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ABSTRACT

Sertoli cells are the epithelial cells responsible for the onset of
pubertal development and maintenance of spermatogenesis in the
adult. Transferrin is one of the major secretory products expressed by
differentiated Sertoli cells. Investigation of the transcriptional control
of transferrin gene expression provides insight into the regulation of
Sertoli cell differentiation. Analysis of the mouse transferrin (mTf)
promoter reveals the presence of a number of conserved response
elements that have previously been shown to regulate cell specific
expression of the human transferrin (hTf) promoter. One of these
elements is the human PRII region, which is a cAMP response ele-
ment (CRE)-like element that is more than 80% conserved in the mTf
promoter. The activation of the hTf promoter by FSH and cAMP in rat
Sertoli cells has been shown to be mediated in part through the
CRE-like PRII region and binding of the CRE binding protein (CREB).
The present study investigates the role of PRII in the activation of mTf
promoter by FSH and cAMP in rat Sertoli cells. Mutations in the PRII
of the mTf promoter reduced FSH activation by only 50% and cAMP
activation by more than 90%. In contrast, the mutant PRII mTf
promoter construct was fully activated by a partially purified testic-
ular paracrine activity PModS(S300). Gel shift experiments demon-
strated that proteins that can bind a consensus CRE oligonucleotide

also bind the PRII region of the mTf promoter. An immunoblot con-
firmed that CREB binds the PRII and promotes the gel shift observed.
The hypothesis developed was that another cis-acting element in
addition to the CRE-like PRII is also involved in FSH actions. A
conserved response element in both the mTf and hTf promoters is the
basic helix-loop-helix (bHLH) responsive E-box sequence. Both FSH
and PModS (S300) activity were found to promote a mTf E-box gel
shift that contained the E2A gene product the bHLH protein E47.
Interestingly, mutations in the E-box of the mTf promoter completely
abolished the PModS(S300) activation and partially (62%) inhibited
the activation by FSH. In contrast, the mutant E-box mTf promoter
construct was fully activated by cAMP. Finally a double mutation of
both the PRII and the E-box completely abolished FSH activation of
the mTf promoter. These results suggest that optimal activation of the
mouse transferrin promoter by FSH requires both CREB binding to
the CRE-like PRII region and bHLH binding to the E-box. Informa-
tion is provided that indicates a number of Sertoli cell promoters
contain a close association of E-box and CRE-like elements. Obser-
vations are discussed in regards to the potential interactions of the
CRE and E-box response elements in mediating FSH actions in Sertoli
cells. (Endocrinology 140: 1262-1271, 1999)

ULTIPLE INTERACTIONS ARE known to occur be- .

tween several classes of transcription factors to en-
sure efficient and cell specific transcription. The cell specific
expression of genes is likely mediated in part through in-
teractions between critical trans-acting factors. The molecular
mechanisms underlying Sertoli cell specific gene expression
are poorly understood. The transferrin gene provides an
excellent model to elucidate the regulatory mechanisms con-
trolling the expression of a gene in different cell types (1). In
contrast to the liver (2), the transferrin gene expression in
Sertoli cells is not regulated by iron, but instead by hormones
such as FSH (3, 4). Transferrin messenger RNA (mRNA) is
present in Sertoli cells of postnatal 5-day-old rats, but the
protein is primarily detectable at the onset of puberty (5).
This correlates with the differentiation of Sertoli cells and
provides a useful marker of Sertoli cell differentiation (6).
Investigation of the transcriptional control of the transferrin
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gene provides insight into the hormonal regulation of Sertoli
cell differentiation.

The primary hormone found to influence Sertoli cell
differentiation is FSH. Locally produced paracrine factors
also influence Sertoli cell differentiation. The bioactive
peritubular cell secretory product termed PModS acts on
Sertoli cells in a manner distinct from FSH and does not
involve the cCAMP-protein kinase A (PKA) pathway (7). The
PModS activity in the peritubular cell secretory products,
PModS(5300), is a useful agent to stimulate transferrin pro-
moter activation independent of cAMP and FSH. Therefore,
the current study compares FSH and PModS(S300) activation
of the transferrin promoter to provide insight into FSH
actions.

Expression data on the human transferrin promoter in rat
Sertoli cells suggested that a minimal promoter (i.c. proximal
580 bp) is sufficient for basal activity of the gene (8). Through
deletion analysis of the human transferrin promoter, a cell
type-specific region was identified within the proximal =175
bp (8). In hepatoceytes, this proximal region binds HNF (prox-
imal regions I, PRI) and ¢/EBP (PRII) and imparts liver
specificity (9). In rat Sertoli cells, the basal transcription of the
human transferrin promoter is due to the TATA box region.
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The increase in transcription is most likely through the com-
bination of factors binding to the proximal sites (PRI and
PRII). Interestingly, the cAMP response element binding pro-
tein (CREB) interacts with the PRIl (~100) of the human
transferrin promoter (10, 11). In Sertoli cells, FSH acts pri-
marily through the cAMP-PKA pathway (12). The regulation
of the transferrin gene expression by FSH appears to be in
part due to the CREB binding at PRII, however, PRIl shows
no homology to a consensus cAMP response element (CRE)
(10, 11). Deletion of sequences upstream of the —100 bp
region of the human transferrin (hTf) promoter retained
cAMP responsiveness (10). This proximal 100 bp of the hTf
contains the CREB binding region PRIL The effects of FSH on
this proximal —100 bp promoter suggests the potential in-
volvement of response elements upstream of this 100 bp
region.

