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Abstract Over-expression of the proto-oncogene

pleomorphic adenoma gene 1 (PLAG1) plays a crucial

role in the formation of pleomorphic adenoma, which

is the most common type of salivary gland tumor. To

understand the molecular mechanisms governing

PLAG1-mediated tumorigenesis, we used a micro-

array-based approach to identify PLAG1 target genes.

We validated the expression of several genes, includ-

ing Bax, Fas, p53, p21, p16, Cyclin D1, Egfr, Trail-R/

DR5, c-Fos, c-myc and Igf2, by real-time RT-PCR or

western blotting. Using luciferase reporter gene

assays, we determined that the promoters of Bax,

Fas, p53, TRAIL-R/DR5, and c-Fos were transacti-

vated by PLAG1. PLAG1 not only activates genes that

promote cell proliferation and tumor formation but

also genes that inhibit these cellular processes.

Therefore, we conclude that PLAG1 may play a dual

role in tumor formation.

Keywords Pleomorphic adenoma gene � Salivary

gland tumor � Signal transduction microarray � Target

genes

Introduction

Pleomorphic adenoma (PA), which accounts for more

than 50 % of all salivary gland neoplasms, or 87–93 %

of benign epithelial salivary gland tumors, is the most

common type of salivary gland tumor. While most

tumors are surgically removed by radical resection,
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recurrences can occur even after several decades.

Some patients may even undergo malignant transfor-

mation (carcinoma ex pleomorphic adenoma) (Enlund

et al. 2002; Landrette et al. 2005; Voz et al. 2004) with

cervical lymphatic and/or distant metastasis. There-

fore, pleomorphic adenoma, which is traditionally

thought of as a benign lesion, displays several

characteristics of a malignant tumor.

Based on current studies of salivary gland tumors,

pleomorphic adenoma gene 1 (PLAG1) on chromo-

some 8q12 plays a critical role in the pathogenesis and

development of pleomorphic adenomas. Ectopic

PLAG1 activation has also been found in lipoblastomas,

hepatoblastomas, leiomyomas, and leiomyosarcomas.

PLAG1 is upregulated in approx. 20 % of human acute

myeloid leukemia (AML) (Landrette et al. 2005). Thus,

PLAG1 plays an important role in tumorigenesis, not

only in the formation of pleomorphic adenomas.

PLAG1 is a transcription factor that contains seven

canonical C2H2 zinc-finger domains and a serine-rich

C-terminus. It binds DNA at a bipartite consensus

binding site which contains a core sequence (GRGGC)

and a G-cluster (RGGK) that are separated by six to

eight random nucleotides (Voz et al. 2004). Igf2 had

been identified be activated by PLAG1, and we had

also identified four PLAG1 consensus binding sites in

the promoter region of mouse b-catenin, a component

of the Wingless/Wnt signaling pathway. Additionally,

early growth response-1 (Egr-1) (Shen et al. 2011) was

significantly upregulated in tumors raised from our

PLAG1 transgenic mice. These findings suggest that

Igf2, b-catenin, and Egr-1 may be PLAG1 target genes

and these genes may be critical downstream mediators

of PLAG1-induced pleomorphic adenomas.

We previously established transgenic mice express-

ing human PLAG1 to evaluate the oncogenic activity

of PLAG1 in vivo: the salivary gland tumors that

developed in our transgenic mice shared the main

pathologic features with human pleomorphic adeno-

mas (Zhao et al. 2006). To identify target genes of

PLAG1 and the molecular events occurring through-

out the development of pleomorphic adenomas, we

performed a signal transduction-focused microarray,

which contained 96 genes involved in 15 different

signaling pathways. Finally, we found that PLAG1

induces expression of multiple genes, including those

that promote apoptosis and those that promote cell

proliferation and tumor formation.

