. 3).
In contrast, mRNA expression of FN and a3Col4 was
not appreciably affected under the diabetic condition in
Smad3-null mice (Fig. 3). Real-time PCR confirmed that
diabetes-associated upregulation of both FN and
a3Col4 was observed also in glomeruli of wild-type mice
(Fig. 4). Plasma glucose levels of diabetics were similarly
higher in wild-type and Smad3-null mice (Table 1) and,
more importantly, glomerular expression of TGF-fB1, as
assessed by real-time PCR, was enhanced to a similar
degree in wild-type and smad3-null diabetic mice (Fig.
4), indicating that the observed differences between wild-
type and Smad3-null mice are not attributable to dif-
ference in the expression of TGF-$1. These data clearly
demonstrate a critical role of Smad3 in the early phase
of diabetic glomerulopathy. This may be due at least
partly to the present finding that diabetes-associated
upregulation of FN and «3Col4 is dependent on the
existence of Smad3. :
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It was reported that bleomycin-induced pulmonary
fibrosis [23] and radiation-induced cutaneous fibrosis
[24], where enhanced TGF-f signaling seems to play an
important role, were attenuated in mice lacking Smad3.
In fact, Zhao et al. [23] showed that bleomycin treat-
ment enhanced gene expression of FN and TGF-B1 in
lungs of wild-type mice, and Smad3 deficiency pre-
vented bleomycin-induced upregulation of FN without
affecting TGF-B1 expression. Isono et al. [25] also have
demonstrated that Smad3 mediates TGF-B-induced FN
expression by using cultured rat mesangial cells trans-
fected with dominant negative Smad3. These data are
compatible with our present findings. However, studies
on cultured mouse embryonic fibroblasts that were
isolated from Smad3-null mice indicate that lack of
Smad3 function does not block TGF-B-induced FN
expression {26]. The discrepancy remains to be ecluci-
dated, but it is conceivable that dependence on Smad3
function of TGF-B-induced FN expression is variable
in different cell types under different experimental
conditions.

In wound healing studies of mice null for Smad3,
Flanders et al. [24] have shown that loss of Smad3 in-
terferes with the chemotaxis of inflammatory cells to
TGF-f as well as their ability to autoinduce TGF-p.
Based on these observations, it has been hypothesized
that the reduced amount of matrix protein found in
wounds in Smad3-null mice was not due to a primary
effect on the fibroblasts, but rather on the reduced levels
of TGF-B in the wound bed assumed to result from the
markedly reduced number of macrophages and their
inability to autoinduce TGF- [27]. It is well known that
most of the human and experimental glomerular dis-
eases associated with sclerosis, including diabetic
glomerulopathy [28], are characterized by the infiltration
of macrophages into the glomerulus in the early stages
of the disease, before the development of extracellular
matrix expansion and glomerulosclerosis [29,30)].
Therefore, there is a possibility that lack of diabetes-
associated upregulation of FN and a3Col4 in Smad3-
null mice glomeruli results from reduced glomerular
infiltration of macrophages. In the present study, how-
ever, the enhanced glomerular expression of TGF-fi1
was observed to a similar degree in wild-type and
Smad3-null diabetic mice, suggesting that diminished
response of glomerular cells to TGF-$ in Smad3-deffi-
cient condition accounts more for the present findings
than a possible reduction of glomerular macropahge
infiltration.

In summary, we have shown that loss of Smad3 gene
expression attenuated diabetes-induced early glomerular
changes, including thickening of GBM, albuminuria,
and upregulation of FN and a3Col4 expression. Our
data suggest that the local inhibition of Smad3-mediated
TGEF-p signal transduction may be of therapeutic benefit
in prevention and treatment of diabetic glomerulopathy.
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Abstract

