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Expression of ADAM]12 is regulated by E2F1
in small cell lung cancer
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Abstract. Our previous study reported that ADAMI2 was
highly expressed in small cell lung cancer (SCLC) and could
be an effective marker for diagnosis and prognosis. Yet, the
reason for the high expression of ADAMI2 in SCLC requires
further elucidation. Transcription factor E2FI has been
receiving increasing attention due to the complexity and
diversity of its function in cancer. In the present study, the
expression of ADAM 12 was significantly decreased following
silencing of E2F1 expression by siRNA, thus indicating that
E2F1 may regulate the expression of ADAMI2 at the level of
transcription. Chromatin immunoprecipitation-to-sequence
analysis identified three binding sites for E2F] in the locus
for ADAMI2. They were Chrl0: 128010444-128011026,
located in the intron of ADAMI2, named seqO; ChrlO:
128076927-128078127, located in the promoter of ADAM12,
named seql; and Chrl0: 128086195-128086876, located
in the upstream 20 kb from the transcription start site of
ADAM ]2, named: seq2. Dual-luciferase reporter experiments
revealed that seql not seq0 and seq2 was able to promote the
expression of luciferase. Notably, co-transfection of E2F]
significantly increased the activity of seql not seq0 and seq?2,
but quantitative polymerase chain reaction results showed that
seq0, seql and seq2 could recruit E2F 1, indicating that the
influence of E2F] in regulating the expression of ADAMI2
was complex. Sequence analysis clarified that seql was a part
of the ADAM 12 promoter, yet the functions of seq0 and seq2
were unknown. Fusion fragments containing seq0-seql or
seq2-seql were analyzed in luciferase constructs. Compared
with seql alone, the activities of these fusion fragments were
non-significantly reduced. The activities of fusion fragments
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were significantly decreased following co-transfection with
E2F1. Thus, the present findings support the conclusion that
the E2F1 transcription factor regulates the expression of
ADAMI?2 by binding differential cis-acting elements.

Introduction

ADAM]I2 is a disintegrin and metalloproteinase family
member that plays important roles in embryonic development,
acting on multiple processes including cell adhesion and cell
movement (1). In the majority of normal adult tissues, the
expression of ADAM1?2 is extremely low (2), but increases in
certain pathological conditions, including carcinogenesis (3),
osteoarthritis (4) and cardiac hypertrophy (5). ADAMI2 has
been used as a marker for the diagnosis of breast (6) and
prostate cancer (7). Our previous study showed that ADAMI2
was highly expressed in small cell lung cancer (SCLC) and
can be considered as an effective marker for diagnosis and
prognosis (8), yet the reasons for the high level of expression
of ADAM]I?2 in SCLC remain unknown.

Studies of the regulation of ADAMI2 expression have
mainly been focused at the level of transcription. Transforming
growth factor-p (TGFp) was found to induce the expression of
ADAM ]2 by activating the PI3K and MAPK signaling path-
ways (9). Z-DNA-binding protein was able to bind a negative
element in the 5'-untranslated region of the ADAMI2 gene to
repress transcription of ADAMI2 in numerous tissues (10).
The nuclear factor (NF)-kB signaling pathway was able to
promote the expression of ADAMI2 by inhibiting the expres-
sion of miR-29 (11,12). Our previous research showed that p65
was highly expressed and regulated by E2FI in SCLC (13);
therefore we speculated that the transcription factor E2F1 may
be a significant factor that controls the expression of ADAMI2
in SCLC. In the present study, the mechanism by which E2F]
regulates the expression of ADAM 2 was explored, and E2F1
was found to bind to the promoter and other cis-acting elements
to regulate the expression of ADAMI2 in SCLC.

