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Microarray screening for target genes of the proto-oncogene PLLAG1
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PLAGI1 is a proto-oncogene whose ectopic expression can
trigger the development of pleomorphic adenomas of the
salivary glands and of lipoblastomas. As PLAG1 is a
transcription factor, able to activate transcription through
the binding to the consensus sequence GRGGU(N)s
sGGG, ilts cctopic expression presumably results in the
deregulation of target genes, leading to uncontrolled cell
proliferation. The identification of PLAGY target genes is
thercfore a crucial step in understanding the molecalar
mechanisms involved in PLAGI-induced tuwmorigenesis,
To this end, we analysed the changes in gene expression
caused by the conditional induction of PLAG1 expression
in fetal Kkidney 293 cell lines. Using oligonucleotide
microarray analyses of about 12000 genes, we consis-
tently identified 47 gencs induced and 12 genes repressed
by PLAGL. One of the largest classes identified as
upregulated PLAGI targets consists of growth factors
such as the insulin-like growth factor IT and the cytokine-
like factor 1. The in sifico search for PLAGI consensus
sequences in the promoter of the upregulated genes reveals
that a large proportion of them harbor scveral copics of
the PLAG1-binding motif, suggesting that they represent
direct PLAGTI targets, Our approach was complemented
by the comparison of the expression profiles of pleo-
morphic adenomas induced by PLAGI versus normal
salivary glands. Concordance between these two sets of
experiments pinpointed 12 genes that were significantly
and consistently upregulated in pleomorphic adenomas
and in PLAGI-expressing cells, identifying them as
putative PLAGI targets in these tumors,
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Introduction

Oncogenic activation of the PLAG! gene on 8qi2is a
crucial event in the formation of pleomorphic adenomas
of the salivary glands. This activation mainly results
from recurrent chromosomal translocations that lead to
promoter substitution between PLAGI, a gene primarily
expressed in fetal tissues, and more broadly expressed
genes (Kas ef al., 1997, Voz et al., 1998; Astrom e/ al.,
1999). The three translocation partners characterized so
far are the f-carenin gene (Kas et al., 1997), the lewkemia
inhibitory factor receptor gene (Voz et al., 1998) and the
elongation factor SI gene (Astrom et a., 1999). Break-
points invariably occur in the 5 noncoding region of the
PLAGI gene, leading to an exchange of ihe regulatory
control elements while preserving the PLAG! coding
sequence. The replacement of the PLAGI promoter,
inaclive in adult salivary glands, by a strong promoter
derived from the translocation partner, leads to ectopic
expression of PLAG! in the tumor cells. This abnormal
PLAG] expression presumably results in a deregulation
of PLAGI target genes, causing salivary gland tumor-
igenesis.

PLAGI promoter swapping is also a central onco-
genic event in lipoblastomas (Hibbard et af., 20600).
Similarly, the entire PLAG! coding sequence is placed
under the control of an active and ectopic promoter
region. The fusion partners discovered to date are the
hyaluronic acid synthase 2 and the collagen o2 genes.
These genes were never reported as translocation
partners in pleomorphic adenomas, suggesting specific
fusion partners for lipoblastomas.

Ectopic PLAGI expression is not only the result of
PLAG] promoter substitution. PLAG | overexpression
has also been found in tumors without 8q12 transloca-
tions, such as pleomorphic adenomas of the salivary
glands with 12q15 translocations or normal karyotype,
in uterine leiomyomas, leiomyosarcomas and in smooth
muscle tumors (Astrom e al., 1999). This emphasizes
the importance of PLAG! overexpression in tumorigen-
esis.

Recently, we proved that PLAGI acts as a proto-
oncogene with mitogenic and transforming potential
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(Hensen ef al., 2002). Indeed, NIH3T3 cell lines
engineered to overexpress PLAGI were able to prolif-
erate in medium containing 1% serum, suggesting that
PLAGI at least partially abrogates the serum require-
ment for the growth of NIH3T3 cells. Moreover, these
cells displayed the typical features of neoplastic trans-
formation: the cells lost cell—cell contact inhibition,
showed anchorage-independent growth and were able to
form tumors in nude mice.

PLAGI is a transcription factor that contains seven
canonical C,H; zinc-fingers and a serine-rich C-terminus
that exhibits transactivation capacities when fused to the
Gald DNA-binding domain (Kas ef al,, 1998). PLAGI
binds a bipartite DNA element containing a core
sequence, GRGGC, and a G-cluster, GGG, separated
by six to eight random nucleotides (Voz et «f., 2000),
Potential PLAGI-binding sites were found in several
genes and notably in promoter 3 of the human insulin-
like growth factor I (IGF-IT) gene. We have shown that
PLAGI is actually able to bind to the IGF-IF promoter 3
and can stimulate its activity (Voz er al, 2000).
Moreover, induction of PLAG]1 expression in the fetal
kidney cell line 293 Icads to a drastic simulation of the
IGF-II transcript deriving from the P3 promoter.
Finally, this JIGF-II transcript is highly expressed in
salivary gland adenomas overexpressing PLAG/, while
it is not detectable in adenomas without upregulated
PLAG! expression or in normal salivary gland (nsg)
tissues. All these results indicate that IGF-7] is a bona
Jide PLAG] target gene, providing us with the first clue
for understanding the role of PLAGI in salivary gland
tumor development.