Materials and methods

MMTV–PLAG1 transgenic mice

MMTV–PLAG1 transgenic mice were generated

at the Experimental Animal Center, Department of

Medical Genetics and were maintained on the C57BL/

6 background. All transgenic mice used in this study

were heterozygous for the PLAG1 transgene and were

all genotyped via PCR. The whole experimental

protocol was approved by the Animal Care and

Experiment Committee of Ninth People’s Hospital

affiliated to Shanghai Jiao Tong University, School of

Medicine (China).

Tissue samples and quantitative real-time PCR

analysis

Normal gland tissue from wild-type mice (WT), tumor

tissue (T), and normal gland tissue from PLAG1

transgenic mice (G) were obtained from four mice

aged about 9 weeks. Total RNA was isolated by

homogenizing the bulk tissue samples with TRIzol

(Invitrogen) according to the manufacturer’s instruc-

tions. RNA samples were reverse transcribed into

cDNA with AMV reverse transcriptase(TaKaRa,

Shiga, Japan). Real-time PCR was performed on the

ABI 7300 with SYBR� Premix Ex TaqTM (TaKaRa,

Shiga, Japan). Primers for PLAG1 have been previ-

ously described. A list of all primer sequences used for

real-time PCR is displayed in Supplementary Table 1.

Western blotting

Homogenates from tumor or gland tissue samples

were extracted by lysis buffer [10 mM Tris/HCl (pH

8.0), 150 mM NaCl, 1 % NP-40] containing 1 % (v/v)

proteinase inhibitor cocktail (Sigma-Aldrich). The

homogenates were filtered through a mesh and cen-

trifuged. The resulting supernatants were subjected to

SDS–PAGE gels and electroblotted onto nitrocellu-

lose membranes. Western blot analysis was performed

as previously described. Actin was used as a control

for equal loading. Antibodies for Igf2, c-myc, cyc-

linD1, p53, p21, Fas were purchased from Santa Cruz

Biotechnology, antibodies for Bax and Trail-R/DR5

were from Abcam, and actin from Sigma.
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RNA labeling and hybridization

RNA, 5 lg, from matched tumor/normal sample was

reverse transcribed into cDNA using MMLV Reverse

Transcriptase (Promega) with RT Primer (SuperArray

Bioscience) and biotin-16-dUTP (Roche). The cDNAs

were hybridized to the cDNA array using GEAhyb

hybridization solution (SuperArray Bioscience). After

an overnight hybridization at 60 �C, slides were

washed and detected using a chemiluminescent

detection kit (SuperArray Bioscience). After exposing

the membrane to X-ray film, we used a desktop

scanner to convert the image into a gray scale TIFF

file. Spots within the image were converted to

numerical data using the free ScanAlyze software.

We used the GEArray Analyzer software for back-

ground subtraction and data normalization. Each

GEArrayTM Q Series membrane was spotted with

negative controls (pUC18 DNA and blanks) and

housekeeping genes, including those for b-actin,

Fig. 1 Results of cluster

analysis. Clustering results

for differentially expressed

genes between pleomorphic

adenomas and normal

salivary glands from wide-

type mice. Each column

represents an individual

sample and each row

represents a different gene.

The expression level of each

gene is indicated by color.

The intensity of the red is

proportional to the degree of

expression above the mean,

and the intensity of the green

is proportional to the degree

of expression below the

mean. Gray indicates no

detectable expression of the

gene. Genes that were up-

regulated or down-regulated

over two-fold in both

experiments were

hierarchically clustered with

The Institute for Genomic

Research (TIGR) multi-

experiment viewer
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GAPDH, cyclophilin A and ribosomal protein L13a.

All raw signal intensities were corrected for back-

ground by subtracting the minimum value to avoid the

problem of negative numbers. All signal intensities

were also normalized to the intensities of a house-

keeping gene. These corrected, normalized signals

were then used to estimate the relative abundance of

particular transcripts.