Materials and methods
Reagents and antibodies. RPMI-1640 medium was purchased

from HyClone, GE Healthcare Life Sciences (Logan, UT,
USA). Fetal bovine serum (FBS), siRNA targeting E2F1I,
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scrambled siRNA and Lipofectamine 2000 were purchased
from Invitrogen Co. (Carlsbad, CA, USA). Penicillin and
streptomycin were purchased from Luye Pharmaceutical Co.,
Ltd. (Yantai, Shandong, China). Protein A/G beads, normal
mouse IgG and a mouse anti-E2F] monoclonal antibody
(sc-251) were purchased from Santa Cruz Biotechnology,
Inc. (Dallas, TX, USA). A chromatin immunoprecipitation
(ChIP) assay kit (17-295) and ChIP grade mouse anti-E2F]
monoclonal antibody (17-10061) were purchased from Merck
Millipore (Billerica, MA, USA). The goat anti-ADAM 2 poly-
clonal antibody (AF1025a) was purchased from Abgent Co.,
Ltd. (Suzhou, China). Goat anti-mouse and rabbit anti-goat
secondary antibody with HRP, and the DAB coloring kit were
purchased from Beijing Zhongshan Jinqiao Biotechnology
Co., Ltd. (Beijing, China). A dual-luciferase analysis kit
(E1980) was purchased from Promega Corporation (Madison,
WI, USA). FastDigest enzymes including Nhel, Bgl/1l, Kpnl
and Mlul were purchased from Thermo Fisher Scientific Co.
(Waltham, MA, USA). A gel extraction kit was purchased
from Takara Technology Co. (Dalian, China).

Cell culture and tissue samples. Human SCLC cell lines H1688
and H446, and human lung adenocarcinoma cell line A549
were preserved by our laboratory (Shandong Province Key
Laboratory of Tumor Molecular Biology, Binzhou Medical
University). All cells were cultured at 37°C in humidified
95% air and 5% CO, in RPMI-1640 medium supplemented
with 10% FBS, 100 U/ml penicillin and 100 pg/ml strepto-
mycin. Forty SCLC tissue samples were obtained from Yantai
Affiliated Hospital of Binzhou Medical University from
January to December 2013. All samples were biopsy samples,
and all patients voluntarily provided informed consent. The
present study was approved by the Medical Ethics Committee
of Binzhou Medical University (no. 2013007). The patient
information is listed in Table I.

ChIP-to-sequence. ChIP was conducted according to the
manual provided with the ChIP assay kit (13). In brief,
5x107 cells were fixed using 1% formaldehyde and were
subsequently incubated in SDS lysis buffer. Ultrasound was
used to fragment the genomic DNA, and the sample was
pretreated with protein A/G beads, and then centrifugation
(2,000 rpm, 4°C). The protein beads were then removed. The
resulting sample was divided into two parts. One part was
incubated overnight with the ChIP grade mouse anti-E2F]
monoclonal antibody (4 ug), and the other with normal mouse
IgG (4 ug). On the following morning, the protein A/G beads
were added and incubated for 2 h at 4°C. The resulting antigen-
antibody-protein bead complexes were reverse crosslinked
in the presence of salt at a high concentration (5 M, NaCl).
DNA fragments were purified and sequenced (BGI Co.,
www.genomics.cn). The data processing was reported in our
previous study (13).

Immunohistochemistry (IHC). IHC was carried out according
to the protocols of our laboratory (8,13). In brief, the sections
were dewaxed and rehydrated in a series of alcohols to water.
Antigens were retrieved by heating the sections in citrate buffer
(0.01 M, pH=6.0) for 45 min at 95°C in a boiler. The sections
were subsequently incubated with the primary antibodies
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Table I. Basic information of the SCLC patients.

Characteristics No. Percent (%)
Age (years)
>60 34 85.0
<60 6 150
Gender
Male 29 72.5
Female 11 27.5
Smoking history
Smoker 33 82.5
Non-smoker 7 17.5
Clinical phage
LD 5 12.5
ED 35 87.5

LD, limited disease; ED, extensive disease.

overnight at 4°C. The dilution of primary antibodies was 1:50
for E2F] and 1:200 for ADAM12. On the following day, all
the sections were incubated with a secondary horseradish
peroxidase (HRP)-conjugated antibody, and a brown color
reaction was developed using the DAB kit. Sections were
counterstained with hematoxylin, differentiated, dehydrated,
cleared and mounted in neutral gum. The IHC scores were
assessed according to our previous studies (8,13).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). RT-qPCR was performed according to our
previous studies (8,13). The primers for each target gene are
listed in Table II.

