
R E S E A R C H A R T I C L E bpa_476 533..543

Integrated Genomic Profiling Identifies Loss of Chromosome
11p Impacting Transcriptomic Activity in Aggressive Pituitary
PRL Tumors
Anne Wierinckx1,2; Magali Roche2,3; Gérald Raverot1,2,4; Catherine Legras-Lachuer2,5; Séverine Croze5;
Nicolas Nazaret5; Catherine Rey5; Carole Auger1,2; Emmanuel Jouanneau1,6; Philippe Chanson8,9,10;
Jacqueline Trouillas1,2,7; Joël Lachuer1,2,5

1 INSERM, U842, Lyon, France.
2 Université de Lyon, Lyon1.
3 INSERM, U590, Lyon, France.
4 Fédération Endocrinologie Pôle-Est, Groupement Hospitalier Est, Hospices Civils de Lyon, Lyon, France.
5 ProfileXpert, Bron, France.
6 Département de Neurochirurgie, Groupement Hospitalier Est, Hospices Civils de Lyon, Lyon, France.
7 Centre de Pathologie Est, Groupement Hospitalier Est, Bron, France.
8 Université Paris-Sud (P.C.), Faculté de Médecine Paris-Sud, UMR-S693.
9 Assistance Publique-Hopitaux de Paris (P.C.), Hôpital de Bicêtre, Service d’Endocrinologie et des Maladies de la Reproduction, Le Kremlin Bicêtre,
France.
10 INSERM, U693, Le Kremlin Bicêtre, France.

Abstract
Integrative genomics approaches associating DNA structure and transcriptomic analysis
should allow the identification of cascades of events relating to tumor aggressiveness. While
different genome alterations have been identified in pituitary tumors, none have ever been
correlated with the aggressiveness. This study focused on one subtype of pituitary tumor,
the prolactin (PRL) pituitary tumors, to identify molecular events associated with the
aggressive and malignant phenotypes. We combined a comparative genomic hybridization
and transcriptomic analysis of 13 PRL tumors classified as nonaggressive or aggressive.
Allelic loss within the p arm region of chromosome 11 was detected in five of the aggressive
tumors. Allelic loss in the 11q arm was observed in three of these five tumors, all three of
which were considered as malignant based on the occurrence of metastases. Comparison of
genomic and transcriptomic data showed that allelic loss impacted upon the expression
of genes located in the imbalanced region. Data filtering allowed us to highlight five
deregulated genes (DGKZ, CD44, TSG101, GTF2H1, HTATIP2), within the missing 11p
region, potentially responsible for triggering the aggressive and malignant phenotypes of
PRL tumors. Our combined genomic and transcriptomic analysis underlines the importance
of chromosome allelic loss in determining the aggressiveness and malignancy of tumors.
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INTRODUCTION
Cancer is widely accepted as a clonal disease that arises from a
single normal cell and progresses because of the accumulation of
alterations. The model proposed by Peter C. Nowell in 1976 (29)
hypothesized that neoplasia is the consequence of a single
primary genetic alteration [mutation of specific genes, loss of het-
erozygosity, chromosomal rearrangement, copy number alteration
(CNA)] which confers a selective proliferative advantage to the
cell. The progression from neoplasia to metastasis could then be a
result of the stepwise accumulation of alterations (acquired ran-
domly or not) impacting downstream specific signaling pathways.
Despite our knowledge of the common occurrence of DNA alter-
ations in different forms of cancers, the driving role of this

remains controversial (11). One way of deciphering the events
cascade involves an integrative genomic approach performed in
the same samples associating DNA structure and transcriptomic
analyses.

