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ABSTRACT
Lactotroph adenoma, also called prolactinoma, is the most common pituitary
tumor but little is known about its pathogenesis. Mouse models of prolactinoma
can be useful to better understand molecular mechanisms involved in abnormal
lactotroph cell proliferation and secretion. We have previously developed a prolactin
receptor deficient (Prlr–/–) mouse, which develops prolactinoma. The present study
aims to explore the natural history of prolactinoma formation in Prlr–/– mice, using
hormonal, radiological, histological and molecular analyses to uncover mechanisms
involved in lactotroph adenoma development. Prlr–/– females develop large secreting
prolactinomas from 12 months of age, with a penetrance of 100%, mimicking human
aggressive densely granulated macroprolactinoma, which is a highly secreting subtype.
Mean blood PRL measurements reach 14 902 ng/mL at 24 months in Prlr–/– females
while PRL levels were below 15 ng/mL in control mice (p < 0.01). By comparing
pituitary microarray data of Prlr–/– mice and an estrogen-induced prolactinoma
model in ACI rats, we pinpointed 218 concordantly differentially expressed (DE)
genes involved in cell cycle, mitosis, cell adhesion molecules, dopaminergic synapse
and estrogen signaling. Pathway/gene-set enrichment analyses suggest that the
transcriptomic dysregulation in both models of prolactinoma might be mediated by
a limited set of transcription factors (i.e., STAT5, STAT3, AhR, ESR1, BRD4, CEBPD,
YAP, FOXO1) and kinases (i.e., JAK2, AKT1, BRAF, BMPR1A, CDK8, HUNK, ALK, FGFR1,
ILK). Our experimental results and their bioinformatic analysis provide insights into
early genomic changes in murine models of the most frequent human pituitary tumor.

INTRODUCTION

prolactinoma, is the most common pituitary tumor, with a
prevalence of about 50 per 100 000 [1–3]. The excess of
PRL secretion by the tumor can result in hypogonadism,
infertility and galactorrhea, whereas tumor growth can
lead to compressive mass effects resulting in headache

Prolactin (PRL), the hormone of lactation, is
synthesized and secreted by lactotroph cells of the anterior
pituitary gland. Human lactotroph adenoma, also called
www.impactjournals.com/oncotarget
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and visual defects [4]. The molecular action of PRL is
exerted via a transmembrane PRL receptor (PRLR), which
is a member of the haematopoietic cytokine receptor
superfamily and is ubiquitously expressed including
on lactotroph cells. Physiologically, PRL synthesis and
secretion is under the control of multiple stimulatory
and inhibitory factors. Dopamine, which is secreted by
tubero-infundibular hypothalamic (TIDA) neurons, is
the primary inhibitory regulator of this process [5]. Its
inhibitory tone is exerted via D2 dopamine receptors
located on the surface of lactotroph cells. PRL itself exerts
a negative feedback effect on its own secretion. It has been
demonstrated in rodents that PRL stimulates hypothalamic
dopamine synthesis [6] and turnover [7, 8] and promotes
dopamine secretion into the pituitary portal blood [9]. Such
mechanism has been suggested to exist in humans [10].
Cabergoline, a D2-selective and potent agonist drug,
has been demonstrated to be an effective treatment for
prolactinomas [4]. However, about 10% of prolactinomas
are resistant to this therapy, a phenomenon that is not
currently understood [11]. These data point to the need for
a better understanding of the pathogenesis of prolactinoma,
thus animal models of lactrotroph adenomas can be useful
for this purpose.
We have previously developed a model of Prlrdeficient (Prlr–/–) mice [12], which exhibit hyperprolactinemia
and tumors associated with an increased lactrotroph cell
proliferation in both sexes, with a more severe phenotype in
females [13]. A loss of negative dopaminergic growth control
resulting from a lack of PRL action on the hypothalamus
might be at the origin of prolactinoma in this model but
a direct autocrine action of PRL on lactotroph cells is
not excluded [13]. Interestingly, hyperprolactinemia has
recently been observed in humans bearing an inactivating
heterozygous mutation of PRLR [14], reinforcing the
relevance of perturbations of PRLR signaling in this
pathology, and suggesting that the feedback mechanism
mentioned above is conserved among mammals.
The objective of the present study is to better
understand the natural history and molecular mechanisms
underlying prolactinoma development in Prlr–/– mouse
model, by classical approaches such as PRL measurements
and histological analysis, but also by original approaches
such as pituitary MRI imaging and transcriptomic analyses.

PRL levels soared from 223 ng/mL at 4 months of age to
14 902 ng/mL at 24 months in mutant mice (n = 6 for each
age) while PRL levels in control mice (n = 6 for each age)
were below 15 ng/mL at all ages (p < 0.01).
Magnetic resonance imaging (MRI)
To evaluate in vivo lactotroph tumor development,
pituitary MRI was performed in two 18-month-old
Prlr–/– female mice as compared to two Prlr+/+ animals
(Figure 2). This imaging technology revealed the
presence of large heterogeneous T1 enhanced pituitary
macroadenomas reaching 6.9 mm of diameter in Prlr–/–
females, with cerebral mass effect. This heterogeneous
magnetic signal after gadolinium injection suggested the
existence of an important neovascularization in the tumor,
a process also described in human prolactinomas [15].
Cabergoline treatment
Interestingly, such dramatic hyperprolactinemia
observed in Prlr–/– females was completely abolished
by the administration of the dopaminergic agonist
cabergoline. Two 12-month-old animals recovered normal
PRL values (10 ng/mL) after daily oral administration
of cabergoline (1 mg/kg/day) for one month. However,
pituitary MRI performance after 1 month and 3 months
of treatment did not reveal tumor size reduction,
suggesting a discordance in the response of Prlr–/– mice
to dopaminergic agonist treatment. We also performed
an anatomo-pathological assessment and were unable to
observe neither necrosis nor changes of fibrosis, but we
noticed a decreased mitotic activity compared to naïve
(non treated) animals. In humans, such discordance in
the response of a given patient with respect to decreased
PRL levels and tumor size reduction is rare but has already
been reported [16].
Histological analysis
In order to perform pituitary histological analysis,
mice were sacrificed at 4, 12, 18 and 24 months
(n = 6 in each group for both genotypes). At all ages, the
development of both anterior and posterior pituitary was
strictly normal in control (Prlr+/+) mice, with a well-visible
intermediate lobe (Figure 3A–3D). In these control mice,
the architecture was roughly acinar and reticulin staining
showed a relatively developed peri-acinar fiber network,
not identical to what is normally seen in adult human
anterior pituitary (Figure 4A). The anterior pituitary
cells were quite regular in shape and size without atypias
(Figure 4B). The cytoplasm of most cells was acidophilic
but some cells displayed basophilic cytoplasms. The nuclei
were spherical with a little or absent nucleolus. Mitotic
figures were absent (Figure 4B). PRL expression, assessed
by immunohistochemistry, showed a normal expression
with a “dot-like” pattern in lactotroph cells representing