To identify other target genes of PLAGI, we screened
high-density oligonucleotide microarrays representing
about 12000 human genes for transcripts whose levels
were modified in pleomorphic adenomas with PLAGI
ectopic expression compared to normal salivary glands.
We also monitored gene expression profiles shortly after
inducing PLAGI expression in genetically engineered
human epithelial kidney 293 cell lines. Such cell lines
were generated by isolating independent clones that had
stably integrated a DNA fragment enabling zinc-
inducible expression of PLAGI or f-galactosidase (f-
gal) used as control. Comparative evaluation of all these
results allowed us to identify potential PLAG! (argets in
pleomorphic adenomas, Finally, we looked for PLAGI-
binding motifs in the promoter region of the identified
genes to get an additional indication of whether they are
direct targets of PLAGH,

Material and methods

Twmor samples and cell lines

Specimens of primary pleomorphic adenomas of the salivary
glands were obtained from patients at the time of surgery.
Chromosome metaphases of tumor cells were prepared from
shorl-term primary cultures according to a routine method,
and the karyotype of the tumors was determined. Tumor G27
carries a 1(3;8)(p21;q12) as sole abnormality. Tumor Gi8
carries a  (6;8}(p21;q12), and (umor GIl9 carries a
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1(4;8)p21;q12) among other abnormalities. Tumors F32, F36
and G30 present a normal diploid karyotype, while tumor F35
carries multiple chromosomal abnormalilies. The karyotype of
tumors K5773, K3149 and K3259 was not available. Normal
salivary gland specimens Hi, H2, H3 and GI2 are biopsies
corresponding to the normal salivary gland counterpart from
palients presenting & pleomorphic adenoma.

The inducible PLAGH (1-8 and P1-32 clones) and f-gal (B-
1 and B-57 clones)-cxpressing cell lines were obtained by stable
integration of the expression vector pSAR-MT-FLAG-
PLAG! or pSAR-MT-f-gal (Morin et af,, 1996) in the human
fetal kidney epithelial cell line 293 (ATCC, CRL 1573)
{Hensen et al., 2002). Individual colonies were selected on
the basis of high zinc-inducible expression of PLAGI or f-gai,
as estimaled by Western blot analysis. For expression profile
analysis, celts were grown at midconfluency and either treated
with 100 M ZaCl, for 16 h or left untreated,

Preparation of RNA and Northern blot analysis

Total RNA was extracted from primary tumors and normal
salivary gland biopsies using the guanidine thiccyanate
method, and further purified wsing Rneasy spin columns
{Qiagen, Valencia, CA, USA), according to the manufacturer's
protocol. The lotal RNA from the cell lines was directly
isolaled using Rneasy columns, Northern blot analysis was
performed according to standard procedures. For filter
hybridizations, probes were radiolabeled with o-*P-dCTP
using the megaprime DNA-labeling system (Amersham). A
1.5 kb cDNA probe containing the complete PLAG! ORF was
used for the detection of the PLAGI transeripts. The human
{GF-II exon 9 probe, common to the four different transcripts
Pi, P2, P3 and P4, was generated by PCR and contained
nucleotides 7970-8774 of the published gene sequence (Dull
et al., 1984) (GenBank/EMBL, accession number X03562). As
for the cellular retinoic acid-binding protein II (CRABP-ID),
the complete ¢cDNA (M68367) oblained from RZPD (Ger-
many} was used as probe. Finally, PCR amplicons corre-
spending to cytoking-like factor 1 {CLF-1) (1247-1614 bp of
the sequence AF059293 (GenBank/EMBL)), CRP2 (305~
981 bp of D42123), PIGF (398-1396bp of X54936) and
P37 (1048-1316 bp of U22398) were used as probes.

Microarray analpsis

Preparation of ¢RNA and subsequent steps leading to
hybridization, scanning and data analysis were performed
according to Affymetrix guidelines (Affymetrix, Santa Clara,
CA, USA) (Lipshutz ef al.,, 1999). Briefly, 20 ug of total RNA
were converted into double-stranded cDNA using a oligo{dT)
primer containing the T7 promoter. This double-siranded
¢DNA was then used in an in vitro cRNA synthesis reaction
using T7 RNA polymerase and biotinylated cRNA ribonu-
cleotides from a bioarray high-yield RNA transcript labeling
kit (Enzo Diagnostics, Farmingdale, NY, USA). Biotin-
labeled cRNA was purified with a RNeasy column (Qiagen)
and quantified by spectrophotometry. Fragmentation of
cRNA was performed at 95°C for 35min, The quality of the
procedure was evaluated by hybridizing 5pug of cRNA to a
Test3 microarray (Affymetrix). A quantity of 15ug of the
remaining fragmented ¢cRNA was subsequently hybridized (o
HuGeneFL Array (Affymetrix) for 16 h at 45°C. After washing
and staining, the arrays were scanned in an HP/Affymetrix
scanner al 570 nm. The scanned images were analysed using
Alfymetrix Mieroarray Suite 4.2 software. The image for each
GeneChip was scaled such that the average intensity value for
all arrays was adjusted 1o a target intensity of 700; this value




