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The salivary system in mammals is comprised of three independently developed pairs of organs, the parotid, submaxillar,
and sublingual glands. Each gland is composed of various ductal and acinar cell types that fulfill multiple roles. However,
the molecular mechanisms regulating their biogenesis and functions are still largely unknown. In this paper, we report that
two class B basic helix-loop-helix (bHLH) transcriptional regulators delineate the ductal and the acinar cells in salivary
glands. Sgn1, a novel class B bHLH factor, is specifically expressed in the salivary duct cells, while the acinar cells are
characterized by the expression of another class B bHLH factor, Mist1. The molecular nature of Sgn1 was also investigated:
it binds to specific sequences of DNA as a dimer with a class A bHLH factor and acts as a negative transcriptional regulator
against other bHLH factors. This study provides an important cue towards better understanding of the generation and
function of multiple cell types in salivary glands. In addition, Sgn1 expression exhibits a reverse relationship with the
development of male phenotypes, suggesting its role in gender dimorphism in the salivary glands. © 2001 Elsevier Science
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INTRODUCTION

The mammalian salivary system is composed of three
pairs of major glands, the parotid gland (PG), the submaxil-
lar gland (SMG), and the sublingual gland (SLG), as well as
a number of minor glands. While they are distinct organs
and function individually, they cooperate to perform a
number of important roles in response to the variable
environment. These include digestion of food, protection
from ingested organisms or chemicals, as well as mainte-
nance of homeostasis in the oral cavity. In many species
including rodents, saliva contains purported pheromones
and related bioactive molecules, that are believed to par-
ticipate in communication among individuals (Redman,
1987; Denny et al., 1997).

1 To whom correspondence should be addressed.
Fax: 181-75-753-4478. E-mail: shosei@lmls.med.kyoto-u.ac.jp.
0012-1606/01 $35.00
© 2001 Elsevier Science
All rights reserved.
The intimate functional relationship between these
glands is paralleled by their similarities as has been pointed
out by Denny et al. (1997). They have closely related
developmental origins and similar patterns of morphogen-
esis, thus sharing basic architecture and cellular repertoires
(Redman, 1987). For example, striated ducts are found
almost exclusively in salivary glands. However, despite the
overall similarities, the salivary glands also exhibit striking
differences. For instance, while the majority of the secreting
cells in the mouse PG and SMG are serous, SLG contains
mostly mucous cells. On top of that, regionally each sali-
vary gland is composed of heterogenous cell populations,
making the overall cell type diversity extremely high.
Therefore, the salivary system represents a good model of
highly diverged cell types that are regulated in a well
organized manner (Denny et al., 1997). Series of preceding
investigations, mainly based on histological and ultrastruc-
tural techniques, have demonstrated the emergence of
divergent cell types and their organization in salivary
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glands. However, the molecular mechanisms underlying
the generation and/or function of these multiple cell types,
such as transcriptional regulation, remain largely uneluci-
dated.

Various studies have shown that transcriptional regu-
lators are often involved in the generation, maintenance
and differentiation of cells in an increasing number of
cell lineages. Among them, the basic helix-loop-helix
(bHLH) class of transcription factors often play crucial
roles in many cases (Massari and Murre, 2000). bHLH
factors compose a large gene family, classified into sev-
eral groups based on their primary structures including
class A and class B (also called class I and II, respectively).
The class B factors are very often expressed in a cell type-
and developmental stage-restricted manner, playing roles
in lineage commitment and/or differentiation in a wide
range of cell types among a broad scope of multicellular
organisms. In contrast, the class A factors, composed of
four proteins (E12, E47, ALF1, and ITF2), are expressed in
rather ubiquitous patterns. The class B factors form

FIG. 1. Primary structure, predicted protein product and chrom
mouse Sgn1. The bHLH domain is shaded and the portion initiall
bHLH domains. Amino acid sequences of the mouse (m), rat (r), hum
with known class B bHLH proteins. All sequences are of mouse
conserved residues among class B bHLH proteins are shown at the
for the Sgn1 gene family. (C) Phylogenetic tree of the class B bHLH
Engineering) using Higgins automatic alignment task. Note that Sg
polymorphic typing of 122 chromosomes obtained from the int
C57Black/6 and MSM alleles, respectively, and the number of the
Sgn1 locus determined on mouse Chromosome 7 is illustrated on
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heterodimers with class A factors and bind to a DNA
motif (CANNTG), termed E box, which is frequently
found in the regulatory regions of a number of cell
type-specific genes (Massari and Murre, 2000). While
many class B bHLH factors act positively in transcrip-
tional regulation, others act negatively, such as Twist
(Spicer et al., 1996) and BETA3 (Peyton et al., 1996).
Some bHLH factors including Tal1/SCL can act both
positively and negatively in different contexts (Hsu et al.,
1994; Park and Sun, 1998). The functions of class B bHLH
transcription factors are regulated by a large number of
proteins, including Id and HES proteins, both of which
constitute distinct classes of HLH factors (Massari and
Murre, 2000). In many cases, class B bHLH factors form
networks in concert with other bHLH factors and differ-
ent families of transcription factors, by regulating the
expression and/or activity of one another. Such networks
have been shown to control the cell type identity and
differentiation processes in particular cell lineages, such
as skeletal muscle (Weintraub, 1993), or upon emergence
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of diverged cell types from multipotential populations as
exemplified in the nervous system (Lee, 1997) and pan-
creas (Schwitzgebel et al., 2000).

