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ABSTRACT Cell-specific expression of the iron-
binding protein transferrin is in part mediated through
the regulation of its promoter. Although all cells require
iron from serum transferrin produced by hepatocytes,
cells that create a blood barrier such as Sertoli cells in
the testis and choroid plexus epithelium in the brain also
express the transferrin gene to provide iron to cells
sequestered within the serum-free environment. The
current study provides a complete sequence of the 3kb
mouse transferrin promoter and makes a comparison
with the sequence available for the human transferrin
promoter. Conserved regulatory elements between
these two species are identified and speculated to be
potentially important response elements for the regula-

‘tion of the transferrin gene. The proximal 90 bp of the

mouse and human transferrin promoter was found to
be 80% homologous. The previously identified pro-
tected regions in the proximal human promoter also
were conserved in the mouse transferrin promoter. Our
sequence analysis data revealed that an E-box re-
sponse element is also conserved between mouse and
human promoters. Deletion mutants of the mouse
transferrin promoter were generated in CAT reporter
constructs to study the regulation of the transferrin
promoter in Sertoli cells. As in the case of the human
transferrin promoter, the mouse 581-bp proximal trans-

ferrin promoter was sufficient to obtain basal expres-

sion. A putative cyclic AMP response element (CRE) in
the minimal promoter may be needed for follicle-
stimulating hormone (FSH) actions mediated via cyclic
AMP. Interestingly, other regulatory agents such as the
testicular paracrine factor PModS used elements in
the upstream region. A repressor was identified 2.5 kb
upstream from the start site of translation. Combined
observations suggest for the first time that a minimal
promoter is sufficient for basal transcription, but the
upstream regions of the promoter are needed for the
hormonal regulation of the transferrin gene in Sertoli
cells. Conserved response elements between the
mouse and human sequences identify potentially im-
portant regulatory elements of the promoter and
are discussed. Mol. Reprod. Dev. 50:273-283,
1998.  ..1998 witey-Liss, Inc.
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INTRODUCTION

Transferrin (Tf) is an iron-binding glycoprotein in-
volved in transporting iron to the majority of cells in the
body (Aisen and Listowsky, 1980). Iron-containing mol-
ecules are necessary for cell proliferation, differentia-
tion, and metabolism (Kahn et al., 1987). Apart from
the liver, which produces the majority of serum transfer-
rin (Morgan, 1969), several extrahepatic tissues such
as Sertoli cells in the testis (Skinner and Griswold,
1980), brain oligodendrocytes (Bloch et al., 1985), and
choroid plexus epithelium (Tsutsumi et al., 1989) also
express transferrin. In these extrahepatic sites, trans-
ferrin is produced in an environment that is partially
sequestered from access to the blood. The transferrin
synthesized in these tissues appears to play a role in
local iron homeostasis, which is essential for cell sur-
vival, growth, and differentiation.

Serum levels of iron regulate transferrin secretion by
hepatocytes (Idzerda et al., 1986). Transferrin gene
expression in the Sertoli cells is not regulated by iron
but instead by hormones such as follicle-stimulating
hormone (FSH) (Skinner and Griswold, 1982; Huggen-
vik et al., 1987; Skinner, 1987) and a testicular para-
crine factor PModS (Skinner and Fritz, 1985). Sertoli
cells are the epithelial cells that help form the seminif-
erous tubules (Fawcett, 1975). These cells are involved
in maintaining the blood-testis barrier that creates a
critical microenvironment for spermatogenic cell devel-
opment (Setchell and Waites, 1975; Waites and
Gladwell, 1982). Transferrin is a major secretory prod-
uct of differentiated Sertoli cells and is involved in
transporting iron to developing germ cells (Skinner and
Griswold, 1980; Griswold, 1988). Transferrin mRNA
has been detected in Sertoli cells in 5-day-old rats, but
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the protein itself is primarily detectable at the onset of
puberty (Skinner and Griswold, 1982). This correlates
with the differentiation of Sertoli cells and provides a
useful marker to understand Sertoli cell differentiation
(Skinner et al., 1989; Norton and Skinner, 1989). Inves-
tigation of the transcriptional control of the transferrin
gene provides insight into the regulation of Sertoli cell
differentiation. Expression data of the human transfer-
rin promoter in hepatocytes and rat Sertoli cells sug-
gested that a minimal promoter (i.e., the proximal 581
bp) is needed for basal activity of the gene (Guillou et
al,, 1991). Transgenic expression of a reporter gene
using the mouse —3-kb promoter also suggested that a
proximal 581 bp is sufficient for liver-specific expres-
sion (Idzerda et al., 1989). Through deletion analysis of
the human transferrin promoter; a cell-type-specific
region was identified within the proximal —175 bp
(Guillou et al., 1991; Idzerda et al., 1989; Espinosa et
al,, 1994). In hepatocytes this proximal region binds
HNF (proximal regions PRI) and ¢/EBP (PRII) (Theisen
et al., 1993; Schaeffer et al., 1993) and imparts liver
specificity. A combination of transcription factors such
as the chicken ovalbumin upstream promoter transcrip-
tion factor (COUPTF), C/EBP, and CRI-BP that bind to
PRI, PRI], and CRI in the proximal —175 bp, respec-
tively, may regulate brain-specific transferrin gene
expression. In rat Sertoli cells, the basal transcription
of the human transferrin promoter is due to the TATA
box region (Guillou et al., 1991). The increase in
transcription is through the combination of factors
binding to the proximal sites (PRI and PRII). Interest-
ingly, the cyclic AMP response-element binding protein
(CREB) interacts with the PRII of the human transfer-
rin promoter (Suire et al., 1995). In Sertoli cells, FSH
acts primarily through the protein kinase A (PKA)
pathway (Bardin et al., 1988; Kangasniemi et al., 1990).
The regulation of transferrin gene expression by FSH
appears to be in part due to the CREB binding at PRII;
however, PRII shows no homology to a consensus cyclic
AMP response element (CRE) (Suire et al., 1995).
PModS, a paracrine factor secreted by peritubular cells,
also has dramatic effects on Sertoli cell transferrin
secretion (Skinner and Fritz, 1985; Skinner et al., 1988;
Anthony et al., 1991). The mechanism by which PModS
acts on Sertoli cells is different from FSH and does not
involve the cyclic AMP pathway (Norton and Skinner,
1989). Our preliminary results indicate that the up-
stream sequences in the mouse Tf promoter are in-
volved in PModS-induced Tf gene expression
(Chaudhary and Skinner, 1995).