Another response element that is highly conserved be-
tween the mouse and human transferrin promoters is the
E-box response element. The E-box is a consensus hexanucle-
otide sequence (CANNTG) and binds bHLH transcription
factors as heterodimers (13). The bHLH proteins are a class
of transcription factors previously shown to be involved in
the transcriptional control of cell specific differentiation in a
number of tissues including muscle and brain (e.g. MyoD and
neuroD) (14, 15). These transcription factors have a con-
served HLH domain essential for dimerization and a basic
domain. The paired basic domain mediates binding to a
consensus E-box (CANNTG) (16). Previously Sertoli cells
have been shown to express bHLH proteins in response to
FSH and PModS(S300) (17). Overexpression of Id (a nega-
tively acting HLH protein lacking a basic domain) down-
regulates the mouse transferrin promoter activation (17). The
down-regulation of the mouse transferrin promoter may be
directly mediated at the level of the E-box in the promoter,
or it may be indirect involving intermediate early-event tran-
scription factors.

The previous observations that additional regions of the
mTf promoter other than the PRII are needed for optimal
FSH actions (10, 11) and that Id can alter FSH actions (17)
suggest that the actions of FSH are more complex than simply
a CRE element requirement. In the present study, both E-box
and CRE cis-acting DNA elements were demonstrated to be
required for FSH induced activation of the mouse transferrin
promoter in rat Sertoli cells. Observations suggest that bHLH
proteins acting at the E-box and CREB acting at the CRE-like
PRIl appear to cooperate for optimal FSH induced promoter
activation.

Materials and Methods
Cell preparations and culture

Sertoli cells were isolated from the testis of 20-day-old rats by se-
quential enzymatic digestion (18) with a modified procedure described
by Tunget al. (19). Decapsulated testis fragments were digested first with
trypsin (1.5 mg/ml; Gibco BRL, Gaithersburg, MD) to remove the in-
terstitial cells and then with collagenase (1 mg/ml type [; Sigma Chem-
ical Co., St. Louis, MO) and hyaluronidase (1 mg/ml; Sigma Chemical
Co.). Sertoli cells were then plated under serum-free conditions in 24-
well Falcon plates at 1 % 10¢ cells/well. Cells were maintained in a 5%
CO, atmosphere in Ham's F-12 medium (Gibco BRL) with 0.01% BSA
at 32 C. Sertoli cells were left untreated (Control) or treated with either
FSH (100 ng/ml; 0-FSH-16, National Pituitary Agency), dbcAMP (0.1

mm) or PModS (S300) (50 pg/ml). The PModS (S300) is a partially
purified testicular paracrine factor isolated on a Sephacry!l 5300 column
(7). These optimal concentrations of hormones and PModS (5300) have
previously been shown to dramatically stimulate cultured Sertoli cell
differentiated functions (19, 20). The cells were cultured under serum-
free conditions for a maximum of 5 days with a media change after 48 h
of culture. Cell number and density did not change during the culture
in the absence or presence of the treatment (20, 21).

Plasmids

The CAT reporter plasmid (pUC8-CAT) containing -581 bp (—581bp
mTf-CAT) was generously provided by Dr. G. Stanley McKnight (Uni-
versity of Washington, Seattle, WA) (22). The mouse transferrin pro-
moter used in the present study included the transcriptional initiation
site of the transferrin gene which is 54 bp upstream of the start site of
translation (22). The point mutations in the PRII and E-box elements of
the mTf-CAT promoter were created with a QuickChange site-directed
mutagenesis kit (Stratagene, San Diego, CA). The introduction of the
desired mutation was confirmed by DNA sequencing of the reporter
constructs (Fig. 1).

Transfection

Sertoli cells cultured for 48 h were transfected with a reporter gene
construct by the calcium phosphate method coupled with hyper osmotic
shock (10% glycerol) as previously described (23). Briefly, 1.5 ug reporter
plasmid in 150 pl of transfection buffer (250 mm CaCl, mixed 1:1 vol/vol
with 2x Hebes [28 mm NaCl, 50 mm HEPES, and 1.47 mm Na,HPO,, pH
7.05]) was added to each well of a 24-well plate containing 1 X 10° Sertoli
cells in 1 ml of Ham’s F-12 with 0.01% BSA, and incubation was per-
formed at 32 C for 4 h. After incubation, the cells were subjected to a
hyper osmotic shock. The medium was aspirated, and 1 ml of 10%
glycerol in HBSS (Gibco BRL) was added. The cells were incubated for
3 min, and the wells were washed twice before fresh Ham’s F-12 was
added. Various treatments were subsequently added, and cells were
incubated for 48 h before harvesting for CAT assays. In each experiment
the transfection efficiency was monitored by transfecting the Sertoli cells
by the plasmid containing p-galactosidase gene driven by a CMV pro-
moter. Subsequent staining.and counting the cells expressing -galac-
tosidase (blue color) r:‘ﬁ_glted in 25% transfection efficiency.