Smad3 is an intracellular signaling molecule that mediates the signal from transforming growth factor-p (TGF-p) and activin
receptors. In this study, we reveal hypomineralized enamel in mice with the targeted deletion of the Smad3 gene. The Smad3 (—/-)
mice had chalky white incisor enamel, while the enamel of the wild-type or Smad3 (+/-) mice was yellow-brown. Histological
analysis of the undecalcified sections showed that the enamel thickness of the maxillary incisors in the Smad3 (—/-) mice was similar
to that of the wild-type and Smad3 (+/-) mice while that the enamel of the maxillary molars in Smad3 (/=) mice was disrupted in
places. Microcomputed tomography (uCT) analysis revealed that the mineralization of the maxillary incisors and mandibular
molars in the Smad3 (—/~} mice showed significant reduction in the degree of mineralization when compared to that of the wild-type
and Smad3 (+/~) mice. Scanning electron microscopic (SEM) analysis of the mandibular incisors revealed that the enamel surface of
the Smad3 (—/-) mice was irregular and disrupted in places and showed images similar to decalcified mature enamel. The histo-
logical analysis of the decalcified sections showed that distinct morphological changes in the ameloblasts at the secretory and
maturational stages were not observed between the Smad3 (—/~) and Smad3 (+/-) or wild-type mice, while the ename! matrix was
observed in the decalcified sections of the mandibular molars in the Smad3 (—/~) mice. These results suggested that Smad3 was
required for enamel biomineralization, and TGF-B and activin signaling might be critical for its process.
© 2003 Elsevier Science (USA). All rights reserved.
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Dental enamel, which covers the crown of a tooth, is
the most highly mineralized tissue in the body. Enamel is
neither replaceable nor reparable because the ameloblast
that synthesizes the enamel matrix is lost at tooth
eruption. Enamel is unique among hard tissues because
of its high mineral content. Other hard tissues, such as
bone and cartilage, consist of approximately 20-30%
organic materials by weight while mature enamel con-
tains less than 1% organic materials [1]. Although en-
amel matrix proteins are present during the enamel

* Corresponding author. Fax: +81-88-633-9138.
E-mail address: mornyama@dent.tokushima-u.acjp (K. Moriy-
ama).

formation, these proteins are completely removed once
the enamel attains its final hardened form. Therefore,
the process of enamel mineralization is also unique when
compared with the general biomineralization of hard
tissues.

Dental enamel development consists of several stages
that include the secretory, transition, and maturation
stages. During the secretory stage, culomular-shaped
ameloblasts, which were located adjacent to the forming
enamel, secrete enamel matrix proteins. These proteins
include amelogenin, ameloblastin, and enamelin [2]. The
most abundant matrix protein is amelogenin that com-
prises about 90% of the total matrix protein of immature
enamel and ameloblastin and enamelin account for

0006-291X/03/3 - see front matter © 2003 Elsevier Science (USA). All rights reserved.
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about 5% and 2%, respectively [2]. Enamelysin, which is
matrix metalloproteinase-20 (MMP-20), also has im-
portant roles as an enamel matrix-processing enzyme
during the secretory stage. The expression of enamelysin
initiates prior to the onset of dentin mineralization and
continues throughout the secretory stage in vivo, and in
vitro enamelysin catalyzes the amelogenin cleavages that
are known to occur during the secretory stage [2]. At the
end of the secretory stage, the transition stage begins
and ameloblasts shrink in size and downregulate protein
release into the enamel matrix. The transition stage is
followed by the maturation stage, where the enamelysin
expression is eliminated [2]. The ameloblasts abruptly
begin the expression of the enamel matrix serine prote-
ase 1 (EMSP1) that was officially designated as kallik-
rein 4 (KLK4) in the transition stage [2]. KLK4 could
degrade enamel proteins during the transition and
maturation stages [2]. Because enamel hardening is de-
pendent upon the removal of enamel proteins during the
maturation stage, KLK4 may play critical roles in this
process. Thus, enamel proteinases play two important
roles, the processing and degradation of enamel pro-
teins, during enamel formation.

Members of the transforming growth factor-p (TGF-
B) family transduce signals through type I and type 1I
serine/threonine kinase receptors [3]. The type I receptor
is a substrate for the type II receptor and propagates the
signal downstream upon activation [3]. Smads, which are
50-70kDa intracellular proteins, mediate the down-
stream intracellular signaling from the TGF-B family
receptors to the nucleus. Receptor-regulated Smads
consist of Smads2 and 3 that mediate the TGF-$ and
activin signaling, and Smads|, 5, and 8 mediate the BMP
signaling [4]. A phosphorylated receptor-regulated Smad
heterodimerizes with Smad4 and this complex translo-
cates to the nucleus to the transactivate specific target
gene [4]. Inhibitory Smads, which consist of Smadsé and
7, disrupt the signal transduction by preventing phos-
phorylation of the pathway-specific Smads {4].

