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The proximal cis-acting elements Sp1, Sp3 and E2F regulate mouse
mer gene transcription in Sertoli cells

Connie C. S. Wong and Will M. Lee

Department of Zoology, The University of Hong Kong, China

Mer belongs to the Tyro 3 family of receptor tyrosine
kinases (RTKs). Together with Axl and Rse, the three
RTKs are believed to play important functional roles in
the male gonads because gene knockout male mice lacking
all of these receptors are infertile. In the present study,
postnatal expression of Axl and Rse in mouse testes
decreased during maturation while expression of Mer
increased age-dependently during testicular development.
To investigate the transcriptional regulation of gene
expression in the testis, a � 1.5 kb fragment of the
5¢ flanking sequence of Mer was isolated. The sequence
lacks a typical TATA or CAAT box. 5¢ RACE revealed
that the putative major transcriptional start site of Mer is
located at +102 bp upstream of the translation initiation
site. Using transient transfections of luciferase reporter
constructs driven by various lengths of the 5¢ flanking
sequence, the gene segment )321/+126 showed the
highest transcriptional activity in a mouse Sertoli cell line
(TM4). DNAase I footprinting experiments revealed four

footprints within the region from )321 to )26, including
three binding sites for the transcriptional factor Specificity
protein 1 (Sp1) and one for an unknown transcriptional
factor. Electrophoretic mobility shift assay (EMSA),
supershift assay, mutation studies and cotransfection
demonstrated that those Sp1 cis-acting motifs interacted
either with Sp1 or Sp1/Sp3, depending on location and the
nearby nucleotide sequences. An E2F binding site which
down-regulates Mer transcription, as revealed by EMSA,
deletion and mutation studies, was identified downstream
in the proximity of the promoter.1 Taking all of these data
together, the study has demonstrated that Sp1, Sp3, E2F
and probably another unknown transcriptional factor play
a critical role in regulating the proximal promoter activi-
ties of Mer.

Keywords: E2F;Mer gene; receptor tyrosine kinases; Sertoli
cells; Sp1 and Sp3.

Receptor tyrosine kinases (RTKs) are cell surface receptors
that contain intrinsic protein tyrosine kinase activity in their
cytoplasmic regions. They are responsible for transmitting
signals from the extracellular environment into the cell
cytoplasm following binding of peptide growth factors [1,2].
Interactions involving these molecules are critical in regu-
lating cell survival, proliferation and differentiation. The
RTKs Axl, Rse andMer are classified into the Tyro 3 RTK
subfamily. Receptors in the Tyro 3 subfamily share a
distinctive extracellular region of two immunoglobulin-
related domains linked to two fibronectin type III repeats.
The growth-arrest specific gene 6 (Gas6), which is capable of
protecting cells from apoptosis, has been identified as the
common ligand for Axl [3], Rse [4], and Mer [5,6].

Axl, Rse and Mer are widely expressed in adult tissues
and present in considerable amounts in neural, lymphoid,
vascular and reproductive tissues [7–9], ensuring their
significant biological roles in multiple tissues [5,10–16].
Previous studies in our laboratory using cell culture and
RT/PCR have demonstrated that Rse, Mer and Gas6 are
expressed in the Sertoli cells and the expression of Gas6 was

responsive to forskolin [17]. By the use of the gene knockout
mice model, null mutation in all three receptors (Mer–/–

Axl–/– Rse–/–) severely affected male gonadal functions but
imposed less significant detrimental effects to other tissues
and organs. However, deletion of any single receptor or any
combination of two receptors resulted no detectable defect
in fertility [18]. These findings suggest that these three
receptors are essential regulators of spermatogenesis and
that their functions in gonadal development can be com-
pensated for by each other. It is likely that Gas6 may exert
its biological effect through these receptors and may also be
essential for the tropic maintenance of diverse cell types in
the testis. Because of their importance in the testis,
molecular mechanisms underlying specific transcription
and expression efficacy of the Tyro 3 family genes are
critical for the maintenance of normal testicular functions.

The Tyro 3 family genes are expressed also in other
tissues such as lymphoid and the vascular tissues [7–9].
More recently, their presence was found to be significant in
modulating the activity of antigen-presenting cells during an
immune response and contributing to the normal regulatory
of the immune system [15,19]. Such findings also raise
questions about the nature of cis-regulatory elements and
cognate trans-acting factors that confer either testicular or
extratesticular expression to the Tyro 3 family genes.

In this study, Northern blot analysis showed that the
developmental expression pattern of Mer in mouse testes
was different from the other members of the Tyro 3 family.
To gain insight into the molecular mechanism regulating
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Mer expression in the testis, we have cloned and character-
ized the mouse Mer promoter, and identified Sp1, Sp3 and
E2F as important contributors to the proximal Mer
promoter function in a mouse Sertoli cell line (TM4) which
is known to have Mer expression [17].

M A T E R I A L S A N D M E T H O D S

RNA extraction

Total RNA was prepared from tissues using Trizol reagent,
as suggested by the manufacturer (Gibco BRL Life
Technologies). The concentration of RNA was determined
by spectrophotometry at 260 nm, and its integrity was
assessed by agarose gel electrophoresis. Polyadenylated
RNA was prepared by oligo(dT) affinity chromatography
using the PolyATract System IV (Promega).