Western blotting. Western blotting was performed according
to our previous studies (8,13). Cells were lysed, and 50 ug of
protein was loaded and separated on 10% polyacrylamide gels
(70 V for 30 min; 140 V for 70 min; 180 V for 10 min). Proteins
were subsequently transferred to NC membranes by wet transfer
(300 mA for 150 min), which were blocked with 5% skimmed
milk powder, prior to incubation with the primary antibodies
overnight at 4°C. On the following morning, the membranes
were washed four times (three times in TBS buffer, one time
in TBST buffer), incubated with HRP-conjugated secondary
antibodies (goat anti-mouse for E2F] and rabbit anti-goat for
ADAMI2, 1:5,000), washed four times and exposed to X-ray
film. The dilution of primary antibodies was as follows: 1:100
for E2F1, 1:200 for ADAM]12.

SiRNA treatment. siRNAs targeting E2F1 and a scramble-
control siRNA were used to assess the relevance of E2F] to the
expression of ADAM12 (13). Cells (1x10°) were cultured into
a 6-well plate and transfected with Lipofectamine 2000. The
procedure was performed according to previously described
methods (8,13).

Assembly of luciferase reporter constructs. Genomic DNA
was extracted from the H1688 cells, and the fragments
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Table II. Primers of the target genes for RT-qPCR.
Name Primer sequences Length (bp) Tm (°C)
Seq0 F ATTCAGGAAGACGGGTGGCT
R TGGTAACCCATCCATTAAGCGG 70 60
Seql F GGTGGTCCTAGGTCTGAGCA
R TCAGTTTCCCACAATGCGTG 81 60
Seq2 F GCACTCAGCGTCCTATCTGT
R AAAGTACGCTTGCCAGACCA 72 60
E2F1 F CATCAGTACCTGGCCGAGAG 118 60
R TGGTGGTCAGATTCAGTGAGG
ADAMI12 F GCAGTTTCACGGAAACCCAC
R ACACGTGCTGAGACTGACTG 131 60
Table III. Primers of the target fragments for luciferase reporter constructs.
Fragment Primers E
Seq0 F ACTGGTACCAGTATGTACAAATGAAGTGTCATG Kpnl
R AATACGCGTAGACCATGCGGTTCCCA Miul
Seql F ACTGCTAGCGTGCTCCGTCAGGAATCGGT Nhel
R ACTAGATCTTTCTGGCACAAGCCAGCCTT Bglll
Mut-Seq1 P1 TCTTATTAaaaaGGAAC
P2 GTTCCruttTAATAAGA
Seq2 F AATGGTACCGGGCAGTTGGCTCTGTTA Kpnl
R AATACGCGTAACCCAAATAGCCCTGCC Miul

Italicized and underlined sections indicate FastDigest enzyme sites.

(Chr10: 128010444-128011026, located in the intron of
ADAMI2, named seq0; Chrl0: 128076927-128078127,
located in the promoter of ADAMI2, named seql;
Chr10: 128086195-128086876, located in the upstream 20 kb
from transcription start site of ADAMI2, named seq2) pulled
down by E2F] were amplified by PCR using primers with
the sequences shown in Table III. These PCR fragments
and the pGL3-basic promoter-less vector were digested with
FastDigest Nhel, BglIl for seql, Kpnl and Mlul for seq0 and
seq2. The digested fragments were extracted using a gel
extraction kit and ligated using T4 DNA ligase to generate
three luciferase reporter constructs. The luciferase reporter
vector containing a mutant E2F/ binding site was constructed
by overlap PCR using the primers listed in Table III. These
three luciferase reporter vectors were digested with FastDigest
Kpnl and Mlul, and the seq0 and seq2 fragments were ligated
into the digested seql vector using T4 DNA ligase to generate
the fusion luciferase reporter constructs containing seq0-seql
and seq2-seql. All the constructs were verified by sequencing
(BioSune Co., Jinan, China).

