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Abstract

Prolactin-secreting tumors (prolactinomas) represent the most
common pituitary tumor type, accounting for 47-66% of func-
tional pituitary tumors. Prolactinomas are usually benign and
controllable tumors as they express abundant levels of dopa-
mine type 2 receptor (D2), and can be treated with dopaminer-
gic drugs, effectively reducing prolactin levels and tumor vol-
ume. However, a proportion of prolactinomas exhibit aggres-
sive features (including invasiveness, relevant growth despite
adequate dopamine agonist treatment, and recurrence poten-
tial) and few may exhibit metastasizing potential (carcinomas).
In this context, the clinical, pathological, and molecular defini-
tions of malignant and aggressive prolactinomas remain to be
clearly defined, as primary prolactin-secreting carcinomas are
similar to aggressive adenomas until the presence of metasta-

© 2019 S. Karger AG, Basel

KARGER

E-Mail karger@karger.com
www.karger.com/nen

ses is detected. Indeed, standard molecular and histological
analyses do not reflect differences between carcinomas and
adenomas at afirst glance and have limitations in prediction of
the aggressive progression of prolactinomas, wherein the
causes underlying the aggressive behavior remain unknown.
Herein we present a comprehensive, multidisciplinary review
of the most relevant epidemiological, clinical, pathological, ge-
netic, biochemical, and molecular aspects of aggressive and

malignant prolactinomas. ©2019S. Karger AG, Basel

Introduction

Prolactin (PRL)-secreting tumors or prolactinomas
comprise the most common pituitary tumor type, ac-
counting for 47-66% of all pituitary tumors [1, 2]. Prolac-
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tinomas are inexorably associated with hyperprolac-
tinemia, which results in impaired fertility, decreased li-
bido, amenorrhea, and galactorrhea. However, tumor
growth also leads to compressive mass effects, resulting
in headache, visual disturbances, and hypopituitarism
[3]. Prolactinomas, like other pituitary tumor types, are
categorized by the World Health Organization 2017 clas-
sification into PRL-producing adenomas and carcinomas
[4]. PRL-producing pituitary adenomas are classified as
microadenomas (which are smaller than 10 mm in diam-
eter), macroadenomas (which are equal to or larger than
10 mm), and giant prolactinomas (characterized by a tu-
mor size larger than 40 mm) [3]. PRL-producing pituitary
carcinomas are defined by the presence of cerebrospinal,
meningeal, or distant metastasis [4]. From a clinical per-
spective, in contrast to other pituitary tumors, prolacti-
nomas respond well to medical therapy alone as first-line
treatment. Due to the abundant expression of dopamine
type 2 receptor (D2), these tumors can be treated with
dopaminergic drugs (mainly bromocriptine and cabergo-
line), which effectively reduce PRL levels and decrease the
tumor volume in most cases [3].

Pituitary tumors are highly heterogeneous lesions and,
despite being considered benign, many of them are inva-
sive (30-45%) [5, 6], with up to 15% being clinically ag-
gressive [7, 8]. For this reason, a new terminology, i.e.,
pituitary neuroendocrine tumors or PitNETs, has been
recently proposed in order to highlight the complex and
heterogeneous features of these neoplasms [9]. In this
sense, the European Society of Endocrinology (ESE) re-
cently published clinical practice guidelines for the man-
agement of these forms of pituitary lesions, including ag-
gressive pituitary tumors and carcinomas. In particular,
in the guidelines, aggressiveness is defined as a radiologi-
cally invasive tumor with an unusually rapid tumor
growth rate, or clinically relevant tumor growth despite
optimal standard therapies (surgery, radiotherapy, and
conventional medical treatments), while carcinoma is de-
fined as a tumor that metastasizes [10]. Truly pituitary
carcinomas are very rare and, from a clinically relevant
perspective, the concept of aggressiveness in prolactino-
mas should include, in addition to these rare cases of
PRL-secreting carcinomas with metastasis, also the cases
of locally invasive prolactinomas, including giant prolac-
tinomas, that show a rapid tumor growth and are resis-
tant to treatment with dopamine agonists (DA) [11].
Such an extended concept may embrace the biological,
pathological, anatomical, and clinical aspects which may
be hallmarks of aggressiveness in endocrine diseases. Pro-
lactinomas associated with neuroendocrine syndromes
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Table 1. Main characteristics of aggressive prolactinomas

Characteristic Description

Clinical Radiologically invasive tumors that are resistant
features to optimal DA therapy and show recurrence
potential after surgery and/or radiotherapy
(adapted from Raverot et al. [10])
Medical TMZ [45]
management Lapatinib and cabergoline [62]
Pasireotide long-acting release [51]
Everolimus [44]
Nonmedical  Surgery [66]
management Radiotherapy [69]
PRRT [75]
Pathology 2 out of 3 proliferative markers (Ki-67 index >3%
markers in formalin fixative, mitoses >2/10 HPF, positive
p53 [10 strongly positive nuclei/10 HPF]) [10]
Molecular Decrease in DRD2 mRNA transcription and/or
markers alterations in the D2 receptor-related signaling

pathways [33-35]

DRD? gene splicing variants and polymorphisms
[36-38]

Lower levels of PRDM2, Filamin A, or PRB3

(39, 40]

Elevated TGF-f;/Smad3 signaling pathway [41]
High levels of ADAMTS6, ASK, CCNBI, CENPE,
CRMPI1, and ALK7 mRNA (determined by
qPCR) [10, 92, 95]

HPF, high-power fields at X400 magnification; DRD2, type 2
dopamine receptor gene; D2, type 2 dopamine receptor; PRDM2,
PR domain zinc finger protein 2.

are also discussed, since some of them pose some difficul-
ties in terms of their management [11].