Northern blot analysis

Northern blot analysis was performed as described previ-
ously [20]. To detect the expression of tyrosine kinase
receptors Rse, Axl and Mer and their ligand Gas6, cDNA
probes were produced by RT-PCR. The primers used were
as follows: 5¢-TGTCTGCGAATGGAACTGGAGAAC-3¢
(Rse, sense) and 5¢-CAGGCTGTTGCTACCCTCCCT
TACT-3¢ (Rse, antisense), which generated a 663-bp Rse
PCR product; 5¢-TGTGCAGCCCATAAGGACACA
CAG-3¢ (Axl, sense) and 5¢-ATGGTGGCTGTGC
GGGAGGTGGTGA-3¢ (Axl, antisense), which generated
a 595-bp Axl PCR product; 5¢-TGTCCAAGGGT
GTACATATCAACAT-3¢ (Mer, sense) and 5¢-AGCC
GAGGATGATGAACATAGAGT-3¢ (Mer, antisense),
which generated a 700-bp Mer PCR product; 5¢-CG
GCATTCCCTTCAAGGAGAGT-3¢ (Gas6, sense) and
5¢-CTCAACTGCCAGGACCACCAACT-3¢ (Gas6, anti-
sense), which generated a 397-bp Gas6 PCR product; and
5¢-TCCGCTGCAGTCCGTTCAAGTCTT-3¢ [ribosomal
protein S16 (S16), sense] and 5¢-GCCAAACTTCTTG
GATTCGCAGCG-3¢ (S16, antisense), which generated a
384-bp S16 product. Total RNA (25 lg per sample, except
for Mer where 60 lg was used), isolated from testes of
BALB/c mice using Trizol as described above, was resolved
by electrophoresis on a 1$ agarose/formaldehyde gel and
transferred by capillary blotting to a nylon membrane
(Hybond-N, Amersham Life Science). RNA was cross-
linked by exposure to ultraviolet light (Ultraviolet Cross-
linker, AmershamLife Science), and the blotted membranes
were prehybridized for 5 h in 50$ deionized formamide at
42 �C. Membranes were hybridized under the same condi-
tions for 24 h in fresh hybridization solution containing
either an a-32P-labelled Rse, Axl, Mer, or Gas6 cDNA
probe. The membranes were then washed three times for
10 min each with 2 · 0.3 molÆL)1 sodium chloride and
30 mmolÆL)1 sodium citrate (NaCl/Cit pH 7.0) containing
0.1$ SDS at room temperature, and then washed twice for
5 min each with 1 · NaCl/Cit containing 0.1$ SDS at
65 �C. Finally membranes were washed with 0.1 · NaCl/
Cit containing 0.1$ SDS at room temperature for 10 min
The same blot was washed and reprobed with a a-32P-
labelled S16 cDNA probe to confirm the integrity of the
RNA samples. Radioactivity of hybridized mRNA species
was measured by phosphor-imaging scanning (STORM 860,

Molecular Dynamics) and visualized by autoradiography
with double intensifying screens and Kodak X-OMAT AR
films at )80 �C for 4 h to 10 days. The time was dependent
on the abundance of the target mRNA.

5¢ RACE

5¢ RACE was performed using the Marathon cDNA
Amplification Kit (Clontech Laboratories Inc.). Polyaden-
lyated RNA (1 lg) from testis of BALB/c mouse was
reversibly transcribed into cDNA. A specially designed
adapter sequence provided in the Marathon kit was ligated
to the ends of the cDNA, and the adapter primer served as
the forward primer. An antisense gene-specific primer
(5¢-GTGCCCCGAGCAATTCCTTTCCATCTTTCC-3¢)
derived from nucleotides 426–455 in the Mer cDNA
(GenBank accession no. MMU21301), and antisense
gene-specific primer (5¢-CGCAACAGGAGGTAGGAG
CTTTGATGCTG-3¢) derived from nucleotides 288–316,
served as the outer and nested primers, respectively. Major
PCR products were cloned into pGEM-T Easy vector
(Promega) and sequenced.

Identification of the Mer 5¢-flanking sequence

The 5¢-flanking sequence of Mer was obtained using the
protocol described in the Universal GenomeWalker Kit
(Clontech Laboratories, Inc.). Briefly, five separate walker
libraries were constructed by ligating a specially designed
adapter sequence to mouse genomic DNA (Clontech
Laboratories, Inc.), and each was digested by a different
restriction enzyme. The antisense gene-specific primers were
designed from theMer exon 1 sequence. The outer primer
(5¢-GGAGCAGCAGCAGCCCCAGTAGCAGT-3¢) was
complementary to nucleotides 64–90 in theMer cDNA. The
nested primer (5¢-CCAGTAGCAGTGGGGCCAGAAC
CA-3¢) was complementary to nucleotides 51–74. Major
PCR products amplified with the adapter primers were
cloned into pGEM-T Easy vector and sequenced. Gene-
specific primers designed for subsequent walkings were as
follows: 5¢-AGATCTCGCCAGTCGCCGAGGGCGCG
TGCGAA-3¢ (complementary to +12/+37 in Fig. 2A)
and 5¢-AGATCTGAGTGGCAGTGCGGAGTTGGGG
ATCGCA-3¢ ()53/)26). Various portions of the 5¢ flanking
region were cloned into pGL3 Basic (Promega) for analysis
of their transcriptional activities.

In vitro deoxyribonuclease I (DNase I) footprinting

Nuclear extracts were prepared from TM4 cells as described
previously [21]. Regions to be footprinted were amplified by
appropriate pairs of primers where the antisense primers
were end-labelled with [c-32P]deoxy-ATP and T4 polynu-
cleotide kinase (Gibco BRL Life Technologies). Unincor-
porated radio-labelled nucleotides were removed with a
MicroSpin G-25 column (Amersham Pharmacia Biotech
Inc.), and the radio-labelled DNA fragments were further
gel purified. Approximately 30 000 c.p.m. of end-labelled
DNA was digested with 0.45 U Dnase I (FPLC pure,
Amersham Pharmacia Biotech, Inc.) in an in vitro foot-
printing assay [22]. TheDNase I digestionswere terminated,
and the products were treated with proteinase K before
analysis on an 8$ urea/acrylamide DNA sequencing gel
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along side a Maxam–Gilbert sequencing reaction of the
footprinted fragment [23]. The resulting gel was examined
by autoradiography.