Here we show aboormal ename! development in
Smad3 mutant mice. Our observation indicated that
Smad3 mutant mice had hypomineralized enamel, sug-
gesting that Smad3 is required for the process of mat-
uration during enamel formation.

Materials and methods

Experimental animals. The mice were maintained and used in ac-
cordance with the experimental protocols approved by the Ethical
Committee of the University of Tokushima. Smad3 deficient mice were
created by homologous recombination to delete exon8 of Smad3 in a
previous study [5]. Mated pairs of mice heterozygous for the targeted
deletion of Smad3 of a mixed 129/C57B6 background produced litters
for this study. Six-week postnatal mice were used in this study, The
genotype of the Smad3 mutant mice was determined by PCR as pre-
viously described {5].

Preparation of tissue sections and histological analysis. The unde-
calcified sections were obtained from the site of the maxillary incisors
and molars. The specimens were embedded in methylmethacrylate
{MMA) without staining to yield a 30-um thick crosscut ground sec-
tion, cut with a Saw Microtome (LEICA,SP1600), and stained with
toluidine blue. The undecalcified sections were obtained from the site
of the mandibular incisors and molars. Whole mandibles from the
wild-type, heterozygous, and homozygous mice were dissected and
fixed in 4% freshly made paraformaldehyde in 100 mM sodium phos-
phate buffer (PB, pH 7.0) for 48h at 4°C. The samples were then
decalcified with 20% EDTA in 100mM PB for 14 days, dehydrated,
and embedded in paraffin. The tissue blocks were cut into 4-pm thick
mesio-distal serial sections and mounted on 3-(triethoxylosilyl)-pro-
pylamine-coated (Merck, Schucardt, Miinchen, Germany) glass slides.
They were then processed for histology.

Microcomputed tomograpity analysis. The mandibular molars and
maxillary incisors were scanned with a micro-CT scanner {(MIF-100,
HITACH Medical) producing 202 10-pm thick scans. Three-dimen-
sional images were reconstructed using TRI/3D-BON software (RA-
TOC System Engineering, Tokyo).

Scanning electron microscope. The dissected half mandibles were
ultrasonically cleaned in distilled H,O for 10 min, air-dried, and vac-
uum coated with a layer of gold. The mandibular incisors and molars
were examined using a scanning electron microscope (SEM) operating
at 20kV.

Results

Gross examination revealed that the Smad3 (—/-)
mice dentition appeared to be morphologically normal,
whereas the incisor enamel consistently lacked pigmen-
tation, had a chalky white appearance, and was fre-
quently broken (Fig. 1). The incisors of the wild-type
and Smad3 (+/-) mice were always yellow (Fig. 1).
Therefore, the Smad3 (—/-) mice could be distinguished
from either the wild-type or Smad3 (+/-) mice with
100% accuracy based solely on the incisor color. It has
been reported that a number of transgenic animals,
which had chalky white incisors, revealed enamel defects
[6-8] which suggested that the Smad3 (-/~) mice might
also have enamel defects. The undecalcified sections of
the maxillary incisors and molars showed that the molar
enamel of the Smad3 (-/-) mice (Figs. 2¢ and d) was
disrupted in places but not that of the wild-type and
Smad3 (+/-) mice (Figs. 2a and b), and that the thick-
ness of the incisor enamel in the Smad3 (-/-) mice was
simitar to that of the wild-type (Figs. 2e and f). Because
only the labial side is covered by enamel in rodent
Incisors, the maxillary incisor enamel of the Smad3 (~/-)
mice was free from mechanical force caused by mastif-
ication and the enamel might be intact in the absence of
the disruption as observed in the maxillary molar
enamels. Therefore, these results suggested that the
phenotypic changes in the enamel of the Smad3 (-/-)
mice appeared to be due to hypomineralization but not
hypoplasticity. Therefore, we performed a microcom-
puted tomography (WCT) analysis to clarify the defects
of mineralization in the Smad3 (~/-) mice. The enamel
of the mandibular molars and maxillary incisors in the
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WT +/- -/~

Fig. 1. Incisors in wild-type (WT), Smad3 (+/-), and Smad3 (-/-)
mice. The Smad3 (—/-) incisors are always chalky white and fragile; in
the present individual, the mandibular right incisor is broken. The WT
and Smad3 (+/-) incisors are yellow brown.