The prolactin (PRL) pituitary tumor is an interesting model for
studying tumor development and progression because it is a slow-
growing tumor and thus allows analysis of the first steps of tumoral
development. It originates from a single cell (1) and presents well-
defined phenotypes. Furthermore, the phenotypes, noninvasive,
invasive, and invasive–aggressive, are well characterized clinically,
histologically, and molecularly (33, 42). The diagnosis of malig-
nancy is still based on the presence of metastasis (26), although the
molecular events responsible for tumor progression toward the
malignant phenotype remain unknown.
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Comparative genomic hybridization (CGH) or microsatellite
analysis, performed on all subtypes of pituitary tumors [(8, 22, 36,
37, 41) and for review (7)], has revealed alterations on many chro-
mosomes but failed to highlight any specific candidate loci. A more
recent CGH analysis (32) performed on 24 sporadic pituitary
adenomas showed that the most considerable changes observed
occurred on chromosome 11. Despite these interesting descriptive
findings, the functional role of these DNA alterations in tumor
progression was not assessed.

Comparative transcriptomic studies performed on all types of
pituitary tumor have highlighted different deregulated genes and
pathways [review in (43)]. However, as all tumor types were com-
bined, the comparison of gene expression was not appropriate.
A recent comparative transcriptomic analysis focusing on one
subtype of pituitary tumor (PRL tumors) revealed the deregulation
of specific genes (42) connected in a signaling pathway associated
specifically with aggressiveness (43).

To date, no genome-wide exploration of DNA structure, coupled
with a transcriptomic analysis of benign and aggressive pituitary
tumors, has been performed. In this study we compared the
genomic DNA alterations in aggressive (including malignant) PRL
tumors (A) with those in nonaggressive PRL tumors (NA). Simul-
taneously, within the same samples, we analyzed the relationship
existing between the transcriptomic activity and the DNA CNAs,
and proposed a strategy of data filtering to find candidate genes
involved in malignancy.

MATERIALS AND METHODS

Tumor samples

The 13 PRL tumors were surgically harvested from seven male and
six female patients. All tumors were immunostained with PRL
antibody and classified into two pathological groups: nonaggres-
sive (NA: n = 7), including noninvasive and invasive tumors

(33, 42), and aggressive (A: n = 6), including invasive–aggressive
and tumors that were considered as malignant (33, 42). The NA
showed no proliferation or invasion markers and were totally
removed by surgery. Those patients showed no signs of recurrence
after a long follow-up. The invasive PRL macroadenomas some-
times showed signs of proliferation (few mitoses and low Ki-67
index) and polysialic acid neural cell adhesion molecule (PSA-
NCAM) expression and were not completely surgically removed:
the PRL plasma levels remained high and a long time to recurrence
was often observed. The A were characterized by a high prolifera-
tion rate [numerous mitoses, high Ki-67 index, nuclear labeling of
pituitary transforming tumor gene (PTTG) and P53], frequent
dopamine resistance and a short time to recurrence. Malignancy
was based on the occurrence of metastases during clinical follow-
up. Genetic analysis was performed on frozen fragments that had
been stored at -80°C (Neurobiotec Bank, Lyon, France). The main
clinical, pathological and genetic data are shown in Table 1. The
studies were approved by the ethics committee of Lyon, and
informed consent was obtained from each patient according to
French law.

CGH analysis

Genomic DNA was isolated from frozen tumoral and normal pitu-
itary fragments with the QIAamp® DNA micro kit (Qiagen,
Hilden, Germany) and was quantified with The Nanodrop®
ND-1000 (NanoDrop, Wilmington, DE, USA); the quality was
verified on agarose gel. Genotyping and CNA analysis were per-
formed using the Affymetrix® Genome-wide human single nucle-
otide polymorphism (SNP) array 6.0 chip (Affymetrix, Santa
Clara, CA, USA) according to the manufacturer’s instructions.
Arrays were washed using the GeneChip® Fluidics Station 450
(Affymetrix) station and scanned using the GeneChip® scanner
3000 7G (Affymetrix). All pituitary samples and reference
genomic DNA, 103 (Affymetrix) were processed in the same batch
and hybridized at ProfileXpert platform (Bron, France).

Table 1. Pathological and genetic data from patients with PRL pituitary tumors. Abbreviations: A = aggressive PRL tumors; NA = nonaggressive PRL
tumors; PRL = prolactin.

