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Transcription factor E1AF is widely known to play critical roles in tumor metastasis via directly binding to
the promoters of genes involved in tumor migration and invasion. Here, we report for the first time E1AF as
a novel binding partner for ubiquitously expressed Sp1 transcription factor. E1AF forms a complex with Sp1,
contributes to Sp1 phosphorylation and transcriptional activity, and functions as a mediator between epider-
mal growth factor and Sp1 phosphorylation and activity. Sp1 functions as a carrier bringing E1AF to the
promoter region, thus activating transcription of glioma-related gene for �1,4-galactosyltransferase V (GalT V;
EC 2.4.1.38). Biologically, E1AF functions as a positive invasion regulator in glioma in cooperation with Sp1
partly via up-regulation of GalT V. This report describes a new mechanism of glioma invasion involving a
cooperative effort between E1AF and Sp1 transcription factors.

E1AF, a member of a subfamily of ETS domain transcrip-
tion factors, is capable of regulating transcription by binding to
the Ets-binding site (EBS) in the promoter of its target genes
(39) and is involved in a number of processes, including neu-
ronal pathfinding (23) and mammary gland development and
male sexual function (22, 25). Pathologically, E1AF plays an
important role in HER2/Neu-mediated mammary oncogenesis
and hepatocyte growth factor-induced cancer invasiveness and
metastasis via directly binding to the promoters of genes in-
volved in tumor migration and invasion (17, 18, 22, 29, 30, 38,
39, 41), suggesting the contribution of E1AF to various malig-
nant phenotypes of cancer cells. However, the mechanisms of
E1AF-induced tumor metastasis remain to be discovered.

Sp1 is a well-known DNA-binding nuclear protein that is
widely expressed in tissues (2). It binds to GC box motifs in
promoters of numerous genes involved in cell growth regula-
tion and cancer (7), including p21 (14), caspase-8 (28), cyclin
D1, and GalT V (35, 47), which effectively galactosylates the
GlcNAc�1,6 branch of N-glycans and functions as a positive
regulator in glioma invasion (9, 16, 20). Biologically, Sp1 plays
important roles in a wide variety of physiological processes,
including the cell cycle, hormonal activation, apoptosis, angio-
genesis, oncogenesis, etc. (10). Sp1 phosphorylation is tied to
functional changes in DNA binding and promoter activation,
contributes to the regulation of cell physiology, and functions
as a link between various pathophysiological signals and tran-
scription of their target genes (6).

Here, we found that E1AF physically and functionally inter-
acted with Sp1 through a glutamine-rich (Gln-rich) domain
and contributed to Sp1 phosphorylation and transcriptional
activity. Sp1 functioned as a carrier bringing E1AF to the

region of the glioma-related gene GalT V promoter, thus ac-
tivating its transcription. Furthermore, E1AF functioned as a
positive invasion regulator in glioma in cooperation with Sp1.
This report describes new mechanisms of glioma invasion
involving cooperative efforts of E1AF and Sp1 transcription
factors and E1AF-induced tumor invasion, providing a
novel model of invasion-associated transcription regulation
in glioma.

MATERIALS AND METHODS

Antibodies and reagents. G418, phenylmethylsulfonyl fluoride, aprotinin, pep-
statin, epidermal growth factor (EGF), ethidium bromide (EtBr), mithramycin
A, antiphosphoserine antibody, and antiphosphothreonine antibody were from
Sigma Chemical Co. 32PO4 and an enhanced chemiluminescence assay kit were
from Amersham Pharmacia Biotech. Antihemagglutinin (anti-HA) antibody,
anti-E1AF antibody, anti-Sp1 antibody, anti-glyceraldehyde-3-phosphate dehy-
drogenase (anti-GAPDH), and TransCruz Gel Supershift reagent anti-E1AF
and anti-Sp1 antibodies were purchased from Santa Cruz Biotechnology. Anti-
poly(ADP-ribose) polymerase (anti-PARP) antibody and anti-EGF receptor
(anti-EGFR) antibody were purchased from Cell Signaling. Anti-green fluores-
cent protein (anti-GFP) antibody was purchased from Roche Applied Science.
Anti-myc antibody was purchased from Invitrogen. Normal human brain tissues
and glioma tissues were obtained from Huashan Hospital, China. Other reagents
were commercially available in China.

Plasmids. Expression constructs for HA-pcDNA3.0, pcDNA3.1-myc, pcDNA3.0-
E1AF, pGL3-Basic, pRL-CMV, GalT V promoter construct GalT V-Luc, and
M(Sp1) have been described previously (20, 49, 50). The Sp1-Luc, mSp1-Luc,
CDK2-Luc, mCDK2-Luc, hSR-Luc, mhSR-Luc, Ap2�-Luc, and mAp2�-Luc
vectors were constructed as previously described (27, 31, 40, 44). PEVR2-Sp1
vector was kindly provided by Guntram Suske (Marburg, Germany). Myc-tagged
E1AF plasmid was constructed by inserting E1AF coding sequence into the
HindIII/XhoI site of pcDNA3.1/myc (�) vector by use of pcDNA3.0-E1AF as
the template. The deletion mutants of E1AF have been designated �148-244
(representing the deletion of amino acids [aa] 148 to 244) and 148-244 (aa 148
to 244). HA-tagged Sp1 plasmid was constructed by inserting Sp1 coding se-
quence using the EcoRI/XhoI site of pcDNA3.0-HA vector and pEVR2-Sp1
vector as templates. The deletion mutants of Sp1 were designated �138-232,
�352-500, 138-232, and 352-500. Mutagenesis was carried out using a TakaRa
MutanBEST mutagenesis kit. Mutated constructs were sequenced, and the cor-
rect ones were selected for further experiments. The mutagenic primers used
were R397/400K sense (5�-TCGCTCAAATACTATTAT-3�) and R397/400K anti-
sense (5�-TTTGCTCAGCTTGTCGTA-3�); S59A sense (5�-GCACCTTTGGC
TCTGCTGGCA-3�) and S59A antisense (5�-TGGCTGGGACTCCTGCCCTC-
3�); S131A sense (5�-GCAAATGGCAGTGAGTCTTCCAAGA-3�) and S131A
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antisense (5�-GCCATTGGTACTGCTGCCACTCTGT-3�); T355A sense (5�-G
CACCCCAGAGGGTCAGTGG-3�) and T355A antisense (5�-CTGGCCTTGA
GAGTTGGTCCCTGAT-3�); T453A sense (5�-GCACCAACAGTGGGGCCC
AATG-3�) and T453A antisense (5�-CCGGATGATGATGGGACCAGAGTT-
3�); T579A sense (5�-GCAGCAGGTGGAGAGGAAGGAGAA-3�) and T579A
antisense (5�-GTCATCATGTATTCCATCACCACCA-3�); T739A sense (5�-G
CACCTTCAGCCCTTATTACCACCA-3�) and T739 antisense (5�-GGCAGTG
CCACTGCCTTCTGAAC-3�); C658S sense (5�-AGTACCTGGTCATACTG-
3�) and C658S antisense (5�-CATAAATGGCCTCTCGC-3�); and C688S sense
(5�-AGCCCTGAGTGTCCTAAG-3�) and C688S antisense (5�-GGCAAATTT
CTTCTCACC-3�).