Transfection and reporter gene assays

NIH3T3 cells were transfected with plasmid DNA

using FuGENE HD (Roche). Promoter fragments of

mouse p53 (-1919 to 150), Bax (-1526 to 100),

Trail-R/DR5 (-1636 to 100), Fos (-1601 to 55), and

Fas (-1062 to 58) were cloned into the pGL3-basic

vector (Promega,). Primer sequences for promoter

analyses are displayed in Supplementary Table 2.

Luciferase activity was measured 48 h after transfec-

tion with a luciferase assay system. Relative luciferase

activity was normalized with b-galactosidase activity

derived from pSV-b-galactosidase control vector.

Results

Sample characteristics

Transgenic mouse lines 42 and 9 displayed the highest

levels of PLAG1 transgene expression in the salivary

gland. Additionally, these lines displayed the highest

rates of tumor incidence (100 % in line 42 and 68 % in

line 9). We analyzed six samples in total, including

two tumors (9-174T and 42-502T), two normal

salivary glands from PLAG1 transgenic mice (9-

174G and 42-502G), and two normal salivary glands

from wide-type mice (9-178G and 42-500G)—all

from transgenic lines 42 and 9. Tumor samples and

matched normal salivary glands were obtained from

the same mouse. They were categorized into three

groups and gene expression profiles were compared

against each other.

Aberrant gene expression in pleomorphic

adenomas (PA) compared to normal salivary

glands from both PLAG1 transgenic mice (PSG)

and wild-type mice (WTSG)

The expression of 96 genes involved in 15 different

signal transduction pathways was analyzed, and the

signal variance was calculated.

Comparison of PA to WTSG revealed that 31 genes

were upregulated at least twofold in both tumor

samples; and 7 genes were upregulated in just one

tumor sample. Additionally, 16 genes were downreg-

ulated in both tumors, and 8 genes were downregu-

lated in a single tumor sample (Supplementary

Table 3). Gene ontology revealed that many aspects

of cellular biology are altered in PLAG1 tumors

compared to normal tissue. We also classified these

differentially expressed genes based on their func-

tional annotation within the SWISSPROT database

(data not shown). We found simultaneous induction of

genes that promote apoptosis and cell cycle arrest with

genes that drive cellular proliferation. Similar expres-

sion patterns were also identified in the other com-

parisons. (Supplementary Tables 4, 5).

Expression profile analysis revealed that 17 genes

(Akt-1, Cyclin D1, p21Waf1/p21cip, p16ink4a,

p15INK4b, Egfr, c-fos, HMOX1, Hsp25, Hspb2,

ICAM-1, Igfbp3, IL-4R, N4wbp4T/MEPAI, Glucose

transporter 1, TRAIL-R/DR5, and Wig1) were upreg-

ulated in PA compared to PSG and WTSG. When

WTSG was compared to the other two groups, 7 genes

(Bax, p18, Beta-casein, Mdm2, Patched, Transferrin,

and Tfr1) were found to be upregulated. Expression of

15 genes (Bcl-2, NAIP2, NAIP5, BMP2, BMP 4,

p57Kip2, MIG/Scyb9, Edn1, autotaxin (ATX), Folh1,

Hip, Kallikrein 3, INOS, Progesterone receptor, and

Trail) was decreased in tumors compared to the other

two classes. Finally the expression of 8 genes

(ABCB4, HNF3B/forkhead box A2, A1 m, Tcf1,

TRAF1, ELM1, Wnt1, and Wnt2) was reduced in

PA and PSG relative to WTSG. Differentially

expressed genes were grouped according to their

signaling pathway. Clustering results for differentially

Fig. 2 Validation of microarray data by RT-PCR. a PLAG1

transcript levels were determined by real-time RT-PCR in wild-

type and transgenic salivary glands and tumor tissues. Igf2 is a

previously identified PLAG1 target gene and was used as a

control in our experiment. b Quantification of differential

expression of randomly selected genes by real-time RT-PCR in

transgenic mouse lines9 and 42. Asterisks indicate significant

difference (P \ 0.05) compared to WT using the Student’s t

test. Abbreviations: WT, wild-type salivary gland; G, PLAG1

transgenic salivary gland; T, tumor. Bars represent the

mean ± SD (n = 3 individuals)

b
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expressed genes are shown in Fig. 1 and Supplemen-

tary Fig. 1.