Tumor
number

Sex Age Tumor size
(mm3)

Invasion Pathological group Postoperative events Chromosome gains Chromosome losses

1 M 66 4620 Yes A Recurrence, death 3p, 5, 8, 14q, 19p 11p
2 F 54 4000 Yes A Recurrence 4q 1p, 11p
3 M 68 5000 Yes A carcinoma Recurrences, metastasis,

death
1q, 3p, 8q, 9, 14q, 19p 1q, 11

4 M 54 6912 Yes A carcinoma Recurrences, metastasis,
death

1q, 5, 15q, 19q 11, 17p

5 F 31 864 Yes A carcinoma Recurrences, metastasis 1q, 8q 1, 4, 11, 13q, 15q
6 F 43 4600 Yes A Recurrence — —
7 M 40 8000 Yes NA Persistence Y —
8 M 41 500 Yes NA Persistence — 15q, 2p
9 M 41 2450 No NA Remission 7, 9 —

10 F 44 365 No NA Remission 3, 5p, 7, 9 15q
11 M 39 13282 No NA Remission 8, Y —
12 F 30 216 No NA Remission 9 —
13 F 38 1000 No NA Remission 7p, 20 13q
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CGH and genotyping data have been deposited in Gene Expres-
sion Omnibus under the accession number GSE 22615.

CNAs

Affymetrix CEL files were extracted using the Genotyping
Console™ software version 3.0 (Affymetrix). For SNP genotyp-
ing, we used the Birdseed (v2.2) analysis algorithm. Accuracy
of genotyping was checked by performing a concordance test
between processed reference 103 and a preprocessed reference
103 (Affymetrix). The test of concordance showed a 99.79%
homology between the two genotypes, indicating consistent plat-
form performance. Moreover, only samples showing a call rate
>96% and a Median Absolute Pairwise Difference (MAPD)
metric <4 were considered for further analysis. Copy number
analysis was performed using Partek® Genomics Suite version
6.4 (Partek, St Louis, MO, USA) following normalization by the
invariant set normalization procedure, and signal intensities were
computed using PM/MM model-based expression. Raw copy
number data were computed using a batch of 270 normal external
control samples from the International HapMap project as a ref-
erence. To remove alterations not associated with tumor pheno-
type, copy number variation was also analyzed on a normal pitu-
itary sample processed simultaneously in the same batch as tumor
samples. Inferred copy numbers were predicted using a genomic
segmentation algorithm. Only CNAs with cut-offs at >2.7 copies
for gain and <1.3 for loss were considered.

Transcriptomic analysis

Total RNA was extracted from the same human pituitary tumors
using Trizol® (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s protocol. For q-RTPCR, total RNA was subjected
to DNAse treatment using an RNeasy® minikit (Qiagen) according
to the manufacturer’s protocol.

Total RNA yield was measured by spectrophotometry at OD260,
the purity confirmed by an A260/A280 ratio of 1.9–2.1 using the
Nanodrop® ND-1000 (NanoDrop), and the sample quality evalu-
ated on nanochips with the Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) according to the manufac-
turer’s protocol.

Total RNA (2 mg) was amplified and biotin labeled by a round
of in vitro transcription (IVT) with a MessageAmp™ aRNA kit
(Ambion, Austin, TX, USA) following the manufacturer’s instruc-
tions. To confirm process efficiency, all samples were spiked with
various concentrations of control synthetic mRNA before amplifi-
cation. aRNA yield was measured with NanoDrop and the quality
assessed on nanochips with theAgilent 2100 Bioanalyzer (Agilent).

Ten micrograms of biotin-labeled aRNA were fragmented using
5 mL of fragmentation buffer in a final volume of 25 mL, mixed
with 235 mL of Amersham hybridization solution (Applied
Microarrays, Tempe, AZ, USA) and injected onto CodeLink™
Uniset Human Whole Genome bioarrays (Applied Microarrays,
Tempe, AZ, USA) containing 55 000 human oligonucleotide gene
probes. Arrays were hybridized overnight at 37°C at 250 rpm in a
shaking incubator The slides were washed in stringent Tris-NaCl-
Tween (TNT) buffer at 46°C for 1 h before incubation for 30 min in
3.4 mL of streptavidin-cy5 solution (GE Healthcare) as described
previously (10). Slides were then washed four times in 240 mL of

TNT buffer, rinsed twice in 240 mL of water containing 0.2%
Triton® X-100 (Sigma-Aldrich®, St Louis, MO, USA), and dried by
centrifugation at 640 g before being scanned using a Genepix®

4000B scanner (Axon, Union City, CA, USA) and Genepix® soft-
ware (Axon), with the laser set at 635 nm, 100% power, and 60%
photomultiplier tube voltage. The scanned image files were ana-
lyzed using CodeLink™ Expression Analysis software, version 4.0
(Applied Microarrays), which produces both a raw and normalized
hybridization signal for each spot on the array.