RESULTS AND DISCUSSION
Natural history of prolactinoma development in
mice lacking Prlr
Prolactin levels
Prlr–/– female mice displayed a marked increased
PRL levels when compared to Prlr+/+ wild type
counterparts, and hyperprolactinemia showed a dramatic
increase with age (Figure 1). Specifically, mean blood
www.impactjournals.com/oncotarget
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around 20–30% of total cells (Figure 4C). No evidence of
pituitary adenoma was observed in any of the 25 Prlr+/+
studied mice.
The comparison between Prlr+/+ and Prlr–/– mice
revealed considerable differences in the size and shape
of pituitary glands as well as in cytological aspects.
Specifically, in 4-month-old Prlr–/– the lateral wings of
the anterior pituitary mice were already enlarged when
compared to those of Prlr+/+ mice (Figure 3A and 3E).
At this stage, cells were monomorphous, acidophilic,
with some prominent nucleoli but no mitotic figures or
evident adenoma were apparent. At ages of 12, 18 and
24 months, the pituitary glands of Prlr–/– mice were
drastically larger than those of Prlr+/+ mice (Figure 3F,
3G and 3H), with 100% tumor occurrence (n = 18). For
instance, in 12-month-old Prlr–/– mice, the lateral wings

of the anterior pituitary were clearly enlarged with a
solid and confluent growth pattern. Some cystic spaces
were visible (Figure 3F). Anterior pituitary cells were
monotonous, strongly acidophilic with voluminous nuclei
and prominent nucleoli. These findings were suggestive
of important hormone synthesis and secretion, related
to acidophilic adenoma, and are in agreement with the
very increased serum PRL levels. No evidence of normal
residual anterior pituitary was seen. At 18 months of
age, the lateral wings were even more and dramatically
enlarged, inducing a compression of the adjacent structures
such as the intermediate lobe, the posterior pituitary and
the olfactory lobes. At this stage, histological examination
showed that the anterior lobe was completely composed
by a strongly acidophilic solid adenoma. Cystic spaces
were frequent and hypervascularisation was observed

Figure 1: Blood PRL measurements in Prlr–/– mice compared to Prlr+/+ mice. Measurements were performed at 4, 6, 12, 18
and 24 months of age (n = 6 in each group). Mean ± SEM levels of PRL in mice of both genotypes **p < 0.01.

Figure 2: Coronal T1 weighted post-gadolinium enhanced Magnetic Resonance Imaging scans in Prlr+/+ and Prlr–/–
18-month-old female mice. (A) Normal pituitary gland in a Prlr+/+ mouse. Pituitary measured 2.9 × 0.9 mm, with a homogeneous
signal after gadolinium injection. (B) Representative pituitary imaging in a Prlr–/– mouse revealing heterogenous T1 enhanced pituitary
macroadenoma of 6.9 × 4.2 mm of diameter with cerebral mass effect.
www.impactjournals.com/oncotarget
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(Figure 3G). At 24 months of age, adenomas further
increased and measured approximately 7 mm of diameter,
with hemorrhagic and necrotic aspect (Figure 3H). No
evidence of bone invasion was found in any Prlr–/– mice.
Mitotic activity was estimated to 2–3 mitosis 10 highpower fields (HPF) and 5–8 mitosis/10HPF in 18-monthold and 24-month-old respectively demonstrating an active
process of cellular proliferation. Reticular network was

completely absent (Figure 4D). Cellular atypias were seen
and cells showed pleomorphic nuclei with evident and
voluminous nucleoli (Figure 4E). An immunohistochemical
analysis demonstrated a diffuse and intense PRL expression
with a mainly “dot-like” Golgi pattern (Figure 4F).
Altogether, these biological, morphological and
histological parameters illustrate that the absence of PRL
receptor induces the development of prolactinoma from

Figure 3: Pituitary enlargement in Prlr–/– compared to Prlr+/+ mice. Representative histological sections from Prlr+/+ of

4 (A), 12 (B), 18-month-old (C) and Prlr–/– female mice of 4 (E), 12 (F) and 18 month-old (G). Red ellipses indicate cystic spaces
and hypervascularisation. Bar scale = 500 μm. Macroscopical view of pituitary (yellow circle) of 24 month-old Prlr+/+ (D) and Prlr–/–
(H) female mice.
www.impactjournals.com/oncotarget
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12 months of age in females, with a penetrance of 100%.
Thanks to pituitary MRI, a very attractive noninvasive
imaging technology, anatomical tumor analysis was obtained.
The present study constitutes the first characterization
of such mouse pituitary adenomas by this technique.
Among different subtypes of prolactinomas, Prlr–/–
pituitary adenoma mimics a human aggressive densely
granulated macroprolactinoma, which is a highly secreting
subtype. Indeed, adenomatous cells are actively secreting in

this human tumor subtype much like in our model, as shown
by PRL measurements and also immunohistochemical
analysis. Moreover, the aggressiveness of Prlr–/–
prolactinomas is epitomized by their high mitotic activity. In
addition and interestingly, this study showed that cabergoline
potently suppresses hyperprolactinemia but did not induce
tumor shrinkage after 3 months of treatment, suggesting that
Prlr–/– mouse could be an interesting model to improve our
understanding of dopamine resistance in humans.