Luciferase reporter analysis. H1688, H446 and A549 cells
were transfected with 0.5 ug luciferase reporter vector, 0.3 ug
E2F] expression vector or pcDNA3.1 and 0.02 g pRL-TK

Renilla reniformis luciferase. Luciferase activity was analyzed
with dual-luciferase assay kits according to the instruction
manual.

Statistical analysis. All the data were analyzed using
SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA) and paired
t-tests were used to assess the significance of the differences
in expression among the groups. P<0.05 was considered to
indicate a statistically significant difference.

Results

ADAMI2 is highly expressed in SCLC samples in which
E2F1 is strongly positive. Our previous results found that
ADAMI2 and E2FI were highly expressed in SCLC tissue
samples, respectively (8,13). NF-xB induced the expression of
ADAMI?2 (11,12) and p65 was highly expressed and regulated
by E2F1 in the SCLC samples (13), which indicated that E2F]
may be a significant factor for promoting the expression of
ADAMI2. Since the tissues used for detection in our previous
studies were from differential hospitals (8,13), it was uncon-
vincing that E2F] may regulate the expression of ADAMI?2.
In order to solve this issue, an additional 40 SCLC tissue
samples were obtained. IHC results revealed that negative/
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Table IV. Expression levels of E2F1 and ADAMI2 in 40 SCLC tissue samples.

E2F1

ADAMI12

Negative Positive

Negative Weak Moderate Strong
2 3 12 22

Negative Positive

Negative Weak Moderate Strong
5 4 11 19

Figure 1. Expression levels of ADAM12 and E2F1 in SCLC tissue samples. IHC staining of ADAM2 and E2F1] is shown in normal alveolar epithelial tissue
and SCLC tissue samples. PBS instead of the primary antibody was considered as a negative control and VEGFR was considered as a positive control.

weak (<10%), moderate (10-60%) and strong (>60%) positive
expression was noted in 2, 3, 12 and 22 cases for E2FI; and in
5,4, 11 and 19 cases for ADAMI12 (Table 1V). These results
were consistent with our previous studies (8,13). The positive
expression (including moderate and strong staining) of E2F]
and ADAM 12 was 85 and 75%, respectively. In the same tissue
samples, ADAM 12 was highly expressed in the tissue samples
for which anti-E2F] staining was strong-positive (Fig. 1).
The section incubated with phosphate-buffered saline (PBS)
instead of the primary antibody was considered as the nega-
tive control, and the expression of vascular endothelial growth
factor receptor (VEGFR) in SCLC has been reported and was
considered as the positive control (14), and the expression
levels of E2FI and ADAM 12 were negative in normal alveolar
epithelial cells (Fig. 1).

E2F1 knockdown significantly inhibits the expression of
ADAMI2. As shown in Fig. 1, E2F] may regulate the expres-
sion of ADAMI2. siRNA targeting E2F] was transfected into
H1688 and H446 cells, and E2F1 expression was significantly
decreased at the transcription and translation levels (Fig. 2).
Meanwhile, ADAMI2 expression was also significantly
reduced (Fig. 2). This result showed that E2F] knockdown
significantly inhibited the expression of ADAMI2 at the
mRNA and protein levels, thus indicating that E2F] was able
to regulate the expression of ADAMI2 at the transcription
level.

ChlIP-to-seq analysis indicates the binding of E2F1 to
ADAMI2. As ADAMI2 may be regulated by E2FI, ChIP-
to-seq was employed to discover the E2F] binding sites to



ONCOLOGY REPORTS 34: 3231-3237, 2015

< 1.2

é 1.0 ol T s T

E g =E2F1

E 0'( « ADAM12
tén L

= 04 .