Transferrin is an example of a gene that is expressed
in more than a single tissue or cell type and involves
diverse regulatory mechanisms to control its expres-
sion. In order to understand the transcriptional regula-
tion of transferrin gene expression, the partial se-
quences of the promoters of the mouse and the human
transferrin genes were obtained and compared to iden-
tify potentially conserved regulatory elements. Through
transfection of deletion mutants of the mouse transfer-
rin promoter, we provide evidence that the mechanisms

that regulate mouse and human transferrin promoter
in Sertoli cells are different.

MATERIALS AND METHODS
Cell Preparations and Culture

Sertoli cells were isolated from the testes of 20-day-
old rats by sequential enzymatic digestion (Dorrington
et al.,, 1975) with a modified procedure described by
Tung et al. (1984). Decapsulated testis fragments were
digested first with trypsin (1.5 mg/ml; Gibco-Bethesda
Research Laboratories, Gaithersburg, MD) to remove
the interstitial cells and then with collagenase (1 mg/ml
type I, Sigma, St. Louis, MO) and hyaluronidase (1
mg/ml; Sigma). Sertoli cells were then plated under
serum-free conditions in 24-well Falcon plates at 1 X
106 cells per well. Cells were maintained in a §% CO,
atmosphere in Ham's F-12 medium (Gibco-Bethesda
Research Laboratories) with 0.01% bovine serum albu-
min (BSA) at 32°C. Sertoli cells were left untreated
(control) or treated with either FSH (100 ng/ml; o-FSH-
16, National Pituitary Agency, Rockville, MD), insulin
(5 mg/ml), retinol (0.35 mm), dbcAMP (0.1 mm), or
PModS (S300) (50 mg/ml). These optimal concentra-
tions of hormones and PModS (S300) have been shown
previously to dramatically stimulate cultured Sertoli
cell differentiated functions (Skinner and Fritz, 1985;
Skinner et al., 1988). The cells were cultured under
serum-free conditions for a maximum of 5 days with a
media change after 48 hr of culture. Cell number and
density did not change during the culture in the ab-
sence or presence of the treatment (Skinner and Fritz,
1985; Skinner et al., 1988). .

Plasmids

The CAT reporter plasmid (pUC8-CAT) containing
—581 bp (—581 bp mT{-CAT) and the human growth
hormone reporter plasmid containing —3.0-kb se-
quences of the mouse transferrin (mTf) promoter were
generously provided by Dr. G. Stanley McKnight (Uni-
versity of Washington, Seattle, WA) (Idzerda et al,
1989). The mouse transferrin promoter 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 (Idzerda et al., 1989). The
CAT reporter plasmids containing the —3.0-kb mTf
promoter and its deletions were constructed as previ-
ously described (Whaley et al., 1995).

Transfection

Sertoli cells cultured for 48 hr were transfected with
a reporter gene construct by the calcium phosphate
method coupled with hyperosmotic shock (10% glyc-
erol), as described previously (Kingston et al., 1993).
Briefly, 1.5 pg of reporter plasmid in 150 pl of transfec-
tion buffer [250 mM CaCl, mixed 1:1 v/v with 2X
HEPES (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 performed at
32°C for 4 hr. After incubation, the cells were subjected
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Fig. 1. Schematic and the strategy used to sequence the mouse transferrin 3-kb promoter. The arrows
indicate the origin of the primer and direction of sequencing. Based on tbe sequence obtained, a restriction
map was generated. The common restriction sites are indicated on the schematic.

to a hyperosmotic shock. The medium was aspirated,
and 1 ml of 10% glycerol in Hanks’ balanced salt
solution (Gibco-BRL, Gaithersburg, MD) 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 hr before harvesting for CAT
assays. In each experiment the transfection efficiency
was monitored by transfecting the Sertoli cells by the
plasmid-containing B-galactosidase gene driven by a
CMYV promoter. Subsequent staining and counting the
cells expressing B-galactosidase (blue color) resulted in
25% transfection efficiency.