Radiation therapy and temozolomide (TMZ), an oral
alkylating agent, are useful adjuvant therapies in cases
where an aggressive prolactinoma cannot be controlled
despite the optimal conventional medical treatment and
surgery [12, 13]; however, the efficacy of such approaches
is variable and significant side effects or complications
may arise [14, 15]. Due to the complex and multimodal
management required, patients with aggressive prolacti-
nomas should be referred to tertiary centers for multidis-
ciplinary treatment [10].

In particular, we review herein the current state of the
art of the clinical approach to and the management of
malignant and aggressive (invasive/giant and resistant to
treatment) prolactinomas, including an insight on the
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most relevant pathologic diagnosis and treatment aspects
(Table 1).

Clinical and Medical Aspects

Malignant Prolactinomas

PRL-secreting carcinomas are very rare and their diag-
nostic definition is usually challenging. Although the ex-
act incidence is not well established, pituitary carcinomas
represent 0.2% of all operated adenohypophyseal tumors
[16]. Indeed, the most common types of pituitary tumors
that progress to carcinoma are prolactinomas and ACTH-
positive adenomas [17]. Initially, malignant prolactino-
mas are indistinguishable from aggressive adenomas and
there is no biomarker that can reliably predict malignan-
cy as defined by the metastatic spread [9]. A combination
of clinical and histological features seems to be required
for the diagnosis of malignant prolactinomas, including
the evolution of the tumor over time and the assessment
of proliferation markers [18, 19], but they are neither suf-
ficient to distinguish between carcinomas and adenomas
nor able to predict whether and why the aggressive tumor
will become cancerous and metastasize. In fact, only after
the evidence of cerebrospinal and/or systemic metastases
has been obtained can the diagnosis of carcinoma be con-
firmed [20]. However, such a definition does not take into
consideration the malignant potential of the tumor,
which could develop metastasis at a later stage, indepen-
dently of the presence of metastases at the time of diag-
nosis or clinical evaluation. In addition, atypical pituitary
adenomas and pituitary carcinomas are clinically and his-
tologically similar, so it could be suggested that atypical
pituitary adenomas represent tumors with a malignant
potential without metastasis [21]. For all of these reasons,
the definition of malignant prolactinoma is still a matter
of debate in the scientific community [18, 22].

The preferential site for metastasis in this type of tu-
mors remains controversial, with reports showing that
57% of malignant prolactinomas develop systemic me-
tastasis rather than central nervous system metastasis
[23] and others showing that central nervous system me-
tastases are more common [17]. In this sense, gallium-
68 (®®Ga)-DOTATATE positron emission tomography
(PET)/computer tomography (CT) displays a higher
resolution and contrast in comparison to '*F-FDG PET/
CT and enhanced magnetic resonance imaging (MRI),
at least for identifying cerebral metastases [24]. Howev-
er, an increased '8F-FDG PET/CT uptake as a marker for
tumor aggressiveness, combined with the use of ®Ga-

Malignant Prolactinomas

DOTATATE for somatostatin receptor targeted visual-
ization, seems to represent the method of choice to accu-
rately identify systemic metastases [25]. Malignant pro-
lactinomas exhibit a reported latency between 2 months
and 22 years, with an average latency of 4.7 years [23]. The
prognosis after a diagnosis of metastatic spread is poor,
with a mean survival time of 10 months [17]. Remarkably,
both surgery/radiotherapy-naive and DA/TMZ-treated
PRL-secreting tumors can present with metastasis and,
therefore, the effect of surgery and/or radiotherapy on
tumor behavior is difficult to estimate.

Medical treatment with DA is usually used as first-line
therapy with the aim of reducing the tumor mass. In con-
trast, only palliative options remain by the time cranio-
spinal or systemic metastases are evident. Debulking sur-
gery is necessary for symptom relief in the case of com-
pression by a tumor mass. A chemotherapy and/or
radiotherapy approach has not been shown to prolong
survival. With a lack of other alternatives and according
to ESE guidelines, TMZ monotherapy is the first-line che-
motherapy after unsuccessful standard therapies [10].
Despite promoting a tumor volume reduction of 47%,
TMZ does not seem to prolong the survival time [17].