Figure 4: Histological analysis of anterior pituitaries from 24 month-old Prlr+/+ and Prlr–/– mice. Top row shows Gordon–

Sweet silver staining in pituitaries sections of Prlr+/+ (A) and Prlr–/– (D) mice. Black arrows indicate reticulin fibers. Middle row shows
hematoxylin and eosin-stained pituitary sections of Prlr+/+ (B) and Prlr–/– (E) mice. The wild-type pituitary has a normal architecture and
mixture of cells (B). The Prlr–/– genotype exhibits peliosis (extravasated erythrocytes not contained in capillaries) and lactotrophs with
very large Golgi regions and scattered, large, hyperchromatic, atypical nuclei. Yellow arrow indicates mitosis (E). Bottom row: PRL
immunohistochemistry. The wild-type pituitary (C) contains a few mature active lactotroph cells with PRL immunostaining. Almost all the
cells in the Prlr–/– pituitary (F) are active lactotrophs with PRL immunoreactivity. Bar scale = 50 µm.
www.impactjournals.com/oncotarget
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Transcriptomics reveals common molecular
alterations in Prlr–/– mice and in estrogeninduced rat prolactinoma

Regarding the concordantly down-regulated genes, the
classification system showed that they were enriched in
genes encoding cell adhesion and related molecules (i.e.
Cldn11, Alcam, Cdh2, Ncam1, Ncam2, Lrrc4c, Lrrc4b).
These findings are consistent with the fact that tumor
expansion and invasion rely on increased cell proliferation
and on changes in cell-to-cell adhesion. Indeed, several
markers of cell adhesion have already been investigated
and found dysregulated in prolactinomas [15, 20, 21].

To gain molecular insights into the pathogenesis
of prolactinoma induced by the absence of PRLR, we
performed a microarray analysis at 2 and 4 months of age
(n = 12 for both genotypes), before the overt appearance
of the tumors. Significance Analysis of Microarrays
[17] showed that the age of the animals did not modify
the gene expression patterns. Thus, we considered the
transcriptomes of 2 and 4 months (Prlr+/+ or Prlr–/–)
together to increase the statistical power of our analysis.
This analysis detected 839 genes whose expression was
modified by the Prlr knock-out, with a median false
discovery rate <0.01, and undergoing an expression foldchange of at least 1.8. We obtained a list of 588 PRLRactivated targets (i.e., with a decreased expression in the
absence of PRLR) and 251 repressed genes.
Next, we sought to identify the common set of genes
dysregulated in our model and in another murine model
of prolactinoma, to increase the robustness and expand
the signification of our findings. For this, we focused
on the model of 9 week-old male ACI rats treated with
implants containing 5 mg of diethylstilbestrol (DES),
which develop prolactinomas after 12 weeks of treatment.
In these animals, pituitaries enlarge up to 10-fold and
PRL levels increase up to 220 fold [18]. Specifically, we
explored previously reported microarray data for this rat
prolactinoma model (accession number GSE4028) [19]
using the GEO2R program implemented in GEO (Gene
Expression Omnibus). We focused on differentially
expressed (DE) genes having adjusted p-values lower
than 0.05. This analysis allowed us to obtain a list of 5647
DE genes (transcripts) in the pituitary of DES-treated
ACI rats compared with vehicle treatment, 2576 of which
were upregulated in the prolactinomas and 3071 downregulated. The intersection of the rat and mouse datasets
included an important number of common genes (303,
which represent 36% of the mouse dysregulated genes).
Then, we focused our attention only on the 218 genes
displaying concordant variations (either up- or downregulated in both models, Supplementary Table 1). A gene
set enrichment analysis showed that the concordantly
upregulated genes were characterized by keywords such
as cell cycle, regulation of cell proliferation, mitosis (i.e.,
Top2A, Rrm2, Cenpi, Bub1, Ska1, Spc25). This result is
consistent with an increased cell proliferation in Prlr–/–
pituitaries, which manifests anatomically as enlarged
lateral pituitary wings at 4 months. Other enriched terms
were dopaminergic synapse (i.e., Creb3l1, Itpr3, Drd4,
Gnai1) and estrogen signaling (i.e., Creb3l1, Itpr3,
Gnai1). This can be explained by the murine models
themselves, since one of them is induced by an estrogen
agonist, and the other is induced by disruption of PRL
signaling, which is mostly controlled by dopamine.
www.impactjournals.com/oncotarget