corresponds to the average intensity obtained for all the arrays
analysed in this study. Scaled average differences values
(SADYVs) lower than 50 were arbitrarily set to a baseline value
of 50 to avoid unrealistic level of stimulation. Therefore, for
the probe sets where the values in the reference samples are at
the background level, the rates of stimulalion or repression
could not be accurately calculated and are probably under-
estimated. In this situation, the fold stimulation obtained is
preceded by the sign *2” and the fold repression by the sign ‘<",

Computational search for PLAGI motifs

Search for the PLAGI-binding consensus sequence
GRGGC(N),_sGGG was performed using regular expres-
stons. The search was dene on both strands, without allowing
any overlap of the motifs. For each gene whose promoter is
not yel defined, we attempted to obtain it by retrieving from
the databanks all the cDNAs (including ESTs) available for
this gene. After alignment, we selected the one that starts at the
most upstreams part of the gene. Finally, we retrieved the
sequenice located directly upstream of this selected cDNA from
the haman genome database and considered this sequence as
the putative promoter region. The random set of 30 known
promoter sequences was obtained by retrieving randomly
promoter sequences from the EPD database (Praz et al., 2002),

The #* tesi, performed to compare the distribution of the
PLAG! motifs in the promoter of the farget genes versus the
random genes population (see Figure 3), has been performed
as  described on  Rhtip:/fwww.georgetown.edu/faculty/ballc/
webtoolsfweb_chi.html, with four degrees of freedom (genes
with four or more motifs are grouped together because the
numbers become loo small and adjustments for continuity
should be made).

Results

Expression profites of pleomorphic adenomas compared to
normal salivary glands

To decipher the molecnlar processes involved in
PLAG!-induced oncogenesis, we compared the gene
expression profiles obtained from pleomorphic adeno-
mas displaying PLAG! ectopic expression to those from
normatl salivary gland specimens. We hybridized oligo-
nucleotide microarrays representing about 12000 genes
{(HuGeneFL Array, Affymetrix) with biotinylated
cRNA obtained from four different RNA samples,
two from normal salivary glands (H1 and G12) and two
from pleomorphic adenomas (G27 and G19), These
tumors carry either a ((3;8)(p21;q12) or a t(4;8)(q35,q12)
translocation that leads to ectopic activation of PLAGI
expression, as judged by Northern blot analysis (data
not shown). This activation results from promoter
swapping between PLAGI and f-catenin in the 1(3;8)
and a not yet identified translocation partner in the
t{4;8). Comparison of the four samples uncovered 627
genes significantly differentially expressed, In all, 373
genes are upregulated at least three times in both
tumors, while 254 genes are downregulated. Based on
SWISSPROT keywords, the 627 differentially expressed
genes have been classified in 14 functional categories.
Nine categories are shown in Table 1, while the other
five categories (signaling proteins, metabolism-related
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proteins, proteins of the extracellular matrix, miscella-
neous proteins and proteins of unknown fusnction)
are provided online as Supplementary Tables la and
b. The complete data set, including the values of the
microarray experiments for all the four samples, is also
provided online as Supplementary Tables {¢ and d.
The identity of these genes reveals that many aspects of
cell physiology are altered in the tumors, as suggested
by the change in expression of growth factors,
transcription factors, genes regulating apoptosis, cell
cycle genes and signaling proteins, It is interesting io
note that growth factors, growth factors receptors and
growth factor-binding proteins are mainly found upre-
gulated. Given the cellular diversity found in pleo-
morphic adenomas, where many different cell types
including mesenchymal cells can be present, a battery of
genes coding for proteins of the extracellular matrix and
of the cytoskeleton were found to be differentially
expressed (e.g. keratin, collagen, fibronectin, tenascin
and eclastin}. As expected, PLAGI transcript is only
detected in pleomorphic adenomas while, in normal
salivary glands, PLAG]1 expression levels do not exceed
the background, arbitrarily sel to a value of 50 (see
Material and methods for the analysis of the microarray
data). Therefore, the level of PLAG! induction in
pleomorphic adenoma could not be accurately calcu-
lated and was thus estimated to be at least l4-fold
(represented in the table by the sign ‘="). A drastic
upregulation of IGF-IT is observed for all the three
independent probe sets (the stimulations were 76-, = 15-,
= 5-fold). Moreover, genes already identified as upre-
gulated in pleomorphic adenomas such as the apoptosis
regulator Bel2 (Sunardhi-Widyaputra and Van Damme,
1995; Debicc-Rychter ef af., 2001), the bone morphoge-
netic protein 2 {BPM2) (Kusafuka ef af., 1998), tenascin
{Sunardhi-Widyaputra and Van Damme, 1993; Shrestha
el al., 1994) and elastin {(Grosso, 1996) were stimufated
8.0-, =8.5-and 29.3-, 29.8-, =14.7-fold, respectively,
which is indicative of the validity of the microarray
approach.