CAT assay

Assay of CAT activity was performed as follows: medium was re-
moved from the wells, and the cells were washed once with PBS. One
hundred microliters of cell lysis buffer (Promega Corp.) was added to
each well, and incubation was carried out for 15 min at room temper-
ature. The wells were then scraped and buffer was collected in 1.5-ml
microfuge tubes. Tubes were heated to 65 C for 10 min to inactivate
endogenous acetylases and then centrifuged at 12,000 X g for 10 min at
4 C to remove cell debris. An aliquot of cell extract (54 ul) was mixed
with 65 ul 0.25 M Tris. pH 8.0, 25 pg n-butyryl coenzyme A (5 mg/ml;
Sigma Chemical Co.), and 0.1 uCi(1 ul) of *¥C-Chloramphenicol (ICN,
Costa Mesa, CA) and incubated overnight at 37 C. The mixture was
extracted once with 300 pl mixed xylenes and back-extracted with 100
ul of 0.25 m Tris (pH 8.0). A 200-u! aliquot of the organic phase was
counted in a scintillation counter to determine the relative amount of
CAT activity. The average conversion of CAT substrate for treated cells
ranged between 20 and 30%. This assay was found to be linear with the
protein concentration used.

Gel shift assays

Gel shift assays were performed with nuclear extracts of isolated
Sertoli cells. The Sertoli cells were isolated as described above and
cultured in 150 mm X 20 mm tissue culture dishes (Nunclon). The cells
were treated after 48 h in culture with either FSH, PModS(S300) or not
treated for controls. After 72 h, the cells were scrapped off the tissue
culture dishes and washed once with PBS. The nuclear extracts of these
cells were then prepared as described by Guillou el al. (8). Typically
70-100 pg of protein was obtained from 10%-plated cells. The double-
stranded DNA probes with flanking sequences used in gel retardation
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Fic. 1. A, Potential response elements
in the proximal 581-bp mouse trans- 11
ferrin promoter. Proximal regions I
(PRI) and II (PRII) and distal regions I
(DRD) and (DRII) were identified by

Proximal Region II
-102 gggcgattgggcaacccggctgcac ~78

CLLERETEE T | (1l

~104 GGGTGATTGGGCAATTGGACTGCGC -80

E-Box
-506 cacctg -501

(PRII)

-327 CAGCTG -322

comparing the mouse transferrin pro-
moter to the human transferrin pro- C
moter. B, Sequence comparison be-

tween human (lower case) and mouse
(upper case) proximal region PRII and
E-box. C, Sequence of the WT-PRII
and mutated-PRII oligonucleotides
used as a probe in gel shift assays and
to introduce mutations in the mouse
transferrin promoter. D, Sequence of .
the WT-E-box and mutated-E-box oli-
gonucleotides used as a probe in gel
shift assays and to introduce mutations

WT-PRII

5'- GTG GAT GCG GGG TGA TTG GGC AAT TGG ACT GCG CAA ACA

MUTATED~PRII

5'- GTG GAT GCG GGG TCC TAG GCA TGT TGG ACT GCG CAA ACA

in the mouse transferrin promoter.

D

WT-E Box

5'- GCC ACT CCC GCC CAA GCA GCT GTA CCA TGC TGC TCC

MUTATED-E Box P 1

5'- GCC ACT CCC GCC CAA GCA AAA TGT ACC ATG CTG CTC C

assays were: E-Box: GCCCAAGCAGCTGTACCATGC; Mutated E-box:
GCCCAAGCAAAATGTACCATGC; PRI GCGGGGTGATTGGGCAA-
TTGGACT; Mutated PRIl: GCGGGGTCCTAGGCATGTTG GACT; CRE:
GTGGATGACGTCAGGTCA. The gel retardation assay used was a mod-
ification of the protocol described by Garner and Rezvin (24). The final
reaction volume of 20 ul contained 0.5 ng (approximately 50,000 cpm)
of 5'- 32P-labeled double stranded probe, 100 ng sonicated salmon sperm
DNA, 2 pug Poly dI-dC (USB), 20 ng BSA, 20 mm HEPES, pH 8.0, 4 mm
Tris, pH 7.9, 50 mm KCl, 600 pm EDTA and EGTA, 500 um DTT, and
5 g Sertoli cell nuclear proteins. After incubation at room temperature
for 20 min, 5 pl of the reaction was electrophoretically separated on a
nondenaturing 5% polyacrylamide gel in 0.5 X TBE. The gel was dried
under vacuum and exposed to Kodak X-OMAT AR film (Eastman
Kodak Co., Rochester, NY) at =80 C for 16-18 h. For the competition
experiments, excess unlabeled oligonucleotide (250 fold in excess than
labeled probe) was added in the binding reaction.

Immunoblot procedure

A gel shift assay was performed in duplicate on the same gel using
radioactive and nonradioactive PRIl or E-box oligonucleotide. The gel
shift using radioactive probes was dried and autoradiographed as
above. Gel shift assay using nonradioactive probes on the polyacryl-
amide gel was electrophoretically transferred to a nitrocellulose mem-
brane (BA85, Schleicher & Schuell, Inc.) by electorphoresis in Tris-gly-

cine buffer containing 12% methanol. The blot was then blocked in 5%
nonfat milk in TBSN (50 mM Tris, pH 7.4; 150 mM NaCl, and 0.05%
Nonidt P-40) and incubated with a 1:3000 dilution of antibodies to
E12/E47, CREB and nonimmune serum (NIS) (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA) for 3 h. After three washes of 15 min each, the
blot was hybridized with a secondary antibody (1:3000 dilution; directed
against rabbit immunoglobin G) conjugated to alkaline phosphatase for
1 h at room temperature. After 5 washes in TBSN, the immune complex
was detected using the Immune-Star Chemiluminescent Protein Detec-
tion System (Bio-Rad Laboratories, Inc.). As an internal control, a gel
shift was carried out using AP-1 oligo and blotted with c-fos, E12, USF,
and SRF antibody. When AP-1 was used as a probe, a band in the blot
was observed only with c-fos antibody (data not shown).