To account for the difference in relative intensity of the raw
hybridization signal on arrays between experiments, CodeLink™
software was used to normalize the signal on each array to the
median (median intensity is 1 after normalization), thus allowing
better cross-array comparison. The threshold of detection was cal-
culated using the normalized signal intensity of the 100 negative
control probes in the array. Spots with signal intensities below this
threshold were considered as “absent.”

The quality of processing was evaluated by generating scatter
plots of positive signal distribution. Statistical comparison and fil-
tering were performed using Partek® Genomics Suite version 6.4.

Transcriptomic data have been deposited in Gene Expression
Omnibus under the accession number GSE 22812.

Q-RTPCR

Total RNA (0.5 mg) was reverse transcribed using Moloney murine
leukemia virus (MMLV) reverse transcriptase (RT) (Invitrogen).
The absence of contaminating genomic DNA in the RT reactions
was checked by q-PCR directly on total RNA.

The cDNA synthesized was measured using q-RTPCR
(SYBR® Green PCR, LightCycler®, Roche Diagnostics India-
napolis, IN, USA) following the manufacturer’s recommenda-
tions. The LightCycler experimental protocol consisted of an
initial Taq activation at 95°C for 10 minutes followed by a touch-
down PCR step of 12 cycles consisting of 15 s at 95°C, 5 s at
68°C and 8 s at 72°C, followed by 43 cycles consisting of 15 s at
95°C, 5 s at 60°C, and 10 s at 72°C, with a single fluorescence
measurement. The specificity of PCR amplification was analyzed
with a melting curve program (69°C–95°C), with a heating rate
of 0.1°C/s and continuous fluorescence measurement. Primers
were designed with Primer3 software (Whitehead Institute, Cam-
bridge, MA, USA) and purchased from Eurogentec (Seraing,
Belgium). All primers had melting temperatures between 60°C
and 62°C, and all the products were 100–150 bp. The primer
sequences were forward CCG TAA ACA GTT CCA GCT GAG
GGC, reverse GCT CAA CCT CCA GCT GGT ATC AGA GAA
(TSG 101); forward AGG GAC ATC CCC GGC AAT CCA,
reverse GGG TCT GCC AGA GGC CCA GA (CD44); forward
CGG AGG GAT TTG TTC GTG TTG, reverse AGC TCC TTT
AGA GGA TAG CAA GT (HTATIP2); forward CAT CGT GGA
TAA GGT GCT CA, reverse GAC ACC CTC CTC CTC ATT CA
(DGKZ var 4); forward CAC ATG GCA GTC ACG GCG TCT,
reverse TCT GCT TGT CTG TCA GGC CAG GT (GTF2H1);
forward AG GCA AGA AGC CTG TGG TAG, reverse AG GGG
CTG GTT TCT TGG TAG (RPL4); and forward AGC CAC ATG
GGG ACC TGC CT, reverse AAC CTC ACT GCT TCC CAC
CCC A (SOX6). RPL4 mRNA was used as an internal standard to
quantify variations caused by differences in starting mRNA con-
centrations. The relative mRNA levels for each tissue were com-
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puted from the Ct values obtained for the gene of interest, the
efficiency of the primer set and RPL4 mRNA levels in samples
using RealQuant software (Roche Diagnostics).

Data analysis

Data analysis and filtering was performed upon the microarray data
using Partek® Genomics Suite version 6.4. Statistical comparisons
were made between A and NA tumor groups. mRNA transcript was
considered as differentially expressed when a comparison between
the two groups yielded a P-value < 0.05 in the one-way ANOVA
parametric test and if a variation of 1.5-fold was observed.