CAT Assay

Assay of CAT activity was performed as follows:
Medium was removed from the wells, and the cells were
washed once with phosphate-buffered saline (PBS).
One hundred microliters of cell lysis buffer (Promega,
Madison, WI) was added to each well, and incubation
was carried out for 15 min at room temperature. 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 12,000g for 10 min at 4°C to remove cell
debris. An aliquot of cell extract (54 pl) was mixed with
65 pl 0.25 M Tris (pH 8.0), 25 ng n-butyryl coenzyme A
(6 mg/ml; Sigma), and 0.1 pCi (1 pl ) of [*4Clchloram-
phenicol (ICN, Costa Mesa, CA) and incubated over-
night at 37°C. The mixture was extracted once with 300
nl mixed xylenes and back-extracted with 100 pl of 0.25
M Tris (pH 8.0). A 200-ul aliquot of the organic phase
was counted in a scintillation counter to determine the
relative amount of CAT activity. The average conver-
sion 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 with SE1 and SE2 fragments of
mouse transferrin promoter as probes and nuclear
extracts from Sertoli cells treated with either FSH or
PModS (S300) were performed as described previously
(Whaley et al., 1985).

Sequence Analysis

The 3-kb mouse transferrin promoter was ligated
into pBluescript SK(+) (Stratagene, La Jolla, CA).
Primary sequences were obtained by using M13 for-
ward and reverse primers. Internal overlapping prim-
ers were subsequently made, and the entire 3-kb se-
quence was obtained using an Applied Biosystems,
Foster City, CA (Model 373A) automated sequencer.
The 3-kb mouse transferrin sequence can be obtained
from the Genbank (Accession AF027336). Multiple se-
quence alignments were done using GCG software and
DNASIS (Hitachi software). Identification of potential
transcription factor binding sites was carried out using
the updated transcription factor sites (Tfsites) database
in the GCG DNA analysis package.

Statistical Analysis

All transfection data were obtained from a minimum
of three different experiments unless otherwise stated.
Each data point (from treatments) was converted to a
relative CAT activity (control CAT activity of each
deletion mutant = 1), with the mean and SEM from
multiple experiments determined as indicated in the
figure legends. The CAT activity of the untreated
controls between various deletion mutants did not
change significantly and was 933 * 110 cpm. Data were
analyzed by a Student’s ¢ test, as indicated in the figure
legends. The CAT reporter plasmids without mTf pro-
moter were used as negative controls. In response to
PModS (S300), FSH, dbcAMP (dibutryl cAMP), serum,
and FIR, the relative CAT activity of the negative
control plasmid was in the range of 1.5-2.0.

RESULTS

A 3-kb mouse transferrin promoter was obtained
from G. Stanley McKnight (University of Washington,
Seattle, WA) in a growth hormone reporter construct.
The promoter was subcloned into a sequencing vector,
and the entire sequence was obtained as shown in Fig. 1
with overlapping sequences such that a consensus
could be made. The nucleotide sequence is shown in
Fig. 2. Response elements within this sequence were
identified using the GCG transcription factors binding-
site database and are indicated as reported in the
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-2913 AATTCATGCTCGCTGCAGGGCCTAACCAAGGCATCCGCTGGATGTGTATC

-2863 TATCGCTCTGCTGGGTGTCTCCTGCCTCCAGGTGTCCAGTGAATCCAGAC
X

-2813 TC%?ECCTAACCCCGGCTGTGGGGTGGCAGTGGGAATATAGCCTTCCTGC

ATAAGGACCCCCAAGAGGGTCAGGGGGACAGAGCACAGAGCAACTGTGGC
c-myc
TTCTCTTCCTCATTAGTGATGTACATATTGCCCAGTGTCCCTGCTATAAG

-2763
-2713
-2663 CCGATGGTCTCCAAAGTGCTCCTTTCTCAGGGGACACCATTTATTGTAAT
~2613 GGCCCAGTGATACTTTCTGCTATTGCAAAAGATTAGCCAGCCAGCACTGG
-2563 TGCTCACCGTGTGGGTTGGCCCTGTTTCCTCGCCTGGGTCCACAGGCCAG
~2513 ACAGGAAACATGTTATATGAAGCTTCTGAAGGGCCTGGGGGGAAGATGGG
GGTCCTCTCAGCAAATGACTGACAAAGGGAAAGGAGTTCTGAATGCTTGC
GACACTCTGTCCCTGTCCTGTTTTT T T TTGGCAGTTTTGTTTCCATGTTT
AAGTTTTTCATATGTCCGGTTACATGGGTGTGGTAGGTTACAACATTTGA
CCTTTGGGCTGAGATCGCTCAGCAGGCTAACCAGTTTCAACCTGATAACT
PRL_Conserved
TGAATTTGATCTCCACAACCTTCCTCCACAGTGGAAGAACAGAGCS%&E
CCTGGAAGTTGTCCTTTGACCTTCGCACTGTGACATATGACACATGTGTG
CTGGCCTTGGACATACCACAACTTTCTCTCTAACCATCTéﬁggggiTACA
CACACGTACCTTTAAAACATTCCTGTCAGAGACTGGGATTACAATGGGAA
AAGTCACTTTGTGTTTGGGTTCATAAGTGCCAGTGCACAAAAACCARAGC
AGCCAAﬁgz&FCATGTTGACCGACCGAGTCTGGCCTGAGCTCCTCTCTGT
CAGCTAAACAGAGAATCAGACCCACATCACCTTCCTGCTCCTGCTACAGA
CGTCCAGGCTACCAGTTCTTGCACAGGAGAAGGACAGCAACAGAGTCCTG
TGTCTGCCACTCTTCTGAGGGGTTGACAGGGCACCGCTAGCCATGGGGAT
GTACR“K%%ﬁ:;ﬁETTGCACGGGAGGCCAGGTCTGTGAATGTCTACAGG
AGATGTGAAGATGAGAGGGTGGCGCCACAACGTTCAGTGTTCTTGGTGGT
CCAAGACﬁSg:sgggCA?GTCCCAATTTTGTGTGTTTAATTCCACACCAG
AGAGCTTCTGGTCACCCACGGCTCCTCTTGAACACCTTAGCTATGGCTGA
GACGTGCTGAGAGCTTCACCGGGCTCCATCTGCAGCCTGAAATCAGAGCG
TCAACATCCTGCAGACTTGACAAGGTAAACCGAGGACCAGAGAGGACAGG