Potentially dysregulated downstream effectors in
murine prolactinomas
To further explore which signaling pathways were
perturbed in both mouse and rat prolactinoma models, we
used the list of 218 concordantly dysregulated genes to
search for enrichment in kinase targets. We focused our
attention on kinases expressed in the pituitary (according
to an arbitrary threshold set at 500 in the raw expression
data). Many targets of JAK2 (13 targets) and AKT1
(58 targets) were found in the common DE genes (Figure 5).
This is expected because both kinases participate in the
canonical PRL signaling pathway [22]. Indeed, although
the JAK/STAT pathway is considered as the major
downstream pathways for PRLR signaling, PRL also
activates the PI3K pathway, which involves AKT [23].
This view is supported by a recent pathway map depicting
the PRLR-dependent signaling pathway generated from
the analysis of 20 000 research articles [24]. In addition,
the DE genes were enriched in targets of other 7 kinases
(namely, BRAF, BMPR1A, CDK8, HUNK, ALK, FGFR1,
ILK). This result suggests that either the Prlr deletion or
DES treatment induces more complex signaling events
than expected. For instance, the integrin-linked kinase
(ILK) has emerged as a key transducer of β1-integrin
signaling required for PRL induced differentiation of
mammary epithelial cells, the target tissue of PRL [22].
ILK phosphorylates AKT1 and is thus required for signal
transduction via PRLR [25]. These results taken altogether
point to an activity of PRL signaling on lactotroph cells
themselves.
Regarding the BRAF oncogene, it is known that
it is commonly mutated in melanomas, papillary thyroid
carcinomas and papillary craniopharyngioma [26],
leading to constitutive activity in the Ras-mitogenactivated protein kinase (MAPK) pathway. Although no
BRAF mutations have been found in pituitary adenomas,
this kinase is overexpressed in non-functional pituitary
adenomas, suggesting an over-activity of the Ras-B-RafMAPK pathway in these tumors [27]. Along similar lines,
the tyrosine kinase Fibroblast Growth Factor Receptor 1
(FGFR1) was found to be highly expressed in pituitary
tumors [28]. A significantly increased Fgfr1 mRNA
expression has been described in functioning tumors
raising the possibility of using the FGFR1 as a molecular
tumor marker.
6149
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Finally, BMPR1A is a receptor for BMP4, which
plays a critical role in the formation of the anterior
pituitary during embryonic development, as well as in
the pathogenesis of adult pituitary tumors. In tumor
cells, BMP4 promotes PRL secretion and lactotroph cell
proliferation via a Smad-estrogen receptor (ER) crosstalk
[29]. The modulation of BMP4 also plays an important
role in the mechanism of action of dopaminergic agonists.
Interestingly, a enrichment analysis of these kinases
shows that four of them (FGFR1, BRAF, JAK2 and AKT1)
are linked to ERBB/EGFR pathway, and ErbB4 expression
level was found to be increased by approximately 2 times
in Prlr–/– mice compared to Prlr+/+ mice. This is consistent
with the fact that ErbB/EGFR signaling is a determinant
of PRL synthesis and lactotroph cell proliferation [30]
and that its expression in prolactinomas is associated with
tumor symptoms, invasion and response to dopamine
agonists [31].
Regarding the potential downstream effectors of
such kinases, we detected a series of 76 transcription
factors (TFs) (expressed in the pituitary, i.e., >500 arbitrary
units in our microarray data) whose known targets were
dysregulated in both rat and mouse models. They are
significantly involved in cancer and signaling pathways
regulating pluripotency of stem cells (adjusted p < 10–4). A
selection of the most interesting TFs is presented in Figure 6
along with the number of their potential targets and their
averaged fold change in the mouse model.
Among these transcription factors, we found STAT5
(signal transducer and activator of transcription factors 5)
and STAT3. This is consistent with the current view of
PRL signaling being mediated by Jak2–STAT in the target

tissues. This further supports the existence of an autocrine
regulatory PRL loop in the pituitary.
Estrogen receptor alpha (ERα) was also retrieved
by our analysis. ERα is an important physiological
regulator of lactotroph cell proliferation. This has been
demonstrated in vivo using ERα–/– mouse model [32] and
consistently, rat strains rapidly develop prolactinomas after
estrogen exposure [18]. This underscores the importance
of estradiol in the early stages of lactotroph tumorigenesis
which would also be operating at 4 months in our mouse
model.
Aryl hydrocarbon receptor (AhR) targets were
also found to be dysregulated. AhR is known to mediate
the effects of xenobiotics implicated in carcinogenesis
[33]. In line with its potential implication in the murine
model, it is the best-known interacting partner of the aryl
hydrocarbon receptor-interacting protein (AIP), whose
germline mutations predispose to pituitary somatotroph
and lactotroph adenomas in human [34].
Known targets of the transcription factor CEBPD
(CCAAT-enhancer-binding protein δ) also appeared
dysregulated. Consistently, CEBPD has been previously
identified as a critical gene regulating both PRL expression
and lactotroph cell proliferation and is downregulated
in prolactinomas [35]. Accordingly, Cebpd expression
level was also decreased by approximately 5 times in our
Prlr–/– mice compared to Prlr+/+ mice. CEBPD regulates
Cyclin D1 (CCND1), which was also detected as DE
gene in our study (increased by 2.5 times in Prlr–/–) and
dysregulated CCND1 is known to play a role in human
pituitary tumorigenesis [36, 37]. It is worth noting that
CCND1 potential targets were also DE in both mouse and

Figure 5: Main kinases whose known targets are dysregulated in both rat and mouse models. Dark grey bar charts indicate
for each kinase the mean fold change of up-regulated target genes. Pale grey bar charts indicate for each kinase the mean fold change of
down-regulated target genes. The number of up or down-regulated target genes for each kinase are indicated in the bar charts.
www.impactjournals.com/oncotarget
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rat models (p < 0.05). This is consistent with the fact that
CCND1 plays a crucial role in the regulation of cell cycle
and displays oncogenic properties.
Yes-associated protein (YAP) and the transcriptional
coactivator with PDZ-binding motif (TAZ) belong to
the Hippo signaling pathway and are phosphorylated by
the LATS1 kinase. This cascade regulates the growth of
tissues during development and plays a role in cancer.
Indeed, activation of Hippo signaling results in dysplastic
growth and increased organ size. It has been shown that
Lats1–/– mice exhibit a pituitary hyperplasia [38]. Thus, a
dysregulation of the Hippo pathway may also contribute to
pituitary tumorigenesis such as prolactinoma development.
FOXO1 (forkhead box transcription factor 1)
plays a role in normal somatotrope differentiation as
well as gonadotrope function. However, no role of this
transcription factor has yet been described in lactotroph
cell or in pituitary tumorigenesis [39]. That being said,
it is worth mentioning that FOXO TFs are well-known
targets of AKT1, and important regulators of cell-cycle and
proliferation in many cell types.
We have also explored the intersection between
the rat + mouse dataset and DE genes from microarray
data of human prolactinomas obtained from a previous
study [40]. The intersection included 12 genes (Cebpd,
Cdh2, Ghrhr, Gnrhr, Lgi1, Lrrn2, Plch2, Ppl, Stmn2,
Tmem30b, Igsf1, Spc25). Interestingly, among these 12
genes, 11 are targets of BRD4 which belongs to the BET
family of nuclear proteins carrying bromodomains that
are implicated in chromatin interactions. BRD proteins,
and most prominently BRD4, are important regulators