Identification of PLAGI target genes

In order to identify in this pool of genes differentially
expressed in pleomorphic adenomas, those directly
under the control of PLAGI, expression profiles were
monitored shortly after induction of PLAGI expression
in genctically engineered human epithelial kidney 293
cell lines. Such cell lines were generated by isolating
independent clones that had stably integrated a DNA
fragment enabling zinc-inducible expression of PLAGI
(clones P1-8 and P1{-32) or of f-gal (clones B-1 and B-
57) (Hensen ef af., 2002). When these clones are grown
in the absence of zinc, low exogenous PLAG/ or f-gal
expression is detected, while upon induction with 100 M
of zinc, the PLAG! and fi-gal transcripts are efficiently
synthesized. Induction of PLAGI expression results in a
drastic upregulation of IGF-II transcripts that can be
already visualized after 5h of zinc induction, but which
reaches a maximat level of stimulation at 16 h (data not
shown). This delay in obtaining maximal IGF-II
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induction could be due to the fact that the steady state og - h e -
of PLAGH profein reaches a plateau at 4h and remains
cqual for at least 12N (data not shown). Therefore, to
gel maximal induction for the potential PLAG1 targets, oo
expression profiles were performed after 16h of zinc = E::
induction. RNA samples were isolated from PLAGI- o = “‘u,; £ 5
expressing clones P1-8 and P1-32 treated with zinc or _ 8 ?5 B
left untreated, and from the zinc-treated §-gal clones B-1 5 iB = & 2 g
and B-57. The comparison beiween treated versus “ 5 g & 3 L8
untreated PLAGI-expressing clones highlighted 85 g 22828 = E£i%
genes induced at least 2.5-fold (Figure 1, red circle). © 50 3 % A= §’ g:= ) iy
As his pool of genes could comprise genes induced by 552828 o 2538 &
the zinc treatment, we also compared zine-treated clones 3 :f» H % 2 T 2 gm}: E
expressing PLAG 1 versus fi-gal clones and identified 111 E3w832 = msyag 2
K . . s=2acg Z s BH o8 w
genes stimulated at least threefold (blue circle). This £33 Boga 2w =
stricter crilerion compared to the one applied to the first — EEY g3 P EiaGy £
comparison (2.5-fold) was chosen due to the fact that P irz23g 3 23 ¥ g g
the untreated P1-8 and P$-32 clones expressed already & - ) J
low levels of PLAG1, which are likely to reduce the level & o w o w2
pf stimuiqtion. In total, 47 genes were signiﬁca'nl!y 3 |= f:f Q g' S g8 Zoen i g 2 a
induced in all the four comparative evaluations 3 g HEYEEY EEUBREE o
(Figure 1). As shown in Table 2, a drastic stimulation s S<48<k  xZad<ne 2
of the bona fide PLAGI target 1GF-II was observed =
upon PLAG] induction; the stimulation obtained was of 3 .4 gmeaas  onhasadgn @
39- and 32-fold when comparing PLAGI versus fi-gal £ 3 o 7
P e,
B o,
=
3
Upregulated genes Downregulinted genes —.E‘ > :f:l ; ; BEad RGN on =
PLEHE-14 230 & PIBH 1+ <13 & Z &
PLAZE-ST4 200 PLAZHR-5T4 <13 § . seesan i = o -
PLte > 2.8 & P < W25 & g |8 SABIEE GELRLEE 2
PE-324f 5 25 153244 g 125 g
(=4 gEawR®  §RReEsw o
[=]
£ = URZBRYR  URRWERR 8
=
5 +
£ log| gzmous  gghasar ou
PA/nsg > A0 PAfusg < 113 % z
o
Figure I Venn diagram of the number of genes altered in the three N 4 LEmangn gannaan b
sets of expression profiles. For the upregulated genes, the red circle ® - -
denotes the genes that are induced at least 2.5-fold when comparing
treated versus untreated PLAG 1-expressing clones {i.c. P1-8 4+ /P1- :
8—12.5 and P1-32 +/P1-32— 2.5}, The blue circle represents the £ Mm@ o D 0y OGNy %
genes that are induced at least threefold when comparing treated w2 Bl e Y I Bt ~
PLAG1-expressing clones versus treated ff-gal-expressing clones >
(i.e. PI-§+/B-14 230 and P1-324+/B-57+ 23.0). The preen B
circle denotes the genes which are induced at least threefold when = R y - ey S T 2 -
comparing pleomorphic adenoma of the salivary glands versus ¥ RERYRY ghe2ar” 2
normal safivary glands (i.e, PA G19%/nsg H123.0 and PA G19/nsg & i gn- -
G1223.0 and PA G27/nsg H1=3.0 and PA G27/nsg G12323.0} Touton § 221N P
and a SADV for PA G19 and PA G27:2200. For the down- L RFULR PoBARZRE 8
regulated genes, the red circle denotes the genes that are repressed & o 3
at feast 2.5-fold when compuaring treated versus untreated PLAGI- . fnoregs SUYRNZER &
expressing clones (i.c. PI-8+ <04 and P1-324 <0.4). The blue & éf R R I e ) ¥ '
cirele represents the genes that are repressed at least threefold when £ 3 A
comparing treated PLAG-expressing clones versus lreated f-gal- w IS8 RER ERAHRBIER s
expressing clones (ie. PL-83+/B-1 + <1/3and P1-32+/B-57+ < 1/ =™ [CRahE [N - S