&)

= 02 S ”.

O |"|

ADAMlz_ _

E2F1
GAPDH

_

Mock NCiE2F1i Mock NCi E2Fli
H1688 H446

Figure 2. ADAMI2 expression is decreased following knockdown of E2F1.
The expression of ADAM 2 was significantly decreased at the mRNA and
protein levels when the expression of E2F] was silenced by siRNA. Mock,
untreated cells; NCi, cells treated with the scrambled siRNA; E2F1i, cells
treated with the siRNA targeting E2F].

Table V. Features of the E2F'] binding DNA fragments in the
ADAM12 gene from ChIP-to-seq.

Size
Name (kb) Ch Sites
ADAMI?2 0.582 10 128010444-128011026
1.2 10 128076927-128078127
0.681 10 128086195-128086876

Ch, chromosome.

Enrichment fold

Cyclin DI Seq0

I

Seq2

4 N
Input

Seql

Figure 3. Enrichment fold by E2F/ in different fragments. Seq0, seql and
seq2 could recruit E2F/ and the enrichment fold was calculated by qPCR.
Cyclin D1 was considered as a positive control.

explore the detailed mechanism. A total of 4,700 genes regu-
lated by E2F1 were identified by ChIP-to-seq (data not shown;
these data will be reported in a subsequent study). There were
three E2F1 binding sites in the ADAM 12 gene (Table V). They
were the following: Chrl0: 128010444-128011026, located
in the intron of ADAMI2, named seq0; Chrl0: 128076927-
128078127, located in the promoter of ADAM 2, named seql;
Chrl0: 128086195-128086876, located in the upstream 20 kb
from the transcription start site of ADAM2, named seq?2.
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Figure 4. E2F] regulates the expression of ADAM 2 by the E2F] binding
motif in the promoter region. (A) Transient transfection showed that over-
expression of E2F] significantly increased the activity of luciferase driven
by the wild-type ADAMI2 promoter in H1688, H446 and A549 cells.
(B) One putative E2F] binding site was identified by MatInspector soft-
ware. (C) When E2F] was overexpressed in H1688, H446 and A549 cells,
the activity of luciferase driven by the E2FI binding site mutant ADAMI2
promoter (mut-ADAM12) was not changed.

Since there were three E2F1 binding sites, the enrichment fold
was calculated. The results showed that the enrichment fold of
seq0, seql and seq2 by E2FI was 2.3, 14.9 and 1.9 as deter-
mined by qPCR (Fig. 3), indicating that the ability of E2F]
binding seql was stronger than seq0 and seq2.

E2F1 regulates ADAMI2 expression via an E2F1 binding
motif in the promoter. After considering the above-mentioned
results, we speculated that E2F] could directly regulate
ADAM ]2 expression and tested this using dual-luciferase
reporter constructs. The seql fragment was cloned and incor-
porated into the pGL3 basic vector (known as the wild-type
ADAM]12 promoter). The wild-type ADAM 2 promoter was
transfected into H1688, H446 and A549 cells, and this signifi-
cantly promoted the luciferase activity. When co-transfected
with the E2F] expression vector, the luciferase activity was
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Figure 5. (A) The activity analysis of luciferase driven by the fusion frag-
ments. Seq0 and seq2 fragments could not drive the activity of luciferase
even in the case of the overexpression of E2F/. (B) Compared with seql,
the activities of the fusion fragments were significantly decreased following
co-transfection with E2F].

significantly increased (Fig.4A). One putative E2F ] binding site
(gttccGCGGtaataaga) was identified by MatInspector software
(http://www.genomatix.de/) in the seql fragment (Fig. 4B). An
E2F] binding site mutant luciferase reporter (known as the
mut-ADAM 2 promoter) was constructed. Following transfec-
tion into H1688, H446 and A549 cells, overexpression of E2F1
did not significantly promote the activity of the mut-ADAMI2
promoter, indicating that E2F] stimulated the expression of
ADAM ]2 via the E2F1 binding site in the ADAM 2 promoter
region (Fig. 4C).