Electrophoretic mobility shift assay (EMSA)

Double-stranded oligonucleotides used in the assay were
GSA1: 5¢-CATTCTGCCCCGCCCCTCCA-3¢/3¢-GTAA
GACGGGGCGGGGAGGT-5¢; GSA2: 5¢-ATCCTCCC
CTTCCCGCCCCCTCCTCCAGTTC-3¢/3¢-TAGGAGG
GGAAGGGCGGGGGAGGAGGTCAAG-5¢; GSA3:
5¢-TCCCCCTTCCCGCCCCTGTC-3¢/3¢-AGGGGGAA
GGGCGGGGACAG-5¢ and GSA4: 5¢-CAGCAGGCGC
CAGAGTG-3¢/3¢-GTCGTCCGCGGTCTCAC-5¢. These
oligonucleotides were end-labelled with [c-32P]deoxy-ATP
using T4 kinase (Gibco BRL Life Technologies). Between
3.5 lg and 10 lg TM4 nuclear extract was incubated in the
presence or absence of an excess of unlabelled competitor
oligonucleotide (50–500 fold excess) in a final volume of
15 lL containing 10 mM Hepes pH 7.6, 50 mM KCl,
25 mM MgCl2, 10$ glycerol, 1 mM dithiothreitol and 1 lg
poly(dI:dC) (Amersham Pharmacia Biotech, Inc.). After a
15-min incubation at room temperature, approximately
30 000 c.p.m. c-32P-labelled double-stranded oligonucleo-
tides were added and incubated on ice for 30 min and then
at room temperature for a further 30 min. Reactions using
antibodies (1 lg) were performed as above, with a final
addition of antibody and incubation on ice for 30 min. The
reactions were separated by polyacrylamide gel electropho-
resis (6$), and analysed by autoradiography.

Site-directed mutation analysis

Site-directed mutagenesis was performed according to the
three-step PCR-mutagenesis method [24]. Four mutagenic
oligonucleotides SM1: 5¢-GGAGGGTGGAGGGGCTTG
GCAGAATGGAACTT-3¢ ()212/)243), SM2: 5¢-ACTGG
AGGAGGGGGCTTGAAGGGGAGGATCCA-3¢ ()166/
)197), SM3: 5¢-GGAGTGGACAGGGGCTTGAAGGG
GGAAGGGCA-3¢ ()113/)144), and SM4: 5¢-GCACTG
CCACTCTGGATCCTGCTGCCCGGGCG-3¢ ()37/)6)
were synthesized where each consisted of two mutated
bases at themiddle (in italic) and 15 complementary bases at
the 5¢ and 3¢ ends. The mutation primers MP-B: 5¢-GG
AGTACTAACCCTGGCCTAGCAAAATAGGCTGTCC
C-3¢ and MP-C: 5¢-GGAGTACTAACCCTGGCCTTT
ATGTTTTTGGCGTCTTCCA-3¢ were designed from
the universal primer sequences of pGL3 Basic vector
(RVprimer3 and GLprimer2, respectively), with the 17 bp
mutation sequence (in italic) at the 5¢ end. Anothermutation
primer designed from the italicized 17 bp mutation
sequence was designated MP-D. The proximal promoter
region spanning from +126 to )321 of the Mer flanking
sequence was subcloned into the pGL3 Basic vector to
produce pGL3/()321/+126) which was used as the tem-
plate for the first and second PCR reactions. After the first
PCR reaction, a product defined by the SM1-3 and the
MP-B, or the SM4 and the MP-C was produced and
purified from 1.5$ agarose gel electrophoresis (SephaglasTM

Bandprep Kit, Amersham Pharmacia Biotech, Inc.). In step
two, a single cycle of PCR reaction was performed using the
original pGL3/()321/+126) as the template and the
product from the first PCR reaction as the primer. In step

three, MP-D and either GLprimer2 (first PCR reaction
using SM1-3), or Rvprimer3 (first PCR reaction using SM4)
were added in the final PCR reaction. Themutation primers
MP-B, MP-C, MP-D and the universal primers of pGL3
Basic vector were utilized to conduct site-directed mutagen-
esis on small DNA fragments subcloned into the pGL3
Basic vector. The DNA sequences of the mutation clones
were confirmed by base sequencing using the ABI Prism
3100 Genetic Analyser (Applied Biosystems, CA, USA).

Cell culture and transfections

The culture media and reagents used for tissue culture
experiments were obtained from Gibco BRL Life Technol-
ogies. Mouse Sertoli (TM4) cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, high glucose),
supplemented with 10$ foetal bovine serum, 2 mM

L-glutamine, 100 UÆmL)1 penicillin, and 100 lgÆmL)1 strep-
tomycin. Reporter constructs were transfected using Lipo-
fectAMINE (Gibco BRL Life Technologies), according to
protocol suggested by the manufacturer. Briefly, cells were
plated in six-well plates at approximately 2 · 105 cells per
well for 24 h before transfection. Before addition of DNA/
liposome complexes, cells were rinsed with serum-free
DMEM. For each transfection, 1 lg reporter constructs
were cotransfected with 0.5 lg pSV-b-galactosidase control
vector (Promega) in 1 mL serum-free DMEM by incuba-
tion at 37 �C for 5 h. An equal volume of DMEM
containing 20$ fetal bovine serum was then added, and
the cells were incubated overnight at 37 �C. The culture
medium with the DNA/liposome mixture was replaced by
DMEM containing 10$ fetal bovine serum on the following
day. Forty-eight hours after the start of transfection, cells
were rinsed twice with NaCl/Pi (10 mM sodium phosphate
and 0.15 M NaCl pH 7.5) and harvested by Reporter Lysis
Buffer (Promega). For luciferase assays, cell extracts
(20 lL) were mixed with 100 lL luciferase assay reagent
(Promega) for detection in a luminometer. For b-galactos-
idase assays, cell extracts (150 lL) were mixed with an equal
volume of assay 2· buffer (Promega) and then incubated at
37 �C until it became yellow. The reaction was stopped by
the addition of 500 lL 1 M sodium carbonate. Absorbance
at 420 nm was measured and used to correct for transfec-
tion efficiency. Relative luciferase activities were calculated
by dividing luciferase light units by attenuence reading2 from
the b-galactosidase assay. Fold increases in the relative
luciferase activities of various constructs were determined in
relation to the background luciferase activity of the
promoterless pGL3 Basic. All transfection experiments
were performed in duplicate and were repeated at least three
times.