In this study, we report a novel class B bHLH transcrip-
tional regulator, Sgn1, that is specifically expressed in
salivary duct cells. We also determined that another class B
bHLH factor, Mist1 (Lemercier et al., 1997), is expressed in
salivary acinar cells. Thus, two distinct lines of cells that
have emerged from common precursors are clearly delin-
eated by these two bHLH transcription factors. The specific
expression of Sgn1 in the three salivary glands indicates a
close relationship among these organs. Interestingly, Sgn1
acts as a transcriptional repressor with characteristics remi-

FIG. 2. Expression of Sgn1 mRNA in mouse tissues. (A) Dot blot
hybridization of the RNA from various adult mouse organs and
different stages of embryos with a mouse Sgn1 cDNA probe. The
RNA sources are indicated on the right. Amounts of poly(A) RNA
were equalized by hybridization for housekeeping genes (data not
shown). Note that the highest signals were detected in the submax-
illar glands, while testis and epididymis gave rise to weaker signals.
(B) Northern blot hybridization of RNA from female and male
salivary glands and other tissues (all male) with Sgn1, Mist1 and
NGF probes. b-actin was used for control. 1 mg of poly(A) RNA was
loaded per lane except for the “testis 310” lane, which contains 10
mg. Identical membranes were repeatedly hybridized and the posi-
tions of RNA size markers are on the right.
© 2001 Elsevier Science. A
niscent of Mist1. Our results provide important cues to-
ward a fuller understanding of the generation and function
of multiple cell types in salivary glands. In addition, Sgn1
expression exhibits a reverse relationship with the develop-
ment of male phenotypes, suggesting a role in gender
dimorphism.

MATERIALS AND METHODS

Isolation of the Mouse Sgn1 and the Yeast Two-
Hybrid Experiments

All animals were sacrificed according to the procedures autho-
rized by the respective institutions. To collect mouse spermatogo-
nia, testes of GOF18-EGFP transgenic mice at postnatal day 1.5
(Yoshimizu et al., 1999) were dissociated essentially as described
(Abe et al., 1998), followed by purification of the GFP fluorescence-
positive spermatogenic cells using a FACS Vantage cell sorter
(Becton Dickinson). Poly (A) RNA isolated from GFP-positive cells
using mMACS mRNA purification kit (Milliteny) was reverse
transcribed using random hexanucleotide primers and converted
into double stranded cDNA, followed by lone-linker PCR amplifi-
cation using LLsal2A primer as described (Ko et al., 1990). Size
fractionated (.500 bp) cDNAs were inserted into the three frame-
derivatives of the Gal4AD vector pGADT7 (Clontech) and ampli-
fied in Escherichia coli.

Matchmaker 3 Gal4 Two Hybrid System (Clontech) was used for
yeast two-hybrid experiments, and the general methods used in
yeast experiments were from the Yeast Protocol Handbook (Clon-
tech). The bait plasmid was constructed by inserting the fragment
of human E12 containing the bHLH region (aa508–654, Accession
AAA61146, gift from R. Kageyama) into the Gal4 DBD vector,
pGBKT7. The Saccharomyces cereviciae strain AH109 was se-
quentially transformed with the bait plasmid and the library before
screening on SD/-Leu/-Trp/-His plates supplemented with 4 mM of
3-amino-1,2,4-triazole, followed by SD/-Leu/-Trp/-His/-Ade/X-a-
gal plates. A total of 1.3 3 106 clones were screened and 105
positive clones were sequenced with an ABI 377 genetic analyzer
(Applied Biosystems), resulting in the identification of Sgn1. For
the binding assay in Fig. 6B, AH109 (MAT a) carrying a pGBKT7-
based DBD fusion construct and Y187 (MAT a) with a pGADT7-
based AD-fusion plasmid were mated and the resulting diploid cells
were tested for growth on the experimental and the control media.
bHLH regions used were derived from mouse Sgn1 (aa92–174),
human Sgn1 (aa91–180), human E47 (aa33–133, AAA56829), mouse
ITF-2 (aa341–507, AAC52414), and mouse ALF-1 (aa553–706,
CAA46052). E47 was a gift from S. Konieczny whereas ITF-2 and
ALF-1 fragments were cloned by RT-PCR.

Identification of the Human Sgn1

A hemi-nested, degenerate PCR designed for class-B bHLH
factors was done on an adult mouse whole testis cDNA prepara-
tion, using the deg1 (CGCTCTAGAAAYRHIMGXGARMG)/deg2
(CGGAATTCGCIARIYKIARIGTYTBVAYYTT) primer pair for the
first and deg3 (CGCTCTAGAMGIGARMGIVRIMGVRT)/deg2
pair for the second amplification. In addition to several mouse
bHLH gene fragments, we obtained the human Sgn1, probably
derived from contaminated materials. Genome Walker kit (Clon-
tech) was used to obtain the whole coding sequence, followed by
determination of the ORF sequence.
ll rights reserved.
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Genetic Mapping of the Mouse Sgn1

Chromosome mapping was done as described (Oyanagi et al.,
1997). Briefly, 122 chromosomes generated from the (C57Black/6 3
MSM) crossing were typed using PCR designed to detect the
polymorphism between these strains at the Sgn1 locus, as well as
recognized chromosome markers.

RNA Blot and in Situ Hybridization

RNA dot blot was purchased from Clontech. Northern blot was
prepared using 1 mg or 10 mg of poly (A) RNA per lane isolated with
the mMACS mRNA purification kit (Milliteny). Radiolabeled
probes were prepared with the Megaprime random prime labeling
kit and 32P-dCTP (Amersham Pharmacia). The full ORF of mouse
Sgn1, mouse Mist1 and NGF cDNA fragments cloned from male
mouse SMG cDNA with PCR, as well as a commercially available
human b-actin (Clontech) fragment were used for probes. For PCR
cloning, the primers for Mist1 were described in Lemercier et al.,
(1997), while TGAACATGCTGTGCCTCAAGCCAG and GCT-
TCAGGGACAGAGTCTCCTTC were used for NGF (accession
v00836). Hybridizations and stringent washes were done using the
Express Hyb solution (Clontech) according to the manufacturer’s
manual. Autoradiography was conducted by using X-ray film or
STORM 640 imaging system (Amersham Pharmacia).

In situ hybridization was performed as described (Takebayashi et
al., 2000). Anesthetized ICR:jcl mice (Japan CLEA) were perfusion-
fixed with 4% paraformaldehyde and dissected tissues are sec-
tioned after paraffin embedding. BM purple AP substrate (Roche)

FIG. 3. In situ hybridization of adult female mouse salivary gland
hybridized with Sgn1 (A-I) and Mist1 (J-O) antisense probes. Hybri
Sgn1 signals are detected in a subset of cells in the striated and ex
cells. (P) Schematic representation of the typical architecture of the
Mist1 (blue), modified from Fujita and Fujita (1988). a, acinus; i, in
Bars indicate 50 mm.
© 2001 Elsevier Science. A
was used to visualize the signal, followed by counterstaining with
nuclear fast red. Throughout, the corresponding sense probes gave
rise to no staining (data not shown). DNA templates used for the
preparation of the digoxigenin-labeled riboprobes are described
above.