RESULTS

Common imbalanced region in the p arm of
chromosome 11 in aggressive and malignant
PRL tumors

PRL tumors (n = 13) were classified by radiological, histological,
and molecular data into two groups: nonaggressive (NA: n = 7),
including noninvasive and invasive tumors (33, 42), and aggressive
(A: n = 6), including invasive–aggressive and malignant tumors
(33, 42). DNA CNAs were assessed at the genomic level using
Genome-Wide Human SNP 6.0 arrays (Affymetrix) and analyzed
with the Partek® Genomics Suite version 6.4 software. For quality
monitoring of the analysis, genomic DNA from normal pituitary
tissue and from a human genome reference (Genome 103 from
Affymetrix) were analyzed in the same batch. As expected, only a
small number of discrete CNA occurred in normal or reference
samples in comparison with numerous alterations observed in the
tumors (Figure 1 and Table 1). The main alterations in NA tumors
were found in chromosomes 9, 7, Y, 8, 3 (gains in order of decreas-
ing frequency) and 15q, 2p (losses in order of decreasing fre-
quency). Higher numbers of extensive alterations were detected in
the A tumors, principally in chromosomes 8, 19p, 1q, 3p, 5, 14q,
15q, 4q, 9 (gains in order of decreasing frequency) and 11p, 11q,
1p, 4, 13q, 15q (losses in order of decreasing frequency) (Figure 1
and Table 1). Moreover, we found a common imbalanced region in
the p arm of chromosome 11 corresponding to an allelic loss in five
out of the six A tumors. This region, extending from position 14.9
to position 46.5 Mb, harbors the cytobands 11p15.2, 11p15.1,
11p14.3, 11p14.2, 11p14.1, 11p13, 11p12 and 11p11.2 (Figure 2).
Three of these five tumors were carcinomas and presented addi-
tional allelic loss in the 11q arm, with a common region extending
from 109.5 to 134.1 Mb, covering the cytobands q22.3, q23.1,
q23.2, q23.3, q24.1, q24.2, q24.3 and q25 (Figure 2). Finally, we
did not observe any accumulation of alterations between nonag-
gressive and aggressive tumors.

The common 11p region loss included 139 coding genes
(Appendix S1). Only one tumor (#6) presented a low number of
DNA alterations, with no detectable alteration in chromosome 11.

A major signaling pathway involved in cell cycle
is deregulated in aggressive PRL tumors

Transcriptomic analysis was performed on the five A tumors with
11p arm loss (A 11pdel) and on the seven NA tumors. Signature
comparison revealed an upregulation of 572 genes and a downregu-

lation of 842 in the A 11pdel when compared with the NA tumors
(Appendix S2). Using Ingenuity Pathway Analysis (IPA) software,
we deciphered a main signaling pathway that included genes
involved in the cell cycle (Figure 3) that were specifically upregu-
lated in tumors presenting an aggressive phenotype.

Loss of p arm of chromosome 11 impacts
transcriptome activity

To elucidate if the 11p chromosome loss could be associated with
the deregulation of downstream specific genes involved in the
aggressive phenotype, we compared the behavior of genes located
in the chromosome intervals described above with the transcrip-
tomic signature obtained from the same A 11pdel samples. The 139
genes located in the 11p deleted region were matched with the list
of genes investigated by transcriptomic analysis. Among these 139,
only 122 were interrogated by the transcriptome analysis (Appen-
dix S1). The remaining 17 genes included those for which no cor-
responding DNA probes are readily available, or those that are not
appropriately interrogated by the DNA chip.

We compared the transcriptome activity of these 122 genes
between the A 11pdel group and the NA tumor group and found
that 29 out of the 122 genes (23%) were significantly downregu-
lated, 3 were upregulated (2%), and 91 showed no deregulation
(75%). To confirm the specificity of this effect, we analyzed a
region belonging to chromosomes 2p and 21q without common
alterations and including the same number of genes as the 11p
deleted region. Results failed to show a similar enrichment of
downregulated genes. Thus, these results show unequivocally
the impact of the 11pdel region on global transcriptome activity
(Figure 4).