Statistical analysis

All transfection data were obtained from a minimum of three dif-
ferent experiments unless otherwise stated. Each data point (from treat-
ments) was converted to a relative CAT activity (control CAT activity of
WT-mTf CAT = 1) with the mean and sem from multiple experiments
determined as indicated in the figure legends. Data were analyzed by
ANOVA as indicated in the figure legends. The CAT reporter plasmids
without mTf promoter was used as negative controls. In response to
PModS (5300), FSH, and dcAMP the relative CAT activity of the negative
control plasmid was in the range of 1.5 to 2.
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Results

The hypothesis was tested that bHLH proteins and cAMP
response element binding proteins regulate the transcription
of the mouse transferrin promoter in Sertoli cells. A chimeric
construct containing the chloromphenicol acetyltransferase
(CAT) reporter driven by the proximal 581 bp of the mouse
transferrin promoter (WTmTf-CAT) was transiently trans-
fected into cultured Sertoli cells, (Fig. 1A). Sertoli cells were
isolated from 20-day-old rat testis and cultured under serum
free conditions. After transfection, the cells were left un-
treated or treated with either FSH, dbcAMP, or a partially
purified bioactive preparation from a size exclusion column
termed PModS(S300) for 48 h before harvesting the cells for
CAT assay. As shown in Fig. 2, FSH, cAMP, and
PModS(5300) induced 12-, 14- and 8-fold stimulation of the
CAT activity, respectively, compared with untreated con-
trols (P < 0.001). This increase in CAT activity was signifi-
cantly higher than that observed by transfecting Sertoli cells
with a plasmid containing only the CAT gene without any
promoter, (less than 2-fold stimulation, data not shown). The
increased CAT activity in response to dbcAMP suggests that
the —581bp of the proximal promoter contains a cAMP re-
sponse element.

A
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Sequence analysis of the proximal promoter did not reveal
the presence of a consensus cAMP response element (CRE).
Therefore, in an attempt to define the regulatory sequences
that mediate the cCAMP response, a comparison was made
with the proximal mouse and human transferrin promoters.
Although the proximal human transferrin promoter also
does not contain a consensus CRE site, the CREB was shown
by Suire et al. (10, 11) to bind a region termed PRII with high
affinity (10, 11). The sequence of the human PRII region is
shown in Fig. 1B and has minimal similarity to the consensus
CRE site (TGACGTCA). The human PRI sequence was more
than 80% conserved in the mouse transferrin promoter (Fig.
1B). A gel shift assay was performed to determine whether
the mouse PRII can form specific DNA protein complexes. As
shown in Fig. 3, the 24-bp PRII oligonucleotide resulted in a
gel shift with multiple bands when nuclear extracts from FSH
and dbcAMP treated Sertoli cells were used in the binding
reaction (Fig. 3). The presence of multiple retarded bands
raises the possibility that PRIl may bind a number of different
proteins (or isoforms) with different mobility’s in the native
gel. Excess unlabeled PRIl was added to the binding reaction
to confirm that the retarded bands were specific. The excess
unlabeled PRII displaced all the observed bands suggesting

E Box PRII

e Wt-mTICAT

il EB*-mTfCAT

Fic. 2. A, Schematic of the mutant

| pe—

PRIO*-mTfCAT

mouse transferrin promoter constructs.
Mutation in either E-box or PRII or both
E-box and PRII were generated in con-

ed

SN pany

PRI*/EB*-mTfCAT

text of the intact promoter. Solid rect-
angles represent the WT, and open rect-
angles represent the mutations in
either E-box or PRII. B, Effect of E-box B

-581bp

—t

0

and PRII mutations on the activation of 20
mouse transferrin promoter in Sertoli :
cells. The cultured Sertoli cells were
transfected with the mutant trans-
ferrin promoter-CAT constructs and
were either left untreated (Control) or 16
treated with FSH, PModS(S300) or db- |
cAMP as indicated. Data are presented
as relative CAT activity of WT-mTi-
CAT control (WT-mTf-CAT control = 1)
and is the mean * SEM of duplicate sam-
ples in three separate experiments. The
absolute value of conversion of CAT
substrate in terms of cpm (cpm) was not
significantly different in untreated Ser-
toli cells transfected with various mu-
tant reporter constructs. Different su-
perscript letters above the error bars
represent a statistically significant dif-
ference (P < 0.001).

18

14

12 F

Relative CAT Activity
(Fold Stimulation)

Hl Control
B PModS(S300)
B FSH

dbcAMP

EB*-mTfCAT PRII*-mTICAT PRII*/EB*-mT{CAT
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PRI

PRII
Octl

F1c. 3. The gel shift with mouse PRII oligonucleotide (WT-PRII) and nuclear extracts (5 pg) from untreated Sertoli cells (C) or treated with
FSH, PModS(S300) (P) or cAMP. Three major bands as indicated by the arrows were observed when nuclear extracts from FSH- and
cAMP-treated Sertoli cell extracts were used. All of the shifted bands were specific because addition of excess unlabelled PRII but not mutated
PRII oligonucleotide (PRII*) could displace them. A complete displacement was also observed when excess unlabeled consensus CRE (GTG-
GATGACGTCAGGTCA) was included in the binding reaction. The panel on the right of the gel shift represents the immunoblot (Blot) as
described in Materials and Methods. The PRII gel shift blotted onto nitrocellulose membrane was probed with antibody to CREB. Two retarded
bands similar in migration to the bands I and II of the gel shift were detected indicating the presence of CREB. No band with the CREB antibody
was detected when Oct 1 oligonucleotide was used as a probe or when NIS was used. Data are representative of a minimum of three different

experiments.

