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FGFR4: Fibroblast growth factor 4

PRLR-/-: Prolactin receptor deficient mouse

TBRII: TGFB receptor type Il



ECM: Extracellular matrix

TBRII: TGFB receptor type Il

TBRII+/-: TBRII heterozygous knockout mice

ABSTRACT

Prolactinomas are the most frequent functioning pituitary adenomas, and sex differences
in tumor size, behavior and incidence have been described. These differences have been
associated with earlier diagnosis in woman, as well as with serum estradiol levels.
Experimental models of prolactinomas in rodents also show a higher incidence in females,
and recent findings suggest that gender differences in the transforming growth factor beta
1 (TGFB1) system might be involved in the sex-specific development of prolactinomas in

these models.

The aim of this review is to summarize the literature supporting the important role of
TGFB1 as a local modulator of pituitary lactotroph function and to provide recent evidence
for TGFB1 involvement in the sex differences found in prolactinoma development in animal

models.

Key words: Prolactinoma; sex differences; TGF31; estradiol; dopamine



1. Pituitary tumors are slow growing adenomas accounting for 15% of all intracranial
neoplasms (Farrell 2006; Melmed 2015), with relatively high prevalence (77 cases per
100.000) (Daly et al. 2009; Fernandez et al. 2010), which increases up to 20% when
considering tumors found unexpectedly in autopsies (Ezzat et al. 2015). Despite usually
presenting as benign tumors, pituitary adenomas can cause several clinical disorders due
to both hypersecretion of pituitary trophic hormones and excessive tumor growth with a
compressive mass effect in surrounding tissues, inducing visual impairment, headaches,
neurological disorders and also hypopituitarism caused by compression and disruption of

the hypothalamic-pituitary axis (Arafah & Nasrallah 2001; Melmed 2011).

Among hormone-secreting pituitary tumors, prolactinomas (prolactin-secreting tumors
originated from lactotroph cells) are the most frequent (40%) (Ciccarelli et al. 2005).The
clinical disorders observed in patients are related to hyperprolactinemia, which mainly
affects gonadal/reproductive function, inducing amenorrhea (cause of early medical
consultation in women), hypogonadism, galactorrhea, decreased libido and infertility.

Large tumors can also cause symptoms associated to the mass effect.

1.1 Gender differences in human pituitary adenomas

Sexual differences in prolactinoma size, incidence and behavior have been described. The
prevalence is higher in women during the fertile period (between 20-50 years, when the
tumor ratio between sexes is estimated to be 10:1), but the frequency balances after the
fifth decade of life (Colao et al. 2003; Gillam et al. 2006). The hormonal alterations caused

by hyperprolactinemia in women (menstrual cycle disorders) lead to earlier clinical



evaluation and therefore, women usually present microprolactinomas at the time of
diagnosis. On the contrary, the clinical manifestation of increased serum prolactin levels in
men is more polymorphic, the length of the asymptomatic phase is higher than in women,
and symptoms such as sexual dysfunction or decreased libido are usually underestimated
which causes a delay in diagnosis (Colao et al. 2003; Pinzone et al. 2000). Thus, men
generally present symptoms of mass effects due to the presence of macroprolactinomas at
the time of diagnosis (Delgrange et al. 1997; Khare et al. 2016; Nishioka et al. 2003).
Nevertheless, delayed diagnosis in men may not be the only explanation for the
differences in tumor size, since prolactinomas in men tend to be more aggressive, with
lower rates of surgical cure and higher proliferative indexes, suggesting a sex-specific

behavior for these tumors (Delgrange et al. 1997; Gillam MP & Molitch ME 2015).

Gender differences in the prevalence, severity, age of onset, and clinical presentation
have been also described in other types of pituitary adenomas. For instance, Cushing's
disease presents a remarkable preponderance in females, with a female-to-male ratio of 3-
8:1. However, more severe clinical presentation, with larger adenomas, higher invasion
rate, and higher recurrence rate have been found in men (Liu et al. 2015; Zilio et al. 2014).
On the other hand, no gender differences were described in human GH-pituitary
adenomas, neither in the prevalence nor in the maximal tumor size (Colao et al. 2002).
Regarding the clinically non-functioning pituitary adenomas (NFs), which are mostly of
gonadotroph cell origin, even though the prevalence is similar in both sexes,
macroadenomas are more commonly diagnosed in men and at an older age, compared to

women. Gender differences in nature and biological behavior in NFs have been suggested



because the higher proliferative activity and tumor aggressiveness found in men (lglesias

etal 2017).