CD44, DGKZ, TSG101, GTF2H1, and HTATIP2
are good candidates for inducing
aggressiveness and malignancy of PRL tumors

Among genes located in the 11p deleted region in aggressive
tumors (Appendix S1), 10 genes (DGKZ, SOX6, PHF21A,
MYOD1, TRAF6, TSG101, CD44, WT1, GTF2H1 and HTATIP2),
present associations with components of the signaling pathway
found deregulated in the A tumors (Figure 3).

The results of the cross-comparison with transcriptomic analysis
showed that six of these genes (CD44, DGKZ, TSG101, GTF2H1,
HTATIP2 and SOX6) were also downregulated and located within
cytobands 11p11, 11p12, 11p13, and 11p15 suspected to contain
tumor suppressor genes (see discussion). The significant down-
regulation of five (CD44, DGKZ,TSG101, GTF2H1 and HTATIP2)
out of these six genes in A 11pdel tumors when compared with NA
tumors was confirmed by q-RTPCR (Figure 5).

DISCUSSION
In this study, we aimed to find specific genomic alterations in
aggressive and malignant PRL tumors and to test the hypothesis
that an alteration of the genome structure may impact transcrip-
tomic activity and drive tumoral progression to an aggressive phe-
notype. To our knowledge, this is the first work on one subtype of
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Figure 1. Summary of genome copy number alterations (CNAs) detected by comparative genomic hybridization (CGH) analysis. A. Nonaggressive
(n = 7) PRL tumors. B. Aggressive PRL tumors (n = 6). Gains are indicated by black bars and losses by grey bars. PRL = prolactin.
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Figure 2. Details of regions lost or gained in chromosome 11 in the six aggressive and seven nonaggressive tumors. Gains are indicated by black bars
and losses by grey bars. NA = nonaggressive PRL tumors; A = aggressive PRL tumors; NP = normal pituitary, cont103, genomic DNA reference
(Affymetrix); PRL = prolactin.

Figure 3. Relationship between the
molecular pathway of genes linked to
aggressive PRL tumor phenotype and genes
located in the deleted region of chromosome
11p in aggressive prolactin (PRL) tumors.
Candidate genes located on the deleted 11p
region and linked to the molecular pathway
associated with aggressive tumors are
indicated with blue dots. Genes in red are
those found to be upregulated by
transcriptomic comparison in aggressive
tumors compared with nonaggressive
tumors. The green color represents genes in
the 11p deleted region found to be
downregulated by transcriptomic analysis.
The signaling pathway has been deciphered
using Ingenuity Pathway Analysis software.
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pituitary tumor coupling whole genome alteration study and whole
transcriptomic analysis of the same six aggressive and seven non-
aggressive PRL tumors.

As previously described when considering all types of pituitary
tumors, we found that genomic imbalance occurred frequently in
pituitary tumors (31, 32, 41). The most frequent and extensive
alteration observed in aggressive tumors (five out of six) corre-
sponded to the allelic loss of the p arm region of chromosome 11.
Among the aggressive tumors studied, 23% of interrogated genes
located in the deleted region were underexpressed while only 2% of
genes within the same region were upregulated. This disproportion
does not exist for the expression of genes in unaltered genomic
regions, thus confirming the notion proposed by other groups (5,
14, 16, 27) that allelic imbalance impacts upon the transcriptomic
activity of the genome. However, a relatively low correlation
existed between the region of allelic loss and the downregulated
gene expression, as already observed by other groups (16), despite
a better correlation in our case (23% vs. 8%). This observation
could be explained by the existence of an imprinting phenomenon
in chromosome 11, specifically in the 11p15 and 11p13 cytobands
(9), leading to a lower correlation with transcriptomic activity
depending on allelic utilization. Furthermore, we cannot exclude
that the deletion of one allele may also induce a compensation level
of gene expression by the second allele by as yet undetermined
molecular mechanisms.