CASTing (Cycling Amplification and Selection of
the Target), EMSA (Electrophoresis Mobility Shift
Assay), and GST-Pull Down Assay

STP3 in vitro transcription translation system (Novagen) was
used to prepare the polypeptides using pcDNA3/Sgn1 (the entire
mouse Sgn1 ORF inserted into the pcDNA3 mammalian expres-
sion vector (Invitrogen)), pcDNA3/FlagSgn1 (a flag-tagged version
of pcDNA3/Sgn1), pcDNA3/E47 (Lemercier et al., 1997; gift from
S. Konieczney) and pcDNA3/MyoD (Yoshida et al., 1998) as tem-
plates, following the standard method provided in the manual. The
empty vector pcDNA3 was used to prepare the control lysate.

CASTing was performed essentially as described (Wright et al.,
1991; Funk et al., 1992). The random target oligonucleotide was
described (Funk et al., 1992) and the following oligonucleotide was
used for the fixed E-box version: CGCTCGAGGGATCCGA-
ATTC-N8-CANNTG-N8-TCTAGAAAGCTTGTCGACGC. They
were incubated with Flag-Sgn1 (8 ml) alone or a mixture of Flag-
Sgn1 and E47 (4 ml each) lysates in 20 mM HEPES (pH 7.5), 100 mM
NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 20 mM DTT, 2% Nonidet
P40, 2 mg/ml BSA supplemented with Complete protease inhibitor
cocktail (Roche), followed by immunoprecipitation with M2 and
M5 anti-Flag antibodies (Sigma) and protein G-sepharose 4FF

ctions of PG (A-C, J-K), SMG (D-F, L-M), and SLG (G-I, N-O) were
ion signals are colored in purple and nuclei stained in pink. While
ry ducts, Mist1 is detected in the acinar and the intercalated duct
ary glands and the mutual exclusive expression of Sgn1 (pink) and
lated duct; s, striated duct; e, excretory duct and st, stroma cells.
s. Se
dizat
creto
saliv
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FIG. 4. In situ hybridization of developing mouse parotid glands. Sections of P1 (A-B) and P7 (C-F) female mice PG were hybridized with Sgn1 (A-I)
and Mist1 (J-O) antisense probes. In A and B, the PG is delineated by dots. a, acinus; c, salivary cord; tb, terminal bulb; e, excretory duct. The asterisk
and diamond indicate the presumptive striated duct and intercalated duct portions, respectively. Sgn1 and Mist1 signals were detected in parallel with
the formation of their expressing cells in adult: striated and excretory duct for Sgn1, acinus and intercalated duct cells for Mist1. Bars, 100 mm.
FIG. 5. In situ hybridization of female and male SMG. Sections of SMG of mature female (A, C) and male (B, D-E) mice were hybridized
with NGF (A-B) and Sgn1 (C-E) antisense probes. F is the hematoxylin-eosin stained sections of the male SMG. Arrows and the asterisks
in E-F indicate the basal cells and the principal cells of the granular duct, respectively. st, striated duct; g, granular (convoluted) duct; e,
excretory duct. Note the reverse relationship of the NGF and Sgn1 expression among sexes. In male striated ducts of SMG (specifically
termed as granular duct), Sgn1 signal was localized to the basal cells. Bars, 50 mm.
521
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(Amersham Pharmacia) in the same buffer. The recovered DNA
was amplified prior to the next cycle as described (Funk et al.,
1992). After 6 cycles, amplified DNA was cloned into pBluescript II
SK(-) (Stratagene) and sequenced.

EMSA was done essentially as described (Asakura et al., 1993).
The in vitro-translated polypeptides were incubated with the
32P-labeled double stranded oligonucleotide probes (0.5–1 3 105

cpm) at room temperature for 20 min. in 20 mM HEPES (pH 7.5),
100 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 4 mM DTT, 50
mg/ml poly(dI-dC) plus Complete, then separated by 4% polyacryl-
amide native gel electrophoresis in TBE buffer and autoradio-
graphed. Four microliters of each lysate were used as indicated and
the total lysate volume was adjusted to 8 ml with the control lysate.

For pull down assays, Sgn1 polypeptide was synthesized in the
presence of 35S-methionine. GST-fusion protein conjugated beads
were prepared using GST Gene Fusion System and Glutathione
Sepharose 4B (Amersham Pharmacia) according to the manufactur-
er’s recommendations. Full ORFs of mouse Sgn1, MyoD, and Id
were used to generate the GST-fusion constructs based on pGEX-
3X, while pGST-E12 is as described (Asakura et al., 1993). For a
negative control, pGEX-3X empty vector was used. 15 ml each of
polypeptide lysates were incubated with GST-fusion protein beads
carrying ;3 mg of fusion proteins at 4°C for 3 h, followed by
extensive washing with the same binding buffer used for CASTing.
Recovered samples were processed with SDS–PAGE and autoradio-
graphed. E. coli LacZ polypeptides were synthesized and processed
in parallel with Sgn1 as negative controls.

Transfection Experiments

All transfections were done using Lipofectamine reagent (Gibco
Lifetec). Cells were seeded at 1 3 105 cells per well (12-well dish,
Falcon) or at the same density in DMEM plus 10% FCS 1 day prior
to transfection. Unless otherwise indicated, 1.0 mg total of circular
plasmid DNA was used per well.

For immunostaining (Fig. 6A), C3H10T1/2 cells (ATCC) were
transfected with pcDNA3/FlagSgn1 and fixed after 2 days of
culture, followed by immunodetection using M2 and M5 anti-Flag
primary antibodies (Sigma) and Texas Red-conjugated anti-mouse
IgG secondary antibody (Cappel) as described (Yoshida et al., 1998).
After counterstaining with DAPI, specimens were observed under
fluorescence phase contrast microscopy (Axiovert 100Tv, Carl
Zeiss). For luciferase assays, cells were harvested 2 days after
transfection and assayed using Dual Luciferase Assay System
(Promega) and an Arvo multiwell luminometer (Wallac Bethold).
6A-pro-luc and 6R-pro-luc reporter plasmids were generated by
inserting six tandem repeats of “Oligo A” (Fig. 7B) and mouse
muscle creatine kinase MEF-1 (Buskin and Hauschka, 1989) se-
quences upstream of the SV40 promoter in the pGL3-promoter
vector (Promega), respectively. The empty vector was used as a
control (designated as pro-luc). All transcription factor plasmids in
Fig. 8 were pcDNA3-based and luciferase activities were normal-
ized using co-transfected pRL-tk plasmids (Promega, 0.1 mg/well) as
internal controls. Mash1 cDNA was a kind gift from R. Kageyama.