Aggressive Prolactinomas

In the case of PRL-secreting pituitary tumors, aggres-
siveness should be considered in patients with invasive
tumors with relevant growth and hormonal overproduc-
tion, despite adequate DA therapy, requiring additional
treatment such as surgery and radiotherapy and present-
ing a multirecurrent potential (Table 1). Their prevalence
among prolactinomas seems to be low, although it is dif-
ficult to assess due to the lack of prospective studies, dif-
ferent definitions of aggressiveness, and the presence of
case presentation publication bias. In a multicenter study
of 92 patients with cabergoline-resistant prolactinomas,
only 4 patients had locally aggressive tumors and 3 pa-
tients developed a pituitary carcinoma [26]. Similarly, in
an independent study with a cohort of 94 operated pro-
lactinomas, 11 were considered aggressive. There was an
equal sex distribution, and 10 patients showed persis-
tence of disease after surgery and 8 showed long-term
progression [27]. Furthermore, in a cohort of 102 subjects
with aggressive pituitary adenomas, 23 were PRL secret-
ing, with a 3:1 male preponderance. The majority of the
patients were surgically treated, with a modest remission
rate of 10% [28].

A particular example of aggressive PRL-secreting tu-
mors is comprised by giant prolactinomas. They are de-
fined as pituitary adenomas with the largest diameter of
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Fig. 1. MRI of a DA-resistant macropro-
lactinoma in a 12-year-old patient with
MENI1. a Before cabergoline treatment
(initial PRL level: 923 ng/mL; for conver-
sion to mU/L, multiply by 21.2). b Seven
months after cabergoline treatment (PRL
level: 893 ng/m). At the last follow-up cab-
ergoline was administered daily. Note that,
despite no significant tumor volume
change under cabergoline treatment, the
visual field defect considerably improved
in this patient.

40 mm or more in any direction and with: (1) massive
extrasellar extension, often into the surrounding intra-
cranial structure; (2) a very high baseline PRL concentra-
tion, usually above or equal to 1,000 mg/L determined
using a modern and well-standardized assay; and (3) ex-
clusion of concomitant GH or ACTH secretion [29, 30].
Giant prolactinomas are rare tumors more frequently
found in middle-aged males, with a male-to-female ratio
of about 9:1 [29]. However, despite their aggressiveness
due to their size and invasiveness, significant tumor
shrinkage (>30%) after DA treatment has been observed
in 3 out of 4 patients, whereas a lack of PRL normalization
on adequate doses has been found only in 1 out 4 patients
[29]. A rapid improvement of visual field defects can be
observed even in the absence of a significant tumor re-
duction; however, the risk of CSF leakage and apoplexy is
increased in these patients [30].

Resistant-to-Treatment Prolactinomas

The definition of resistance to DA constitutes a matter
of debate and does not really account for the differences
between partial and total resistance. However, it is com-
monly accepted to define resistance to treatment as a fail-
ure to normalize serum PRL levels and/or a failure to re-
duce the tumor size by at least 50% from the initial vol-
ume (Fig. 1) on the maximal conventional doses of DA
(i.e., 7.5 mg/day of bromocriptine or 2.0 mg/week of ca-
bergoline) [31]. According to these criteria, the preva-
lence of DA resistance in patients with prolactinomas is
10-15% [26].

Among the different molecular explanations for DA
resistance, a significant decrease in DRD2 mRNA tran-
scription and/or alterations in the D2 receptor-related
signaling pathways play a major role [32-35]. More re-
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cently, the differential expression of DRD2 isoforms was
proposed as a putative molecular mechanism that leads
to different responses to DA. In a recent study, patients
with surgically resected prolactinomas were divided,
based on their response to DA, into the following catego-
ries: responder (n = 5), resistant (n = 5), and secondary
resistant to DA (n =2). A significant decrease in the DRD2
long isoform mRNA expression in resistant and second-
ary resistant tumors as compared to sensitive ones was
found [36]. Likewise, the influence of DRD2 gene poly-
morphisms on the response to DA has been studied in
patients with prolactinomas treated with cabergoline, but
no correlation has been found [37, 38]. Recently, a whole-
exome sequencing study revealed a lower gene and pro-
tein expression of PR domain zinc finger protein 2
(PRDM?2) in bromocriptine-resistant versus responsive
prolactinomas [39]. The PRDM2 gene encodes a protein
whose major role is to stabilize chromosomal structures,
modulating gene expression and ultimately playing a role
as a tumor suppressor gene. Moreover, the overexpres-
sion of PRDM?2 in rat PRL-secreting pituitary tumor
MMQ cells led to the upregulation of DRD2 expression
and therefore potentiated the inhibitory effect of bro-
mocriptine on PRL secretion [39].

Several other molecular pathways have been implicated
in the occurrence of DA resistance in prolactinomas. For
instance, the expression of Filamin-A, a cytoskeleton pro-
tein with scaffolding properties, is downregulated in paral-
lel to DRD2 in human resistant prolactinomas [40]. More-
over, silencing of the Filamin-A expression in human sen-
sitive prolactinomas resulted in a significant decrease in
D2 membranous expression and abrogation of the DA-
induced inhibition of PRL release and antiproliferative sig-
nals. In a reciprocal way, restoration of D2 expression and
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PRL responsiveness to DA occurred when Filamin-A was
overexpressed in resistant prolactinomas [40].