that these bands were specifically due to binding of proteins
to the PRII oligonucleotide (Fig. 3). To explore the possibility
that CREB may bind to PRI, excess unlabeled consensus CRE
oligonucleotide was added to the binding reaction. Addition
of excess CRE also displaced all three of the major bands in
the gel shift reaction (Fig. 3). However, none of the bands
were displaced when either E-box or Oct1 oligonucleotides
were included in the binding reaction (data not shown). The
gel shift was transferred onto a nitrocellulose membrane and
blotted with antibody to CREB to confirm that PRII does bind
CREB. As shown in Fig. 3 (blot, far right) two bands were
detected with CREB antibody which correlated with the first
two bands in the gel shift assay. As a control for the blot
experiment, a gel shift with Oct 1 oligonucleotide was trans-
ferred onto nitrocellulose membrane and probed with CREB
antibody. Failure to detect any retarded band with CREB
antibody confirmed the specificity of the blot procedure and
support the observation that CREB is present in the complex
binding to PRIL The identity of the bottom gel shift is cur-
rently unknown and suggests that additional proteins may
also bind the PRIl oligonucleotide. Further experiments were
performed with a consensus CRE oligonucleotide. This con-
sensus CRE (TGACGTCA) was previously shown to bind
CREB (25). As shown in Fig. 4, a faint retarded complex was
observed when nuclear extracts from untreated controls S
and PModS(5300) treated Sertoli cells were used in the bind-
ing reaction. The intensity of this retarded complex was
increased dramatically when nuclear extracts from either

FSH- or dbcAMP-treated cells were used. This result sug-
gests that both thése treatments increased the binding of
CREB to the consensus CRE. This retarded complex was
specific due to the ability of excess unlabeled CRE to com-
pletely displaced the CRE gel shift. Interestingly, addition of
unlabeled PRII also completely displaced the retarded com-
plex, confirming that PRII also bound CREB (Fig. 4). There-
fore, activation of the WT-mTfCATin response to cAMP (Fig.
2) appears to be mediated through the PRII site.
Mutations were performed to understand the contribution
of PRII to the activation of the transferrin promoter. Site
directed mutagenesis of the PRII site in the 581-bp minimal
promoter was done to introduce specific nucleotide changes
(Fig. 1C). In a gel shift reaction a mutated PRII oligonucle-
otide (PRII*) failed to compete the retarded bands using
wild-type (WT) PRII (Fig. 3) or WT-CRE (Fig. 4) as probes.
This suggests that mutations in the PRIl appear to disrupt the
binding of CREB. In transient transfection experiments, the
mTf CAT construct with mutations in the PRII region (PRII*-
mT{CAT) was stimulated only 2-fold (P < 0.05) in response
to dbcAMP (Fig. 2). This is a significant reduction in the
activity of the PRII*-mTfCAT promoter when compared with
the activation of the WT-mT{CAT by dbcAMP (14-fold, P <
0.001). The data suggests that the stimulation of the trans-
ferrin promoter by cAMP is primarily mediated through the
binding of CREB at the PRII site. However, in response to
FSH the PRII*-mTfCAT retained 40% of its activity (5-fold,
P < 0.001) compared with untreated controls but was sig-
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nificantly less than the WT-mTfCAT (12-fold, P < 0.001) in
response to FSH (Fig. 2). Comparison of the PRII*-mT{CAT
response to cAMP (2-fold) and FSH (5-fold) suggested that

Treatment C P FSH cAMP

Unlabelled
Excess

— CRE PRIl PRII* —

CRE PRIl

PRII*

CRE

Fic. 4. Gel shift indicating the presence of specific proteins in the
nuclear extracts of FSH and dbcAMP treated Sertoli cell that can bind
a consensus CRE oligonucleotide (GTGGATGACGTCAGGTCA). Ex-
cess unlabeled WT-PRII oligonucleotide (PRII) and mutated PRII
oligonucleotide (PRII*) are indicated. Treatments are indicated: C,
control; P, PModS(S300); FSH; and dcAMP (cAMP). Data are repre-
sentative of three different experiments.

other response elements apart from PRIl are also involved in
FSH mediated activation of the transferrin promoter. Inter-
estingly, the activity of PRIF-mTfCAT and WT-mTfCAT was
similar in response to PModS (S300) activity (Fig. 2). This
supports the previous hypothesis (7) and provides direct
evidence that PModS (S300) activity does not act through the
cAMP-PKA pathway.