Construction of E1AF RNA interference (RNAi) or Sp1 RNAi was performed
using a siRNA construction kit (KCsiRNA) according to the manufacturer’s
suggestions (50). The sequence of the E1AF mRNA target oligonucleotide
was as follows: AGGATCTAAGTCACTTCCA (annealed and cloned into
pSilencer-2.0 vector). The sequence of the Sp1 mRNA target oligonucleotide
was as follows: GGAACAGAGTGGCAACAGT.

Cell culture and transfection. Human glioma cell lines U251 and SHG44 have
been described previously (20). Cell transfection was performed with Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s instructions. For
stable transfection, the original medium was replaced after 48 h with G418-
containing medium and individual clones were picked and analyzed.

Invasion and migration analysis. A wound healing assay was performed as
described previously (50). A Boyden chamber invasion assay was performed
basically as described previously by Albini et al. (1). Cells were added to the
upper compartment of the chamber, and 800 �l medium (containing 0.1%
bovine serum albumin) was added into the lower chamber. Cells were incubated
and allowed to migrate for 24 h. After removal of nonmigrated cells, cells that
had migrated through the filter were counted under a microscope in five fields at
a magnification of �400.

Dual-luciferase assay, gel shift assay, and DNA affinity precipitation assay. A
dual-luciferase assay was performed by the method used in our previous study
(50). Nuclear proteins were isolated according to the method of Schreiber et al.
(36), and a gel shift assay was performed according to the method of our previous
study (50). The association of Sp1 with chromatin DNA in SHG44 cells was
confirmed using a chromatin immunoprecipitation (ChIP) assay kit (Upstate
Biotechnology) with anti-Sp1 antibody as described by the manufacturer. Normal
anti-rabbit immunoglobulin G (IgG) was used as a negative control. The GalT V
promoter region (�200 to �1) was amplified by conventional PCR (with forward
primer 5�-AAGACTGGTGGGGGAATTTCATGG-3� and reverse primer 5�-C
AGGCGGCCGCTAGAGA-3�). DNA affinity precipitation assays were per-
formed as previously reported (34). Oligonucleotides containing biotin on the 5�
nucleotide of the sense strand were used in the assays. The sequences of the
oligonucleotides were as follows: for the wild-type (WT) oligonucleotide, 5�-CT
GGCCCCGCCTCCCGCGCGTGCGCC, which corresponded to bp �82 to
�57 of the human GalT V promoter; and for the M (Sp1) oligonucleotide,
5�-CTGGCCCAAACTCCCGCGCGTGCGCC, which contained the mutation
of the Sp1-binding site (underlined).

Immunoblotting and immunoprecipitation assays. Immunoblotting and im-
munoprecipitation assays were performed as previously described (13). Immu-
noblot analysis was performed with anti-E1AF, anti-GAPDH, anti-Sp1, anti-
EGFR, and anti-GFP. Lysates of nuclear extract were also subjected to
immunoprecipitation with anti-Sp1 or control IgG, and the immune complex was
analyzed by immunoblotting using anti-Sp1. In some experiments the precipi-
tated complexes were treated with EtBr prior to elution to test specific depen-
dence on DNA structural integrity as previous described (15, 24). EtBr was
added (50 to 400 �g/ml), and the lysates were incubated on ice for 30 min.
Precipitates were removed by centrifugation in a microcentrifuge, and the su-
pernatant was transferred to a fresh tube. The resulting lysate was then ready for
immunoprecipitation.

In vivo labeling and Western blot analysis. Cells were incubated in phosphate-
free medium for 2 h prior to being labeled in phosphate-free medium containing
7.5 to 15 mCi/ml 32PO4 for 2 h as previous described (4). Cells were rinsed with
phosphate-buffered saline and lysed directly in boiling 10 mM Tris-HCl (pH 	
7.2)–1% sodium dodecyl sulfate and reboiled, and DNA was sheared. Following
addition of 2.2 volumes of ice-cold 15 mM Tris-HCl (pH 	 7.2)–7.5 mM EDTA–
150 mM sodium fluoride–230 mM NaCl–1.5% Triton X-100–0.75% Nonidet
P-40–100 mM �-glycerophosphate–15 mM sodium pyrophosphate–400 mM
Na2VO3–2 mM phenylmethylsulfonyl fluoride–20 mM leupeptin–10 mg/ml apro-
tinin, particulate material was removed by centrifugation. Supernatants were
precleared with normal rabbit IgG and protein A-Sepharose, and Sp1 was im-
munoprecipitated with anti-Sp1 antibody (PEP2; Santa Cruz) and protein A-
Sepharose. Immunoprecipitates were washed four times with radioimmunopre-

cipitation assay buffer, separated by 8% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, transferred to nitrocellulose, and subjected to autoradiogra-
phy.

Statistics and presentation of data. All experiments were repeated three
times. All numerical data are expressed as means 
 standard deviations. Data
were analyzed using the two-tailed t test.