The loss of the 11q arm was also observed in the three aggressive
tumors that are considered as malignant. The rarity of malignant
PRL tumors does not allow us to draw any conclusions on the role
of the 11q region in the progression to malignant/metastatic PRL
tumors. However, we can speculate that the failure of increased
genomic stability of the 11q region in some of the PRL tumors in
association with the 11p loss can lead to the malignant phenotype.
Allelic loss of the 11q region in Growth hormone (GH) and PRL
tumors has been reported by different authors, leading to the search
for the presence of putative tumor-suppressor genes. Among the
potential candidates (for review see (7, 12), genes encoding mul-
tiple endocrine neoplasia (MEN-1) and aryl hydrocarbon receptor
interacting protein (AIP), both located in the 11q13 cytoband, are

thought to be responsible for pituitary tumorigenesis (15, 30). As
only two out of the five 11pdel aggressive tumors also showed an
11q13 loss, our conclusion is that the 11q, MEN-1 or AIP losses are
neither necessary nor sufficient to induce PRL tumor progression
toward an aggressive phenotype.

In contrast, our findings may suggest the presence of an impor-
tant putative tumor suppressor gene on the 11p area. Loss of the
11p region has already been described in several hereditary and
sporadic tumors [eg, ovarian cancer (20), bladder tumors (39),
breast cancer (18) or thyroid carcinoma (21))]. Some of these
studies showed that the loss of the 11p arm was frequently associ-
ated with tumor progression and metastasis (19, 20). Cell manipu-
lation and the introduction of chromosome 11 or part of its short
arm suppresses the tumorigenesis of several cell lines (28, 34).
Altogether, these data indicate the presence of genes associated
with tumorigenicity and malignancy in the 11p regions. We
hypothesized that genes included in the deleted 11p region and
downregulated may control signaling pathways specifically found
altered in aggressive tumors (33, 42, 43). Using IPA, we deci-
phered one such altered signaling pathway that contains upregu-
lated genes implicated in the cell cycle and represents the main
molecular pathway associated with the aggressive phenotype
(Figure 3). Second, we searched for genes (i) located in the 11p
area previously described by other groups as containing potential
tumor suppressors; (ii) related to our molecular pathway associ-
ated with the aggressive phenotype; and (iii) downregulated in all
five 11p deleted aggressive tumors. Five genes (CD44, TSG101,
DGKZ, HTATIP2 and GTF2H1) met our three criteria and may
consequently be involved in the aggressive behavior of PRL
tumors.

The TSG101 gene, involved in p53 gene repression (24), has a
complex and controversial role. Indeed, some studies have demon-
strated a positive correlation between protein expression and tumor
proliferation (40), while others suggest a tumor suppressive func-
tion (25). A functional inhibition of this gene by antisense RNA in
rodent fibroblasts resulted in cellular transformation and metastatic
tumor induction in nude mice (23). Furthermore, a downregulation
of TSG101 was observed in metastatic breast cancer (45), thus

Figure 4. Impact of 11p loss on
transcriptomic activity. Percentage of genes,
located in the 11p deleted region and in
different regions chosen in chromosomes 2p
and 21q, found to be deregulated by
transcriptomic analysis in aggressive vs.
nonaggressive tumors. NA = nonaggressive
PRL tumours (n = 7); A = aggressive 11p
deleted PRL tumors (n = 5); PRL = prolactin.
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supporting a malignancy-suppressing role of this gene rather than a
tumorigenesis-suppressing role. The GTF2H1 gene is a general
transcription factor and component of the basal transcription
machinery and has a DNA repair helicase activity. This gene is also
found downregulated in metastatic hepatocellular carcinoma (2).
The CD44 gene encodes a transmembrane glycoprotein expressed
on lymphocytes and macrophages that serves as a homing receptor
that mediates binding to high endothelial venules. The presence of
this receptor on tumoral cells has been reported to support tumor
growth, and signal transduction through CD44 can induce proto-
oncogenes such as Ras (4). A downregulation of CD44 in ovarian
tumors has been found associated with aggressive tumoral behav-
ior and poor prognosis (35).