In addition, the TGF-p/Smad pathway may be another
candidate to explain prolactinoma drug resistance. The
TGF-p1/Smad3 signaling pathway is elevated in resistant
prolactinomas with obvious fibrosis, and in vitro experi-
ments have shown that TGF-B1/Smad3 pathway-mediat-
ed fibrosis is involved in the mechanism of drug resistance
[41]. Moreover, a recent study showed that low levels of
PRB3 mRNA are observed in resistant prolactinomas and
they are associated with a higher risk of tumor recurrence,
though the exact role of the PRB3 remains elusive [39].

Finally, although germline PRL receptor (PRLR) mu-
tations are not identified as major causes of sporadic pro-
lactinomas in humans [42], a recent work by Gorvin et
al. [43] showed that a rare variant of the PRLR (i.e.,
Asn4921le) described in humans with prolactinomas that
require surgery could be associated with a higher trend of
tumor proliferation and therefore could be a new signifi-
cant factor sustaining prolactinoma growth, relapse, and
ultimately aggressiveness [43]. Therefore, this gain-of-
function mutation of PRLR, which activates Akt signal-
ing, may represent a novel and possibly clinically useful
finding inasmuch as everolimus may constitute a poten-
tial effective treatment in these patients, as recently re-
ported in a clinical case [44].

Available treatment approaches for DA-resistant cases
could be grouped into medical and nonmedical ap-
proaches, as described below. However, in many cases, a
multimodal treatment is needed.

Medical Management and Prognosis

The main medical approach for the treatment of ag-
gressive, invasive tumors that are refractory to first- and
second-line therapies is TMZ, an oral chemotherapeutic
agent that causes alkylation of guanine to O°-methylgua-
nine, promoting DNA damage by base mismatch repair.
Several studies have demonstrated the efficacy of TMZ
treatment in aggressive prolactinomas, as well as in other
aggressive pituitary tumors. Whitelaw et al. [45] estimat-
ed a success rate of 75% in DA-resistant prolactinomas
(15 out of 20 cases), with clinical and biochemical im-
provement in all cases. However, subsequent analyses
have adjusted that success ratio to 50-60%, with most cas-
es being patients in complete or partial remission and
about 10-20% of cases being patients with stable disease
(46, 47]. A recent study reported a cohort of 166 patients
with aggressive pituitary tumors and carcinomas treated

Malignant Prolactinomas

between 2006 and 2016, including 40 prolactinomas [48].
Most included cases were treated with TMZ as first-line
therapy, with a 50% tumor regression (defined as >30%
reduction in size) rate in prolactinomas. In this series,
complete response (defined as no visible tumor) was
achieved in 2 patients (5%) and disease progression after
TMZ was reported in 9 patients (24%).

According to the scientific evidence, the ESE Clinical
Practice Guidelines for the management of aggressive pi-
tuitary tumors and carcinomas recommend TMZ as first-
line chemotherapy. The standard TMZ regimen consists
of cycles of 150-200 mg/m? for 5 consecutive days every
28 days [10], starting with 150 mg/m? in the first cycle and
increasing to 200 mg/m? Treatment success evaluation
after a 3-month trial allows the identification of TMZ re-
sponders [10, 49, 50]. In the case of a good response, the
treatment should continue for at least 3 additional cycles,
although it can be extended as long as there is a clinical
benefit and good tolerance. Hematological toxicity is the
most common and dose-limiting adverse effect. Nausea
and fatigue have been described at a lower frequency [7].
Importantly, TMZ response is significantly associated
with a more extended overall survival [51, 52].

A possible mechanism underlying TMZ resistance is
the expression of O%-methylguanine-DNA methyltrans-
ferase (MGMT). MGMT is an enzyme involved in DNA
repair via the removal of nucleotide alkylation caused by
TMZ. Indeed, a low MGMT expression or MGMT pro-
moter methylation is related to a better response to TMZ
treatment in gliomas and advanced neuroendocrine tu-
mors [53, 54]. However, MGMT is not a clear predictor
of aggressive pituitary tumors. While some studies have
shown no significant association [7, 50, 51, 55], other
studies have reported a good or partial response to TMZ
in patients with a lower MGMT expression [45, 49, 56,
57].Itis important to indicate that most conclusions have
been drawn from case reports and small series of patients
and stem from different approaches to assess MGMT ex-
pression and methylation. In a recent publication by
Bengtsson et al. [58] including 17 patients with long-term
follow-up after the start of TMZ treatment (30 months),
a cut-off value of 10% MGMT expression allowed a pre-
cise and significant stratification of patients into groups
of longer and shorter survival (83 vs. 26 months, respec-
tively) [58]. However, further studies are needed to pre-
cisely determine the predictive value of MGMT.