Smad3 (~/-) mice showed a significant reduction in the
degree of mineralization as compared with that of the
wild-type and Smad3 (+/-) mice (Fig. 3). Examination

of the mandibular incisors and molars by SEM revealed
that the morphology of the incisors and molars in the
Smad3 (—/-) mice was different from that of the wild-
type and Smad3 (+/-) mice and its surfaces were not
smooth in places (Figs. 4a—c, h, 1). The high magnifica-
tion of the SEM images revealed that the enamel sur-
faces of the Smad3 (-/-) mice were irregular when
compared with the Smad3 (+/-) mice, and enamel rod
and interrod structures were observed in the disrupted
area even without any treatment of etching agents (Figs.
4d-g, j, k). These images were typical features of the
rodent enamel by acid treatment [9,10]. The histological
analysis of the decalcified sections showed that distinct
morphological changes in the ameloblasts of the secre-
tory and maturational stages were not observed between
the Smad3 (—/-) and Smad3 (+/-) or wild-type mice

Fig. 2. Histological analysis of undecalcified sections from wild-type (a, e), Smad3 (+/~) (b) and Smad3 (-/-) (¢, d, ) mice. The enamel of the
maxillary first molars from the Smad3 (—/—) mice showed abnormal stainings and disrupted in places when compared to that of the wild-type and
Smad3 (+/-) mice (a—d). The enamel thickness of the maxillary incisors from the Smad3 (—/~) mice was similar to that of the wild-type mice (e, f).
Paired arrows indicate thickness of the enamel layer. Original magnifications: 40x (a—, ¢, ), 100x (d).

Fig. 3. uCT analysis of mandibular molars (a~c) and maxillary incisors (d-f). The enamel of the mandibular molars and maxillary incisors in Smad3
(=/~) mice (c, f) showed significant reduction in the degree of mineralization as compared with that of the wild-type (a, d) and Smad3 (+/~} mice (b,
e). Paired arrows indicate thickness of the enamel layer.
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Fig. 4. SEM images of the enamel from the wild-type (a), Smad3 (+/-) (b, d, h, j), and Smad3 (-/-) (c, e, {, g, i, k) mice. The enamel from the
mandibular incisors (a~g) and first molars (h-k) was observed by SEM. The mandibular incisors and molars from the wild-type and Smad3 (+/-)
mice have sharp tips and smooth enamel surfaces (a, b, d) and the incisors of the Smad3 (—/—) mice have blunted tips and irregular and disrupted
enamel surfaces (c, e, [, g, i, k). The molars from the Smad3 (+/—) mice have smooth enamel surfaces (h, j) and the molars from the Smad3 (~/-) mice
have irregular and disrupted enamel surfaces (i, k). The SEM images were photographed at 50x (a—c), 75x (h, i), 500x (f), 1000x (d, e, j, k), and

2000x (g) magnifications.

(Figs. 5a~¢). In the Smad3 (—/-) mice, the ameloblasts at
the secretory stage were well formed and arranged in an
orderly fashion (Fig. Se) and these morphological fea-
tures were typical as observed in the wild-type mice (Fig.
5d). In the Smad3 (-/-) mice, the ameloblasts at the
maturation stage became shortened (Fig. 5¢) as observed
in the wild-type (Fig. 5a) or the Smad3 (+/-) mice (Fig.
5b), but the staining pattern of the enamel matrix be-
neath the ameloblasts of the Smad3 (-/-) mice (Fig. 5¢)
was stronger than that of the wild-type (Fig. 5a) or the
Smad3 (+/-) mice (Fig. 5b). Interestingly, a possible
enamel matrix was observed in the decalcified sections of
the mandibular molars in the Smad3 (—/-) mice (Fig. 5f).