To observe the effects on myogenic differentiation (Fig. 9),
C2C12 mouse myoblasts (subclone C2/4, Yoshida et al., 1996) were
cultured on collagen type I-coated 35 mm dishes (IWAKI) and
transfected with 1.8 mg of expression plasmids (pcDNA3/Sgn1,
pcDNA3/Id (Yoshida et al., 1996), or pcDNA3 vector) together with
0.2 mg of pcDNA3/nlsLacZ. After three days of culture in serum
free ITS medium, cells were fixed and stained for LacZ using X-gal
to visualize transfected cells, as described (Yoshida et al., 1998).
Cultures were also stained immunocytochemically for TroponinT
© 2001 Elsevier Science. A
using NT302 mAb (Abe et al., 1986), biotinylated anti-mouse IgG
and Elite ABC staining kit (Vector) to visualize differentiation
status. The LacZ-positive nuclei in or outside of the multinucle-
ated myotubes were counted under optical microscopy. Clusters of
the LacZ-positive nuclei in a single myotube (as shown by an
asterisk in Fig. 9B) were counted as one, as they were likely derived
from single transfected cells fused with untransfected cells.

RESULTS

Identification of Mouse Sgn1 and Its Counterparts

In the course of a yeast two-hybrid screening for basic
helix-loop-helix (bHLH) transcription factors in a mouse
spermatogonial cDNA library (Materials and Methods, de-
tails will be described elsewhere), we identified a novel
class B bHLH factor. This gene was designated as Sgn1,
based on its preferential expression in salivary glands (Sali-
vary GlaNds). An EST clone (GenBank accession W58938)
was found to contain a complete open reading frame encod-
ing a 174 amino acid mouse Sgn1 protein (Fig. 1A, B). A rat
EST clone (BF552260) was found to encode an almost
identical (95%) protein (rat Sgn1). The human Sgn1 was also
identified by an independent degenerate PCR screening for
class B bHLH proteins and subsequent cloning of the
flanking genomic DNA (see Materials and Methods). An-
other related gene encoding a hypothetical protein T15H9.3
(T24940) was found in the C. elegans genome.

As shown in Fig. 1C, Sgn1 proteins appear to constitute a
novel subfamily, which share two characteristic residues: a
tyrosine in helix 1 and an arginine in helix 2 (asterisk and
double-asterisks in Fig. 1B). The mouse Sgn1 gene was
localized to the midportion of chromosome 7, between
D7Jpk2 and D7Mit124 by intersubspecific backcross map-
ping (Fig. 1D).

Preferential Expression of Sgn1 in Salivary Glands

Sgn1 expression was investigated using RNA dot blot
hybridization with the mouse Sgn1 probe. The highest
levels of expression were observed in the submaxillar gland
among adult mouse organs and various embryonic stages
tested (Fig. 2A). Weaker but significant expression was
detected in testis and epididymis. Essentially the same
expression pattern was observed among human tissues (not
shown). We examined the expression of Sgn1 in the three
major salivary glands, parotid (PG), submaxillar (SMG), and
sublingual (SLG) from mice of both sexes. All of them had
Sgn1 transcripts of 0.8 kb as revealed by Northern hybrid-
ization (Fig. 2B). In SMG and SLG, females accumulate
apparently larger amounts of Sgn1 mRNA than males.
Epididymis and testis showed only faint signals. In testis,
multiple transcripts were detected compatible to our RACE
experiments that indicated a number of splicing variants
were present in that tissue (S. Yoshida, unpublished data).

Class B bHLH factors often function in concert with
each other (Massari and Murre, 2000). According to Pin et
al. (2000), salivary glands express another class B bHLH
ll rights reserved.
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factor, Mist1, in their exocrine cells. The results of our
Northern bot analysis (Fig. 2B) confirmed the expression
of Mist1 in mouse salivary glands at the mRNA level.
Therefore, we tested the detailed expression of Sgn1 and
Mist1 in parallel.

Expression of Sgn1 and Mist1 in Mature Salivary
Glands

Salivary glands, like other exocrine tissues, consist of
ductal and acinar structures (Fig. 3P). Acinar cells are the
secreting cells and classified based on the content of ex-
cretes; typically serous and mucous. In mature rodents,
serous cells are predominate in PG and SMG, while the
majority are mucous in SLG. The ducts are divided into
several regions: intercalated, striated and excretory ducts,
in a distal-to-proximal direction (Fig. 3P). Intensive electron
microscopy studies have revealed that all but the interca-
lated duct are composed of four types of cells: the principal,
dark, tuft, and basal cells (Redman, 1987; Denny et al.,
1997; Sato and Miyoshi, 1998). The basal cells are the
undifferentiated population and believed to act as a reserve
for the duct, whereas the others are differentiated cells with
characteristic structures (Sato and Miyoshi, 1998). The
intercalated duct is thought to be composed of cells with
perinatal gland phenotypes, and suggested to retain a stem
cell population in the adult glands (Denny et al., 1997).
Cells in this portion sometimes have secretion granules,
referred to as granular intercalated duct cells. In rodents,
salivary glands exhibit a gender dimorphism. Simply stated,
female tissues are the ’default’ and male tissues are the
result of modification by sex hormones (Chretien, 1977).
We therefore investigated the detailed expression of the two
bHLH genes, Sgn1 and Mist1, in mature female salivary
glands.