The HIV Tat-interacting protein (TIP30), also called CC3 or
HTATIP2, is encoded by Tip30, a putative suppressor gene. Recent
studies demonstrated that a downregulation of this gene promotes
metastatic progression of lung cancer, hepatocellular carcinoma,
and breast carcinoma by enhancing expression of osteopontin, as
well as matrix metalloproteinase-2 and vascular endothelial growth

factor (38, 44). Upon induction by the liganded estrogen receptor,
Tip30, interacting with CIA (an ERalpha interacting coactivator),
regulates c-myc transcription activation. This process suggests a
role for TIP30 in the regulation of tumorigenesis and tissue devel-
opment in ERalpha-targeted organs (17). Finally, the DGKZ gene
encodes a diacylglycerol kinase that could act as a negative regula-
tor of the cell cycle by binding to Rb and altering its phosphoryla-
tion status (6, 13). Analysis of transcriptomic data revealed that the
DGKZ was not found to be statistically deregulated in aggressive
tumors. However, PCR analysis of the different gene variants
revealed a strong downregulation of the DGKZ variant 4 in aggres-
sive tumors. This variant may therefore be considered as a candi-
date trigger of pathway deregulation.

Only one tumor described as aggressive presented no alteration
of the genome in the region 11p. This tumor presented a relatively
low hormonal expression of PRL compared with the other aggres-
sive tumors (data not shown). Moreover, clinical signs of aggres-
siveness of this tumor were lower (few mitoses, low labeling index
of Ki-67and no labeling of the P53). These characteristics suggest
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Figure 5. QRT-PCR verification of microarray
data. mRNA levels corresponding to the six
candidate genes were measured in
aggressive 11p deleted tumors, in aggressive
non-11p deleted tumors and in
nonaggressive tumor groups.
NA = nonaggressive tumors (n = 7);
A(d) = aggressive deleted tumors (n = 5);
A(nd) = aggressive nondeleted tumors
(n = 1).
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that this tumor was either less aggressive or misclassified, or a
subtype different from the five other tumors.

From this study combining DNA and transcriptomic analysis of
the same PRL tumor samples, we proposed a model of PRL tumor
progression involving an allelic deletion of the 11p region that
impacts on transcriptome activity via the deregulation of key genes
(Figure 6). The deregulation of these genes could be the upstream
event responsible for the subsequent deregulation of specific sig-
naling pathways leading to the aggressive and malignant PRL phe-
notypes. The remaining challenge at this level of analysis is to
identify the mechanisms, such as DNA hypomethylation, involved
in the 11p deletion (18). Moreover, in this study we observed no
accumulation of chromosomal alterations between nonaggressive
and aggressive tumors, contrary to that portrayed by the clonal
genetic model of tumor progression. Thus, we suggest that nonag-
gressive and aggressive PRL tumors may arise via different mecha-
nisms and follow two distinct tumor progression routes (Figure 6).

The study of aggressiveness and malignancy of pituitary tumors
is difficult to implement because of these tumors’ rarity (33).
However, it seems essential to work only on one subtype of tumor
(7, 43), even if it means reducing the number of cases in a study.
Thus, the statistical analysis of gene expression requiring a large
number of tumors cannot be applied. The combination of various
parameters such as genetic alteration and transcriptome activity
with our current knowledge in a multidimensional approach can
increase the detection and understanding of mechanisms involved
in tumor progression from a small cohort (3). This strategy allowed
us to find candidate genes that could be involved in the progression
of PRL pituitary tumors. While we demonstrated its usefulness in
rare tumors, the use of multiparametric measurements could also
be applied to other types of tumor to find relevant candidate genes
implicated in tumor progression from a large panel of deregulated
genes and may be expanded to include other measurements such as
DNA methylation and miRNA.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:

Appendix S1. List of genes located in the deleted 11 p arm region.
In the table are indicated (i) the cytobands corresponding to the
deleted 11p region; (ii) the transcriptomic behavior of genes
located in the deleted region; and (iii) the genes linked to the
specific pathway deciphered in aggressive (A) tumors. X indicates
when genes are both downregulated and linked to the signaling
pathway.
Appendix S2. List of genes found statistically deregulated in
aggressive (A) vs. nonaggressive (NA) tumors. GE, CodeLink™
microarray identifiers (General Electrics); FC, fold change
between NA and the A 11p deleted tumor.
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