ACCTTGATTAAATCGTGTAAGAAACGGTTTGGAAACCCGTAAAATCCCTA

~2463
~-2413
-2363
~2313
-2263
-2213
-2163
-2113
~2063
-2013
-1963
~1913
~1863
-1813
-1763
~-1713
-1663
-1613
-1563
-1513

-1463 GGTGATTCGCCTTGACCATTCCCTGAGTGTATATGGAGCCTGGGATAGTA

-1413
-1363

CAGTTGGTGATATACCCAGAGGGACATTTTCAMTGCCCATTTTTTTTTT
c-myc TFIID-MBP
TTAGTTCATCATTTCAGAATGTTCCAGTCCATGTACAGGATTGAAATGCA

-1313 CAACTTTAGTGAGAGTTGAAACGGCGGCAGGTATGGAGGGTGCAAGCGAA

-1263
-1213
-1163

AGGTTTTTGTGATGAATGCAGTGAAAGCAGTTTGGTGACgAATg;a:s:S
GGGTATCAGGATGCCAAGGTAGCCAAAGCCAACCATCAGAGTGGTGGATG
GTGAAAGCCAACCATGAGAATAGCACCCCTATGGAGGAGTTAGGCCTAGG
-1063 ACTGAAGGAGCTGAAGGGGTTTGCAAACCCATAGGCAGGACAACAATATG
-1113
-1013
-963
-913

-863

AACCAACCAGACACCCCCCCCCCCCAGTTCCCAGGGATTAAACCCCCCAA
CCAAAGAGTACAACATGGAAGGACCGTCCCATGGCTCCAGCTGCATATGT
AGGAGAGGATGGCCTTATTAATGGCATCAATAGAAGGAGAGCCCCTTGTT
CCTGTGGATGGATGCCCCAGTGTAAGGGGATGCTAGGAAGGTGAGGCAGG
AG%GGGTAGATAAGTTGGGGTGGAGGGGGTGAGAGGTGGGGGAGCACCCT
CATAGAAGCAGGGGAAGGGGAATGGGATAGAGCGTTTTTTTCAGAGGAGG
ATAACATTTG?%{ﬁfzaﬁﬁTAAATTAAATAACCACAACCAAAAAAAGGAA
GCATCCTCTTTATGCTTACACTGGCCCTTTGTTTTGAGCCTCACAGTTTG
ACCACTTCTGGCAGTGGGAGAGTTTTCTGTCCCCTGTGACTGTTTCTAGC
CCGGATTGTTTCACCAGAAGCTCAAGGS%}FGAAGCTTCCAGAGCAGGCC
AGGCCTGGCAGGGATAAGAGGGAGGGAGAGCTGCCCCCGGACTGTTGCAG
GGATCATGGCGTGCTGCCTCTCTGACCTGAGCCAAGTTTCCCAGTTAGGT
TCCTTCTCCGGTTCTAGTCTGCCGTCCTAGGCAGTTTCCCTTCCGCTCAA
GCCTCAGTCTCTCCCCCGTATAAGGTTGATGAAGCTGTTGGCAAGTAGAA
GCCCTGGCACCCGGGAGCAAGCCACT?ECGCCCAAG%?%ETGTACCATGC
TGCTCCAGGCATGTGATAACAAAGAGTGGGTTCTGCTTTTAGCTTCCTTC
TAAACACAGGCTTTTTGAGTGAGTGTGTGTCTGTGTGTGTGTGTGTGTGT
GTGTGTGTGTGTGTGTGATTGTCGTGGTAGTGGATTCCATGCGCAGTICT
GTCCCACAGCTCAGGAAATGAGGTGATCATCAGGGCAAGAAAGGAAGGGG
GTGGATGCGGGGTGATTGGGCAATTGGACTGCGCAAACACAAGAGGTCAA

C/EBP HNF-$

AGATTGCGCCCAGCCGGCCCCCTCCCTCOGTGCATAAAGGCGAGCGGCGT
PRI TATA Box

ACGGGCAGCGTGCGCAGAAGCGGGTCGGTCTGTACTCCCCGCTCCTCGCC
ACACACACACCGAGAGGATGAGGCTCACCGTGGGTGCCCTGCTGGCCTGC

-813
-763
~713
-663
-613
-563
-513
-463
-413
-363
-313
~263
-213
-163
-113
-63
-13

Fig. 2. Sequence of the 3-kb mouse transferrin promoter. The bold letters indicate the potential
transcription factor binding sites that may be involved in regulating the transferrin promoter. Numbering

is in reference to the transcriptional start site.