Unfortunately, there is no solid evidence supporting
any other type of medical therapy, which has special rel-
evance for cases of a lack of response or tumor progres-
sion after TMZ. Conventional chemotherapeutic agents,
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such as 5-fluorouracil, etoposide, and platinum salt-based
schemes, have not demonstrated any consistent effect, al-
though only single cases or small numbers of patients are
available in the literature [59-61]. Concomitant treat-
ment with lapatinib and cabergoline was shown to reduce
PRL levels in a small pilot trial with 2 patients [62] and is
under further investigation. In addition, studies using the
first-generation somatostatin analogs lanreotide and oc-
treotide to treat DA-resistant prolactinomas have been
inconclusive [18, 63, 64]. However, a recent case report
showed promising results with the multireceptor-target-
ed somatostatin receptor ligand pasireotide. The reported
patient was unsuccessfully treated with increasing doses
of bromocriptine, several surgeries, and cabergoline and
showed a normalization of plasma PRL and disease re-
mission during treatment with pasireotide long-acting
release for 6 years [65].

Nonmedical Management and Prognosis

Surgery is the main nonmedical intervention in prolac-
tinomas patients. Overall, 10-15% of patients remain DA
resistant and require surgery, which can also be considered
for patients who are intolerant of medication or have larg-
er tumors prepregnancy [66]. After transphenoidal sur-
gery, biochemical remission with normoprolactinemia is
achieved usually in 71-93% of cases, with a recurrence rate
of 18% in microprolactinomas operated either due to resis-
tance to/intolerance of DA or due to the patient’s choice
[67]. Remission occurred in 34% of macroprolactinomas,
with a recurrence rate of 23% [68]. However, it seems that
the remission rate is much lower when only cabergoline-
resistant patients are considered. In the European Multi-
center Study of 92 cabergoline-resistant patients, 56 under-
went transsphenoidal surgery, and their rate of biochemi-
cal control was only 7.8% without medication and 5.3%
with medication [26]. It is important to note that, nowa-
days, the morbidity of transsphenoidal surgery is negligible
in the hands of experienced pituitary surgeons.

Radiotherapy is usually reserved for: prolactinomas
resistant to medical therapy that pose a tumor problem,
patients with residual or recurrent tumors after surgery
that show a tumor growth potential and threaten the op-
tic chiasma and optic nerves, patients who are disturbed
by clinical signs of hyperprolactinemia (e.g., galactor-
rhea and infertility) and, patients with a high preopera-
tory risk. As in most hormone-producing pituitary ade-
nomas, tumor control is achieved at a higher rate com-
pared to hormonal control. A recent review reported
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tumor control ranging from 85 to 100% and biochemical
control ranging from 16 to 47% at a variable median fol-
low-up of 29-96 months in prolactinomas [69]. The
most frequent long-term side effect of radiotherapy is
hypopituitarism, followed by an increased risk of malig-
nant brain tumors or meningiomas and a low risk of op-
tic pathway injury [10].

Peptide receptor targeting relies primarily on the pres-
ence of sufficiently large quantities of tumor receptors
that are able to bind peptide analogs with a high affinity.
The radiolabeled peptides can be used both as diagnostic
elements and as a means to deliver the radiotracer into the
tumor cell, thus increasing the radioactive signal at the
target site [70]. In addition to DRD2, prolactinomas ex-
press somatostatin receptors (SSTRI-5). Although the
immunohistochemistry expression profile may differ
from the mRNA expression [71], SSTRI and SSTR5 seem
to be present, while SSTR2 seems to be expressed at low
levels, in prolactinomas [72]. However, the knowledge on
the SSTR profile in prolactinomas is scarce, with diver-
gent published data. For example, high amounts of SSTR1
mRNA with lower levels of other SSTR have been de-
scribed [73], whereas in another study SSTR5 mRNA was
the dominant receptor subtype in 7 out of 10 tumors [74].
In any case, "'"In-DTPA-octreotide (OctreoScan) has
long been the standard in SST scintigraphy. It binds to
SST2 and SST5 and, to a lesser degree, to SST3, while it
does not show any affinity to SST1 or SST4. Therefore,
this approach has a limited effect on dopamine-resistant
prolactinomas, depending on the presence or the absence
of these receptor subtypes. A major step forward was
the introduction of 8Ga-labeled SST agonists for PET,
which offer an improved diagnostic sensitivity. *3Ga-
DOTATATE and %Ga-DOTATOC are ideally suited to
identifying eligible patients, whereas '”’Lu-DOTATATE
and *°Y-DOTATOC, currently the most frequently used
radiopharmaceuticals for peptide receptor radionuclide
therapy (PRRT), are rational candidates to treat aggres-
sive prolactinomas [75]. To date, 3 cases of aggressive,
resistant-to-treatment prolactinomas and 1 somatomam-
motroph adenoma have been reportedly treated with
PRRT (i.e., 3 patients were treated with ''In-DTPA-oc-
treotide and 1 was treated with '”’Lu-DOTATATE). Two
patients responded with remarkable tumor shrinkage and
a significant improvement in clinical conditions [76, 77],
whereas 2 of them showed tumor progression [77, 78]. In
this scenario, a better characterization of the receptor
profile may help to predict the clinical response to PRRT.
In addition, developing radiolabeled peptide ligands ca-
pable of binding D2 or of binding both somatostatin/do-
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pamine receptors (such as BIM-23A760 — an SST2/SST5/
D2 receptor agonist, and dopastatin — an SST2/D2 recep-
tor agonist) may represent the new future approach in
PRRT of dopamine-resistant prolactinomas.