R E S U L T S

Northern blot analysis reveals the difference
in the expression pattern between Mer and the other
Tyro 3 family members (Axl and Rse) in mouse testes
during maturation

Northern blot analysis was used to characterize the
expression pattern of the Tyro 3 family members and their
common ligand, Gas6, in mouse testes during maturation.
When total RNA from mouse testes of different ages

� FEBS 2002 Mer gene transcription in Sertoli cells (Eur. J. Biochem. 269) 3
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ranging from 5 days to 90 days was analysed by Northern
blotting, a single predominant band of 4.1 kb Axl, 3.8 kb
Rse or 2.9 kb Gas6 was detected in all ages of mouse testes
examined (Fig. 1A). The trends for both Axl and Rse
expression during development were similar in that they
remained high before puberty and significantly decreased
after 20 days of age. On the other hand, the expression of
Gas6 decreased only slightly during maturation. However,
Mer was not detectable in 25 lg total RNA, and the reason
may be due to its lowmRNA level in mouse testes. As such,
the amount of total RNA used for Northern blot analysis
was increased to 60 lg, and a single predominant band of
4.4 kb Mer mRNA was detected in all ages of mouse testes
examined (Fig. 1B). Unlike the expressions of Axl and Rse,
Mer expression increased from 5 days of age, attained the
highest peak at around 20 days, and declined steadily
thereafter up to 90 days of age. Because of its unique
expression pattern in mouse testes, which coincides with

testicular development and onset of spermatogenesis, we
next examined the transcriptional regulation ofMer.

Potential regulatory elements in the mouse
Mer 5¢-flanking region

To identify potential sequence elements involved in the
transcriptional regulation of Mer, we isolated a region of
1489 bp 5¢ to the translation initiation codon (GenBank
accession no: AF517125). A preliminary 5¢-deletion analysis
of luciferase expression showed that the proximal 628 bp of
this region ()527 bp relative to the putative transcription
start site) was able to exhibit the optimal promoter activity
(data not shown). This sequence does not contain a typical
TATAbox, a CAATbox or an initiator sequence (Fig. 2A).
5¢RACEwas performed tomap the transcription start sites.
Nucleotide sequencing of the 5¢ RACE products amplified
using transcripts isolated from mouse testis and Mer

Fig. 1. Northern blot analysis of tyrosine kinase receptors Axl, Mer and Rse, and their common ligand Gas6 in mouse testes during postnatal

development. Total RNA was extracted from BALB/c mouse testes at the different ages indicated. (A) Twenty-five lg RNA was resolved on a 1$

agarose/formaldehyde gel, transferred onto nylon membrane in 20· NaCl/Cit and hybridized with the corresponding a-32P-labelled cDNA probe

at 42 �Covernight. The 2.9-kbGas6RNA, the 4.1-kbAxlRNAand the 3.8-kbRseRNAswere detected after 1 week of autoradiographic exposure

at )80 �C as shown in the upper panel. Each blot was then washed and re-probed with a-32P-labelled S16 cDNA and a typical S16 expression gel is

shown. The graph shows Gas6, Axl and Rse expression in Northern blots quantified by densitometry and normalized against S16 expression

detected in the same application. (B) Sixty lg RNAwas used for Northern blot analysis ofMer. A 4.4-kbMer transcript was detected after 2 weeks

of autoradiographic exposure at )80 �C as shown in the upper panel. The same blot was washed and re-probed with a-32P-labelled S16 cDNA. The

graph in the lower panel showsMer expression in Northern blots measured by densitometry. Expression was normalized against S16 expression

detected in the same application. Results show themean ± SEMof three independent experiments of different animals. Themeanwas significantly

different from the 5-day-old mouse at *P < 0.05 and **P < 0.01. NS, Not significantly different from the 5-day-old mice.

4 C. C. S. Wong and W. M. Lee (Eur. J. Biochem. 269) � FEBS 2002
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cDNA-specific primers revealed that this TATA-less pro-
moter initiated transcription from several start sites includ-
ing two that were located at +29 and +102 bp upstream
from the translation initiation codon (Fig. 2B). As the
+102 bp position resulted a stronger band in the PCR gel
and was located at a more GC-rich flanking region, it was
chosen as the putative major transcription start site and
designated as +1, as shown in Fig. 2A. A computer-
assisted search using TFSEARCH [25] revealed several putative
binding sites for transcription factors including GATA,
multiple Sp1 and MZF1, E2F (Fig. 2A).

Transcriptional activity of the Mer 5¢-flanking region

To determine which segment(s) of the proximal 5¢ flanking
region ofMer is important for transcription in Sertoli cells,
TM4 cells were transfected with the Mer promoter
constructs outlined in Fig. 3A, and activity from the
luciferase reporter gene was measured. The results indicate
that the promoter sequence ()527/+126) exhibited a
10-fold increase in relative luciferase activity when com-
pared with the promoterless luciferase vector pGL3 Basic
(Fig. 3A).When the same fragment was inserted in a reverse
direction the promoter activity dropped dramatically, which
implies that some of the cis-elements within this region are
functionally unidirectional. Of the five constructs of various
lengths flanking from +126 to )527, the maximal activity
(13-fold) was provided by the )321/+126 region. 5¢ dele-
tion from )321 to )181 decreased this maximal activity
significantly, suggesting that an approximate 140-bp seg-
ment of the 5¢ flanking region ofMer located between )321
and )181 is involved in promoting transcription in TM4

Sertoli cells. This region contains two DNA motifs known
to bind the transcription factor Sp1 (CCCGCC) and one
DNA motif for Myeloid Zinc Finger Gene 1 (MZF1)
(TCCCCTT) (see Fig. 2A). The gene segment )181/+126
also maintains a moderate transcription activity (sixfold),
and within this region it contains one DNA motif for Sp1
and one for MZF1. It is suggested that these three Sp1
motifs exert interplays with each other to give maximal
transcription activity.