of MYCN transcription. A very recent study showed
that the overexpression of MYCN induced pituitary
tumors in mouse resembling human pituitary adenomas.
Furthermore, treatment by JQ1, a BRD4-inhibitor, resulted
in a reduction of tumor growth in vivo, suggesting that
pituitary gland tumorigenesis is dependent on MYCN
expression [41].
In order to gain insights into the interplay between
those various regulators (namely, kinases and TFs),
we built a network, by retrieving known direct proteinprotein interactions (i.e., interactome) among them using
Cytoscape. Interestingly, when using this list of 18 kinases
and TFs as input, 16 appeared directly connected to at
least another regulator (Figure 7). Moreover, several of
the TFs are known to be phosphorylated by at least one of
the kinases. This network highlights the strong interplay
between the potential effectors of PRLR, both at the
kinases and FTs levels, to coordinate the transcriptomic
response observed in the two rodent models.
The molecular events involved in the pathogenesis
of prolactinomas are still a matter of debate. Here, we
demonstrate the key role of PRLR signaling in initiating
prolactinoma, since Prlr–/– mice develop lactotroph
adenomas with 100% penetrance from 12 months
of age. Although its role in the mammary gland has
previously been established [42, 43], our study provides
evidence that a perturbation of PRLR signaling triggers
pituitary adenoma development. Combined biological
and histological analysis of Prlr–/– mouse adenomas
constitute an interesting approach to better understand
the human disease despite their phenotypic differences.

Figure 6: Main transcription factors (TF) whose known targets are dysregulated in both rat and mouse models.
Dark and pale grey bar charts indicate for each TF the mean fold change of up and down regulated target genes respectively. The number
regarding the bar chart indicates the number of up or down-regulated target genes for each TF.
www.impactjournals.com/oncotarget
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Prlr–/– prolactinomas constitute a model of aggressive
disease because of their high mitotic activity. The
absence of tumor shrinkage after 3 months of cabergoline
administration suggests that Prlr–/– prolactinomas could be
a model of the dopamine-resistant subtype. Additionally,
molecular analyses performed at an early stage, before
tumor occurrence, enabled us to identify a molecular
network in pathways that emerge from the absence of
PRLR and result in lactotroph adenoma several months
later. This strategy results in finding candidate genes that
could be involved in PRL pituitary tumors initiation.
The Prlr–/– mouse model will help identify the multiple
steps involved in pituitary tumorigenesis and test novel
therapeutic approaches such as tyrosine kinase inhibitors
that are already effective in the targeted treatment of
various tumors. Mouse pituitary MRI, as suggested by our
study, will open new avenue for tumor response evaluation
to such novel therapeutic options.

PRL concentrations were measured using a home-made
ultrasensitive-ELISA, as previously reported [44]. The
animal facility was granted approval (N°C94-043-12),
given by the French Administration (Ministère de
l′Agriculture). All procedures were approved by the local
ethic committee Consortium des Animaleries Paris Sud
(CAPSud) (N°2012-021).

Pituitary MRI scanning

MATERIALS AND METHODS

Gas anesthesia was induced using isoflurane
delivered in air at a flow of 4 L/min (Isovet, Centravet
Plancoët, France) and then with maintenance concentration
at 1 to 0.5 L/min and magnetic resonance imaging (MRI)
was performed with a. 4.7 Tesla (T) Bruker system (Biospec
47/40 USR Bruker, Ettlingen, Germany). A dose of 125 µL
Dotarem® (0.5 mM/mL gadolinium) was administered
intraperitoneally and T1 fat sat imaging acquisition was
performed 10 minutes later. Coronal sections of 300µm
were analyzed using Radiant Dicom viewer.

Hormonal analysis in mouse

Cabergoline treatment

Blood was collected from the tail vein of mice,
immediately diluted in PBS-T (PBS, 0.05% Tween20),
and then promptly frozen and stored until use at −20°C.

For drug response, blood was collected from two
12-month-old female Prlr–/– mice. Then, 1 mg/kg/day
cabergoline was administered orally during three months.

Figure 7: Interplay between regulators of DE genes downstream of PRLR. The set of dysregulated genes both in Prlr–/– mice

and in DES-treated rats were significantly enriched in targets of kinases (in red) and FTs (in blue). Those regulators are connected by known
direct protein-protein interactions (PPI) or are phosphorylation targets of another one (grey directed arrows). The network is rearranged
with receptors at the top (in purple, note that BMPR1A and FGFR1 are also kinases), kinases as intermediate regulators, and FTs as
downstream effectors. When PRLR function is abolished, the interplay between the regulators converges towards a dysregulation of their
targets, as detected by transcriptomics, that results in altered cell cycle and proliferation of lactotroph cells.
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Post-treatment blood sample and pituitary MRI scanning
were obtained after one month and three months of
treatment.

databases and manually curated bibliographic sources [46,
47] and additional manual search.
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support. CV and JY critically revised the manuscript. RAV
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In order to evaluate initial and delayed histological
abnormalities along prolactinoma development, mice were
sacrificed at ages 4, 6, 12, 18 and 24 months, and their
pituitary glands as well as the sella were inspected visually
with a dissecting microscope and placed immediately in
10% zinc formalin for 24 hours. After rapid decalcification
(pituitary glands and sella were placed in 50 mL DC3
histological decalcifier from VWR chemicals during
10 minutes), paraffin-embedded serial sections 4–5 μm
thick were cut with a standardized protocol and stained
with hematoxylin and eosin or the Gordon–Sweet silver
method for reticulin matrix. Immunohistochemical
staining to identify lactotroph cells was performed using
the streptavidin-biotin peroxidase technique. Primary
antiserum directed against PRL was used at the 1:20
000 dilution (provided by A.F. Parlow and the National
Hormone and Peptide Program) further diluted 1:20
(DAKO Corp., Carpinteria, California, USA).