Aggressive Prolactinomas in Genetic
Neuroendocrine Syndromes

Prolactinomas associated with the presence of genetic
syndromes represent only 22-38% of all pituitary adeno-
mas, whereas their sporadic counterparts exhibit a much
higher prevalence. PRL-secreting adenomas with or with-
out associated hyperplasia have been found, in syndrom-
icsettings, in multiple endocrine neoplasiatype 1 (MEN)1,
MEN4, Carney complex, and McCune-Albright syn-
drome and, in isolated settings, in aryl hydrocarbon re-
ceptor interacting protein (AIP) mutation-positive cas-
es, X-linked acrogigantism (XLAG) syndrome due to
GPR101 duplications, and AIP- and GPR101-negative fa-
milial isolated pituitary adenomas (FIPA) [79].

MENI is a genetic disease that predisposes carriers to
the development of various endocrine tumors including
pituitary adenomas in 30-50% of patients. Prolactinomas
represent the vast majority of secreting adenomas in these
patients (up to 73%) [80], and these tumors seem to be
less sensitive to DA and more difficult to treat as com-
pared to their nonmutated counterparts [81, 82]. Al-
though, there is a lack of molecular explanations to deci-
pher why and how MEN1 mutations lead to a lower sen-
sitivity to DA, a clue could actually lay in the fact that,
histologically, MEN1 prolactinomas have a higher prob-
ability of being more invasive [81, 83]. Remarkably, even
if the literature presents the evolution of MEN1-related
prolactinomas as more aggressive and invasive, with an
onset at a younger age and a lower sensitivity to DA [84,
85], recent data from more than 90% of the total Dutch
MENI1 population show that MEN-1 prolactinomas re-
sponded very well to medical treatment, with just 12% of
cases being resistant; this is similar to the data found for
their sporadic counterparts [80, 86] and raises the ques-
tion of publication bias in the former literature.

All XLAG tumors described so far are GH producing,
with a majority also secreting PRL (10 out of 12 patients)
[87]. Almost all of the cases have a partial or complete re-
sistance to somatostatin analogs while PRL hypersecre-
tion demonstrates variable responsiveness to DA therapy
[88]. DA effectively control PRL excess in cases where
appropriate doses are used although they do not affect
GH hypersecretion [87].

Malignant Prolactinomas

Prolactinomas represent 10% of all tumor types in the
FIPA population and up to 25% of AIP mutation-positive
FIPA families [89]. In an AIP mutation positive cohort,
77% of the patients in the prolactinoma group were male,
contrary to the MEN1 patients where the female prepon-
derance is higher [90]. These patients had large tumors,
half of which were not controlled by DA and some of
which were difficult to control with multiple surgeries
and radiotherapy.

Pituitary tumors in MEN4 patients seem to be less ag-
gressive and, to date, the case of 1 patient with a suspected
prolactinoma chronically treated with cabergoline has
been published [91]. The relatively small number of cases
reported so far with Carney complex or McCune-Albright
syndrome and hyperprolactinemia/prolactinomas does
not allow drawing of any conclusion with regard to the ag-
gressiveness and the medical response in these patients.

Pathology and Molecular Markers

Besides clinical behavior and responsiveness to the stan-
dard treatment schedule, pathological evaluation repre-
sents the cornerstone for the definition of aggressiveness in
pituitary tumors, including prolactinomas. Indeed, during
the last decade, a number of studies have been focused on
the development and validation of the best (clinico)patho-
logical classification able to provide clinicians with a prop-
er definition of tumor characteristics, as well as a prognos-
tic tool for the prediction of postoperative outcomes and
long-term tumor recurrence/progression [8-10, 21, 27].
Some of these studies have been specifically implemented
in PRL-secreting pituitary tumors [27, 92, 93].

Based on the results generated in a previous study [92],
Raverot et al. [27] retrospectively evaluated the clinical,
histological, and molecular data of 94 patients treated
with surgery for a prolactinoma. In that study, tumors
were classified into 3 pathological groups based on their
radiological and histological characteristics (i.e., nonin-
vasive, n = 61; invasive, n = 22; and aggressive-invasive,
n = 11). Invasion was evaluated on MRI before surgery
and/or histologically (i.e., invasion of the cavernous sinus
and the sphenoidal sinus, while suprasellar extension was
not included as a criterion), while aggressiveness was de-
fined as the presence of at least 2 out of 3 proliferative
markers (Ki-67 index >1% in Bouin fixative, number of
mitoses >2 per 10 high-power fields at x400 magnifica-
tion, and positive p53 nuclear detection). Based on the
above-described classification, aggressive-invasive pro-
lactinomas were significantly associated with an early
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negative surgical outcome as well as with the presence of
tumor recurrence/progression (mean follow-up 10 years)
compared to noninvasive adenomas [27]. Focusing on
the characteristics of the aggressive-invasive tumors
(11.3% of the entire cohort), the study showed that all tu-
mors were invasive macroadenomas, with high prolifera-
tive markers in all cases (number of mitoses >10 in 3 cas-
es, Ki-67 >5% in 4 cases, and positive p53 immunoreac-
tivity in all but 1 patient) [27]. In line with the general
histological features described for aggressive pituitary tu-
mors, such as the presence of neoangiogenesis and vascu-
lar invasion [94], cellular abnormalities and vascular em-
boli were observed in 2 prolactinomas [27]. The same
authors evaluated via qPCR the expression of 9 genes as-
sociated with tumor invasion (ADAMTS6, CRMP1, and
DCAMKLS3), proliferation (ASK, AURKB, CCNBI,
CENPE, and PTTG), and pituitary differentiation (PITX1)
[27,92]. Interestingly, 5 genes (ADAMTS6, ASK, CCNBI,
CENPE, and CRMP1I) were upregulated in aggressive-in-
vasive tumors, while 7 genes (ADAMTS6, ASK, AURKB,
CCNBI1, CENPE, CRMPI, and PTTG1) showed a signifi-
cantly higher expression in tumor samples from patients
with recurrence/progression compared to the nonrecur-
rent group. More recently, activin signaling mediated
through ALK7 has been shown to increase the prolifera-
tion of prolactinomas, suggesting that ALK7 is an appeal-
ing marker for prolactinoma aggressiveness. Interesting-
ly, tumors expressing high ALK7 levels had high Ki67 lev-
els but low PRL expression, indicating a selected cohort
of aggressive prolactiomas that are less differentiated and
therefore more aggressive [95].