Previous reports demonstrate that overexpression of the
negatively acting HLH protein Id down-regulates the mouse
transferrin promoter activity. Both PModS(5300) activity and
FSH were also shown to induce the bHLH protein activity in
Sertoli cells (17). This and the observation that a consensus
E-box is present in both mouse and human proximal trans-
ferrin promoters (Fig. 1A) suggested a potential role for this
E-box in regulating the activity of the mouse transferrin
promoter. Gel shift experiments were performed to confirm
that E-box binding proteins can bind to the transferrin E-box.
As shown in Fig. 5, a specific retarded band was observed
when the mouse transferrin E-box (Tf E-box) oligonucleotide
was used in the binding reaction with nuclear extracts from
Sertoli cells treated with FSH and PModS(S300). A faint re-
tarded band comparable to untreated controls was also ob-
served when nuclear extracts from dbcAMP treated Sertoli
cells were used in the binding reaction. Observations suggest
that cCAMP may not induce the activity or expression of
bHLH proteins (Fig. 5). A gel shift immunoblot experiment
was performed as previously described to identify the pro-
tein(s) binding to the E-box in response to FSH. The gel shift
with nuclear extracts from FSH-treated Sertoli cells was
transferred onto a nitrocellulose membrane and blotted with
antibody to the ubiquitously expressed bHLH proteins E12/
E47. The presence of a single band comparable to the re-
tarded band in the gelshift assay confirmed that the product
of the E2A gene E47/E12 is part of the complex binding to
the transferrin E-box. Site directed mutations in the core

Gel Shift Blot
Treatment| € FSH PModS(5300) cAMP FSH
Fic. 5. Gelshift with transferrin E-box Unlabelled & & o PV N __Antibody
. O a (s)
oligonucleotide (WT-E-box). Sertoli Exess | / /&€ &L /L S &/ |eoE2 wis

cells were untreated control (C) or
treated with FSH, PModS(S300), or
¢AMP. Excess unlabeled oligonucleo-
tides used were E-box, mutated E-box*,
PRII, and CRE. Data are representative
of three different experiments. The
panel on the right of the gel shift rep-
resents the immunoblot (Blot) as de-
scribed in Materials and Methods. The
E-box gel shift blotted onto nitrocellu-
lose membrane was probed with anti-
body to E12/E47. A single retarded
band similar in migration to the gel
shift band on the left indicates the pres-
ence of E12/E47. No band with E12/E47
antibody was detected when Oct 1 oli-
gonucleotide was used as a probe or
when NIS was used.
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nucleotides of the E-box in the 581-bp proximal promoter
were performed to investigate the role of the E-box in reg-
ulating the mouse transferrin promoter (Fig. 1C). As shown
in Fig. 5, the failure of the mutated E-box oligo to displace the
retarded band confirmed that the mutations disrupt the
binding of E-box proteins.

Cultured Sertoli cells were transfected with the 581-bp
transferrin promoter reporter construct containing the E-box
mutations (EB*-mTFCAT). The cells were then treated with
either FSH, dcAMP, PModS (S300), or were untreated Q).
The dbcAMP treatment resulted in a 12-fold (P < 0.001)
stimulation of the EB*-mTfCAT construct (Fig. 2) and was
comparable to the WT promoter. Therefore, mutations in the
E-box had no effect on the activation of the transferrin pro-
moter by dbcAMP. This is consistent with the gel shift data
shown in Fig. 5 indicating the absence of a retarded band
with dbcAMP. The activity of EB*-mTfCAT construct in re-
sponse to FSH was significantly reduced (6-fold) compared
with the WT promoter (P < 0.001) (Fig. 2). Only 2-fold stim-
ulation (nonsignificant) was observed when the EB-*mTf-
CAT construct was stimulated with PModS(5300). The trans-
fection data using EB*-mTfCAT suggests that the action of
FSH on the mouse transferrin promoter are mediated in part
through the E-box and not exclusively through the cAMP-
PKA-mediated binding of CREB to the PRII site. This is
supported by the observation that the dbcAMP treatment
had no effect on the EB-mTfCAT promoter, but the activity
of PRII-mTfCAT promoter was completely inhibited. The
testicular paracrine activity PModS(S300) seems to primarily
regulate the activity of the mouse transferrin promoter
through the binding of bHLH proteins to the E-box.

A complete inhibition in the mouse transferrin promoter
activation in response to PModS(5300) and dbcAMP was
observed when either E-box or PRIl were mutated respec-
tively. Neither of these mutations alone completely abolished
FSHactions on the mouse transferrin promoter. The proposal
was made that both these response elements are required for
optimal FSH induced activation of the promoter. To test this
hypothesis simultaneous mutations were performed in both
the E-box and PRII of the 581-bp minimal promoter. The
Sertoli cells were transiently transfected with the mutated
E-box and PRII sites in the promoter (EB*-PRII*-mTfCAT)
and treated with FSH. As shown in Fig. 2, the CAT activity
of the double mutant EB*-PRITI*-mTf construct was compa-
rable to untreated controls. This observation suggests that
intact E-box and PRII sites are required for maximal stimu-
lation of the mouse transferrin promoter by FSH (Fig. 6). The
potential general role of both the E-box and CRE-like ele-
ments in mediating FSH actions was examined by investi-
gating the presence of both of the elements in the published
promoter sequences of a number of Sertoli cell genes. As
shown in Table 1, a consensus E-box sequence was present
in promoters of all the sequences examined. Although the
complete 25 bp of the PRII region was not completely con-
served, parts of the region were highly conserved. The PRII-
like domain may have the potential to regulate the PKA
mediated activation of these promoters. This is supported by
the observation that a consensus CRE site was absent from
the promoters analyzed with the exception of the inhibin
promoter (Table 1). Although this suggests the potential that
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FIG. 6. Schematic showing the possible mechanisms by which CREB
or related cAMP-inducible proteins and bHLH proteins activate the
transferrin promoter. A) The activation of the mouse transferrin pro-
moter by FSH may be due to the binding of bHLH and CREB like
proteins to E-box and PRII respectively. Binding of bHLH proteins to
the E-box in response to PModS(S300) may be sufficient for promoter
activation. B, Proposed mechanism by which bHLH and CREB re-
lated proteins may interact. An optimal promoter activation in re-
sponse to FSH may require the interaction between bHLH and CREB-
like proteins through a common protein (Adaptor).

both these element§"may be required for FSH actions, more
direct studies with each specific promoter will be required.