RESULTS

Interaction between E1AF and Sp1 in glioma. The associa-
tion between E1AF and Sp1 was first demonstrated by coim-
munoprecipitation-Western blot analysis using the glioma cell
line SHG44. E1AF was detected in anti-Sp1 immunoprecipi-
tates in SHG44 cells (Fig. 1A). To investigate the DNA de-
pendence of E1AF-Sp1 association, cell lysates were treated
prior to immunoprecipitation with EtBr, which distorted DNA
structure and disrupted DNA-protein interaction, as previ-
ously described (24). Addition of increasing amounts of EtBr
did not affect the interaction between E1AF and Sp1 (Fig. 1A).
To further ensure the physical association of E1AF and Sp1 in
glioma, the interaction of these two proteins was determined in
glioma tissues and normal brain tissues. The interaction of Sp1
and E1AF was observed in glioma tissues but not in normal
brain tissues in the rare cases of expression of E1AF in normal
brain tissues (Fig. 1B). Also, the interaction between E1AF
and Sp1 in glioma tissues was not sensitive to the presence of
EtBr (Fig. 1B). These data indicated that E1AF might physi-
cally interact with Sp1 transcription factor in a DNA-indepen-
dent manner.

E1AF has a functional acidic domain, a Gln-rich domain,
and ETS domain (39). To identify the binding surface(s) of Sp1
on E1AF, a fusion protein consisting of WT or various trun-
cated forms of E1AF fused at the C terminus of myc were
constructed and utilized in immunoprecipitation assays (Fig.
1C). Both myc-tagged full-length E1AF and E1AF(148–244)
containing the Gln-rich domain were sufficient for binding to
Sp1 that was not sensitive to the presence of EtBr, whereas
deletion of the Gln-rich domain of E1AF abolished interaction
with Sp1 (Fig. 1D). The ETS domain of E1AF protein contains
two conserved residues (R397/400) which are important for the
DNA binding ability of Ets family members (5, 8, 19). To
investigate the role of the contribution of these residues in
DNA binding and the interaction with Sp1, the myc-tagged
mutant of E1AF (R397/400K) was constructed and utilized in
immunoprecipitation assays. The R397/400K mutant abolished
the DNA binding ability of E1AF (data not shown) and did not
affect its interaction with Sp1 (Fig. 1D).

We next turned to mapping the domain(s) of Sp1 that was
required for the interaction with E1AF. Sp1 contains a DNA-
binding domain consisting of three C2H2-type zinc fingers
close to the C terminus, two serine/threonine stretches (A and
B) in the N-terminal part, and two glutamine-rich activation
domains (A and B) contributing to the interaction with its
partners (10). To address the role of Gln-rich domains in the
interaction with E1AF, HA-tagged mutants of Sp1 with or
without the Gln-rich domain were constructed and utilized in
immunoprecipitation assays (Fig. 1E). As shown in Fig. 1F, the
presence of HA-tagged full-length Sp1(�138–232) or Sp1(353–
500) containing the Gln-rich domain B was sufficient for bind-
ing to E1AF that was not sensitive to the presence of EtBr,
whereas deletion of the Gln-rich B domain of Sp1 abolished
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the interaction between E1AF and Sp1 (Fig. 1F). In addition,
a mutant of Sp1 harboring a two-cysteine mutation in the zinc
finger domain that impaired its ability to bind to DNA (26)
(data not shown) did not affect its interaction with E1AF (Fig.
1F).

E1AF increases transactivation by Sp1. To elucidate
whether E1AF had an effect on the transcription capacity of
Sp1, we performed transient cotransfection assays using
SHG44 cells and a reporter construct containing one Sp1 con-
sensus binding site and the Sp1 expression vector. E1AF over-
expression enhanced transactivation by Sp1 that was depen-
dent on which Sp1-binding site was used (Fig. 2A). Similarly,
E1AF overexpression induced the activity of a reporter con-
struct containing the promoter region of the CDK2, hSR, or

hAP2� gene which contained identified Sp1-binding site(s)
and lacked any potential ETS binding site (Fig. 2B to D)
(27, 31, 44).

To study whether the enhancing effect of E1AF on Sp1
activity played a role in the activation of Sp1-targeting glioma-
related genes, we studied the contribution of E1AF to the
transcription of GalT V, which functions in a positive role in
glioma growth (20, 35). We transfected SHG44 cells with a
luciferase reporter gene driven by a �200-to-�120 fragment of
the GalT V promoter (GalT V-Luc) with or without mutation
of the Sp1-binding site or Ets-binding site together with a
combination of expression constructs for E1AF and Sp1. As
shown in Fig. 2E, E1AF activated the GalT V promoter in
cooperation with Sp1, and mutation of Sp1-binding site but not

FIG. 1. Identification E1AF as a Sp1 binding protein. (A) In vivo association of E1AF with Sp1 determined using cells of the glioma SHG44
cell line and a coimmunoprecipitation assay. Lysates from SHG44 cells were immunoprecipitated (IP) with anti-Sp1 antibody (Ab) or control IgG
in the absence or presence of EtBr (50 �g/ml, 200 �g/mln or 400 �g/ml) and sequentially immunoblotted with anti-E1AF or anti-Sp1 antibody.
(B) Sp1 IP of glioma tissue (T) and normal brain tissue (N) lysates in the absence or presence of EtBr (50 �g/ml) probed with anti-E1AF, anti-Sp1,
anti-EGFR, or anti-GAPDH antibodies. Expression of GAPDH served as a loading control. (C) Schematic representations of E1AF and
myc-tagged E1AF mutants used in a coimmunoprecipitation assay. The ETS domain and acidic domain (AD) are shown as gray boxes. The
Gln-rich domain is shown as a black box. Amino acid numbers mark the N and C termini and the deletion breakpoints. (D) SHG44 cells were
transfected with constructs for expression of control or myc-tagged E1AF mutants and harvested 48 h after transfection. The results of Sp1 IP of
these cell lysates in the absence or presence of EtBr (50 �g/ml) blotted with anti-myc or anti-Sp1 antibodies are shown. (E) The structural domains
of Sp1 and HA-tagged Sp1 mutants in this work are diagrammed. (F) SHG44 cells were transfected with expression constructs for control or
HA-tagged Sp1 or its mutants and harvested 48 h after transfection. The results of E1AF IP of these cell lysates in the absence or presence of EtBr
(50 �g/ml) blotted with anti-HA or anti-E1AF antibodies are shown.
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that of the Ets-binding site abolished the positive effect of
E1AF on the activity of the GalT V promoter. In addition,
inhibition of Sp1 binding by its inhibitor mithramycin A or Sp1
RNAi dramatically inhibited the activation of the GalT V pro-
moter mediated by E1AF (data not shown).