Apart from the 5¢ deletion constructs, 3¢ deletion
constructs were made for transfection studies. The results
in Fig. 3B show that transcriptional activity increased
gradually when the sequence was deleted from +126 to
)26 relative to the putative transcription start site. Within
the region between +1 to )26, a DNA motif for E2F was
found, which was known to interact with Sp1 for transcrip-
tional regulation [26].

TM4 Sertoli cell nuclear protein interactions
with the Mer 5¢-flanking region

To analyse the )321/+126 region of the Mer proximal
promoter, an in vitro DNase I footprinting assay was
performed using a nuclear extract prepared from TM4
Sertoli cells. The results revealed four footprints within the
region from )321 to )26, including three Sp1 and one novel
cis-element (Fig. 4). In addition, double-stranded oligonu-
cleotides of those footprint sequences containing Sp1 cis-
element produced shifted bands with TM4 nuclear proteins
in an EMSA, and addition of excess unlabelled oligonucle-
otides demonstrated the specificity of these interactions
(Fig. 5).

Fig. 2. Title.3 (A) The partial nucleotide sequence of the mouseMer 5¢-flanking region. An� 1.5 kb sequence upstream of the translation start site

was obtained by two rounds of genomic walking (GenBank accession no. AF 517125) and the proximal 628-bp region (relative to the translation

initiation codon) is shown. Upstream nucleotides are marked as negative numbers. The translation initiation codon is shown in bold. Potential

binding sites for transcription factorsGATA, Sp1,MZF1 andE2F are underlined and indicated. (B) Identification ofmouseMer transcription start

site by 5¢ RACE. Two major PCR products were generated by two rounds of PCR of 5¢ RACE. The fragments were cloned and sequenced. Two

sites located at 29 and 102 bp upstream of the translation start site were mapped. The latter position was chosen as the putative major transcription

start site and designated as +1 in (A).

� FEBS 2002 Mer gene transcription in Sertoli cells (Eur. J. Biochem. 269) 5
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Sertoli cells nuclear proteins Sp1 and Sp3 bind
Sp1 DNA binding motif of the Mer promoter

TM4 nuclear proteins were shown to interact with the three
footprint regions which contain Sp1 DNA binding motifs.
As three of the footprint regions contain not only Sp1
binding motif but also MZF1 binding motif, we wanted to
prove further that the shifted bands were due to the Sp
transcriptional factor family. Therefore, the protein–DNA

complexes shown in Fig. 5 were further analysed using
antibodies directed to Sp1 or Sp3 nuclear proteins. The
results shown in Fig. 6A confirm that for both segments
)237/)218 and )194/)164, the two shifted bands, a and b,
were due to the binding of Sp1 and Sp3, respectively, while
for the segment )138/)119, the slower migrating protein–
DNA complex a contained Sp1 but the faster migrating
complex b did not contain either Sp1 or Sp3. It is suggested
that it may involve other transcriptional factor bindings.

Fig. 3. Transient luciferase expression analysis of 5¢- and 3¢-deletions within the mouseMer 5¢ flanking region. (A) Transcriptional activities of various

5¢-deletion constructs tested in TM4 cells and (B) Effect of 3¢-deletion on transcriptional activities. Luciferase expression plasmids were generated by

inserting various portions of the 5¢-flanking sequence ofMer up to and beyond the translation initiation codon at +102 (A), or various 3¢ deletion
constructs (B) into promoterless luciferase vector pGL3 Basic as shown in the left-hand panels. Arrows represent the orientation of the promoter

and the position of transcription start site at +1 is indicated. Fold increase of relative luciferase activities of the constructs were determined in

relation to the background luciferase activity of the promoterless pGL3 Basic. All promoter activity of each construct was normalized against

b-galactosidase activities produced by the pSV-b-galactosidase vector which serves as an internal control. Results are means ± SD of three

separate transfections performed in duplicate.

6 C. C. S. Wong and W. M. Lee (Eur. J. Biochem. 269) � FEBS 2002
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Fig. 4. DNase I footprinting for protein–DNA

interactions within the )321/)26 region of the

mouse Mer promoter. The )321/)181 (A)

and)181/)26 (B) fragments were labelled on

the antisense strand and subjected to DNase I

cleavage in the presence of various amounts of

TM4 nuclear protein extracts. Digested

products were run on a 8$ denaturing

polyacrylamide gel. G + A corresponds to

the Maxam–Gilbert sequencing reaction.

Protected regions are bracketed and the

potential binding sites of Sp1 and MZF1

transcription factors were determined by

TFSEARCH.

Fig. 5. EMSA of footprinted regions. Labelled double-stranded oligonucleotides covering the footprinted regions were incubated with 0–10 lg
TM4 nuclear protein extracts. Protein–DNA complexes formed are indicated by arrows. Addition of excess unlabelled probe was able to reduce the

protein binding.

� FEBS 2002 Mer gene transcription in Sertoli cells (Eur. J. Biochem. 269) 7
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To further confirm that Sp1 and related family members
constitute the major portion of nuclear protein binding to
these three footprint sequences, TM4 cell nuclear extracts
were incubated with these three oligonucleotides, each
containing a double point mutation in the Sp1 cis-acting
motif. Under our expectation, for the segment )237/)218,
all shifted bands were eliminated when the Sp1 cis-acting
motif was mutated (Fig. 6B), and also for the segment
)138/)119 where the upper band was eliminated. The
results of these two segments shown in Fig. 6B were
consistent with the previous supershift assay using Sp1- and
Sp3-specific antibodies (Fig. 6A). Interestingly, for the
region )194/)164, the shifted bands cannot be eliminated
after introducing mutation into the Sp1 motif. Together
with the result of supershift assay, it may imply that in
addition to Sp1 and Sp3, other unknown transcriptional
factors may exist to interact directly with this region.

In addition, the deletion analysis shown in Fig. 3C
suggests that the increase in the promoter activity may be
due to the removal of the E2F cis-acting element. To prove
that the transcriptional factor E2F is involved in the
interaction with this motif, EMSA was performed and
the results showed that double-stranded oligonucleotide of
the region )30/)14 containing the E2F cis-element pro-
duced shifted bands (a, b and c) with TM4 nuclear proteins
(lanes 1 and 3, Fig. 6C).When a double point mutation was
introduced to the E2F cis-acting motif, the protein–DNA
complex b was eliminated (lane 2, Fig. 6C), suggesting that
it may be due to the binding of E2F transcription factor to
this motif.