Discussion

Our phenotypic analysis of the molars and incisors in
mice lacking the Smad3 gene showed hypomineraliza-
tion of the enamel, but not hypoplasticity. The organic
matrix appeared to be present in the mature enamel of
the Smad3-deficient mice as observed in the decalcified
sections of the mandibular molars. Although we exam-
ined only the enamel in this study, there were a number
of studies about the phenotypic expression caused by the
loss of Smad3 in the mice. The loss of the Smad3
function results in a diminished T cell response to TGF-
B [5,11], accelerated wound healing [12], and colon
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Fig. 5. Histological analysis of decalcified sections from the wild-type (a, d), Smad3 (+/-) (b), and Smad3 (—/-) (c, e, f) mice. The decalcified sections
of the mandibular incisors (a~€) and molars (f) were stained with hematoxylin and eosin. Distinct morphological changes in the ameloblasts of
secretory (d, e) and maturational (a—c) stages were not observed between the Smad3 (-/-) and Smad3 (+/—) or wild-type mice. The enamel matrix was
observed in the mandibular molars in the Smad3 (—/-) mice (f). E, enamel; D, dentine; and Am, ameloblasts. Original magnifications: 200x (a—e)

100x (f).

cancer [13]. Furthermore, the repression of chondrocyte
hypertrophic differentiation and dysregulation of os-
teoblast differentiation and apoptosis were observed in
mice lacking the Smad3 gene and these abnormalities
could lead to osteoarthritis and osteopenia, respectively
[14,15]. As shown in the undecalcified sections and nCT
analysis of this study, the bone mass appeared to de-
crease in the interradicular septum of the maxillary and
mandibular first molars and the dentin thickness might
be thin in the Smad3 (—/-) mice as compared with the
wild-type or Smad3 (+/-) mice (Figs. 2 and 3). There-
fore, in addition to the impairment of enamel minerali-
zation in the Smad3 (—/-) mice, the loss of Smad3 might
also affect the mineralization of other hard tissues.
Amelogenesis imperfecta (Al) is a common group of
inherited defects of dental enamel formation that exhibit
marked genetic and clinical heterogeneity with at least
14 different sub-types being recognized on the basis of
their clinical appearance in humans {16]. Affected indi-
viduals show either hypoplastic or hypomineralized en-
amel, but an overlap of these signs is seen in many cases
[17]- The enamel abnormalities in the Smad3 (~/-) mice
might be similar in some aspects to the human Al
conditions. The mutations in the gene encoding amelo-
genin and enamelin have been shown to cause some X-
linked recessive and autosomal dominant forms of
amelogenesis imperfecta {18-21]. Although it is unclear
whether Smad3 could regulate these gene expressions,
the Smad3-deficient mice might be useful animal models
to elucidate the intracellular signaling molecules that
play an important role in the enamel development.
Several transgenic animals have been reported as
having abnormal enamel. Interestingly, TGF-B1 defi-
cient mice revealed excessive wear of the occlusal sur-
faces of teeth possibly with hypomineralization of the

enamel and dentine, independent of the process of in-
flammation [22]. Furthermore, transgenic mice that
overexpress Smad2 in the epidermis under the control of
the keratin 14 promoter showed abnormal enamel [23].
Mice mutated with the cystic fibrosis transmembrane
regulator (CFTR) gene, which causes cystic fibrosis, had
enamel with crystallite defects, retained protein, and
hypomineralization [6,24]. Interestingly, epithelial cells
in the CFTR mutant mice showed reduced expression of
the Smad3 protein [25]. Therefore, although it is not
clear whether enamel defects of these mice were identical
to those of the Smad3 deficient mice, TGF-P and activin
signaling through Smad3 seems to be important during
enamel biomineralization.

Smad3 shares more than a 95% homology with
Smad2, and Smads2 and 3 mediate TGF-B and activin
signaling as receptor-regulated Smads [26]. The expres-
sions of Smad2 and Smad3 are present in epithelially
derived ameloblasts and cranial neural crest-derived
odontoblasts [27,28]. Interestingly, mice lacking the
Smad?2 gene are early embryonic lethal [29-32], whereas
Smad2 heterozygous mice showed patterning defects in
which the incisors and mandibular molars fail to de-
velop but maxillary molars normally develop, as ob-
served in the activinBA and activin type II receptor
mutant mice {33]. Furthermore, it has also been reported
that Smad2, but not Smad3, played an important reg-
ulatory role in TGF-P signaling during early tooth de-
velopment [34]. Thus, Smad2 might have critical roles
during early tooth development. On the contrary, the
enamel of the Smad3 (-/-) mice appeared to have a
normal enamel thickness, and normal enamel rod and
interrod structures. Thus, the secretory stage of devel-
opment and secretary function of the ameloblasts
in Smad3 (~/-) mice appeared to be normal and the