minimal promoter and in the new sequence information
available between —3 kb and —581 bp. As a compari-
son, the human sequence was obtained from Genbank
(Accession M15673). Response elements previously iden-
tified in the minimal 581 bp of the human promoter
(Schaeffer et al., 1989) are shown (Fig. 3A). A computer-
ized search for response elements for both the mouse
and human promoter sequences reveals a number of
elements that are conserved (see Fig. 3B). A comparison
of the sequences that are conserved is shown in Fig. 3C.
Through DNase footprinting, various protected regions
were identified in the proximal human transferrin
promoter. Based on their location on the promoter,
these protected sites were designated as proximal
region I (PRI), proximal region II (PRII), central region
(CR), distal region I (DRI), and distal region II (DRII)
(Schaeffer et al., 1989). A significant similarity in terms
of both sequence homology and spatial distribution was
observed when these regions were compared with the
mouse transferrin promoter sequence. The sequence of

human PRI and PRII was more than 75% conserved in
the mouse transferrin promoter also. The location of
PRI and PRII in the mouse transferrin promoter was
highly conserved. In the mouse promoter PRI and PRII
were located at 74 and 104 bp and in the human
promoter PRI and PRII were at 72 and 102 bp, respec-
tively, upstream of the start site (see Fig. 3C). The
sequence homology and location were not significantly
conserved in the case of DRI and DRII. In the mouse
promoter two regions at —2200 and —~82 bp were about
50% homologous to the human DRI sequence (see Fig.
3C). As with DRI, the human DRII was about 50%
homologous at =351 and —590 bp upstream of the start
site of the mouse transferrin promoter. The sequence of
mouse DRII (=59 bp) is very similar to that of the
human DRII sequence (-614 bp), which contains an
Spl site. The CR (human, ~190 bp) was more than 70%
conserved in the mouse transferrin promoter (—2821
bp). The proximal, distal, and central regions are
protected sites with more than 50% homology between
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Fig.3. The spatial location of the conserved regions in the proximal
promoter of (A) human and (B) mouse. C. Comparison of the human
and mouse transferrin promoters. The previously identified regions
(protected fragments by DNase footprinting) of the proximal 600 bp of
the human transferrin promoter (lowercase) were compared with the

these regions (see Fig. 3C). Transcription factor recogni-
tion domains may be within this protected region.
Another observation was the presence of an E-box
(CANNTG) response element. The human (~506 bp,

whole 3 kb of the mouse transferrin promoter (uppercase). Regions
with significant similarity are shown. Since the regions of the human
promoter are protected fragments, the actual binding site may be only
a part of the region. The E-box response element is also conserved
between the human and the mouse proximal promoter sequences.

CACCTG) and mouse (—-327 bp, CAGCTG) elements
are located in the proximal —581 bp of the promoter
sequence. As expected, the HNF transcription factor
binding site, which is important for liver-specific expres-
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sion of transferrin gene (Schaeffer et al., 1993), also was
found conserved in the mouse transferrin promoter.
With the availability of the upstream sequence of the
mouse transferrin promoter, several elements were
identified upstream that include multiple E-boxes, USF-
MLP, and cMyc (see Fig. 2). These and other response
elements may be potential candidates in regulating the
mouse transferrin promoter in a cell-specific manner.

Functional analysis of the promoter utilized deletion
mutants in CAT reporter constructs as described previ-
ously (Chaudhary and Skinner, 1995; Whaley et al.,
1995). These constructs were transiently transfected
into cultured rat Sertoli cells isolated from 20-day-old
rats testis. After transfection, the cells were left un-
treated (control) or were treated with either PModS
(S300), FSH, dbcAMP, serum, or a combination of FSH,
insulin, and retinol (FIR) for 48 hr before analysis of the
cell extracts for CAT activity. The 581-bp minimal
promoter under control conditions was found to be
sufficient for basal levels of gene expression. This also
confirms previous results on the human transferrin
promoter (Kahn et al., 1987; Kangasniemi et al., 1990).
PModS (S300) activated the —2.6-kb construct to a
greater degree (P < 0.001) than the 581-bp minimal
promoter (Fig. 4B, superscript b). The 1-kb construct
between —1.6 and —2.6 kb also was stimulated (see Fig.
4B, indicated by superscript d; P < 0.001, as compared
with the activity of this plasmid in response to FSH,
cAMP) by PModS (S300). The —2.6/—1.6-kb CAT plas-
mid was constructed by ligating the 1-kb fragment
between —2.6 and —1.6 kb to the CAT reporter plasmid
containing Tk minimal promoter. This plasmid was
stimulated 1.5- to 2-fold by dbcAMP and FSH (super-
script ¢ in Fig. 4D and F). The effects of serum on the
various deletion mutants of the mTf -CAT reporter
construct did not show any significant difference as
compared with the activity of the —581-bp promoter. As
in the case of PModS (S300), the —1.6/—2.6-kb Tf-Tk-
CAT construct was stimulated with serum (see Fig. 4C,
4-fold, superscript d; P < 0.001) and FIR (see Fig. 4E,
3-fold, superscript d; P < 0.001). Based on gel-shift
assays, two regions, SE1 and SEZ2, in the upstream 1-kb
fragment were identified previously (Chaudhary and
Skinner, 1995). SE1 gave a retarded band with serum-
and PModS-treated Sertoli cell nuclear extracts,
whereas with SE2 a retarded band was observed only
after PModS treatment. Therefore, the increase in the
CAT activity of the —1.6/—2.6-kb Tf -CAT construct is
postulated to be due to the presence of SE1 and SE2
fragments.