Effect of Sp1, Sp3 and E2F on Mer promoter activity
in Sertoli cells

Double point mutations were introduced into each of the
Sp1 and E2F cis-acting elements of the pGL3/()321/+126)
construct (upper panel, Fig. 7A). These constructs were
then transfected into Sertoli TM4 cells to initiate the
transcription of the luciferase reporter genes. The results
showed that mutation of either one of the two distal Sp1
binding motifs resulted in a dominant reduction of

Fig. 6. Title.4 (A)Antibodies to Sp1 and Sp3 bind to the protein–DNA

complex of the mouse Mer promoter. EMSA was performed using

TM4 nuclear protein extracts and a labelled oligonucleotide containing

bases )237/)218, )194/)164 or )138/)119 of the mouse Mer pro-

moter. Antibodies to transcription factors were added to some of the

binding reactions as indicated. The two un-shifted protein complexes

observed to bind the wild-type oligonucleotide (lanes 1 and 5) are

labelled as a and b. (B and C) Mutation of Sp1 (B) and E2F (C)

binding sequences abolishes protein–DNA binding. EMSA was

performed using TM4 nuclear protein extracts and mutant oligonu-

cleotides spanning bases )237/)218, )194/)164 or )138/)119 (Sp1)

and )30/)14 (E2F) of the mouse Mer promoter. The two protein

complexes identified are labelled a and b in (B), and a, b and c in (C).

Lanes 1 and 2 show the results of binding reactions using radioactively

labeled (*) oligonucleotides containing the wild-type and mutated

sequences, respectively. Lane 3 shows the result of the binding reac-

tions in which nuclear extracts were preincubated with un-labelled,

mutated oligonucleotides prior to the addition of labelled (*) wild-type

oligonucleotide.
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transcriptional activity. In contrast, mutation of the
proximal Sp1 or the E2F motif caused a slight and
moderate enhancing effect on the promoter activity,
respectively (Fig. 7A). Thus, it is believable that these Sp1,
Sp3 and E2F binding sequences on theMer promoter play a
significant role in regulating the transcription of Mer. The
effects of Sp1 and Sp3 over-expression on the transcrip-
tional activity of the Mer promoter in Sertoli cells were
further investigated. Cells were transfected with the pGL3/
()321/+126) construct plus either the Sp1 or the Sp3
expression vector, or both. The results demonstrated that
over-expression of Sp1 and Sp3 led to increased transcrip-
tion from theMer proximal promoter (Fig. 7B).

D I S C U S S I O N

Mer is a member of the mammalian Tyro 3 receptor
tyrosine kinase family, and it is widely expressed in tissues
of epithelial and reproductive origins and cells of the
immune system [27]. For the reproductive tissue, recent
studies have shown that the Tyro 3 receptors are playing a
significant role in spermatogenesis. In this study, it was
shown that the postnatal expression ofMer in mouse testes
is distinct from that of other members of the Tyro 3 RTK
family. While both Axl and Rse show higher expression
just after birth, expression ofMer increases constantly and
attains the highest peak at around 20 days of age. As

Fig. 7. Title.5 (A) Effect of mutation of Sp1 and E2F cis-acting motifs onMer promoter activity. Sertoli cells were transfected with the wild-type

pGL3/()321/+126) reporter gene constructs or the constructs containing double point mutations at the Sp1 and E2F cis-acting motifs as shown in

the left-hand panel. (B) Over-expression of Sp1 or Sp3 in TM4 cells increases transcription from theMer promoter. TM4 cells were cotransfected

with the pGL3/()321/+126) reporter gene constructs plus 1 lg of the Sp1 or the Sp3 expression vector, or both. Sp1 as well as Sp3 increase

transcription of mouseMer.

� FEBS 2002 Mer gene transcription in Sertoli cells (Eur. J. Biochem. 269) 9
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spermatogenesis of mice begins at this age and at
30 days old, mice become sexually mature [28], the results
seem to imply that the change in the patterns of Mer as
well as Axl/Rse expression may be due to the increasing
number of germ cells or to the onset of the influence of
hormones involved in spermatogenesis. The possible
reasons for modulating the expression of these receptors
in the testis have yet to be defined. Unlike Axl and Rse,
Mer mRNA was difficult to detect by Northern blotting,
which might be due to its relatively low abundance in the
testis [18]. This difference may suggest that these receptors
are playing different roles in developing testicular func-
tions. Because the Mer mRNA expression showed an
age-dependent increase during testicular maturation which
was different from those of the other members of Tyro 3
subfamily, we next sought to investigate the transcriptional
regulation of Mer in Sertoli cells. In this study, the TM4
cell line was used as an in vitro model cell line. This cell line
is derived from immature testes of normal 11- to 13-day-
old BALB/c mice [29]. It is a continuous and nontrans-
formed cell line and has been demonstrated to share
morphological and functional properties with resident
Sertoli cells in situ [30,31]. It has also been used in this
and other laboratories as an in vitro cell model in
transcriptional [32–34] and other functional studies [17,35].