Cis-acting elements seq0 and seq2 inhibit the activity of the
ADAMI2 promoter. ChIP-to-seq results showed that there
were three E2F1 binding sites in the ADAM 2 gene (Table V),
in which seql as a promoter could recruit E2F] to drive
ADAM ]2 expression. Seq0 and seq2 also bind E2F1, but
the function of seq0 and seq2 in the regulation of ADAMI2
is unknown. Seq0 and seq2 fragments were cloned into the
pGL3 basic vector. After transfection into H1688, H446 and
AS549 cells, there was no luciferase activity, indicating that
seq0 and seq2 fragments could not promote the expression
of luciferase (Fig. 5SA). We next ascertained whether seq0
or seq2 has enhancer function. Subsequently, the seq0-seql
and seq2-seql fusion luciferase expression constructs were
analyzed. Compared with the seql fragments, the luciferase

LI et al: E2F1 REGULATES THE EXPRESSION OF ADAM12

activity of fusion fragment vectors was on average decreased,
but there was no statistically significant difference. When
co-transfected with E2F1I, the luciferase activity of the fusion
fragments was significantly decreased, indicating that seql
and seq2 repressed the ADAM 2 promoter (Fig. 5B).

Discussion

ADAM 1?2 exhibits a wide range of expression levels in various
tissues and cells (15), but the distribution of ADAMI?2 is
strictly regulated (16). During embryonic development of
mice, ADAMI?2 is expressed in stromal cells and results in
bone and muscle development. It is absent in adult rat muscle
cells, but is expressed again during the process of muscle
regeneration (16-19). In addition, ADAM1?2 is also expressed
in osteoclasts (20,21), macrophages (22), trophoblast cells
during embryonic development (23), adipocytes (24), chon-
drocytes (25) and liver stellate cells (26). These results
demonstrate that ADAM 12 expression has strict temporal and
spatial specificity. Additionally, ADAMI2 is highly expressed
in certain types of tumors, such as breast (6), prostate (7) and
small cell lung cancer (SCLC) (8), but there are limited studies
reporting the regulation of ADAMI2 expression in tumor
tissues. In the present study, ADAMI2 and E2FI were highly
expressed in the same SCLC tissue samples, indicating that
E2F] may control the expression of ADAMI?2.

E2F1, as a classical transcriptional factor, plays important
roles in cell cycle regulation, cell proliferation and apop-
tosis (27). Numerous studies suggest that E2F/ is involved in
the invasion and metastasis of tumor cells by regulating the
expression of matrix metalloproteinases (13,28), thrombos-
pondinl (29), platelet-derived growth factor receptor (30) and
vascular endothelial growth factor receptor (31). The target
genes regulated by E2F] in different cells were different when
ChIP-on-ChIP or ChIP-to-seq methods were used (32-35). In
our ChIP-to-seq database, ADAMI2 was able to bind E2F1I,
and ADAMI2 expression was most significantly decreased
when there was depletion of E2FI. Therefore, we explored the
detailed mechanism of ADAM 12 regulation. Although there
are three E2F ] binding sites in the ADAMI2 gene, their ability
for E2F] recruitment differed. One reason may be a difference
in the binding motif. The present results showed that E2F]
regulated ADAM 2 expression via the E2F] binding site in the
promoter region, and this was shown to be a functional motif.
The other two binding sites were located in the upstream 20-kb
and intron regions of ADAMI2. They were unable to promote
the expression of luciferase, but reduced the activity of the
promoter. Although the qPCR results showed that these three
elements could recruit E2F 1, the strongest recruitment was
by the promoter sequence. This result possibly indicates that
E2F1] has a binding site preference due to the different binding
motifs.

In conclusion, the present findings offer support that E2F1
regulates the expression of ADAMI2 by binding the promoter
and other cis-acting elements.
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