3). The green circle denotes the genes which are repressed at least
threefold when comparing plcomorphic adenoma of the salivary
glands versus nsgs (ie. PA G19/nsg HESH3 and PA G19/nsg
Gi2<1/3, and PA G27/nsg H1<1/3 and PA G27/nsg G12<1/3)
and 4 SADV for nsg H and nsg G12:200
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clones, both zinc treated (columns G and L), and of
four- and 20-fold for the comparison of treated versus
untreated PLAG1-expressing clones (columns F and K).
The induced genes were distributed among nine func-
tional categories including growth factors, transcription
factors, proto-oncogenes, wnor suppressors and signal
transduction proteins. Note that PLAG/ transcripts
were not found upregulated because the probe set used
is located in the 3’ UTR of the gene, a region that is not
present in the PLAGI expression vector, This analysis
also reveals a small group of downregulated genes
(Table 3). Strikingly, all the 12 genes identified were
repressed after 16 h of zinc induction (Table 3, columns
F, G, K and L) but not at 9h (column E), suggesting
that they are not direct downstream targets of PLAGI,
In contrast, most of the upregulated genes were already
highly induced after 9h of zinc treatment (31 out of the
47 genes, column E in blue in Table 2).

Hdentification of candidate PLAGI farget genes in
pleomorphic adenomas

The comparison of the two sets of expression profiles
(tumors versus normal salivary glands and PLAGI-
expressing cells versus control cells) allowed us to
identify candidate PLAG] targets in pleomorphic
adenomas (Figure 1). A total of 12 genes were found
to be stimulated in PLAG I-expressing cells as well as in
the tumors (genes in green in Table 2). These genes are
coding for the IGF-II, the CLF-1, the bone-derived
growth factor 1 (BPGF-1), the CRABP-1I, the SWi/
SNF complex 60kDa subunit, the apoptosis regulator
Bel-2, the cyclin-dependent kinase inhibitor 1C (p57%'2),
cphrin B-1, the neuronal pentraxin receptor, the
collagen alpha 3 (IX) chain, the muscle isoform of
flamin and the tetraspan (NAG-2). In contrast, none of
the 12 downregulated gencs have their expression
significantly altered in the pleomorphic adenoma of
the salivary glands.

Validation of the oligonucleatide microarray results

[n order to confirm the microarray analyses, we
performed Northern blot analyses using six putative
larget genes as probes, that is, JGF-1I, CRABP-II,
CRP2, p57%7*, CLF-I and PIGF. As shown in Figure 2,
expression levels of the six transcripts are extremely low
or undetectable in zinc-treated B-gal-expressing clones
(B-1+ and B-57+; lanes 5, 6, 7, 21 and 24). The
{ranscript levels increase slightly in untreated PLAGI-
expressing clones (P1-8— and P1-32—; Ianes 1, 3, 22, 25
and 27). This increase might be due to a leaky expression
of PLAGI in this system, which can be visualized after a
longer exposition of the blots (data not shown). A
strong induction in the expression of all the six
transcripts is solely seen when PLAGI expression is
induced (lanes 2, 4, 23, 26 and 29), as predicted by the
microarray results. High induction of the six targets is
also obtained after 9 h of zinc treatment, which reaches
approximately half of the stimulation observed at 16k
(lanes 8, 9 and 28). Assessment of the transcript levels in

Oncogene

the tumors also correlated with the microarray data as
the transcripts for PLAGI, CRABP-I1, IGF-1I and CLF-
1 are solely detected in pleomorphic adenoma, while no
expression is observed in normal salivary glands. The
PS75° transcript is also overexpressed in the tumors
compared to normal salivary glands, but to a lesser
extent (about 2.}-fold stimulation). As for CRP2, its
transcript is on average overexpressed 3.2-fold in tumors
compared to normal salivary glands, which is roughly
similar to the 2.2-fold stimulation obtained by the
microarray analysis. Finally, the PIGF transcript was
not detectable, either in tumors or in normal salivary
glands, which is in agreement with the microarray values
close to the background.