To identify and characterize the 5¢ upstream regulatory
region of Mer, an � 1.5 kb fragment of the 5¢ flanking
sequence of the gene was isolated and characterized. Like
other RTK promoter sequences [36–38], Mer contains no
TATA box, CAAT box, or initiator sequences. However,
together with other common features, such as multiple
transcription start sites and the presence of multiple GC box
consensus sequence, the Mer 5¢ flanking region displays
features typical of a TATA-less type promoter. Various
deletion constructs driving the luciferase reporter gene in
TM4 cells were used to analyse the promoter activity along
the 5¢ flanking region ofMer. The result demonstrated that
the gene segment )321/+126 contained the highest tran-
scriptional activity in TM4 cells. Within this region, four
protein-binding sites were detected by DNase I footprinting
and gel shift assays. Three of them contained Sp1 cis-acting
motifs, which are located at the )237/)218, )194/)164 and
)138/)119 positions. Mutation studies revealed that Sp1
binding sites at the regions of)237/)218 and )194/)164 are
responsible for up-regulation of promoter activity; while for
the site at the latter region, Sp1 may interact with other
unknown transcription factors to repress theMer promoter
activity. Thus, it suggests that Sp1 can play a role as either
an activator or a repressor dependent on the nearby
nucleotide sequence and the cellular context. The consensus
sequence for Sp1 binding (CCCGCC) has been identified in
the promoter regions of a variety of genes although its role
in gene regulation is not fully understood [39]. The site is
known to bind Sp1, an� 100 kDa zinc-requiring transcrip-
tion factor, and binding results in increased transcription of
the associated gene [40–42]. Sp1 is essential for development
in mice, as Sp1–/– embryos have retarded growth and die
early in gestation [43]. Some studies have suggested that Sp1
is involved in cell differentiation [44] as it has been found in
highest levels in haematopoietic stem cells, foetal cells, and
spermatids [43]. Others have speculated that it is a major
transcription factor for housekeeping genes, as the Sp1
consensus sequence is commonly found in the promoter

region of these genes [45]. However, recent studies and our
own data indicate that many mammalian gene types are
controlled by Sp1, including genes for structural proteins,
metabolic enzymes, cell cycle regulators, transcription
factors, growth factors, and surface receptors [39,45]. Our
report adds Mer to this growing list of relevant genes
regulated by Sp1.

We have shown that apart from Sp1, Sp3 is also present
in the protein complexes bound to the Sp1 cis-acting motifs
in theMer promoter by the Supershift assay using the Sp1
and Sp3 antibodies. Interestingly, Sp3 did not bind to all of
the three Sp1 cis-acting motifs, but only to the two located
at )237/)218 and )194/)164. Furthermore, by using
sequence mutation introduced into the Sp1 cis-acting
motifs, we have shown that the protein-binding site
situated at )194/)164 is not merely a result of direct
binding of Sp1 or Sp3, but that it may involve binding of
other unknown transcriptional factors, even though it
contains a Sp1 cis-acting element. Over-expression of Sp1
and Sp3 by cotransfection with Sp1 and Sp3 cDNAs leads
to a further increase of transcription from the Mer
promoter/enhancer region. In other studies, Sp3 has been
shown to function either as an inhibitor [46] or as an
activator [47] of gene transcription. Sp3 activity is therefore
dependent on both the promoter characteristics and the
cellular context.

As such, our findings have demonstrated that Sp1 and
Sp3 seem to be necessary for promoting the transcription
of Mer in mouse Sertoli cells. Other studies have shown
that Sp1 acts co-operatively with other transcription
factors such as AP-1 [48], EGR1 [49,50], NFKB [51] and
STAT 1 [52]. Besides, E2F has been shown to interact
physically with Sp1 to activate the human DNA polymer-
ase a promoter and to exert a slightly greater than additive
effect on the mouse thymidylate synthetase promoter; both
of these promoters are TATA-less and have single binding
sites for Sp1 and E2F [26]. It is noted that, like these genes,
Mer also has an E2F binding site sequence located between
+1 and )26. Our data show that after deletion of the
sequence from +1 to )26 or mutation of the E2F binding
site, transcriptional activity of Mer increased markedly
(Figs 3C and 7A), suggesting that the relatively low Mer
mRNA expression in the testis when compared with other
Tyro 3 RTKs may putatively be due to interaction of E2F
with Sp1 to suppress the transcription of Mer in Sertoli
cells. Other studies have shown the involvement of TATA-
less genes containing E2F and Sp1 binding sites in DNA
replication and cell growth control, in which E2F has been
found to act either as a transcriptional repressor or as an
activator on these promoters, depending on the growth
state or cell cycle stage of the cells [53–57]. However, in the
case of Mer, the complexity of regulation by these two
factors and the potential importance of the Sp1 cis-acting
motifs in transcriptional regulation will be of future
interest.

A C K N O W L E D G E M E N T S

The authors thank Dr C. V. Paya (Department of Immunology, Mayo

Clinic, Rochester,MN,USA) for providing the Sp1 and Sp3 expression

vectors and Miss Pui Sze Tang for her assistance in performing DNA

sequence analyses to verify the authenticity of the PCRproducts used in

Northern blotting.

10 C. C. S. Wong and W. M. Lee (Eur. J. Biochem. 269) � FEBS 2002



U
N

C
O

R
R

E
C

T
E
D

P
R

O
O

F

This work was supported in part by grants from the Hong Kong

ResearchGrant Council (HKU7218/98M,HKU7245/00MandHKU

7194/01M) and the Committee on Research and Conference Grants of

the University of Hong Kong to W. M. L.

R E F E R E N C E S

1. Ullrich, A. & Schlessinger, J. (1990) Signal transduction by

receptors with tyrosine kinase activity. Cell 61, 203–212.

2. Van der Geer, P., Hunter, T. & Lindberg, R.A. (1994) Receptor

tyrosine kinases and their signal transduction pathways. Annu.

Rev. Cell. Biol. 10, 251–337.

3. Varnum, B.C., Young, C., Elliott, G., Garcia, A., Bartley, T.D.,

Fridell, Y.W., Hunt, R.W., Trail, G., Clogston, C., Toso, R.J.,

Yanagihara, D., Bennett, L., Sylber, M., Merewether, L.A.,

Tseng, A., Escobar, E., Liu, E.T. & Yamano, H.K. (1995) Axl

receptor tyrosine kinase stimulated by the vitamin K-dependent

protein encoded by growth-arrest-specific gene 6.Nature 373, 623–

626.

4. Godowski, P.J., Mark, M.R., Chen, J., Sadick, M.D., Raab, H. &

Hammonds, R.G. (1995) Reevaluation of the roles of protein S

and Gas 6 as ligands for the receptor tyrosine kinase Rse/Tyro 3.