These data indicated that E1AF might control gene expres-
sion through the Sp1-binding site without direct binding to
DNA. To address this point, the DNA binding-defective mu-
tant of E1AF (R397/400K) was transiently cotransfected into
SHG44 cells with a Sp1 expression vector and reporter con-
struct containing an Sp1-binding site. As depicted in Fig. 2F,
overexpression of R397/400K increased the activity of the re-
porter construct in cooperation with Sp1. These data indicated
that E1AF regulated gene expression in cooperation with Sp1.

The E1AF/Sp1 complex binds to the GalT V promoter in
vitro and in vivo. Next, an electrophoretic mobility shift assay
was performed to determine whether E1AF/Sp1 recognized
the GalT V promoter. Nuclear extracts from SHG44 cells were
incubated with labeled double-stranded oligonucleotides span-
ning the region between nucleotides �82 and �57 of the GalT
V promoter containing one Sp1-binding site and one Ets-bind-
ing site with or without competition (indicated in Fig. 3A).
Three main DNA-protein complexes were detected (Fig. 3B,
lane 2) which were gradually competed with by excess unla-
beled GalT V (�82 to �57) oligonucleotides or the unlabeled
Ets mutation oligonucleotides (Fig. 3B, lanes 3, 4, 7, and 8). In
contrast to this finding, the unlabeled Sp1-binding site muta-
tion oligonucleotides failed to compete with the binding (Fig.

3B, lanes 5 and 6), indicating that the Sp1-binding site was
important for the formation of three complexes. Consistently,
unlabeled Sp1 consensus oligonucleotides significantly inhib-
ited complexes a, b, and c (Fig. 3B, lanes 9 and 10). To identify
specific proteins that bound to the Sp1 binding site, we used
TransCruz Gel supershift antibodies against E1AF or Sp1 or
control IgG. It was found that antibody against E1AF super-
shifted complex a without changing other complexes and that
antibody against Sp1 supershifted complex a and decreased the
levels of complexes b and c (Fig. 3C), indicating the contribu-
tion of E1AF and Sp1 to the formation of complex a and the
binding of E1AF and Sp1 to the GalT V promoter.

To accurately determine whether E1AF and Sp1 could bind
to the GalT V promoter in glioma tissues and normal brain
tissues, we performed a DNA affinity precipitation assay using
WT oligonucleotides spanning the region between nucleotides
�82 to �57 of the human GalT V promoter and Mut oligo-
nucleotide containing the mutation of the Sp1-binding site.
The results showed that the activity of Sp1 or E1AF binding to
GalT V promoter in glioma tissues was dependent on which
Sp1 binding site was used (Fig. 3D). To see the effect of E1AF
overexpression on Sp1 binding to the GalT V promoter, the
same amount of nuclear protein extracted from SHG44 cells
transfected with control or myc-tagged E1AF plasmid was used
in a DNA affinity precipitation assay. As depicted in Fig. 3E,
binding of Sp1 and endogenous and exogenous E1AF to the
GalT V promoter was dependent on the Sp1 binding site and

FIG. 2. Activation of Sp1 transcription potential by E1AF. (A to D) PcDNA3.0 and/or E1AF and/or Sp1 expression vector was transiently
cotransfected into SHG44 cells with a pSp1-Luc, pmSp1-Luc, CDK2-Luc, mCDK2-Luc, hSR-Luc, mhSR-Luc, AP2�-Luc, or mAP2�-Luc con-
struct. The luciferase activity was determined as described in Materials and Methods. (E) PcDNA3.0 and/or E1AF and/or Sp1 expression vectors
were transiently cotransfected into SHG44 cells with GalT V-Luc, M(Sp1), or M(EBS). The luciferase activity was determined as described in
Materials and Methods. (F) PcDNA3.0 and/or E1AF(R397/400K) and/or Sp1 expression vector was transiently cotransfected into SHG44 cells with
a pSp1-Luc, CDK2-Luc, hSR-Luc, AP2�-Luc, or GalT V-Luc construct. The luciferase activity was determined as previously described.
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E1AF overexpression induced the binding of Sp1 to the GalT
V promoter (Fig. 3E).

To further demonstrate that the two proteins actually cooc-
cupied the GalT V promoter, we carried out a series of ChIP
assays. First, we investigated the recruitment of E1AF and Sp1
to the GalT V-Luc reporter gene with or without the mutation
of Sp1-binding site. An obvious level of E1AF and Sp1 binding
to GalT V promoter region was seen (Fig. 4A, upper panel).
However, mutation of the Sp1-binding site within the GalT
V-Luc reporter gene resulted in no E1AF or Sp1 binding (Fig.
4A, lower panel). Next, we determined whether E1AF and Sp1
could be detected at the promoter of endogenous GalT V in
SHG44 cells by use of a ChIP assay. In contrast to control IgG
results, E1AF and Sp1 were detected in the promoter region of

GalT V gene, and no binding to the GAPDH gene was ob-
served (Fig. 4B and C). Furthermore, E1AF overexpression
increased the ability of Sp1 to bind to the GalT V promoter
(Fig. 4B). In addition, to address the Sp1 dependence of E1AF
binding to GalT V promoter, C658/688S, a mutant of Sp1 har-
boring a two-cysteine mutation in the zinc finger domain, or
Sp1 RNAi was transiently transfected into SHG44 cells and
subsequently subjected to ChIP analysis using anti-E1AF an-
tibody. As depicted in Fig. 4C, decreasing Sp1 DNA binding or
down-regulation of Sp1 expression decreased the binding of
E1AF to the GalT V promoter (Fig. 4C).