In response to FSH, the —581-bp minimal promoter
was maximally stimulated and was significantly higher
than either the —3-, —2.6-, or —1.6-kb reporter con-
struct (see Fig. 4D). These data suggest that the
proximal —581-bp sequence contains the elements that
bind transcription factors stimulated by FSH and that
this activation may be necgatively regulated by the
presence of upstream sequences. Another interesting
observation was the lack of significant CAT activity of
the - 1.6/-2.6-kb construct in response to FSH. This is

consistent with the gel-shift data. A band is not ob-
served with either SE1 or SE2 fragment when incu-
bated in the presence of FSH-stimulated Sertoli cell
nuclear proteins (Fig. 5).

The mechanism by which FSH acts on Sertoli cells is
primarily through the cyclic AMP pathway. Other sig-
naling mechanisms possibly involving c-fos also have
been reported (Whaley et al., 1995; Hall et al., 1988;
Norton and Skinner, 1992). To determine whether the
FSH induced repression of the —3, —2.6, or —1.6 kb was
due to the cyclic AMP pathway, the Sertoli cells were
treated with the cyclic AMP analogue dbcAMP. As
shown in Fig. 4F, the CAT activity of the —3, —2.6, and
—1.6 kb was similar to the minimal —581-bp promoter
construct. The repression observed in response to FSH
by the presence of sequences upstream of —581 bp was
not present when the cells were treated with dbcAMP.
This result is similar to the data obtained with serum
treatment. Similar response also was observed when
cells were maximally stimulated with FIR (see Fig. 4E).
No repression was observed with additional sequences
present upstream of the —581-bp minimal promoter.
Therefore, the ability of insulin and retinol to enhance
the actions of FSH on transferrin gene expression
appear distinct from the promoter activation by FSH
alone. An interesting observation was the absence of
any effect on the —1.6/—2.6-kb promoter with either
FIR or dbcAMP, indicating that regulation of the activ-
ity of the transferrin promoter involves a combination
of multiple transcription factors. This is also supported
by the observations that a gel-shift band was not
observed when nuclear extracts from Sertoli cells treated
with cyclic AMP were incubated with SE1 or SE2
fragments of the mouse transferrin promoter (data not

shown).

DISCUSSION

Transferrin is an iron-binding protein involved in
transporting iron to cells and is required for cell prolif-
eration, differentiation, and metabolism (Kahn et al,,
1987). The liver is the primary source of transferrin in
serum. Several other tissues also produce transferrin,
including Sertoli cells (Skinner and Griswold, 1980),
brain oligodendrocytes (Bloch et al., 1985), choroid
plexus (Tsutsumi et al., 1989), and mammary gland
(Chen and Bissel, 1987). In the liver, the expression of
transferrin is regulated primarily by iron in the serum
(Idzerda et al., 1986). In other tissues, transferrin
expression is independent of serum iron levels and is
under the control of various hormones and other stimuli.
Therefore, transferrin is an example of a gene that is
expressed in more than one cell type and involves
diverse transcriptional control mechanisms regulating
its expression. In the current study, the elements
involved in regulating Sertoli cell-specific expression of
this gene are investigated. Transferrin is secreted by
differentiated Sertoli cells, and understanding the fac-
tors involved in regulating transf{errin gene expression
will provide insight into Sertoli cell differentiation.



A

-3Kb pGL2-CAT
-2.6Kb pUC8-CAT

-2.6/-1.6Kb pBL-CAT?2

-1.6Kb pGL2-CAT
-581bp ==—===pUC8-CAT

[ —
£on

M Serum

Pt ettt
O = N W
r

Relative CAT Activity

QO = MW DN~ 00D

-3kb  -2.6kb -2.6/-1.6kb -1.6kb -581bp

Relative CAT Activi

-3kb -2.6kb -2.6/-1.6kb -1.6kb -581bp

Fig. 4. CAT activity of various transterrin deletion mutants (AY in
Sertali cells. Following transfection the colls were treated with (B)
S300,¢CY serum, (D) FSHL () FURL and (81 cAMP Data are repre-
sented as mean © SEM ofat feast theee experiments done in triplicate
Within cach treatment group, the CAT activity of the control un-
treivted group s oset to 1 and the chimygre e activity  following
treatment 1= adjusted accordigty and o repeesented as fold stimula

tion over the conteol dira Didlerent <uperserpt Tetters idente

12
™
ol S300 b B
10
& 9
Z 8
o
< 7
£ 6
@)
g
E 4
z 3
2
.
0
-3kb  -2.6kb -2.6/-1.6kb -1.6kb  -581bp
15
14f bD
;3 M FSH
12
11

Relative CAT Activity

—
O= NWHAhUNAIROD

-3kb  -2.6kb -2.6/-1.6kb -1.6kb -581bp

Relative CAT Activity
FeS

-3kb -2.6kb -2.6/-1.6kb -1.6kb -581bp

statistically significant didflerences: Gosignificantly higher than con-
trols bhut not a significant difference between various treatments:
thy signficantly higher than control= and from deletion mutants
represented with the superseript oo ter nonsignificant diflference as
comparcd with untreated controlss tdi o significant difference (-
0.001) from untreated controls 26/ 16 kb and not compared with

any other treatment



280 J. CHAUDHARY AND M.K. SKINNER

&O\' Q
Sl

AP e

SE1 SE2

Fig. 5. Gel mobility shift agsay with 32P-radiolabeled SE1 and SE2
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cultured in the absence (c) or presence of PModS (S300) or FSH were
used. The DNA protein complexes were electrophoretically separated
on 5% polyacrylamide gels and then dried and autoradiographed. The
data are representative of three different experiments.