Search for PLAGI motifs in the PLAGI target genes

To get a clue whether the 47 upregulated genes found in
this study could be direct targets of PLAGI, we
exploited the fact that PLAGI is a sequence-specific
DNA-binding protein that interacts with the motif
GRGGC(N)s_sGGG. Therefore, we scanned the pro-
moler regions of these genes for the presence of this
binding motif, banning any mismatches, As the promo-
ter region of most of these genes was not yet defined, we
attempted to obtain them by retrieving from the human
genome database the sequences located directly up-
stream of the cDNAs with the 5 end starting at the most
upstream part of the genes (see Material and methods).
However, it remains possible that some sequences do
not correspond to the real promoter, which could be
located upstream of an unidentificd exon. As shown in
Table 2 (column O), the 47 upregulated genes often
harbor several PLAG-binding sites in the first 1000 bp
of their putative promoter regions, with an average of
2.4 binding sites per upregulated gene. As demonstrated
by the »* test, this value is significantly higher than the
mean obtained for a random population of 50 promo-
ters (1.1 binding site per gene). The distribution of the
motifs is also clearly different in the upregulated genes
compared to the random population, as illustrated in
Figure 3. For example, 50% of the control promoters do
not display any PLAGI-binding sites, while this
percentage drops to 10% for the upregulated genes.
On the contrary, 40% of the upregulated genes contain
at least three PLAG1 motifs in comparison to 8% in the
random population of promoters,

The downregulated genes were also scanned for the
presence of the PLAG! motifs, In all, 1! consensus
sequences were found in the 10 promoter sequences
available, defining a frequency of 1.! consensus per
gene, which is identical to the one obtained for the
random population of 50 promoters,

Discussion

PLAGI is a proto-oncogene recently discovered, whose
cclopic expression can (rigger the development of
pleomorphic adenomas of the salivary glands (Kas
et al., 1997) and of lipoblastomas (Hibbard et af., 2000).
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Figure 2 Validation of (he oligonucleotides microarray results by
Northern blot analyses. Northern blot analysis of total RNA
isolated from genetically engineered human epithelial kidney 293
cell lines that have stably inlegrated a DNA fragment enabling
zinc-inducible expression of PLAGH (clones P1-8 and P1-32) or of
B-gal {ctones B-1 and B-57) grown without {(—) or with (+) 100 pn
ZnCl, for the indicated times (lanes 1-9, 21-29). Also depicted are
Northern blot analyses of total RNAs isolated from pleomorphic
adenontas of the salivaty glanids (PA) corresponding 1o biopsies
F12 (lane 16), F36 (lane 17), F35 {lane I8}, G30 (lane 19), G18§
(lanes 20 and 32) and from biopsies K5773, K3149 and K3259
peoled together {lane 31). The total RNA from normal salivary
gland (nsg) H3 (tane 10), H1 {fane 30) and H2 (lanes 11-15
corresponding {o different RNA preparalions obtained from
different part of the biopsy H2) was used for comparison. Blots
were hybridized sequentially with diflerent *P-labeled human
probes, as indicaied on the lefl side of the figure. The sizes of the
transcripts detected are the following: 7.5 kb for PLAG; 6.0kb lor
{GF-1T corresponding to the I3 transeript; 1.2kb lor CRARP-IT;
Ldkbfor CRP2; 1.7 and 1.4 kb for p57'%? in the PLAG] -expressing
cell lines, while only the 1.7 transcript is delected in the tumors; 1.7
and 1.4kb for CLF-I in the 293 cell lines, while only the 1.4
transcript is detected in the tumors and, finally, 1.7kb for PIGF.
Methylene blue-stained rRNA levels demonstrate similar loading
and RNA quality in cach lane

As PLAGI is a transcription factor, ils eclopic expres-
sion presumably leads to the deregulation of target
genes, Their identification is therefore essential for the
understanding of PLAGi-induced tumorigenesis. To
date, only one PLAGI target has been identified, the
IGF-I gene (Voz er af., 2000). Several lines of evidence
indicate that IGF-I1 is a direct target of PLAGI. First,
PLAGH1 is able to bind to the promoter 3 of IGF-1I,
which contains cight consensus-binding sites, and
activates its promoter activity efficiently. Secondly,
IGF-IT transeripts deriving from the P3 promoter are
highly expressed in salivary gland adenomas over-
expressing PLAG/. In contrast, they are undetectable
in adenomas without abnormal PLAG! expression and
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Figure 3 Histograms itlustrating the abundance of PLAG! motils
in the promoler regions of the upregulated genes. Histogram
depicting the percentage of genes containing zero (o eight PLAG!
consensus sequences (GRGGC(N)s. sGGG) in their promoter for
each population (the 47 upregulated PLAGI targets and the
random pool of 50 control promolers) . The »? test demonstrates a
> 99.75% chance that there is a significant difference in the number
of PLAGI motifs between upregulaled and control genes

in the normal salivary gland tissue. Finally, a drastic
upregulation of the JGF-JI wranscript originating from
the P3 promoter is observed shortly after inducing
PLAGI expression in the fetal kidney cell line 293
(Hensen et af., 2002).