Microarray data
Expression profiling data have been deposited at GEO
(https://www.ncbi.nlm.nih.gov/geo/; acc. no. GSE100334).
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Transcriptome analysis
Two and four month-old wild-type (n = 6 and
6 respectively) and Prlr–/– (n = 6 and 6 respectively)
mice were sacrified by decapitation. Pituitaries were
removed, pooled three by three to form duplicates for each
genotype, and frozen at –80°C before RNA extraction.
Fifty ng total RNA was amplified and labeled with
Cy3 using Low input Quick Amp labeling Kit (Agilent
technologies, Santa Clara, California, USA) according
to manufacturer’s instructions. Labeled cRNA was then
fragmented and hybridized over 1 Sureprint G3 Mm9
8 × 60 K array (Agilent technologies), allowing the study
of the 8 samples in parallel and interrogating over 40K
annotated transcripts of Mm9 assembly. Hybridization was
performed according to manufacturer’s instructions. Raw
fluorescence data were extracted using Genespring software
v12 (Agilent technologies) and normalized using the 75th
percentile method. Values were then log2 normalized and
subtracted of the median value for each replicate. The whole
experiment was replicated with another set of animals
(12 wild-type and 12 Prlr–/– mice). Differential gene
expression (DE) was assessed using Significance Analysis
of Microarrays [17]. The DE gene list was explored using
the gene set enrichment analysis program Enrichr [45] to
identify upstream regulators (kinases and transcription
factors) for which known targets are significantly enriched
in DE genes. This analysis was performed on 25 March
2016. The network was constructed using Cytoscape 3.3
and the GeneMania plugin to automatically retrieve known
direct protein-protein interactions (interactome) from
www.impactjournals.com/oncotarget

CONFLICTS OF INTEREST
None declared.

FUNDING
Funding was from Poste d’Accueil Inserm/
Plan Cancer 2014–2019, and la Société Française
d’Endocrinologie et Diabétologie Pédiatrique (SFEDP).
This work was supported by grants from Agence Nationale
de la Recherche (ANR 12 BSV1 0032–01).

REFERENCES

6153

1.

Daly AF, Rixhon M, Adam C, Dempegioti A,
Tichomirowa MA, Beckers A. High prevalence of pituitary
adenomas: a cross-sectional study in the province of Liege,
Belgium. J Clin Endocrinol Metab. 2006; 91:4769–75.
https://doi.org/10.1210/jc.2006-1668.

2.

Raappana A, Koivukangas J, Ebeling T, Pirilä T. Incidence
of pituitary adenomas in Northern Finland in 1992–2007.
J Clin Endocrinol Metab. 2010; 95:4268–75. https://doi.
org/10.1210/jc.2010-0537.

Oncotarget

3. Fernandez A, Karavitaki N, Wass JA. Prevalence of pituitary
adenomas: a community-based, cross-sectional study in
Banbury (Oxfordshire, UK). Clin Endocrinol (Oxf). 2010;
72:377–82. https://doi.org/10.1111/j.1365-2265.2009.03667.x.

17. Tusher VG, Tibshirani R, Chu G. Significance analysis
of microarrays applied to the ionizing radiation response.
Proc Natl Acad Sci USA. 2001; 98:5116–21. https://doi.
org/10.1073/pnas.091062498.

4. Molitch ME. Diagnosis and Treatment of Pituitary
Adenomas: A Review. JAMA. 2017; 317:516–24. https://
doi.org/10.1001/jama.2016.19699.

18. Spady TJ, Harvell DM, Lemus-Wilson A, Strecker TE,
Pennington KL, Vander Woude EA, Birt DF, McComb RD,
Shull JD. Modulation of estrogen action in the rat pituitary
and mammary glands by dietary energy consumption.
J Nutr. 1999; 129:587S–590S.

5. Grattan DR, Kokay IC. Prolactin: a pleiotropic neuroendocrine hormone. J Neuroendocrinol. 2008; 20:752–63.
https://doi.org/10.1111/j.1365-2826.2008.01736.x.

19. Strecker TE, Spady TJ, Schaffer BS, Gould KA, Kaufman AE,
Shen F, McLaughlin MT, Pennington KL, Meza JL, Shull JD.
Genetic bases of estrogen-induced pituitary tumorigenesis:
identification of genetic loci determining estrogen-induced
pituitary growth in reciprocal crosses between the ACI
and Copenhagen rat strains. Genetics. 2005; 169:2189–97.
https://doi.org/10.1534/genetics.104.039370.

6. Hökfelt T, Fuxe K. Effects of prolactin and ergot alkaloids
on the tubero-infundibular dopamine (DA) neurons.
Neuroendocrinology. 1972; 9:100–22.
7. Eikenburg DC, Ravitz AJ, Gudelsky GA, Moore KE.
Effects of estrogen on prolactin and tuberoinfundibular
dopaminergic neurons. J Neural Transm (Vienna). 1977;
40:235–44.

20. Turner HE, Nagy Z, Sullivan N, Esiri MM, Wass JA.
Expression analysis of cyclins in pituitary adenomas and
the normal pituitary gland. Clin Endocrinol (Oxf). 2000;
53:337–44.

8. Annunziato L, Moore KE. Prolactin in CSF selectively
increases dopamine turnover in the median eminence. Life
Sci. 1978; 22:2037–41.