Validation of candidate genes using quantitative

real-time RT-PCR and Western blot

Total RNA from trangenic samples was used for real

time RT-PCR analysis to validate the microarray data.

Eleven genes (Bax, Fas, p53, p21, p16, Cyclin D1,

Egfr, Trail-R/DR-5, c-Fos, c-myc and Igf2) were

selected for validation. As expected, PLAG1 and Igf2

transcripts were highly elevated in tumors compared

to normal tissue. The expression of the other genes was

similar to the microarray data. The results showed that

the data obtained from western blot analysis matched

those of real time RT-PCR analysis and the microarray

data (Fig. 3), demonstrating that the data obtained

from the microarray assay were reliable. The expres-

sion of PLAG1 in normal salivary glands is not as high

as it is in tumors. Additionally, in accordance with the

microarray data, high expression of all these genes was

detected in every tumor but not in all normal salivary

glands from PLAG1 transgenic mice at both RNA and

protein levels (Figs. 2, 3). Experiments were repeated

and the results matched in all cases.

Identification of PLAG1 target genes

We next analyzed the promoter regions of differen-

tially expressed genes for PLAG1 consensus binding

sites. Putative PLAG1 binding sites were analyzed

based on the JASTAR database (http://jaspar.gene

reg.net/cgi-bin/jaspar_db.pl). We limited our analysis

to genes that were upregulated at least ten-fold based

on microarray data to limit inclusion of false-positives.

We cloned promoter sequences of multiple genes,

including Bax, Fas, p53, TRAIL-R/DR5, and c-Fos

upstream of the luciferase coding sequence. We found

that co-transfection of PLAG1 expression vector (pCI-

neo-PLAG1) with each of these promoter-luciferase

reporter constructs resulted in a dose-dependent

increase in luciferase activity, indicating that PLAG1

can activate transcription of these genes (Fig. 4;

Supplementary Fig. 2).

Discussion

PLAG1 is a transcription factor that can either acti-

vate or repress target genes. Here, we use a signal

transduction microarray-based approach to show that

Fig. 3 Protein levels detected by western blot analysis.

a Expression of Igf2, CyclinD1 and c-myc were analyzed in

tumors, matched normal salivary glands and wild-type salivary

glands. As expected, the expression of these genes was induced

not so greatly in PLAG1 transgenic normal salivary glands as in

tumors. b Expression of p53, p21, Bax, Fas and Trail-R/DR5

was analyzed by the same method, and the western blot results

were consistent with those yielded by microarray analysis and

real-time RT-PCR. Abbreviations as described before
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PLAG1 overexpression is associated with gene

expression changes in transgenic mice.

One of the largest classes of upregulated genes was

the PI-3 Kinase/AKT pathway. Gene within this group

included c-myc, c-Jun, c-Fos, and CyclinD1. Expres-

sion of c-myc and CyclinD1 was found to be increased

in tumors (Figs. 2, 3), which is in accordance with our

previous findings (Zhao et al. 2006). Together, c-Jun

and c-Fos form the AP-1 early response transcription

factor and expression of the components of AP-1 has

been detected in numerous cancers lending to the

tumorigenic potential of the two genes.

Not only did PLAG1 induce expression of genes

involved in proliferation and tumor growth but it also

induced expression of several genes that are growth

inhibitory. The induction of tumor suppressor gene

Tp53 is the most surprising example. p53 also acts as a

transcription factor that regulates p21 and p27 to

induce cell cycle arrest by inhibiting the kinase

activity of cyclin/cyclin-dependent kinase complexes.