E1AF overexpression induces Sp1 phosphorylation activity.
As Sp1 DNA binding and transcription activity could be reg-
ulated by its phosphorylation (10), we examined its phosphor-

FIG. 3. Analysis of E1AF/Sp1 complex binding to the GalT V promoter in glioma cell and glioma tissue in vitro. (A) Oligonucleotides used in
an electrophoretic mobility shift assay. The putative Sp1 and Ets binding sites are indicated with boxes. The mutated nucleotides are underlined.
(B) An electrophoretic mobility shift assay was performed using nuclear proteins of SHG44 cells and a human GalT V promoter sequence (�82
to �57) double-stranded radiolabeled probe. Competition assays were carried out with a 10- to 20-fold excess of GalT V promoter sequence (�82
to �57) oligonucleotides with or without the Ets-binding site or Sp1-binding site mutated or Sp1 consensus oligonucleotides. The protein-DNA
complexes (arrows a to c) and free DNA are indicated. (C) E1AF/Sp1 bound to a GC box site within a human GalT V promoter. Nuclear extracts
from SHG44 cells were incubated with 32P-labeled double-stranded oligonucleotides spanning the GC box and an Ets-binding site within the GalT
V promoter in the presence or absence of control IgG or an antibody specific to Sp1 or E1AF. The unlabeled arrow indicates the protein-DNA-
antibody complex. (D) The same amounts of nuclear extracts from glioma tissues or normal brain tissues were incubated with biotin-labeled
oligonucleotides as described in Materials and Methods. Proteins bound to these nucleotides were isolated with streptavidin-agarose, and E1AF
or Sp1 was detected by immunoblotting. PARP expression served as a loading control. (E) The same nuclear extracts from SHG44 cells transiently
transfected with control or E1AF-myc plasmids incubated with biotin-labeled oligonucleotides as described in Materials and Methods. Proteins
bound to these nucleotides were isolated with streptavidin-agarose, and E1AF, Sp1, or myc was detected using immunoblotting. PARP expression
served as a loading control.
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ylation status in response to E1AF overexpression. Whole-cell
extracts of vector- or E1AF-transfected cells previously treated
with EtBr were immunoprecipitated by Sp1 antibody and were
subsequently subjected to Western blot analysis utilizing a
panel of antibodies, recognizing a distinct pattern of serine/
threonine-phosphorylated proteins (32). As shown in Fig. 4A,
the forced expression of E1AF increased relative amounts of
serine/threonine-phosphorylated Sp1 transcription factor with-
out changing Sp1 expression in a DNA-independent manner
(Fig. 5A). Furthermore, immunoprecipitation assays were
also performed using E1AF-transfected cells labeled with
[32P]orthophosphate to investigate in intact cells whether ex-
pression of E1AF altered Sp1 phosphorylation. As shown in
Fig. 5B, the incorporation of [32P]orthophosphate into immu-
noprecipitated wild-type Sp1 increased in response to E1AF
overexpression.

Six SP1 phosphorylation sites, Ser59, Ser131, Thr355,
Thr453, Thr579, and Thr739, have been confirmed (10). To
further demonstrate the effect of E1AF overexpression on Sp1
phosphorylation, point mutations of potential phosphorylation
sites in Sp1 were constructed and transiently cotransfected into
SHG44 cells with control or myc-E1AF expression vector and
subsequently subjected to Western blot analysis. As depicted in
Fig. 5C, mutation of Ser131 of Sp1 abolished E1AF-induced
Sp1 phosphorylation at serine residues. In addition, mutation
of Thr453 of Sp1 abolished E1AF-induced phosphorylation at
threonine residues (Fig. 5D). To investigate the role of Sp1
phosphorylation in E1AF-induced GalT V promoter activity,

the mutant of Sp1 (S131A/T453A) was transiently cotrans-
fected into SHG44 cells with E1AF expression vector and GalT
V-Luc construct. Compared to wild-type Sp1 results, mutation
of Sp1 residues S131 and T453 reduced E1AF-induced GalT V
promoter activity and abolished the effect of cooperation of the
GalT V promoter with E1AF (Fig. 5E).

E1AF expression is important for EGF-induced GalT V pro-
moter activity. Previously, we reported that EGF could acti-
vate GalT V transactivation in a Sp1-binding site-dependent
manner (20). To address whether E1AF was important during
such activation, we generated an E1AF RNAi construct and
transiently cotransfected the construct into the SHG44 glioma
cell line with GalT V-Luc treated with EGF. As shown in Fig.
6A, decreasing E1AF expression inhibited EGF-induced acti-
vation of GalT V promoter, indicating that E1AF functioned in
an essential role in EGF-induced GalT V transcription. Sup-
porting this point, EGF induced GalT V transcription in an
E1AF-dependent manner and overexpression of E1AF and
Sp1 significantly increased EGF-induced GalT V transcription
in HEK293 cells (data not shown).

To clarity the mechanism involved, we investigated the effect
of EGF on E1AF expression and the interaction of E1AF and
Sp1. As shown in Fig. 6B, EGF increased expression of E1AF
and phosphorylation of Sp1 and enhanced the interaction of
Sp1 and E1AF proteins in SHG44 cells. Also, decreasing ex-
pression of E1AF reduced EGF-induced Sp1 phosphorylation
without changing Sp1 expression levels (Fig. 6C) and inhibited
EGF-induced incorporation of [32P]orthophosphate into im-

FIG. 4. Analysis of E1AF/Sp1 complex binding to the GalT V promoter in glioma cell in vivo. (A) ChIP assay of endogenous E1AF or Sp1 on
GalT V-Luc (upper panel) or M(Sp1) (lower panel) constructs in SHG44 cells. Immunoprecipitations were carried out with rabbit IgG (R.IgG),
mouse IgG (M.IgG), anti-E1AF antibody (E1AF-Ab), or anti-Sp1 antibody (Sp1-Ab). Coprecipitating DNA was revealed by PCR with the
indicated primers. Input DNA was diluted 10-fold before amplification. (B) A ChIP assay was performed using SHG44 cells transfected with
control or E1AF expression vector and control IgG or an antibody against Sp1. PCR primers for the GalT V promoter or the GAPDH promoter
were used to detect promoter fragments in immunoprecipitates (left panel). The presence of transfected E1AF is indicated (right panel). (C) A
ChIP assay was performed using SHG44 cells transfected with control, C658/688S, control RNAi, or Sp1 RNAi vector and control IgG or an antibody
against E1AF. PCR primers for the GalT V promoter or the GAPDH promoter were used to detect promoter fragments in immunoprecipitates
(upper panel). The presence of endogenous Sp1 expression or C658/688S is indicated (lower panel).
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munoprecipitated wild-type Sp1 (Fig. 6D). Furthermore, de-
creasing expression of E1AF reduced EGF-induced exogenous
Sp1 phosphorylation that was dependent on the presence of
S131 and T453 (Fig. 6E). Together, the data reported above
suggested that E1AF might act as a mediator between EGF
signaling and Sp1.