21. Qian ZR, Li CC, Yamasaki H, Mizusawa N, Yoshimoto K,
Yamada S, Tashiro T, Horiguchi H, Wakatsuki S,
Hirokawa M, Sano T. Role of E-cadherin, alpha-, beta-,
and gamma-catenins, and p120 (cell adhesion molecules)
in prolactinoma behavior. Mod Pathol. 2002; 15:1357–65.
https://doi.org/10.1097/01.MP.0000039572.75188.1A.

9. Gudelsky GA, Porter JC. Release of newly synthesized
dopamine into the hypophysial portal vasculature of the rat.
Endocrinology. 1979; 104:583–7. https://doi.org/10.1210/
endo-104-3-583.
10. Mary P. Gillam, Mark E. Molitch. Prolatin. The Pituitary.
3rd ed. Shlomo Melmed. 2011; 119–66.

22. Bole-Feysot C, Goffin V, Edery M, Binart N, Kelly PA.
Prolactin (PRL) and its receptor: actions, signal transduction
pathways and phenotypes observed in PRL receptor
knockout mice. Endocr Rev. 1998; 19:225–68. https://doi.
org/10.1210/edrv.19.3.0334.

11. Gillam MP, Molitch ME, Lombardi G, Colao A. Advances
in the treatment of prolactinomas. Endocr Rev. 2006;
27:485–534. https://doi.org/10.1210/er.2005-9998.
12. Ormandy CJ, Camus A, Barra J, Damotte D, Lucas B,
Buteau H, Edery M, Brousse N, Babinet C, Binart N, Kelly
PA. Null mutation of the prolactin receptor gene produces
multiple reproductive defects in the mouse. Genes Dev.
1997; 11:167–78.

23. Berlanga JJ, Gualillo O, Buteau H, Applanat M, Kelly PA,
Edery M. Prolactin activates tyrosyl phosphorylation of
insulin receptor substrate 1 and phosphatidylinositol-3-OH
kinase. J Biol Chem. 1997; 272:2050–2.

13. Schuff KG, Hentges ST, Kelly MA, Binart N, Kelly PA,
Iuvone PM, Asa SL, Low MJ. Lack of prolactin receptor
signaling in mice results in lactotroph proliferation and
prolactinomas by dopamine-dependent and -independent
mechanisms. J Clin Invest. 2002; 110:973–81. https://doi.
org/10.1172/JCI15912.

24. Radhakrishnan A, Raju R, Tuladhar N, Subbannayya T,
Thomas JK, Goel R, Telikicherla D, Palapetta SM, Rahiman BA,
Venkatesh DD, Urmila KK, Harsha HC, Mathur PP, et al. A
pathway map of prolactin signaling. J Cell Commun Signal.
2012; 6:169–73. https://doi.org/10.1007/s12079-012-0168-0.
25. Delcommenne M, Tan C, Gray V, Rue L, Woodgett J, Dedhar S.
Phosphoinositide-3-OH kinase-dependent regulation of
glycogen synthase kinase 3 and protein kinase B/AKT by
the integrin-linked kinase. Proc Natl Acad Sci USA. 1998;
95:11211–6.

14. Newey PJ, Gorvin CM, Cleland SJ, Willberg CB, Bridge M,
Azharuddin M, Drummond RS, van der Merwe PA,
Klenerman P, Bountra C, Thakker RV. Mutant prolactin
receptor and familial hyperprolactinemia. N Engl J Med. 2013;
369:2012–20. https://doi.org/10.1056/NEJMoa1307557.
15. Gürlek A, Karavitaki N, Ansorge O, Wass JA. What are the
markers of aggressiveness in prolactinomas? Changes in
cell biology, extracellular matrix components, angiogenesis
and genetics. Eur J Endocrinol. 2007; 156:143–53. https://
doi.org/10.1530/eje.1.02339.

26. Brastianos PK, Taylor-Weiner A, Manley PE, Jones RT,
Dias-Santagata D, Thorner AR, Lawrence MS, Rodriguez FJ,
Bernardo LA, Schubert L, Sunkavalli A, Shillingford N,
Calicchio ML, et al. Exome sequencing identifies BRAF
mutations in papillary craniopharyngiomas. Nat Genet.
2014; 46:161–5. https://doi.org/10.1038/ng.2868.

16. Molitch ME. Pharmacologic resistance in prolactinoma
patients. Pituitary. 2005; 8:43–52. https://doi.org/10.1007/
s11102-005-5085-2.

27. Ewing I, Pedder-Smith S, Franchi G, Ruscica M, Emery M,
Vax V, Garcia E, Czirják S, Hanzély Z, Kola B,
Korbonits M, Grossman AB. A mutation and expression

www.impactjournals.com/oncotarget

6154

Oncotarget

analysis of the oncogene BRAF in pituitary adenomas.
Clin Endocrinol (Oxf). 2007; 66:348–52. https://doi.
org/10.1111/j.1365-2265.2006.02735.x.

38. St John MA, Tao W, Fei X, Fukumoto R, Carcangiu ML,
Brownstein DG, Parlow AF, McGrath J, Xu T. Mice
deficient of Lats1 develop soft-tissue sarcomas, ovarian
tumours and pituitary dysfunction. Nat Genet. 1999;
21:182–6. https://doi.org/10.1038/5965.

28. Cristina C, Luque GM, Demarchi G, Lopez Vicchi
F, Zubeldia-Brenner L, Perez Millan MI, Perrone S,
Ornstein AM, Lacau-Mengido IM, Berner SI, BecuVillalobos D. Angiogenesis in pituitary adenomas: human
studies and new mutant mouse models. Int J Endocrinol.
2014; 2014:608497. https://doi.org/10.1155/2014/608497.

39. Kapali J, Kabat BE, Schmidt KL, Stallings CE, Tippy M,
Jung DO, Edwards BS, Nantie LB, Raeztman LT, Navratil
AM, Ellsworth BS. Foxo1 is required for normal somatotrope
differentiation. Endocrinology. 2016; 157:4351–63.
https://doi.org/10.1210/en.2016-1372.