Discussion

Transferrin is an iron binding protein involved in trans-
porting iron to cells and is required for cell proliferation,
differentiation, and metabolism (26, 27). The liver is the pri-
mary source of transferrin in serum (28), but several other
extra-hepatic tissues like Sertoli cells (4), brain oligodendro-
cytes (29), choroid plexus (30), and mammary gland (31) also
produce transferrin. Serum levels of iron regulate transferrin
expression in the liver (2). In other tissues, transferrin ex-
pression is independent of serum iron levels and is under the
control of various hormones and other stimuli (1). Therefore,
transferrin is an example of a gene that is expressed in more
than one cell type and involves diverse transcriptional con-
trol mechanisms regulating its expression. Multiple cis-act-
ing elements like PRI, PRI, DRI, DRII, and CR are present in
the 5'-flanking region of the human transferrin gene (8, 9)
(Fig. 1). These elements can be recognized by trans-acting
factors such as C/EBP, CREB, HNF, and COUP Tf (8,9, 10,
11, 32). A combinatorial effect of several such trans-acting
factors with multiple cis-acting sequences may provide tis-
sue specific expression of the transferrin gene. In the current
study, such cis-acting elements and trans-acting factors in-
volved in regulating Sertoli cell expression of the mouse
transferrin gene were investigated. Transferrin is secreted by
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differentiated Sertoli cells and understanding the factors in-
volved in regulating the transferrin gene expression provides
insight into Sertoli cell differentiation.

Sertoli cell function is regulated primarily by the gonad-
otropin FSH. The FSH receptor is coupled to the PKA path-
way (33). FSH treatment rapidly increases intracellular
cAMP levels in the Sertoli cells (10). Many of the actions of
FSH in Sertoli cells can be mimicked by the cAMP analog
dbcAMP. The cAMP-PKA pathway regulates transcription
through the phosphorylation of serine 133 of the 43-kDa
CREB that binds to the 8bp palindromic sequence
(TGACGTCA) CRE site present in the promoters of a number
of genes (34, 35). The absence of a consensus CRE site in the
mouse transferrin promoter (mTf), as well as from the pro-
moters of other Sertoli cell genes, Table 1, suggests that either
CREB or other members of its family can bind sites other than
a consensus CRE. Alternatively, the effects of FSH/cAMP are
mediated through intermediate transcription factors which
are responsive to FSH/ cAMP induction. Interestingly, the
PRII site in the human transferrin promoter binds CREB at
a nonconsensus CRE site (10, 11). The observation that mu-
tations in the PR1I site of the human transferrin promoter can
down-regulate cAMP-induced stimulation (10) suggests that
dimers of the CREB family of bZIP proteins are able to target
DNA sequences different from the consensus 8-bp CRE pal-
indrome. The presence of a nearly conserved PRII site in the
mouse transferrin promoter suggests that this PRIl site is a
potential candidate in regulating FSH and cAMP-induced
mouse transferrin gene expression. In contrast to the human
PRII sequence, the mouse PRII sequence contains the CRE
half site (CGTCA). Another response element that is more
than 90% conserved in both human and mouse PRII is the
C/EBP binding site (ANNGGCAATT). In addition to CREB,
the PRII of the humen transferrin promoter also can bind two
additional unknown proteins SP-A and SP-D in rat Sertoli
cells (9). It is possible that transcription factors similar to
SP-A and SP-D may also bind PRIl of the mouse transferrin
promoter used in the present study and impart some tissue
specificity. Our observations suggest that the PRII of the
mouse transferrin promoter also binds CREB. The presence
of multiple bands in the gel shift using PRII oligonucleotide
as a probe (Fig. 3) suggests that multiple transcription factors
canbind to PRIL. However, acomplete displacement of all the
retarded bands with excess unlabeled consensus CRE oligo-
nucleotide indicates that these other unknown transcription
factors appear to be dependent on the binding of CREB or its
isoforms to PRIL

The contribution of the PRII region of the mouse trans-
ferrin promoter in the actions of FSH was investigated by
examining the activity of mTf promoter with specific muta-
tions in the PRII region in the mTf-CAT plasmids transfected
into Sertoli cells. This mutation resulted in a nearly complete
loss of responsiveness to cAMP and appears to be due to the
loss of binding of CREB which was suggested by the gel shift
data using mutated PRII (PRI[*). The mutation in the PRII
had no effect on the PModS(5300) activation of the mTf
promoter. This confirms previous observations (7) and pro-
vides additional evidence that the actions of PModS(S300)
activity are not mediated through the cAMP pathway.