Positive correlation between levels of E1AF and GalT V in
glioma. We have thus far established a positive role for E1AF
and Sp1 in GalT V transcription in the cell culture system. Our
previous study showed that GalT V was highly expressed in
glioma (20, 45, 46). To address the mechanism of the high level
of expression of GalT V in glioma, we investigated expression
of E1AF and Sp1 by use of glioma and normal brain tissues
and a reverse transcription-PCR (RT-PCR) assay. A positive
correlation was found between the levels of E1AF and GalT V;
in contrast, we did not find a correlation between the levels of
Sp1 and GalT V (Fig. 7A and B). High expression of E1AF in
glioma was confirmed using a series of glioma and normal
brain tissue samples and immunohistochemistry (Fig. 7C); the
results indicated that E1AF was highly expressed in glioma.

The same results were obtained using Western blot analysis
(data not shown).

To address the effect of E1AF on GalT V expression,
control RNAi or E1AF RNAi was transiently transfected
into SHG44 cells. As depicted in Fig. 7D and E, downregu-
lation of E1AF expression by E1AF RNAi reduced GalT V
mRNA expression and GalT V promoter activity in a dose-
dependent manner.

E1AF promotes glioma invasion in cooperation with Sp1. To
evaluate the relationship between E1AF overexpression and
tumor behavior, cells from the glioma cell line U251 were
stably transfected with the E1AF-GFP construct (Fig. 8A).
As shown in Fig. 8B, actin clustered in long filaments along
the edges of the GFP-E1AF-transfected cells but not in the
control cells. E1AF overexpression resulted in an almost
threefold increase in in vitro invasion through a reconsti-
tuted material basement membrane (Fig. 8C), a striking
increase of cell migration (Fig. 8D). Taken together, these
results indicated that E1AF functioned as a positive regu-
lator in glioma invasion.

FIG. 5. E1AF was associated with phosphorylation of Sp1. (A, WCL panels) Whole-cell lysates from SHG44 cells transfected with control or
E1AF expression vectors in the absence or presence of EtBr (50 �g/ml) were loaded onto a 8% denatured polyacrylamide gel, and E1AF and Sp1
protein levels were determined by Western blotting using anti-E1AF or anti-Sp1 antibody (Sp1-Ab). (IP panels) The results of Sp1 immunopre-
cipitation of the lysates of SHG44 cells transfected with control or E1AF expression vectors in the absence of EtBr or in the presence of EtBr (50
�g/ml) blotted with the indicated antibodies are shown. (B) Whole-cell lysates from SHG44 cells transfected with control or E1AF expression
vectors labeled with 32PO4 for 2 h prior to harvesting and the levels of 32P labeling of Sp1 were determined as described in Materials and Methods.
(C, WCL panels) Whole-cell lysates from SHG44 cells transfected with control or myc-E1AF expression vector and pcDNA3.0-HA, HA-Sp1,
S59A, or S131A were loaded onto an 8% denatured polyacrylamide gel, and E1AF and HA-Sp1 protein levels were determined by Western
blotting using anti-myc or anti-HA antibody. (IP panels) The results of Sp1 IP of the lysates of SHG44 cells transfected with control or myc-E1AF
expression vector and pcDNA3.0-HA, HA-Sp1, S59A, or S131A blotted with the indicated antibodies are shown. (D, WCL panels) Whole-cell
lysates from SHG44 cells transfected with the indicated constructs were loaded onto an 8% denatured polyacrylamide gel, and E1AF and HA-Sp1
protein levels were determined by Western blotting using anti-myc or anti-HA antibody. (IP panels) The results of Sp1 IP of the lysates of SHG44
cells transfected with the indicated constructs blotted with the indicated antibodies are shown. (E) PcDNA3.0 and/or E1AF and/or Sp1 and/or Sp1
(S131A/T453A) expression vectors and GalT V-Luc were transiently cotransfected into SHG44 cells. The luciferase activity was determined as
described in Materials and Methods.
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We next examined the role of Sp1 in E1AF-mediated glioma
invasion. As shown in Fig. 8E and F, inhibition of Sp1 activity
by mithramycin A or Sp1 expression by Sp1 RNAi dramatically
inhibited E1AF-induced glioma invasion. To determine
whether E1AF could collaborate with Sp1 to induce migration
and invasion of glioma cells, U251 cells transiently transfected
with E1AF or/and Sp1 constructs were subjected to invasion
and migration assays. A significant synergistic effect on U251
cells that was induced by the presence of E1AF and Sp1 was
found with respect to migration and invasion (Fig. 8G and H).
Our data reported above suggested the presence of a cooper-
ative effect of E1AF and Sp1 on tumor behaviors.

To examine whether E1AF-Sp1 interaction was essential for
promotion of cell invasion by E1AF, U251 cells transiently
transfected with myc-E1AF and Sp1 full-length construct or its
mutants were subjected to invasion assays. As expected, dele-
tion of Gln-rich domain B of Sp1 abolished the effect on
glioma invasion of its cooperation with E1AF. In addition,
mutation of Sp1 residues S131 and T453 or the Sp1 DNA-
binding domain inhibited glioma cell invasion and abrogated

the effect on glioma invasion of its cooperation with E1AF
(Fig. 8I). Consistent with this, wild-type E1AF, but not its
Gln-rich domain deletion mutation, cooperated with Sp1 to
induce glioma cell invasion and E1AF mutation (R397/400K),
which resulted in a deficiency in DNA binding-induced glioma
cell invasion in cooperation with Sp1 (Fig. 8G), indicating that
E1AF promoted glioma cell invasion at least partly via its
interaction with Sp1.