29. Paez-Pereda M, Giacomini D, Refojo D, Nagashima AC,
Hopfner U, Grubler Y, Chervin A, Goldberg V, Goya R,
Hentges ST, Low MJ, Holsboer F, Stalla GK, et al.
Involvement of bone morphogenetic protein 4 (BMP-4)
in pituitary prolactinoma pathogenesis through a Smad/
estrogen receptor crosstalk. Proc Natl Acad Sci USA. 2003;
100:1034–9. https://doi.org/10.1073/pnas.0237312100.

40. Evans CO, Moreno CS, Zhan X, McCabe MT,
Vertino PM, Desiderio DM, Oyesiku NM. Molecular
pathogenesis of human prolactinomas identified by gene
expression profiling, RT-qPCR, and proteomic analyses.
Pituitary. 2008; 11:231–45. https://doi.org/10.1007/
s11102-007-0082-2.
41. Fielitz K, Althoff K, De Preter K, Nonnekens J, Ohli J,
Elges S, Hartmann W, Klöppel G, Knösel T, Schulte M,
Klein-Hitpass L, Beisser D, Reis H, et al. Characterization
of pancreatic glucagon-producing tumors and pituitary
gland tumors in transgenic mice overexpressing MYCN
in hGFAP-positive cells. Oncotarget. 2016; 7:74415–26.
https://doi.org/10.18632/oncotarget.12766.

30. Vlotides G, Siegel E, Donangelo I, Gutman S, Ren SG,
Melmed S. Rat prolactinoma cell growth regulation by
epidermal growth factor receptor ligands. Cancer Res.
2008; 68:6377–86. https://doi.org/10.1158/0008-5472.
CAN-08-0508.
31. Cooper O, Mamelak A, Bannykh S, Carmichael J, Bonert V,
Lim S, Cook-Wiens G, Ben-Shlomo A. Prolactinoma ErbB
receptor expression and targeted therapy for aggressive
tumors. Endocrine. 2014; 46:318–27. https://doi.
org/10.1007/s12020-013-0093-x.

42. Brisken C, Kaur S, Chavarria TE, Binart N, Sutherland RL,
Weinberg RA, Kelly PA, Ormandy CJ. Prolactin controls
mammary gland development via direct and indirect
mechanisms. Dev Biol. 1999; 210:96–106. https://doi.
org/10.1006/dbio.1999.9271.

32. Scully KM, Gleiberman AS, Lindzey J, Lubahn DB,
Korach KS, Rosenfeld MG. Role of estrogen receptor-alpha
in the anterior pituitary gland. Mol Endocrinol Baltim Md.
1997; 11:674–81. https://doi.org/10.1210/mend.11.6.0019.

43. Goffin V, Binart N, Touraine P, Kelly PA. Prolactin: the new
biology of an old hormone. Annu Rev Physiol. 2002; 64:47–67.
https://doi.org/10.1146/annurev.physiol.64.081501.131049.

33. Dietrich C, Kaina B. The aryl hydrocarbon receptor (AhR)
in the regulation of cell-cell contact and tumor growth.
Carcinogenesis. 2010; 31:1319–28. https://doi.org/10.1093/
carcin/bgq028.

44. Guillou A, Romanò N, Steyn F, Abitbol K, Le Tissier P,
Bonnefont X, Chen C, Mollard P, Martin AO. Assessment of
lactotroph axis functionality in mice: longitudinal monitoring
of PRL secretion by ultrasensitive-ELISA. Endocrinology.
2015; 156:1924–30. https://doi.org/10.1210/en.2014-1571.

34. Vierimaa O, Georgitsi M, Lehtonen R, Vahteristo P, Kokko A,
Raitila A, Tuppurainen K, Ebeling TM, Salmela PI,
Paschke R, Gündogdu S, De Menis E, Mäkinen MJ,
et al. Pituitary adenoma predisposition caused by germline
mutations in the AIP gene. Science. 2006; 312:1228–30.
https://doi.org/10.1126/science.1126100.

45. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF,
Duan Q, Wang Z, Koplev S, Jenkins SL, Jagodnik KM,
Lachmann A, McDermott MG, Monteiro CD,
Gundersen GW, et al. Enrichr: a comprehensive gene set
enrichment analysis web server 2016 update. Nucleic Acids
Res. 2016; 44:W90–97. https://doi.org/10.1093/nar/gkw377.

35. Tong Y, Zhou J, Mizutani J, Fukuoka H, Ren SG, GutierrezHartmann A, Koeffler HP, Melmed S. CEBPD suppresses
prolactin expression and prolactinoma cell proliferation.
Mol Endocrinol Baltim Md. 2011; 25:1880–91. https://doi.
org/10.1210/me.2011-1075.

46. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT,
Ramage D, Amin N, Schwikowski B, Ideker T. Cytoscape: a
software environment for integrated models of biomolecular
interaction networks. Genome Res. 2003; 13:2498–504.
https://doi.org/10.1101/gr.1239303.

36. Hibberts NA, Simpson DJ, Bicknell JE, Broome JC,
Hoban PR, Clayton RN, Farrell WE. Analysis of cyclin D1
(CCND1) allelic imbalance and overexpression in sporadic
human pituitary tumors. Clin Cancer Res. 1999; 5:2133–39.

47. Montojo J, Zuberi K, Rodriguez H, Kazi F, Wright G,
Donaldson SL, Morris Q, Bader GD. GeneMANIA
Cytoscape plugin: fast gene function predictions on the
desktop. Bioinformatics. 2010; 26:2927–28. https://doi.
org/10.1093/bioinformatics/btq562.

37. Fedele M, Fusco A. Role of the high mobility group A proteins
in the regulation of pituitary cell cycle. J Mol Endocrinol.
2010; 44:309–18. https://doi.org/10.1677/JME-09-0178.

www.impactjournals.com/oncotarget

6155

Oncotarget