To understand how the mouse transferrin (mTf)
promoter is regulated in a cell-specific manner, the
proximal 3-kb mouse transferrin promoter was se-
quenced and compared with the available 1-kb se-
quence. of the human transferrin promoter. Interest-
ingly, the major response elements involved in
regulating the human transferrin promoter activity
also were found conserved in the proximal mouse
transferrin promoter. In particular, the proximal hu-
man transferrin proximal region (PRI), proximal region
I (PRII), C/EBP, distal region (DRI), and distal region
II (DRII) sequences (Guillou et al., 1991; Schaeffer et
al., 1989, 1993) were conserved in the mouse transfer-
rin promoter. Another interesting observation was the
presence of an HNF binding site 3’ to the C/EBP binding
domain. The transcription factor HNF is involved in
liver-specific expression (Schaeffer et al., 1993), and in
the human transferrin promoter it binds at the PRI
site, which is also 3’ to the C/EBP site. Brain-specific
transferrin gene expression is achieved through a com-
bination of at least three different transcription factors.
Unlike liver, the PRI region in oligodendrocytes binds
COUPTF, whereas PRII and CRI regions bind C/EBP
and CRI-BP. The upstream region between —872 and

—1140 bp also acts as a positive region in oligodendro-
cytes and may have a role in cell-specific expression of
the transferrin gene. In addition to the sites listed
above, a number of other transcription factor binding
sites such as TFIID-MBP, USF-MLP, Oct 4, and ¢cMyc
also were found. It remains to be determined if these
sites identified upstream of the 5§81-bp proximal pro-
moter are involved in Sertoli cell-specific transcrip-
tional regulation.

Our data from transient transfection of cultured rat
Sertoli cells with various deletion mutants of the 3-kb
mouse transferrin promoter suggest that the proximal
581 bp of the promoter was sufficient for basal level
induction. This region of the mouse promoter consists of
the PRI (-74), PRII (-104), DRI (-82), and DRII
(—590) and the highly conserved (as compared with the
human transferrin promoter) proximal —52 bp of the
sequence previously shown to be important for the
Sertoli cell-specific expression of human transferrin
promoter (Schaeffer et al., 1993). Deletions of the
PRI/PRII and DRI/DRII of the human promoter have
been shown to significantly reduce the activity of the
transferrin promoter (Guillou et al., 1991; Schaeffer et
al., 1993). The significance of the proximal 581 bp of the
mouse transferrin promoter also was apparent from the
mouse transgenic model using the 3-kb mTf-hGH re-
porter construct, although the authors did not report
any data on the expression in testes (Idzerda et al,,
1989). The deletion construct containing the —581- to
+50-bp region of the mouse transferrin promoter was
sufficient to direct a high level of liver-specific expres-
sion intransgenic mice.

Sertoli cell function is regulated primarily by the
gonadotropin FSH and involves a cyclic AMP-mediated
protein kinase A (PKA) pathway (Bardin et al., 1988;
Kangasniemi et al., 1990). The cyclic AMP-PKA path-
way regulates transcription through the cyclic AMP
response-element binding protein (CREB) that binds to
the CRE site present in the promoters of a number of
genes (Karin, 1992; Lalli and Sassone-Corsi, 1994).
Interestingly, the PRII site in the human transferrin
promoter binds CREB, although this site is not a CRE
consensus site (Suire et al., 1995). Observations indi-
cate that mutations in the PRII of human transferrin
downregulate FSH- or cyclic AMP—induced stimulation
(Suire et al., 1995). The presence of a conserved PRII
site in the mouse transferrin promoter suggests that
PRII is involved in FSH- and cyclic AMP-induced
transferrin gene expression. In addition to CREB, the
PRII of the human transferrin promoter also binds two
additional proteins, SP-A and SP-D, in rat Sertoli cells
(Schaeffer et al., 1993). The identity of these two
putative transcription factors remains to be deter-
mined. It is highly possible that transcription factors
similar to SP-A and SP-D also may bind PRII of the
mouse transferrin promoter used in the present study
and impart tissue specificity. Another interesting obser-
vation worth consideration is the presence of a large
CpG island in the proximal human transfernin pro-
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moter (unpublished observation). Such a potential CpG
island, however, is not apparent in the mouse transfer-
rin promoter. The cytosine at the CpG palindrome is a
potential methylation candidate. Hypermethylation of
cytosines within the CpG island results in transcrip-
tional inactivation, whereas hypomethylation leads to
the potential for gene activity (Cedar, 1988). Further
studies on the state of methylation in the human and
identification of a potential CpG island in the mouse
transferrin promoter will provide important clues to
the mechanism by which transferrin promoter is regu-
lated in Sertoli cells.