Interestingly, FSH was still able to stimulate (5-fold) the
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PRII* mTf CAT plasmid. If the induction of the mTf promoter
were exclusively mediated through the cAMP pathway, a
complete loss in promoter activation as seen with dbcAMP
was anticipated. The lack of a complete loss of responsive-
ness implies the role of other cis acting elements and trans-
acting factors in FSH mediated induction of the mTf pro-
moter. One such frans-acting factor may be c-fos. The
translation of c-fos is required for FSH- and PModS(5300)-
induced transferrin promoter activation and expression of
the gene (29). The activation of c-fos by FSH and PModS(S300)
primarily seems to be at the level of the serum response
element (SRE) (36). However, a consensus CRE site is also
present in the proximal c-fos promoter. The c-fos together
with c-jun as a dimer can bind to a potential AP-1 site present
in the promoters of a number of genes to activate transcrip-
tion (37). The absence of an AP-1 site in the proximal mouse
and human transferrin promoters again suggests that inter-
mediate transcription factor(s) under the control of c-fos may
regulate the activity of the transferrin promoter. Another
possibility is that a common cis acting element may control
the activity of both the c-fos and transferrin promoters. One
of the common cis-elements identified by comparison of the
mouse transferrin promoter with the proximal promoter of
c-fos was an E-box element. E-box (consensus CANNTG)
elements are a motif to which the bHLH class of transcription
factors bind (13). These proteins are involved in cell-specific
transcriptional control in a number of tissues including mus-
cle and brain (14, 15). The bHLH proteins have a conserved
HLH domain essential for dimerization of different bHLH
proteins as well as a basic domain that mediates binding to
an E-box (16).

An E-box is present in the proximal c-fos promoter (—303)
and mouse transferrin promoter (—327, CAGCTG). Interest-
ingly an E-box sequence is also present in the human trans-
ferrin promoter (—506, CACCTG). The presence of an E-box
suggests that bHLH proteins may regulate the transcrip-
tional activity of these promoters. Previously we have shown
that overexpression of Id (a negatively acting HLH protein
lacking a basic DNA binding domain) down-regulates the
mTf-CAT (17) and c-fos (unpublished observation) reporter
construct in response to FSH and PModS. This down-regu-
lation by Id implies that bHLH proteins either directly reg-
ulate the mouse transferrin promoter CAT activity by bind-
ing to the E-box or mediate activation through c-fos.
Mutations in the E-box were performed to directly establish
the role of the E-box in the regulation of the mouse transferrin
promoter. As observed with the PRIl mutations, the E-box
mutations resulted in only a 6-fold stimulation of the trans-
ferrin promoter in response to FSH. The mutated E-box had
no effect on cAMP induction and was comparable to the WT
promoter. This transfection data are also supported by the
gel shift experiments in that a retarded E-box band was
observed with FSH but not with nuclear extracts from cAMP
treated Sertoli cells. These observations support the role of an
E-box in the regulation of the transferrin promoter by FSH
and suggest involvement of multiple cis-acting element and
trans-acting factors such as bHLH proteins and possibly
CREB. Comparison of the response of EB*-mTfCAT to FSH
and cAMP suggests that binding of bHLH proteins to the
E-box is present for FSH, but not cAMP. FSH signaling events
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independent of the cAMP-PKA pathway may regulate the
binding of bHLH proteins to the E-box. Recently, it was
shown that an E-box response element is present in the
proximal (—200 bp) promoter region of the regulatory sub-
unit RIIB of the cAMP dependent PKA (38). The functional
significance of the E-box in the regulation of the RIIB pro-
moter activity is not known. It is possible that a Sertoli cell
specific response to FSH, but not cAMP, may require the cell
specific expression and binding of bHLH proteins to the RIIg
E-box. The presence of the E2A gene product E12 or E47 in
the retarded band with an E-box as a probe was demon-
strated. E12 and E47 are ubiquitously expressed bHLH pro-
teins that generally form heterodimers with cell specific
bHLH protein to activate transcription. The possibility exists
that E12/E47 form heterodimers with a yet unknown Sertoli
cell specific bHLH protein.

In summary, the current study provides direct evidence
for the first time that the presence of both the E-box and the
PRI in the transferrin promoter is required for FSH to op-
timally activate the mTf promoter. The presence of PRIl is
sufficient if the stimulation is mediated primarily through
the cAMP-PKA pathway. In contrast, the effect of the tes-
ticular paracrine factor PModS(S300) activity on the pro-
moter is mediated primarily through the E-box response
element (Fig. 6A). Observations suggest that at least two
different pathways are involved in regulating the activity of
the transferrin gene in Sertoli cells. This is interesting con-
sidering the phenotype recently reported for the FSH -sub-
unit knockout mice (39). Although fertility was maintained
in FSH B null mutation male mice, the testis size was sig-
nificantly smaller. This appears to be due to decreased sper-
matogenesis and/or. Sertoli cell numbers, suggesting FSH
has a role in maintaining optimal testicular function. Com-
bined observations suggest that multiple factors involving
diverse signal transduction and transcription pathways ap-
pear to regulate Sertoli cell gene expression. As shown in Fig.
6B, it is proposed that bHLH proteins may interact with
CREB or CREB-like proteins binding to the PRII This inter-
action may be direct or mediated through an adapter-type
protein. This adapter protein can be similar to CBP, which
has recently been shown to bind bHLH proteins, as well as
CREB (40, 41). The complete loss in the activity of the pro-
moter in response to FSH with both E-box and PRIl muta-
tions suggests that both these response elements are required
for maximal stimulation of the transferrin promoter. How
these response elements and cis-acting factors interact re-
mains to be elucidated. The observation that similar elements
(i.e. E-box and PRII) are present in other major Sertoli cell
genes (Table 1) suggests this may be a general phenomena for
FSH activation of Sertoli cell transcription. More direct ex-
periments with those various promoters will be required to
test this hypothesis.
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