E1AF is required for EGF-induced glioma cell migration
and invasion. To further elucidate the biological significance of
E1AF in glioma, the E1AF RNAi construct was stably trans-
fected into SHG44 cells and stable clones were selected (Fig.
9A). Compared to the control cell results, inhibition of E1AF
expression downregulated GalT V mRNA expression, de-
creased the activity of the GalT V promoter in a Sp1-binding
site-dependent manner, and reduced the content of the �1,4-
galactosidase branch in the cell surface glycoconjugates (data
not shown).

In culture, decreasing E1AF expression levels resulted in a
significant decrease in cell migration in vitro (Fig. 9B) and

FIG. 6. The contribution of E1AF to EGF-induced GalT V promoter activity. (A) SHG44 cells transiently cotransfected with GalT V-Luc and
control RNAi or E1AF RNAi construct were treated with EGF (50 ng/ml) for 24 h or left untreated, and the luciferase activity was assayed as
described in Materials and Methods. (B) EGF increased E1AF expression and enhanced the interaction between E1AF and Sp1. (WCL panels)
Expression of E1AF and Sp1 in SHG44 cells left untreated or treated with EGF (50 ng/ml) for 24 h was studied by immunoblot analysis using the
indicated antibodies. (IP panels) The results of Sp1 immunoprecipitation of the lysates of these cells blotted with the indicated antibodies are
shown. (C) The role of E1AF in the phosphorylation of Sp1 induced by EGF. (WCL panels) Whole-cell lysates from SHG44 cells transfected with
control or E1AF RNAi construct in the presence of EGF (50 ng/ml) for 24 h were determined by Western blotting using anti-E1AF or anti-Sp1
antibody. (IP panels) The results of Sp1 immunoprecipitation of the lysates of these cells blotted with the indicated antibodies are shown. (D, WCL
panels) Whole-cell lysates from SHG44 cells transfected with control or E1AF RNAi construct in presence of EGF (50 ng/ml) for 24 h and after
being labeled with 32PO4 for 2 h were investigated by Western blotting using anti-E1AF or anti-Sp1 antibody. (IP panels) Sp1 immunoprecipitation
of the lysates of these cells transfected with control or E1AF RNAi construct in the presence of EGF (50 ng/ml) for 24 h were labeled with 32PO4
for 2 h prior to harvesting, and the levels of 32P labeling of Sp1 were determined as described in Materials and Methods. (E, WCL panels)
Whole-cell lysates from SHG44 cells cotransfected with control or E1AF RNAi and HA-Sp1 or HA-Sp1(S131A/T453A) construct in presence of
EGF (50 ng/ml) for 24 h were subjected to Western blot analysis using anti-E1AF, anti-HA, and anti-GAPDH antibody. (IP panels) Results of
HA IP of the lysates of these cells blotted with the indicated antibodies are shown.
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decreased the ability of cells to migrate through material-
coated 8-�m-pore-size membranes (Fig. 9C). Furthermore,
reducing E1AF expression inhibited EGF-induced glioma in-
vasion (Fig. 9D). To address the effect of GalT V on E1AF-
induced glioma cell invasion, SHG44 cells transiently transfected
with E1AF RNAi or/and HA-GalT V constructs were sub-
jected to invasion and migration assays. As shown in Fig. 9E
and F, GalT V overexpression inhibited the negative effect of
downregulation of E1AF on glioma cell migration and inva-
sion. Taking all the results together, involvement of E1AF in
EGF-induced glioma invasion was at least partly via upregu-
lation of GalT V expression.

DISCUSSION

Gliomas are the most common intracranial tumors (11). In
the US, approximately 15,000 patients die of glioblastoma
per year. One of the most important hallmarks of the ma-
lignant glioma is its invasive behavior (43). EGF has been
reported to participate in glioma invasion with largely un-
known mechanisms of action (3). Here, we demonstrated a
new mechanism of EGF-induced glioma invasion: the direct
interaction of E1AF and Sp1 enhanced by EGF coopera-
tively activated transcription of glioma-related gene GalT V
and glioma invasion.

Members of the Ets family of transcription factors charac-
terized by an evolutionarily conserved DNA-binding domain
regulate viral and cellular gene expression by binding to a
purine-rich GGAA/T core sequence in cooperation with other
transcriptional factors and cofactors (37). Numerous forms of

regulation involving Ets family members and Sp1 have been
documented, but in all cases, the two proteins interact directly
with DNA on their respective binding sites (EBS and GC box)
(12, 21, 28, 34, 48). Here, we found that the Ets family member
E1AF could functionally and physically interact with Sp1 with-
out direct DNA binding, as suggested by previously deter-
mined quantitative evidence (1). E1AF cooperated with Sp1
to transactivate the GalT V promoter (2). Inhibition of Sp1
activity by the presence of mithramycin A or Sp1 RNAi
reduced the binding of E1AF to the GalT V promoter and
E1AF-induced GalT V promoter activity (3). E1AF physi-
cally interacted with the Sp1 protein in vivo and colocalized
with Sp1 in the nucleus (data not shown) (4). E1AF could
bind to the GalT V promoter via interaction with Sp1. E1AF
has a functional acidic domain, a Gln-rich domain, and an
ETS domain. E1AF could functionally and physically inter-
act with Sp1 through the glutamine-rich domain. These ob-
servations were consistent with the theory that Gln-rich
domains tend to interact with each other (33, 42). We also
investigated whether other glutamine-rich transcription fac-
tors act as E1AF binding partners. We found that E1AF
interacted with itself, TFIIB, and CBP (data not shown),
indicating that interaction with transcription factors con-
taining a Gln-rich domain might contribute to E1AF func-
tions, a topic that needs further investigation.