Our microarray data showed that the expression of p53

and p21 was upregulated in the tumors. We also

identified two putative PLAG1 consensus binding

sites in the p53 promoter (-631 to -644). Co-

transfection of PLAG1 expression vector (pCI-neo-

PLAG1) with p53 promoter reporter constructs

resulted in a dose-dependent increase in luciferase

activity (Fig. 4). This suggests that the transcription of

p53 is directly activated by PLAG1. This is consistent

with previous reports by Van de Ven that described

upregulation of p53 in PLAG1-overexpressing pleo-

morphic adenomas (Voz et al. 2004). Two other

reports had described expression of p53 in approx.

75 % of pleomorphic adenomas (Tarakji et al. 2010;

Azuma et al. 1992). Tarakji et al. (2010) attributed the

high expression of p53 in tumors to the status of p53

Fig. 4 Transactivation of

promoters by PLAG1. Part

labels a, b, c and d show

putative PLAG1 consensus

binding sites in the

promoters of mouse p53,

Bax, Fas and Trail-R/DR5

and transactivation of these

promoters by PLAG1. The

expression vector pCl-neo-

PLAG1 was co-transfected

with luciferase promoter

reporter vectors into

NIH3T3 cells. Relative

luciferase activity was

normalized to b-

galactosidase activity

derived from the pSV-b-

galactosidase control vector.

The results shown are the

average of three

independent experiments.

Bars represent the

mean ± SD (n = 3

individuals)
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mutation, resulting in a more stable form of the

transcription factor compared to wild-type protein.

However, our study here provides another possible

explanation.

We also discovered that PLAG1 induces expression

of several genes that promote apoptosis including Bax

(Figs. 2, 3). Two putative PLAG1 consensus binding

sites were identified in region -158 to -142 and -99

to -82 of the Bax promoter, which was transactivated

by PLAG1 (Fig. 4). Additionally, Bax expression can

also be directly induced by p53 (Chipuk et al. 2004),

indicating that Bax is involved in p53-mediated

apoptosis. Low Bax expression is an independent,

negative prognostic marker in multivariate regression

analysis independent of p53 status(Grabowski et al.

2006; Nehls et al. 2005; Schelwies et al. 2002; Sturm

et al. 1999). Therefore, activation of Bax by PLAG1 in

tumors is consistent with the pathological and prog-

nostic characteristics of pleomorphic adenoma—a

benign (partially borderline) tumor with low recur-

rence and metastatic potential.

Another two genes identified in our study that

promote apoptosis are Fas (also CD95) and TRAIL-R/

DR5, both of which belong to the tumor necrosis factor

receptor superfamily. Activation of p53 can also

induce expression of Fas and TRAIL-R/DR5 (Wu

et al. 2000), and the direct transactivation of the

promoters of Fas and TRAIL-R/DR5 by PLAG1 has

also been described (Fig. 4).

The data we provide here show that PLAG1

functions as both an oncogene and as a tumor

suppressor. Indeed, PLAG1 induces expression of

some genes that promote cellular growth and others

that inhibit proliferation. This may be described as the

dual role of oncogene induction. The activation of

oncogenes occurs in most tumors and is believed to

play an important role in tumorigenesis. However, in

many tissues, there are numerous neoplastic lesions

that rarely become overt cancers, including estab-

lished benign tumors such as melanocytic nevi

(Pollock et al. 2003). The mechanism was known as

oncogene-induced cell senescence involving p53

pathway and pRb pathway. Moreover, apoptotic cell

death may be triggered by oncogene-driven cellular

proliferation, sometimes directly (Bartkova et al.

2005; Gorgoulis et al. 2005). Thus, tumors resulting

from PLAG1 overexpression, including pleomorphic

adenomas, lipoblastomas, hepatoblastomas, and leio-

myomas, may be described as benign or low-grade

malignant tumors because of the dual action of

PLAG1 in these diseases. A potential role of PLAG1

was indicated in regulation of oncogene-induced cell

senescence.
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