In situ hybridization (ISH) revealed that Sgn1 positive
cells were observed exclusively in the striated and excretory
ducts in all three major glands, whereas the acini and the
intercalated ducts were negative (Fig. 3A-I). Sgn1 is ex-
pressed in a subset of cells in the duct epithelium, although
we could not identify the cell type(s) due to the limited
resolution of our methods. Mist1 expression contrasted
sharply with that of Sgn1 (Fig. 3-J-O). It is expressed
abundantly and evenly in the acini of all three glands and
present at lower levels in the intercalated duct. It was never
observed in the striated or excretory ducts. These data
indicate that Sgn1 and Mist1 expression mark the different
types of cells: Sgn1 is expressed in a subset of striated and
excretory duct cells, while Mist1 is expressed in the acini
and the intercalated duct (as illustrated in Fig. 3P).

Expression of Sgn1 and Mist1 in Developing
Parotid Gland

We then investigated the expression of Sgn1 and Mist1
during development. Here, we focused on the parotid gland,
which exhibits a developmental process typical of the
salivary glands (Redman, 1987). Parotid glands arise from
© 2001 Elsevier Science. A
the oral epithelial layer and the underlying mesenchyme.
Around embryonic day 16 in mice, they first appear as an
anlage of uniform cells, followed by segregation into cords
and terminal bulbs. Around birth, branching and lumeniza-
tion begin to generate tree-like structures. At this period,
the main cords and proximal branches are specified as
presumptive excretory ducts, while the remaining cells are
still undifferentiated. Differentiation into secreting acinar
cells occurs after the completion of lumenization of the
cord and the terminal bulbs (Redman, 1987). Fig. 4A, B
shows the ISH of the mouse parotid glands one day after
birth. Sgn1 was barely detectable except for the faint signals
occasionally observed in lumenized thick (proximal) cords.
Mist1 signals were weakly detected in the distal portion of
the terminal bulbs with forming lumens. In the thin (distal)
cords and proximal terminal bulbs, neither Sgn1 nor Mist1
were detected. As shown in Fig. 4C-F, in the first week after
birth, parotid glands grow in size and raise the complexity
in topology and cell diversity. In this stage, Sgn1 and Mist1
expression was high enough to be easily detected. While
Sgn1-positive cells are found in the excretory ducts and in
the presumptive striated ducts, Mist1 was detected in the
acini and presumptive intercalated ducts. Notably, Sgn1
and Mist1 expression started at the first appearance of these
cell types prior to the differentiation process leading to
mature functional cells (Redman, 1987; Poulsen et al.,
1986). Taken together, Sgn1 and Mist1 expression clearly
delineate the emergence of distinct cell types prior to
terminal differentiation: Sgn1 for striated and excretory
duct cells, and Mist1 for acini and intercalated duct cells.

Sexual Dimorphism and Sgn1 Expression

In rodents, salivary glands exhibit highly sex-dimorphic
phenotypes. The male SMG striated duct exhibits its char-
acteristic structure under the control of androgens, specifi-
cally termed the granular duct (or convoluted granular
duct); the principal cells develop numerous secreting gran-
ules for a unique set of bioactive substances including nerve
growth factor (NGF) (Chretien, 1977; Denny et al., 1997 and
Fig. 5AB). To address the possible involvement of Sgn1, its
expression in SMG was compared between females and
males. As shown in Fig. 2B, the overall levels of Sgn1 were
higher in females than males. In male SMG granular ducts,
Sgn1 was localized specifically in the basal cells, the small
cells attached to the basal lamina not facing the lumen (Fig.
5E-G, arrowheads). Taken together, Sgn1 expression ap-
pears to have a negative relationship with the development
of a male phenotype.

Basic Characteristics of the Sgn1 Protein

As Sgn1 is most likely a transcriptional regulator, we
tested it for the basic traits expected for class B bHLH
factors. As shown in Fig. 6A, Sgn1 localized to the nucleus
when expressed in fibroblasts. Heteromeric binding of Sgn1
with all four members of class A bHLH proteins through
their bHLH domains was detected by yeast two-hybrid
ll rights reserved.
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assays (Fig. 6B). Homomeric binding was apparently weaker
or undetectable in this system. GST pull-down assays also
revealed strong Sgn1-E12 binding and weaker Sgn1 homo-
meric binding (Fig. 6C). Sgn1 also exhibited weak binding
with MyoD but not with Id (Fig. 6C). Next, the DNA
binding activity of Sgn1 was investigated. To determine the
potential binding sequence(s) of the Sgn1-containing com-
plexes, cycling amplification and selection of the target
(CASTing, Wright et al., 1991) was performed using in
vitro-synthesized Sgn1 and E47. To raise the sensitivity of
the assay, a mixture of double-stranded random oligonucle-
otides containing the fixed four base pairs of E-box consen-
sus (CA––TG) was used. As summarized in Fig. 7A, all the
recovered sequences could be classified into two groups:
“A-group” and “G-group,” designated from the base at
position 24, both of which share the core sequence of
CAGGTG. Parallel CASTing experiments using Sgn1 alone
(without E47) and/or completely random oligonucleotide
targets failed to enrich any preferred sequences (data not
shown). Electrophoresis mobility shift assays (EMSA) con-
firmed that the Sgn1-E47 heterodimer readily binds to the
typical sequences in a sequence-specific manner, while the
Sgn1 homodimer binds to these sequences with a much
lower affinity (Fig. 7C lanes 2, 4, 8,10, and not shown).
Notably, the selected Sgn1-E47 binding sequences were

FIG. 6. Nuclear localization and dimer forming activity of Sgn1
mouse Sgn1 expression vector and immunostained for the Flag epit
phase contrast (bottom) images are also shown. (B) Binding of the Sg
two-hybrid assays. Diploid yeast cells harboring the plasmids encod
to the bHLH region of the indicated genes were tested for their grow
control (SD/-Leu/-Trp). (-) indicates the DBD or AD alone. Binding o
Sgn1 homomeric binding was not or only weakly detected. (C) Bind
Radiolabeled, in vitro-synthesized mouse Sgn1 polypeptide was inc
The bound fractions as well as 1/10 of the input were analyzed by S
used as negative control.
© 2001 Elsevier Science. A
similar to those of MyoD family-class A factor complexes
determined by Blackwell and Weintraub (1990) and natu-
rally occurring MEF-1 boxes found in many skeletal
muscle-specific genes (Buskin and Hauschka, 1989 and Fig.
7B). Indeed, MyoD-E47 heterodimer was able to bind to the
Sgn1-E47 binding sequences (Fig. 7C, lanes 6 and 12).
Similarly, Sgn1-E47 bound to the mouse muscle creatinine
kinase (MCK) enhancer MEF-1 sequence, one of the typical
native MyoD-responsible elements (Buskin and Hauschka,
1989 and data not shown). MEF-1 sites are known to be
recognized by a number of other class B bHLH factors
(Johnson et al., 1992; Lemercier et al., 1998), indicating that
the Sgn1 complex shares binding sequences with them.
MyoD and Mash1 are able to activate transcription through
the Sgn1-E47 binding sequences (see later in Fig. 8). These
data all support the idea that Sgn1 functions mainly as a
heterodimer with a class-A bHLH factor, and binds to E-box
sequence-containing DNA in the nucleus.