More recently, Trouillas et al. [8] further improved the
clinicopathological classification of pituitary tumors de-
scribed above [27]. In a multicenter case-control study, in-
cluding 410 pituitary tumors (116 prolactinomas), a grad-
ing system ranging from 1a to 3 was settled upon and vali-
dated [8]. This grade system takes into accountinvasiveness
(1, noninvasive; 2, invasive) and proliferation (a, low pro-
liferation rate; b, proliferative tumor), with grade 3 defin-
ing metastatic tumors (carcinomas). Invasion was defined
as previously described by Raverot et al. [27], while prolif-
eration was defined as the presence of at least 2 of the 3
markers including Ki-67, mitotic count, and positive p53.
Based on this classification, patients harboring a grade 2b
prolactinoma (invasive-proliferative) had a significantly
lower probability of being disease free 8 years after surgery
(OR = 440.9) and a higher risk of tumor recurrence/pro-
gression (OR = 20.14) compared to subjects with a grade
la prolactinoma [8]. Although the grading system de-
scribed above is not yet as well established for pituitary le-
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sions as for gastroenteropancreatic neuroendocrine tu-
mors, Trouillas et al. [8] demonstrated that grade 2b pro-
lactinomas showed the most aggressive clinical behavior
among the different tumor types. Moreover, 8 out of 410
pituitary tumors were classified as pituitary carcinomas
during the study (with no evidence of grade 3 at the first
evaluation) and 50% of them were prolactinomas.

In this sense, a recent commentary of the ESE survey on
aggressive pituitary tumors and pituitary carcinomas point-
ed out that aggressive pituitary tumors are neoplasms with
a malignant potential without metastasis, although not all
grade 2b tumors will show clinically aggressive behavior
[21]. This is of particular interest since a tailored treatment
ab initio can dramatically change the clinical history and
long-term prognosis of aggressive prolactinomas [93].

Preclinical Models of Prolactinomas

Preclinical in vivo models are fundamental tools in tu-
mor biology research that have been widely used to de-
lineate the development, progression, and behavior of hu-
man tumors and may serve for drug evaluation. In general,
these preclinical models include genetically engineered
mouse models, cell line-based or patient-derived xeno-
grafts, and environmentally induced models [96-98]. In
the case of pituitary adenomas, and particularly prolacti-
nomas, the majority of the existing preclinical models has
been established using genetically engineered mice and, to
a lesser extent, environmentally induced rat models.

Among the spectrum of genetically engineered mouse
models (Table 2), those generated by the abrogation of
Drd2 and Prlr are especially relevant. In particular, Drd2
knockout mice (Drd2"!") show chronic hyperprolac-
tinemia and pituitary lactotrope hyperplasia [99], followed
by lactotrope tumor formation [100]. Indeed, highly vascu-
larized adenomas develop from 16 months of age, especial-
ly in females [99]. This mouse model represents a valuable
tool in the study of dopamine-resistant prolactinomas. Prir-
deficient mice (Prlr~") also exhibit hyperprolactinemia and
tumors associated with increased lactrotrope cell prolifera-
tion in both sexes, with a more severe phenotype in females
[101]. Indeed, Prlr”~ females develop large secreting pro-
lactinomas with full penetrance after 12 months of age,
mimicking human densely granulated aggressive prolacti-
nomas [102]. Prolactinoma development has also been ob-
served in other mouse models with genetic modulation of
several prooncogenes or tumor suppressors. Indeed,
p19""k4d (Cdkn2d) knockout mice develop multiple tumor
types including PRL-, GH-, and FSH-secreting pituitary tu-

Olarescu/Perez-Rivas/Gatto/Cuny/
Tichomirowa/Tamagno/Gahete/



Table 2. Characteristics of the main genetically engineered mouse models of prolactinomas