In order to identify other PLAG! targets, we analysed
the expression profiles of about 12000 genes after
conditional induction of PLAGT expression in 293 cell
lines, Such cell lines have stably integrated a DNA
fragment enabling zinc-inducible expression of PLAG!
or of fi-gal (Hensen et al., 2002). In the absence of zine,
they expressed low levels of PLAG! and fi-gal proteins,
while a strong overexpression is observed upon treat-
ment with zinc chleride. PLAG] induction leads to a
strong induction of the IGF-IT transcript which can
already be visualized after about 5 h, but which peaks at
16 h. This quite tardy peak is presumably due to the fact
that in this system, the level of PLAG] protein reaches a
plateau at 4h and remains cqual for at least 12 h (data
not shown), For most of the microarray analyses, we
therefore extracted RNA after 16h of induction,
reasoning that, at that time, we should have maximal
induction for PLAGI targets, with a still large propor-
tion of direct targets. This choice was reinforced by the
microarray analyses performed on fibroblasts constitu-
tively expressing a MYC-ER protein (Coller e/ al.,
2000). In the presence of tamoxifen, the MYC-ER
protein, sequestered in the cytoplasm, is transported
into the nucleus, where it can activate the transcription
of Myc target genes, In this system, where the MYC-ER
protein does not have to be produced, most of the MYC
targets detected after 9h of tamoxifen treatment were
still direct targets.

Expression profile analyses allowed us to identify 47
genes that are consistently induced upon zinc treatment
of PLAG I-expressing clones, and also overexpressed in
zinc-treated PLAGH clones compared 1o the treated B-
gal-expressing clones. As illustrated in Figure 1, both
comparisons were essential to identify only genuine




PLAGI targets. Indeed, the comparison between treated
versus untreated PLAG 1-expressing clones highlighted,
on top of the 47 PLAG] target genes, 38 genes, some of
which are presumably induced by the zinc treatment
alone. Surprisingly, comparisons between PLAGI
versus fi-gal-expressing clones, both zinc treated, reveal
64 genes not obtained by the comparisons of treated
versus untreated PLAGI clones. These genes could
be differentially cxpressed due to clone disparities
andfor because, even in the absence of zinc, PLAGI-
cxpressing clones proliferate more rapidly than the
f-gal-expressing clones. It is possible that the faint
leaky PLAG] expression obtained in the absence of zinc
is sufficient to slightly stimulate cell proliferation,
resulting in changes of expression of some growth-
related genes.

The search for PLAGI-binding sites in these 47
upregutated genes indicated that they contain signifi-
cantly more binding sites than a random population of
promoters (Figure 3). This is a strong indication that at
feast some of them are direct PLAGI targets, This
hypothesis is reinforced by the fact that expression
profiles and Northern blot analysis indicate that a
majority of them (30 out of 47) are already highly
stimulated after 9h of zinc induction. Contrary to the
upregulated genes, the 12 downregulated genes do not
appear to be dircct PLAGI targets. Indeed, the
promoter of these genes does not contain significantly
more PLAGI motifs compared to the random promoter
population; secondly, none of them are already
repressed after 9h of zinc induction. Based on this
study, it thus appears that PLAGH acts essentially as an
activator of transcription, This is in accordance with the
data showing that the C-terminal part of PLAG! acts as
a transactivation domain when fused to the GAL4
DNA-binding domain {Kas ef al., 1998).