Sgn1 Can Act as a Repressor for Other bHLH
Factors

To test Sgn1’s function, we first examined whether it
activates transcription through its binding sequences. Re-
porter plasmids were constructed that carried tandem re-

C3H10T1/2 mouse fibroblasts were transfected with Flag-tagged
etecting the nuclear localization (top). DAPI staining (middle) and
d class A factors through their bHLH domains as revealed by yeast

the DNA binding domain (DBD) and activation domain (AD) fused
n the test plate (SD/-Leu/-Trp/-His, left). Right panel is the seeding
1 with all four class A bHLH factors were readily detected, whereas
f Sgn1 with other bHLH factors as shown by GST-pull down assay.
ed with the indicated GST fusion proteins. (-) indicates GST alone.
AGE followed by autoradiography. Bacterial LacZ polypeptide was
. (A)
ope d
n1 an
ing
th o

f Sgn
ing o
ubat
DS–P
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peats of the Sgn1-E47 binding sequences 59 to the basal
promoter and the luciferase gene (6A-pro-luc and 6R-pro-
luc). None of these constructs was activated by Sgn1 by
transient transfection in fibroblasts in the absence or pres-
ence of E47 (Fig. 8 lanes 2, 8 and data not shown) and no
activation was observed for the Sgn1-Gal4 DNA binding
domain fusion gene on the Gal4-responsive reporter (data
not shown).

We then tested whether Sgn1 could affect the activity of
other bHLH factors. MyoD and Mash1 activated the 6A-
pro-luc reporter gene in fibroblasts (Fig. 8, lanes 3, 9).
Co-transfected Sgn1 repressed this activation (lanes 4 and

FIG. 7. Sequence specific DNA Binding of Sgn1-E47 complex. (
complex (see Materials and Methods). All 17 sequences were class
the nucleotides at each position are shown. The black background
bases are shown in gray. Consensus sequence of each group is indi
preferred and moderately favorable bases, respectively. Sequences
Oligo G). (B) Comparison of the binding sequences. Top; the cons
Second and third rows; binding sequences of the MyoD-class A fa
1990). Fourth row; the MEF-1 box in the muscle specific enhancer of
of the MEF-1 boxes in the regulatory regions of skeletal muscle-spec
Brackets indicate coupled nucleotides. A line over an uppercase or
the base, respectively. Except for the mMCK MEF1 and MEF1 cons.
while lowercase indicates moderately preferred nucleotides. (C) E
heteromer to the sequences selected by CASTing (oligos A and G,
with the indicated probes, and processed to EMSA. Positions of the
that Sgn1-E47 heterodimer binds to these probes with much high
efficiently binds to these sequences as well.
© 2001 Elsevier Science. A
10). Similar but somewhat weaker repression was observed
when E47 was also transfected (lanes 5, 6, 11, and 12).
Essentially the same results were obtained using 6R-pro-luc
(data not shown). The above activation and repression were
not observed on the pro-luc reporter (Fig. 8 upper panels),
indicating that they are dependent on the E-boxes. Tran-
scriptional activation driven by an artificial activator (Gal4-
VP16) or a strong viral enhancer (SV40 late enhancer) was
not affected by Sgn1 in the presence or absence of E47 (data
not shown). As shown in Fig. 8C, the inhibiting activity was
also observed for the activation caused by MyoD;E47
tethered molecule, which constantly dimerizes intramo-

mmary of the sequences recovered by CASTing using Sgn1-E47
into two groups, A-type (top) and G-type (bottom). Frequencies of
ates the fixed bases (i.e., the E-box consensus) and high frequency
below; the upper and lower cases indicate the almost exclusively

e dsDNA probes used for EMSA in (C) are indicated (Oligo A and
s Sgn1-E47 binding sequence integrated from the two types in A.
heteromer determined by SAAB assay (Blackwell and Weintraub,
mouse MCK gene (Buskin and Hauschka, 1989). Bottom; consensus
enes (Buskin and Hauschka, 1989). The E-box consensus is shaded.
ercase indicates the complete absence or decreased appearance of

ercase indicates the absolutely or nearly absolutely preferred bases,
for testing the binding of Sgn1, MyoD, E47 homomer and their

. Combinations of in vitro-translated polypeptides were incubated
cific bands, a nonspecific band and the free probe are shown. Note
ffinity than the homodimer, and that MyoD-E47 heteromer also
A) Su
ified
indic
cated
of th
ensu
ctor
the
ific g
a low
, upp
MSA
in A)
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lecularly to form a functional factor as a single polypeptide
(Neuhold and Wold, 1993). Finally, we tested the effect of
Sgn1 on a bHLH factor-driven cellular event. Differentia-
tion of skeletal muscle cells such as C2C12 is dependent on
MyoD family of bHLH factors and affected by Id and other
negative regulators for bHLH proteins (Benezra et al., 1990;
Olson, 1992). Forced expression of Sgn1, as well as Id,
repressed the differentiation of the C2C12 cells (Fig. 9). All
the above findings indicate that Sgn1 can act as a repressor
for positively acting bHLH transcription factors.

DISCUSSION

In this study, we identified a novel class B bHLH tran-
scriptional regulator, Sgn1, that shows a highly cell type
specific expression in salivary ducts. The data in this paper
supports the idea that Sgn1 is a negative regulator for
transcription driven by positively acting class B bHLH
factors.