Cell 82, 355–358.

5. Nagata, K., Ohashi, K., Nakano, T., Arita, H., Zong, C.,

Hanafusa, H. &Mizuno, K. (1996) Identification of the product of

grouth arrest-specific gene 6 as a common ligand for Axl, Sky,

and Mer receptor tyrosine kinases. J. Biol. Chem. 271, 30022–

30027.

6. Chen, J., Carey, K. & Godowski, P.J. (1997) Identification of Gas

6 as the ligand for Mer, a neural cell adhesion molecule related

receptor tyrosine kinase implicated in cellular transformation.

Oncogene 14, 2033–2039.

7. Graham, D.K., Bowman, G.W., Dawson, T.L., Stanford, W.L.,

Earp, H.S. & Snodgrass, H.R. (1995) Cloning and developmental

expression analysis of the murine c-mer tyrosine kinase. Oncogene

10, 2349–2359.

8. Crosier, K.E. & Crosier, P.S. (1997) New insights into the control

of cell growth; the role of the Axl family. Pathology 29, 131–135.

9. Prieto, A.L., Weber, J.L. & Lai, C. (2000) Expression of the

receptor protein-tyrosine kinases Tyro-3, Axl and mer in the

developing rat central nervous system. J. Comp. Neurol. 425,

295–314.

10. O’Bryan, J.P., Frye, R.A., Cogswell, P.C., Neubauer, A., Kitch,

B., Prokop, C., Espinosa, R.-, 3rd, Le Beau, M.M., Earp, H.S. &

Liu, E.T. (1991) Axl, a transforming gene isolated from primary

human myeloid leukemia cells, encodes a novel receptor tyrosine

kinase.Mol. Cell Biol. 11, 5016–5031.

11. Lai, C., Gore, M. & Lemke, G. (1994) Structure, expression, and

activity of Tyro 3, a neural adhesion-related receptor tyrosine

kinasse. Oncogene 9, 2567–2578.

12. McCloskey, P., Fridell, Y.W., Attar, E., Villa, J., Jin, Y., Varnum,

B. & Liu, E.T. (1997) Gas6 mediates adhesion of cells expressing

the receptor tyrosine kinase Axl. J. Biol. Chem. 272, 23285–23291.

13. Fridell, Y.W., Villa, J.J., Attar, E.C. & Liu, E.T. (1998) Gas 6

induces Axl-mediated chemotaxis of vascular smooth muscle cells.

J. Biol. Chem. 273, 7123–7126.

14. Camenisch, T.D., Koller, B.H., Earp, H.S. & Matsushima, G.K.

(1999) A novel receptor tyrosine kinase, Mer, inhibits TNF-a

production and lipopolysaccharide-induced endotoxic shock.

J. Immunol. 162, 3498–3505.

15. Scott, R.S., McMahon, E.J., Pop, S.M., Reap, E.A., Caricchio,

R., Cohen, P.L., Earp, S. & Matsushima, G.K. (2001) Phagocy-

tosis and clearance of apoptotic cells is mediated by Mer. Nature

411, 207–211.

16. Nandrot, E., Dufour, E.M., Provost, A.C., Pequignot, M.O.,

Bonnel, S., Gogat, K., Marchant, D., Rouillac, C., Sepulchre de

Conde, B., Bihoreau, M.T., Shaver, C., Dufier, J.L., Marsac, C.,

Lathrop, M., Menasche, M. & Abitbol, M.M. (2000) Homo-

zygous deletion in the coding sequence of the c-mer gene in RCS

rats unravels general mechanisms of physiological cell adhesion

and apoptosis. Neurobiol. Dis. 7, 586–599.

17. Chan, M.C.W., Mather, J.P., Mccray, G. & Lee, W.M. (2000)

Identification and regulation of receptor tyrosine kinases Rse and

Mer and their ligandGas6 in testicular somatic cells. J. Androl. 21,

291–302.

18. Lu, Q., Gore, M., Zhang, Q., Camenisch, T., Boast, S., Casag-

randa, F., Lai, C., Skinner, M.K., Klein, R., Matsushima, G.K.,

Earp, H.S., Goff, S.P. & Lemke, G. (1999) Tyro 3 family receptors

are essential regulators of mammalian spermatogenesis. Nature

398, 723–728.

19. Lu, Q. & Lemke, G. (2001) Homeostatic regulation of the immune

system by receptor tyrosine kinases of the Tyro 3 family. Science

293, 306–311.

20. Lee, W.M., Wong, A.S.T., Tu, A.W.K., Cheung, C.H., Li, J.C.H.

& Hammond, C.L. (1997) Rabbit sex hormone binding globulin:

primary structure, tissue expression, and structure/function ana-

lyses by expression in Escherichia coli. J. Endocrinol. 153, 373–384.

21. Chodesh, L.A. (1991) Current Protocols in Molecular Biology.

Current Protocols, New York.

22. Sierra, F. (1990) Biomethods: A laboratory guide to in vitro tran-
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other than green or red. Please use the proof correction marks shown below for all alterations
and corrections.

Textual mark

under matter to remain

through matter to be deleted

through matter to be deleted

through letter or through

word

under matter to be changed

under matter to be changed

under matter to be changed

under matter to be changed

under matter to be changed

Encircle matter to be changed

(As above)

through character or where

required

(As above)

(As above)

(As above)

(As above)

(As above)

(As above)

linking letters

between letters affected

between words affected

between letters affected

between words affected

Instruction to printer

Leave unchanged

Insert in text the matter

indicated in the margin

Delete

Delete and close up

Substitute character or

substitute part of one or

more word(s)

Change to italics

Change to capitals

Change to small capitals

Change to bold type

Change to bold italic

Change to lower case

Change italic to upright type

Insert `superior' character

Insert `inferior' character

Insert full stop

Insert comma

Insert single quotation marks

Insert double quotation

marks

Insert hyphen

Start new paragraph

No new paragraph

Transpose

Close up

Insert space between letters

Insert space between words

Reduce space between letters

Reduce space between words