M. Yokozeki et al. | Biochemical and Biophysical Research Communications 305 (2003) 684-690 689

abnormality of the proteinases, which could degrade
enamel matrix proteins, might cause the hypominaral-
ized enamel in Smad3 (-/-) mice. Because enamelysin is
the enamel matrix processing proteinase and its expres-
sion was limited in the secretory and transition stage [2],
enamel abnormality as shown in this study might be in-
dependent of enamelysin. A recent study showed that the
loss of enamelysin resulted in the altered enamel matrix
and rod pattern and hypoplastic enamel [35] and these
phenotypes were different from those of the Smad3 (-/-)
mice. Because KLK4 is the enamel matrix degrading
proteinase in the transition and maturation stages [2],
Smad3 might have possible roles in the KLK4 expression
or its function. The loss of KLK4 in mice would give us
useful information about the mechanism of enamel
biomineralization. Although the target molecule of
Smad3 is unclear in the present study, a further analysis
would be needed in order to clarify the signaling cascade
through Smad3 during enamel biomineralization.
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Abstract

‘We have previously reported that high glucose stimulates osteopontin (OPN) expression via a protein kinase C-dependent pathway and a
hexosamine pathway in cultured rat aortic smooth muscle cells (SMCs) [Biochem. Biophys. Res. Commun. 258 (1999) 722.]. In the present
study, we carried out functional OPN promoter assays using the Iuciferase expression vector system in cultured rat aortic SMCs to determine
a high glucose/glucosamine responsive element. An extensive deletion analysis of the 5'-flanking region of the rat OPN gene revealed that an
element involved in high glucose and glucosamine responses was present within a region between — 112 and — 62 bp of the OPN promoter.
This region is highly conserved in the rat, mouse, and human promoters and contains a number of consensus regions, including an E-box and
a GC-rich region. Mutation of the E-box or the GC-rich region resulted in a significant loss of both high glucose and glucosamine responses.
These results suggest that two cis-acting elements, the E-box and the GC-rich region, are involved at least partly in high glucose/
glucosamine-stimulated transcription of the rat OPN gene. © 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Osteopontin (OPN) is a multifunctional phosphoprotein
secreted by many cell types, such as osteoclasts, lympho-
cytes, macrophages, epithelial cells, and vascular smooth
muscle cells (SMCs) (reviewed in Sodek, Ganss, & McKee,
2000; Xie et al., 2000). Overexpression of OPN has been
found in several physiological and pathological conditions,
including immunologic disorders (Cantor, 1995), neoplastic
transformation (Senger, Perruzzi, & Papadopoulos, 1989),
progression of metastasis (Craig et al., 1990), formation of
urinary stones (Kohri et al., 1993), and wound healing
(Liaw et al., 1998).

Abbreviations: OPN, osteopontin, PAI-I, plasminogen activator

inhibitor-1; SMCs, smooth muscle cells; USF, upstream stimulatory factor
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It was reported that OPN protein and mRNA were
expressed in the neointima and in calcified atheromatous
plaque (Shanahan, Cary, Metcalfe, & Weissberg, 1994). A
neutralizing antibody against OPN was found to inhibit rat
carotid neointimal formation after endothelial denudation
(Liaw et al., 1997). These results have suggested that OPN
promotes the development of atherosclerosis. Recently, we
found up-regulation of OPN expression in human and rat
diabetic vascular walls (Takemoto et al., 2000). It was also
noted that high glucose concentrations stimulated OPN
expression via a protein kinase C-dependent pathway and a
hexosamine pathway in cultured rat aortic SMCs (Takemoto
et al., 1999). Furthermore, OPN was found to stimulate mi-
gration and enhance platelet-derived growth factor-mediated
DNA synthesis of cultured rat aortic SMCs (Takemoto et al.,
2000). Based on these data, we have suggested that OPN
plays a role in accelerated atherogenesis in diabetes mellitus.

In the current investigation, we carried out extensive
deletion and mutation analyses of rat OPN promoter to
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