The expression of Sgn1 and Mist1 in the adult and the
developing salivary glands shown in this paper indicate that
these two bHLH factors delineate distinct lines of cells
within the salivary glands. Sgn1 is specifically expressed in
a subset of cells in the striated and the excretory ducts. It
was not possible, however, to determine the cells express-
ing Sgn1 under optical microscopic observation of our ISH
specimen, except for the granular duct in male SMG, where
Sgn1 is expressed in the basal cells. Immunohistological
detection of the Sgn1 and more detailed morphological
examination would clarify the precise types of Sgn1-
positive cells. Sgn1 expression is first detected in newly
formed, immature duct cells during development (Fig. 4).
Mist1 is a good contrast to Sgn1 and delineates the acinar
cells as well as the intercalated duct. Like Sgn1, Mist1 is
first detected prior to differentiation into mature secreting
cells (Fig. 4 and Redman, 1987). Mist1 transcripts are
uniformly detected over the entire acini regardless of excre-
tory context (mucous or serous) (Fig. 3). Pin et al., (2000)
described that Mist1 protein accumulation and gene tran-
scription are predominant in serous and seromucous cells
while essentially negative in the mucous cells based on
immunostaining and visualization of the signals from the
LacZ gene knocked into the Mist1 locus. Although we can
not explain this discrepancy, some post-transcriptional
regulation could be involved. The highly specific expression
of Sgn1 in the ducts of the three major salivary glands
supports the idea that these distinct glands share common
regulating mechanisms for cellular identity. To our knowl-
edge, Sgn1 is the first instance of such a molecule that
underlies the similarity among the salivary tissues.

Sgn1 has a repression effect on other bHLH factor-driven
transcription. All data addressing the basic characteristics
of the Sgn1 protein support the idea that Sgn1 preferably
forms a heterodimer with class A bHLH factors in the cell
nuclei and can bind to E-box-containing DNA sequences.
Based on these data, modes of transcriptional repression by
Sgn1 shall be discussed. First, Sgn1 forms a heterodimer
© 2001 Elsevier Science. A
with class A factors as shown by yeast two-hybrid and
GST-pull down assays (Fig. 6B and C). The latter also
revealed the interaction between Sgn1 and MyoD (Fig. 6C).
Thus, Sgn1 can affect the formation of MyoD-class A factor
active complexes by sequestering the class A factor and
formation of the MyoD-Sgn1 complex. Second, as shown in
Fig. 8C, Sgn1 also inhibits the transcription caused by a
MyoD;E47 tethered molecule, which forms a highly stable
dimer-like structure (Neuhold and Wold, 1993). This data
indicates that in addition to the breaking down of the
MyoD-class A dimer, other modes of repression are also
involved. We suppose it most probable that Sgn1-class A
dimers compete with the MyoD-Class A active complexes
on DNA since Sgn1-E47 complexes share their DNA bind-
ing sequences with other class A-class B heterodimers
including MyoD and Mash1 (Fig. 7). Thus, Sgn1 inhibits
transcriptional activation by several means. Although Sgn1
can form homodimers as indicated by the yeast two-hybrid
and the GST-pull down assays, it is not as stable as its
heterodimers with class A bHLH factors (Fig. 6B and C).
Furthermore, CASTing with the Sgn1 polypeptide alone
resulted in failure to select any preferred binding sequences
(data not shown) and the Sgn1 homodimer was found to
bind to the E-box sequences only at much lower affinities in
our EMSA experiments (Fig. 7C). Therefore, assuming that
these data simulate the situation in vivo, the Sgn1 ho-
modimer does not appear to play an important cellular role.

Under our experimental conditions, active repression or a
so-called repression domain was not identified in Sgn1.
However, we do not exclude this possibility. The Sgn1-E47
complex seems to bind DNA without activating transcrip-
tion. Given that E47 is a potent transcriptional activator
containing defined activation domains (Quong et al., 1993;
Aronheim et al., 1993), Sgn1 should inhibit them by some
means. Possible mechanisms include the presence of an
unidentified repression domain that recruits transcriptional
repressor(s), or prevention of the transactivation domains of
E47 from recruiting co-activators.

Interestingly, Mist1 also acts as a transcriptional repres-
sor and the overall activity of Sgn1 is similar to that of
Mist1 (Lemercier et al., 1998): Mist1 forms heterodimers
with class A factors and MyoD, breaking down the MyoD-
class A interaction. In addition, the Mist1-E47 heterodimer
binds to DNA as a transcriptionally inert complex. Unlike
Sgn1, however, a repression domain has been identified in
Mist1, which is likely to recruit a transcriptional co-
repressor. Moreover, Mist1 homodimer is stable, binds to
the E-box sequence and represses transcription. In addition
to Sgn1 and Mist1, a number of class B bHLH factors,
including Twist, BETA3, MyoR and OUT (Spicer et al.,
1996; Peyton et al., 1996; Lu et al., 1999; Narumi et al.,
2000), show inhibiting activities on different cell popula-
tions. These developmentally regulated and cell-type re-
stricted bHLH inhibitors would enable finely tuned regula-
tion of gene expression by bHLH proteins in concert with
cell type-nonspecific negative factors such as Id and HES
proteins (reviewed in Massari and Murre, 2000).
ll rights reserved.
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Based on the general involvement of the class B bHLH
proteins in cell type specification and differentiation, it can
be hypothesized that Sgn1 and Mist1 function to establish
the identity and/or to advance the differentiation. Like
many other systems, biogenesis of salivary glands may
involve a network of transcription factors, in which Sgn1
and Mist1 participate. The pancreas is one of the most
studied as well as one of the closest organs to salivary
glands. Class B bHLH transcription factors also play impor-
tant roles in the emergence of multiple cell types in
pancreas: PTF1-p48 plays an essential role in the exocrine
cells, whereas neurogenin3 and related bHLH factors are
crucial for the endocrine cells (Krapp et al., 1998; Gradwohl
et al., 2000). It is not known to date, whether the pancreatic
duct cells are under the control of bHLH or other transcrip-
tion factors.