Interaction with other protein factors may be one of the
most important activities of Sp1 (10), but the functions and
mechanisms of such interactions have not been studied in
detail. Phosphorylation of Sp1 is tied to functional changes in
DNA binding and promoter activation and is involved in cell

FIG. 7. Positive correlation between levels of E1AF and GalT V in glioma. (A) RT-PCR analysis of Sp1, E1AF, and GalT V mRNA expression
in normal brain tissues (n 	 3) and glioma tissues (n 	 5). The relative quantities of mRNA expression compared to that of the first sample are
indicated. (B) The correlation of expression of E1AF and GalT V mRNA in normal brain tissues (n 	 6) and glioma tissues (n 	 14). The values
are presented as upregulation compared to the results seen with the first sample. (C) Immunohistochemical analysis of Sp1 and E1AF protein
expression was performed with normal brain tissues (n 	 2) and glioma tissues (n 	 4). Scale bar, 10 �m. (D) RT-PCR analysis of GalT V and
E1AF mRNA expression levels in SHG44 cells transfected with control or E1AF RNAi construct. GAPDH mRNA expression served as a loading
control. (E) Control RNAi or increasing amounts of E1AF RNAi construct were transiently cotransfected into SHG44 cells with GalT V-Luc. The
luciferase activity was measured as described in Materials and Methods.
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growth (7). Here, we provide evidence that E1AF-induced Sp1
target gene transcription may be conveyed via increased Sp1
phosphorylation as a way to enhance Sp1 transactivating activ-
ity. As a result, E1AF overexpression could enhance the bind-
ing of Sp1 to the promoter of the GalT V gene. Although the
evidence presented here is largely indirect, an increase in the
transcriptional potential of Sp1, along with previously estab-
lished mechanisms of Sp1-site-dependent transcription, owing
to changes in its phosphorylation state may point to a rational
and likely conclusion concerning the mechanism by which
E1AF conveys induction of Sp1 target gene transcription. Bi-
ologically, E1AF and Sp1 cooperatively regulate glioma migra-

tion and invasion. To our knowledge, this is the first report of
the contribution of E1AF or Sp1 to glioma invasion. Overex-
pression of E1AF increases invasion of glioma cell U251 in a
Sp1- and GalT V-dependent manner (data not shown), sug-
gesting that E1AF might be involved in glioma cell metastasis
phenotypes through association with other transcription fac-
tors.

To date, many signals of divergent natures involved in reg-
ulation of gene transcription via altering Sp1 transcriptional
activity have been identified (7, 10). EGF is widely known to
induce gene transcription via alteration of Sp1 phosphorylation
(10). Here, we provide evidence that E1AF might act as a new

FIG. 8. E1AF promotes glioma migration and invasion in cooperation with Sp1. (A) Western blot assay demonstrating E1AF-GFP
expression using U251 cells stably transfected with EGFPN3 or E1AF-GFP construct and anti-GFP antibody. (B) Control cells and
E1AF-GFP-transfected U251 cells were subjected to actin staining by fluorescein isothiocyanate-phalloidin. Scale bar, 10 �m. (C) E1AF
overexpression in U251 cells increased invasive ability as assayed in a modified Boyden chamber (P � 0.05; n 	 3). Photomicrographs of
the bottom of a Transwell filter (8-�m pores) are shown (upper panel). Scale bar, 100 �m. For quantification of invasion assays, the numbers
of invading cells in 10 photographic fields from three separate experiments were counted. The values represent n-fold activation compared
to control cell results. Data represent the means 
 standard deviations of the results of three independent experiments (lower panel).
(D) Cell migration assay of control or E1AF-GFP-transfected U251 cells. A wound-healing assay was prepared as described in Material and
Methods. Scale bar, 50 �m. For quantification of migration assays, the wound-induced migration of cells was measured after 24 h. (E) U251
cells stably transfected with EGFPN3 or E1AF-GFP construct were plated on top of gels. Mithramycin A (0.1 �M) was added to the medium
1 day later. Quantification of the invasion assay was performed as described in Materials and Methods. (F) Control and/or Sp1 RNAi and/or
myc-E1AF expression vectors were cotransfected into U251 cells. After 24 h, these cells were subjected to invasion assays. The values
represent activation compared to control cell results (upper panel). Expression of myc-E1AF and Sp1 is indicated; expression of GAPDH
served as a loading control (lower panel). (G) PcDNA3.0 and/or Sp1 and/or E1AF expression vector was cotransfected into U251 cells. After
24 h, these cells were subjected to wound-healing assays (upper panel). Expression of E1AF and Sp1 is indicated; expression of GAPDH
served as a loading control (lower panel). (H) PcDNA3.0 and/or Sp1 and/or E1AF expression vector was cotransfected into U251 cells. After
24 h, these cells were subjected to invasion assays. The values represent activation compared to control cell results (upper panel). Expression
of E1AF and Sp1 is indicated; expression of GAPDH served as a loading control (lower panel). (I) Control Sp1 or HA-Sp1 or its mutant
was transiently cotransfected into U251 cells with control or myc-tagged E1AF expression vector. After 24 h, these cells were subjected to
invasion assays. The values represent activation compared to control cell results (upper panel). Expression of myc-E1AF and HA is
indicated; expression of GAPDH served as a loading control (lower panel). (J) Control, Myc-E1AF, R397/400K, or 148–244 expression vector
was transiently cotransfected into U251 cells with control or HA-Sp1 expression vector. After 24 h, these cells were subjected to invasion
assays. The values represent activation compared to control cell results (upper panel). Expression of myc and HA-Sp1 is indicated;
expression of GAPDH served as a loading control (lower panel).
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mediator between EGF signaling and Sp1. EGF could increase
E1AF expression in glioma cells and enhance the association
of E1AF and Sp1. In addition, decreasing expression of E1AF
inhibited EGF-induced phosphorylation of Sp1, transcription
activity, and glioma invasion. The data reported above suggest
that E1AF might act as a mediator between EGF signaling and
Sp1. Taken together, the data indicate that E1AF links the
EGF signaling and Sp1 transcription factor in the system of
Sp1-target gene transcription, which expands our knowledge of
EGF signal pathways.

In summary, the transcriptional complex consisting of E1AF
and Sp1 may potentially represent a class of transcription fac-
tors that functionally interact and participate in transcription

regulation and tumor behavior. The findings of the current
study advance our knowledge of EGF-induced glioma invasion
and establish a functional link between EGF signaling and
transcription of its target genes.
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