Interestingly, one of the largest classes identified as
upregulated PLAGI targets consists of growth factors
such as IGF-II, the CLF-1 and the BPGF-1. These three
cytokines are also upregulated in pleomorphic adeno-
mas of the salivary glands displaying PLAG] over-
expression, suggesting that they are PLAGI targets in
the tumors. We can thus postulate that one of the roles
of PLAGI in tumor formation is to influence cell
proliferation via induction of growth factors. The role of
IGF-11 as a potent stimulator of cell proliferation during
embryonic development and tumorigenesis is  well
established (DeChiara ef al., 1990; Baker ef al., 1993;
Toretsky and Helman, 1996; Burns and Hassan, 2001),
and it is likely that at least part of the PLAGI oncogenic
potential passes through the induction of IGF-II
expression. This is supported by our transformation
studies, where we showed that PLAG] is able to induce
the neoplastic transformation of NIH3T3 but not of R~
cells, which are devoid of the IGFI-R receptor, the main
mediator of IGF-11 effect (Sell ef /., 1994; Hensen et al.,
2002). The role of the CLF-1 on cell proliferation is not
yet documented. This recently discovered growth factor
assoctales with the cardiotrophin-like cytokine (CLC} to
form a heterodimeric cytokine that binds and activates
the trimeric complex constituted of the CNTFR
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receptor, the leukemia-inhibitory factor receptor and
gp130 (Elson et af., 1998, 2000). Although the signaling
cascade resulting from the binding to the receplor is
already well defined (Lelievre et ol., 2001), the role of the
CLF-1 factor in terms of cellular responses has not yet
been investigated, Until now, the only information
available comes from the CLF-1""" mice that have
reduced numbers of hemopoietic progenitor cells, fail to
suckle and die within 24 h after birth (Alexander ef af.,
1599). Whole mount in sity hybridization reveals CLF-1
expression at several sites in the developing embryo and
notably in the secrctory buds and ducts of the
submandibular salivary glands at 14,5 and 18.5dpc
{Alexander ef af., 1999}, This brings the hypothesis that
PLAGI! could be one of the regulators of CLF-1
expression in the developing salivary gland, controlting
the salivary gland organogenesis via this cytokine. As
for the BPGF-1, also called quiescin Q6, this gene is
specifically expressed when cultured human Iung
fibroblasts begin to leave the proliferative cycle and
enter quiescence (Coppock er af.,, 1993). BPGF-} thus
seems to be associated with growth inhibition, which
presumably interferes with tumor formation, The
significance of BPGF-1 overexpression in pleomorphic
adenomas and also in some malignant breast cell
lines (Coppock ef af, 2000} is therefore not yet
understood. However, Coppock ef al. propose that
one potential function of quiescins might be (o
ensure viability under stressful conditions that might
otherwise lead to apoptosis. On the other hand, it
appears from our microarray data that PLAGI induces
not only target genes able to promote tumor formation,
but also genes that in contrary seem to interfere with it,
The most striking example is the induction by PLAGI
of the putative tumor suppressor p537%*2, This faclor is
indeed a tight-binding inhibitor of several Gl
cyclin/Cdk complexes, resulting in a negative regulation
of cell proliferation (Lee ef al., 1995; Matsuoka et al.,
1995). Diminished expression of p57*# has been found
in a variety of tumors (Oya and Schulz, 2000;
Schwienbacher et al., 2000; Ito et «l., 2002a) and, to
our knowledge, pleomorphic adencma is one of the few
cases with hepatoblastomas (Hartmann ef «f., 2000) and
thyroid neoplasms (lto er al, 2002b) of a p57¢e2
overexpression. Another example of PLAGI-induced
genes with growth-inhibitory potential is the gene
coding for the CRABP-II. CRABP-II potentiates the
transcriptional activity of the retincic acid receptor
via its ability to channe! retinoic acid to the receptor
{(Budhu and Noy, 2002). Overexpression of CRABP-II
in MCF-7 mammary carcinoma cells dramatically
enhances their sensitivity to retinoic acid-induced
growth inhibition. Conversely, diminished expression
of CRABP-II renders MCF-7 and squamous cell
carcinoma SCC25 much less sensitive to retinoic
acid-mediated inhibition of proliferation (Vo and
Crowe, 1998; Budhu and Noy, 2002). These seemingly
contradictory actions of PLAG! targets on tumor
formation could be one of the reasons as to why
PLAGI triggers only the formation of benign
tumors such as pleomorphic adenomas of the salivary
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glands and lipoblastomas. We could hypothesize that
the balance between PLAGI targets promoting and
inhibiting tumor formation is in favor of a weak
induction of cell proliferation as observed in
pleomorphic adenoma (Zhu et ol., 1997; Frade Gonzalez
et al, 2001}, The low rate of proliferation, scarcely
propitions to accumulate additional mutations
necessary for the tumor to become malignant, could
explain the fact ithat pleomorphic adenomas of the
salivary glands rarely give rise to a malignant tumor,

Our expression profile analyses also reveal that
PLAG! could be involved in a variety of cellular
processes, and notably in vasculogenesis and/or angio-
genesis. Indeed, the identification as upregulated
PLAGI targets of the vascular endothelial growth
factor (VEGF) and the placental growth factor (PIGF),
both known as potent mitogen for endothelial cells
{Conway et al., 2001), is highly suggestive of a role of
PLAGI] in controlling blood vessel formation. This
hypothesis is reinforced by the upregulation by PLAG!
of Ephrin BI, which is involved in the sprouting of new
vessels (Conway ef af., 2001). Such hypothesis will be
verified in mice with a targeted disruption of the PLAGI
gene, as well as in transgenic mice with conditional
induction of PLAG]1 expression, In the same way, the
biological significance of the other PLAGI targets will
be evaluated in these mouse models. The identification
of a number of PLAG] targets in this study, besides
giving us insights into understanding how PLAG!
activation coniributes to salivary gland tumorigenesis,
will also be a valuable and indispensable tool for the
motecular comprehension of PLAGI function during
embryogenesis.
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