Mouse Tumor type Genetic model ~ Gene altered Genetic modification Original reference(s)
model developed type (promoter*)
Drd2m1low Dopamine-resistant prolac- Homozygous  Drd2 Deletion in exon 8 of the mouse Drd2 gene that 99,100
tinoma knockout encodes the last 2 transmembrane domains, the
third extracellular loop, and the intracytoplasmic
carboxyl-terminal tail of the receptor
Prir'- Densely granulated aggres- Homozygous  Prir A 1.5-kb fragment containing exon 5 of Prlrwas 101, 102
sive prolactinoma knockout replaced with the
similarly sized thymidine kinase-neomycin
resistance gene cassette, leading to an in-frame
stop codon
p197- Multiple tumors including Homozygous — p19nkd Deletion of a 4.6-kb genomic fragment contain- 103
prolactinomas knockout (Cdkn2d) ing both exons 1 and 2 and encoding all 166
amino acid residues of the mouse p19 protein
HMGAI-Tg  Mixed GH/prolactin- Ubiquitous HMGAI Transgenic overexpression of the WT 104
secreting tumor transgenic (Cmv*) HMGA1b ¢cDNA under the transcriptional
control of the CMV promoter
HMGA2-Tg  Mixed GH/prolactin- Ubiquitous HMGA2 Transgenic overexpression of the WT HMGA2 105
secreting tumor transgenic (Cmv*) cDNA under the transcriptional control of the
CMV promoter
Galanin-Tg Hyperprolactinemia and  Cell-specific Galanin Transgenic overexpression of 4.6 kb of the 106
pituitary hyperplasia transgenic (Prl*) mouse galanin gene fused to 2.5 kb of the rat
PRL promoter
TFGa-Tg Prolactinoma Cell-specific TGF-a Transgenic overexpression of human TGF-a 107
transgenic (Prl*) using the rat PRL promoter
EGFR-Tg Prolactinoma Cell-specific EGFR Transgenic overexpression of human EGFR-a 108
transgenic (Prl¥) using the rat PRL promoter
EGFR2-Tg Prolactinoma Cell-specific EGFR2 Transgenic overexpression of human EGFR2-a 108

transgenic (HER2) (Prl*¥)

using the rat PRL promoter

mors [103]. Similarly, HMGAI and HMGA?2 transgenic
mice develop pituitary tumors that secrete both GH and
PRL at approximately 12-16 months of age [104, 105]. In
addition, specific overexpression of certain genes (galanin,
TGF-a, epidermal growth factor receptor [EGFR], or
EGFR2 [HER?2]) in the lactotrope cells has also been found
to yield to prolactinoma development [106-108]. In con-
trast to these genetically engineered mouse models, rats
have been used as environmentally induced prolactinoma
models inasmuch as some rat strains rapidly develop pro-
lactinoma when exposed to estrogen. Some examples are
Fischer 344 (F344) and August x Copenhagen Irish inbred
rats in which continuous estrogen treatment induces rapid
pituitary growth within a few days and the pituitary is en-
larged up to 10-fold after 8-12 weeks of treatment. PRL
overproduction by these estrogen-induced pituitary tu-
mors results in an increase in circulating hyperprolac-
tinemia up to approximately 220-fold [109-113].

Malignant Prolactinomas

These murine models of prolactinoma contribute
greatly to a better understanding of the molecular mech-
anisms involved in abnormal lactotrope cell proliferation
and secretion and to exploration of the pathophysiology
of aggressive prolactinomas. Indeed, Prlr knockout mice
may constitute a good model of aggressive prolactinomas
because tumors express a high mitotic activity. In addi-
tion, the absence of tumor shrinkage after 3 months of
cabergoline administration suggests that prolactinomas
from Prlr knockout mice could serve as a model of the
dopamine-resistant subtype [114].

Conclusions
Prolactinomas are the most prevalent functioning pitu-

itary adenomas and the easiest to treat by endocrinologists,
with the majority of cases being responsive to medical treat-
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ment with DA. However, up to 15% of cases are resistant
and locally invasive and depict an aggressive growth pat-
tern. Metastasizing prolactinomas are very rare. Imagistic
markers to predict the clinical course of a dopamine-resis-
tant, invasive/aggressive prolactinoma are lacking, whereas
the classical pathological markers of aggressiveness (ki67,
p53, and mitosis numbers) can be used, but only once the
tumor tissue is available. Alteration of several signaling
pathways may explain the DA treatment resistance but no
medical targets have been available in clinical practice until
now. Transsphenoidal surgery is the second-line treatment
and the only curative possibility, but its success rate is low
due to thelocal invasiveness of resistant tumors. When sur-
gery fails, and the tumors continue to pose serious prob-
lems, TMZ and/or radiation therapy is offered with vari-
able, often poor, clinical responses. PRRT may become
more useful in the future assuming that the radiolabeled
peptides are directed towards stabile and reliable targets
on the tumor cells. In difficult cases, the patients should
be managed via a multidisciplinary approach. Preclinical
models are useful for our understanding of the pathophys-
iology of aggressive prolactinomas and may contribute to
the discovery of possible medical targets.
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