Sgn1 expression is highly specific to the salivary gland
duct cells, suggesting its role in the establishment of
salivary gland identity. In contrast, Mist1 expression is
not so restricted but distributed widely among secreting
cells, including pancreatic exocrine cells and gastric chief
cells (Pin et al., 2000). Thus, it is unlikely that Mist1
alone can dictate salivary exocrine cell identity. Actu-
ally, the pancreatic exocrine cells also express another
class B bHLH factor PTF1-p48, that has been shown to
directly transactivate specific genes and is required for

FIG. 8. Sgn1 acts as a negative regulator for transcription. (A-C) Lu
6A-pro-luc or the control (pro-luc), were transfected with various co
respectively). MyoD or Mash1 activated the transcription throu
repressed the transactivation caused by MyoD, Mash1 or MyoD;E
was 0.2 mg for MyoD, E47, Mash1 and MyoD;E47, and 0.4 mg for
control vector (pRLtk) were always included. The luciferase activ
summation of 3–4 parallel experiments (average 6 SEM).
© 2001 Elsevier Science. A
the generation of the exocrine pancreas (Krapp et al.,
1996; Krapp et al., 1998). It suggests that while Mist1 is
important for the common features of exocrine cells,
PTF1-p48 provides the specificity for exocrine pancreas.
Similarly, it can be hypothesized that a yet unidentified
class B bHLH factor(s) is expressed in the salivary exo-
crine cells and sets their identity. Indeed, the salivary-
specific transcription of the rat proline-rich protein RP4
gene is dependent on the E-box-containing upstream
sequence. SCBP, which recognizes this binding site, has
been cloned and found to be a class A bHLH protein
(homologous to ALF1) that activates RP4 gene expression
in concert with other transcription factors (Lin et al.,
1993). The hypothetical class B bHLH factor(s) might be
involved in transcriptional regulation through this ele-
ment.

One of the biggest questions remaining is with regards to
the upstream regulator. The initial steps in pancreas forma-
tion involve a homeobox transcription factor, Pdx1. It is
expressed in the forming pancreatic buds and essential for
the whole process of pancreas formation including the
generation of multiple cell types (Jonsson et al., 1994;
Jonsson et al., 1995). bHLH transcription factors such as
PTF1-p48 and neurogenin3 function downstream of Pdx1 to
specify each cell type (Krapp et al., 1998; Schwitzgebel et
al., 2000). Similarly, some regulatory factor(s) might initiate

ase assays in C3H10T1/2 mouse fibroblasts. The reporter plasmids,
nations of the expression vectors indicated (middle and top panels,
gn1–E47 binding element, while Sgn1 does not. However, Sgn1
thered molecule (see text for details). The amount of DNA added,
per transfection. 0.2 mg of the reporter and 0.1 mg of the internal
were normalized with the internal control. Each data point is a
cifer
mbi

gh S
47 te
Sgn1
ities
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the whole program of salivary gland formation and function
upstream of Sgn1 and Mist1. Another important question
concerns the differences among salivary glands, because
each gland has a unique identity and specific gene expres-
sion. Sgn1 and Mist1 can not explain such differences, as
both are commonly expressed in all salivary glands. bHLH
or other transcription factors might be also involved in this
gland-specificity. Future studies should address these hypo-
thetical transcription factor networks, where Sgn1 and
Mist1 are likely to be important players.

Identification of the target genes is also important. Al-
though Sgn1 is most likely to act as a negative transcription
factor, it cannot be completely excluded that it can also act
as a positive regulator. When Sgn1 and Mist1 are assumed
to be involved in the establishment and maintenance of cell
lineage, their own genes are the candidate targets of direct
or indirect auto up-regulation. Such a positive autoregula-
tion would ensure the continuous expression of the factors
in a particular lineage. Along this line, we have observed
that Mist1 activates its own promoter by about two-fold in
transient transfections in fibroblasts (S. Yoshida, unpub-
lished observation). We point out the possibility that this
may be a direct activation by Mist1, because Pin et al.
(2000) mentioned that Mist1 can activate particular re-

FIG. 9. Sgn1 inhibits skeletal muscle differentiation in vitro. C
plasmid as well as the empty vector, and induced to differentiation.
into multinucleated myotubes was calculated, indicating the inhib
SEM of four parallel experiments, each including approximately 10
induced C2C12 cells transfected with the indicated plasmids. Tra
visualized by anti-Troponin T immunostaining (brown). Asterisk r
myotube, which are most likely derived from a single transfec
undifferentiated. Bar, 100 mm.
© 2001 Elsevier Science. A
porter genes. To promote differentiation, Sgn1 and Mist1
might also regulate a number of specific genes. For Mist1,
we agree with the assumption by Pin et al. (2000) that its
target genes are related to common exocrine cell properties
such as the secretion process or cell polarity. Identification
of Sgn1-expressing cells is needed to discuss Sgn1 target
genes involved in differentiation.

Sgn1 appears involved in the sexual dimorphism in SMG.
The “default” female striated ducts contain a much higher
content of Sgn1-positive cells than male ducts. In males,
Sgn1 is exclusively detected in the undifferentiated basal
cells. Therefore, Sgn1 expression exhibits an inverse rela-
tionship with the development of the male phenotype.
Based on the repressor activity of Sgn1 and the knowledge
that male phenotypes are induced primarily by androgens
(Chretien, 1977), we hypothesize that androgens activate a
particular set of male-specific genes through the androgen
receptor (a nuclear receptor transcription factor) in concert
with unidentified bHLH transcriptional activator(s), whose
activity is regulated by Sgn1. In parallel, androgens might
down-regulate Sgn1 expression in the differentiating cells.
Low amounts of Sgn1 expression are also found in testis and
epididymis, although we were unable to resolve individual
positive cells by ISH (Fig. 2). Interestingly, these organs as

2 mouse myoblasts were transfected with Sgn1 or Id expression
he transfected nuclei were visualized and the percent incorporated
of myogenic differentiation in vitro by Sgn1 and Id. Averages and
nsfected cells are shown. (B-D) Appearance of the differentiation-

cted cells are colored blue in nuclei and differentiated cells were
sents a cluster of blue nuclei in differentiated and multinucleated
ell, and arrowheads indicate the transfected cells that remain
2C1
(A) T
ition
0 tra
nsfe
epre
ted c
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well as salivary glands are under the control of sex hor-
mones and implicate the involvement of Sgn1 with sex- or
reproduction-related phenomena.
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