Interestingly, the differences in the response to FSH
and cyclic AMP were observed when sequences up-
stream of 581 bp were present in the mouse transferrin
promoter. The activity of the 3-, 2.6-, and —1.6-kb
deletion mutants decreased significantly as compared
with the basal 581-bp minimal promoter in response to
. FSH. In response to cyclic AMP, however, the activity of
the deletion mutants remained unchanged. This obser-
vation implies that a repressor responsive to FSH is
present from —3 kb to —581 bp. Sequences upstream of
3 kb may be needed for complete transcriptional regula-
tion of the promoter in response to FSH. These up-
stream sequences may not be regulated through the
PKA pathway and may involve different signaling
mechanisms that are activated by FSH. Previously it
has been shown that the actions of FSH on Sertoli cells
may involve multiple signaling pathways possibly in-
volving the serum response element of the c-fos pro-
moter (Whaley et al., 1995; Hall et al., 1988; Jia et al.,
1996).

The effect of serum and FIR on the activity of the 3-kb
mouse transferrin deletion mutant was similar to that
observed with cyclic AMP. Both serum and FIR are
known to maximally stimulate Sertoli cells. Our data
on the effect of serum on Sertoli cells transfected with
various deletion mutants of the mouse transferrin
promoter are different from those observed with trans-
fecting deletion mutants of the human transferrin
promoter in rat Sertoli cells. In response to serum, a
repressor was observed between —581 bp and —3 kb of
the human transferrin promoter (Guillou et al., 1991).
The presence of an additional 300 bp upstream of —3 kb
restored full promoter activity (Guillou et al., 1991). In
the mouse transferrin promoter, no repression in CAT
activity was observed when sequences between —581
bp and —3 kb were present. Taken together, these
results suggest that a different combination of transcrip-
tion factors may be responsible for the regulation of
mouse and human transferrin promoters.

The effect of the paracrine factor PModS (S300) on
the mouse transferrin promoter was different from the
effects of FSH, cyclic AMP, FIR, or serum. PModS did
not maximally stimulate the 581-bp minimal promoter.
The additional 2-kb sequence was required for maxi-
mum stimulation. A decrease in activity of the 3-kb
promoter construct implied the presence of a repressor
upstream of 2.6 kb. To identify the region(s) responsible
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for PModS activation, gel shifts were carried out using
200-bp restriction fragments of the 3-kb promoter. Two
fragments named SE1 and SE2 located within 1 kb of
the sequence between —2.6 and ~1.6 kb were identified
(Chaudhary and Skinner, 1995). Transient transfection
of this 1-kb fragment in a CAT reporter plasmid gave a
stimulation suggesting that the PModS- but not FSH-
responsive elements are present in SE1 and SE2 (Wha-
ley et al., 1995). Consistent with the gel-shift data, the
1-kb (—-2.6/—1.6 kb) CAT reporter plasmid also was
stimulated in response to serum but not either FSH or
dbcAMP. The differences in the response of various
mouse transferrin promoter deletion mutants to hor-
mones and PModS suggests that a combination of
multiple transcription factors may regulate the activity
of the mouse transferrin promoter. Analysis of SE1 and
SE2 fragments for potential transcription factor bind-
ing sites indicated the presence of an E-box (—1705 bp,
CATCTG). Apart from this E-box, no other transcrip-
tion factor binding site with a potential of regulating
mouse transferrin promoter in rat Sertoli cells was
present. A gel shift with the SE2 fragment as a probe
was displaced with the E-box (CATCTG and CACCTQG),
suggesting that E-box binding proteins bind to SE2 and
are responsive to PModS (Chaudhary et al., 1997).
E-box (consensus CANNTG) elements are a motif to
which the bHLH class of transcription factors bind
(Murre et al., 1989a, 1989b). These proteins are in-
volved in cell-specific transcriptional control'in a num-
ber of tissues, including muscle and brain (Weintraub
et al., 1991; Ishibashi et al., 1994; Jan and Jan, 1993;
Lee et al., 1995). The bHLH proteins have a conserved
helix-loop-helix domain essential for dimerization of
different bHLH proteins, as well as a basic domain that
mediates binding to an E-box (Murre et al., 19893,
1989b).

An E-box is also present in the proximal human
transferrin promoter (—506 bp, CACCTQ). A similar
E-box (—327 bp, CAGCTG) also was observed in the
mouse transferrin promoter, suggesting that bHLH
proteins may regulate the transcriptional activity of
mouse and human promoters. We have shown previ-
ously that overexpression of Id (a negatively acting
HLH protein lacking basic DNA binding domain) down-
regulates the —2.6-kb mTf-CAT reporter construct in
response to FSH and PModS (Chaudhary et al., 1997).
This downregulation by Id implies that an E-box is
involved in the regulation of transferrin CAT activity.
In response to FSH, the 581-bp mTf-CAT reporter
construct also was downregulated by the overexpres-
sion of Id (unpublished observations). Whether this
inhibition in the presence of Id is directly due to the
binding of bHLH proteins to the E-boxes remains to be
determined. Experiments are currently in progress to
mutate these E-boxes to get a better understanding on
how bHLH proteins regulate the mouse transferrin
promoter.

Taken together, the transfection data, sequence analy-
sis, and comparison of the mouse transferrin promoter
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with the human promoter suggest that the transcrip-
tion factors necessary for the basal activity of these
promoters may be similar. The regulation of transcrip-
tion in response to various stimuli appears to be more
complex and may require upstream sequences and a
combination of different transcription factors. In addi-
tion to the DNA-protein interaction, protein-protein
interactions between transcription factors also may
provide additional cell-specific transcriptional control.
Our preliminary observations indicate that E-box se-
quences have an important role in regulating Sertoli
cell transferrin gene expression. The cell specificity of
the bHLH proteins binding to E-boxes may provide
cell-specific expression.
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