Sex differences have also been found in animal models of pituitary adenomas, particularly
prolactinomas, which represent a great tool to study the sex-specific biology of these

tumors.

2. Animal models of prolactinomas

Several animal models of prolactinomas are used to study factors involved in tumor
development. Although these models do not completely recapittlate the human disease,
they provide important tools to study pituitary tumor pathogenesis. All of these models
share the same characteristics: increased pituitary weight, hyperprolactinemia and

lactotroph hyperplasia.

It is well known that dopamine, acting through dopamine type 2 receptors (Drd2), is the
main inhibitor of lactotroph function (Wong et al. 2015). On the other hand, estradiol is the
main stimulus of lactotroph function acting in both, the hypothalamus inhibiting dopamine
release, and at the pituitary increasing proliferation and secretion and also reducing the
inhibitory action of dopamine (Ben Jonathan & Hnasko 2001). Based on this regulation,
the increase in estradiol stimulus or the decrease in dopamine inhibition were the first tools

used to induce prolactinomas in animal models: the estrogen-treated rat (Heaney et al.



1999; Heaney et al. 2002) and the dopamine receptor type 2 (Drd2) knockout mouse

(Drd2") (Asa et al. 1999; Kelly et al. 1997).

In addition to the control exerted by dopamine and estradiol on lactotroph function, there
are a myriad of peptides and growth factors participating in intra-pituitary regulation
(reviewed in (Freeman et al. 2000)). Based on this fact, additional transgenic mice models
of prolactinomas were developed (reviewed in (Lines et al. 2016)), such as the
overexpression of several factors under the control of the PRL promoter, e.g.i) galanin (Cai
et al. 1999; Perumal & Vrontakis 2003), ii) TGFa (McAndrew et al. 1995a), iii) fibroblast
growth factor receptor 4 (FGFR4) (Ezzat et al. 2015), iv) nerve growth factor (NGF)
(Borrelli et al. 1992); the PRL receptor-deficient mouse (PRLR™) (Schuff et al. 2002)), and
overexpression of human chorionic gonadotropin 8 subunit (hCGB+ mice) (Faraoni et al.
2017; Rulli et al. 2002). All these models have helped to clarify, at least in part, the

mechanisms involved in prolactinoma development.

2.1 Gender differences in animal models of prolactinomas

Sexual differences in prolactinoma size, incidence and behavior have been described not
only-in humans, but also in animal models of prolactinoma. In thetransgeniemouse-hCGR+
mice, females develop strong hyperprolactinemia and large prolactinomas, while hCGR+
males do not (Faraoni et al. 2017; Rulli et al. 2002). In the trasgenic mouse model with
overexpression of human TGFa directed to the pituitary lactotrophs, females develop
pituitary adenomas by the age of 12 months while males developed neither hyperplasia

nor adenomas (McAndrew et al. 1995b). Similar findings were observed in transgenic mice
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overexpressing galanin in lactotrophs (Cai et al. 1999); while females develop
hyperprolactinemia and prolactinomas from 10 months onwards, no differences were
detected in PRL contentor release between normal and transgenic male mice. In the
mouse models with overexpression of FGFR4 (Ezzat et al. 2015), overexpression of NGF
(Borrelli et al. 1992), PRLR” mice (Lines et al. 2016) and Drd2"mice (Asa et al. 1999;
Kelly et al. 1997), transgenic mice of both sexes develop lactotroph hyperplasia, however

the tumor enlargement and the hyperprolactinemia are more pronounced in females.

The participation of ovarian steroids in the sex differences observed in the development of
prolactinoma is well established. Ovariectomized Drd2” female mice, as well as hCGB+
female mice, do not develop prolactinomas. However, hormonal replacement treatment is
not sufficient to achieved the same tumoral size observed in the intact transgenic females
(Ahtiainen et al. 2010; Hentges & Low 2002), suggesting the participation of other factors,

that might be under sex steroid-control and deserves furher studies.

On the other hand, studies performed in the four core genotype model demonstrated that
some sex differences occur due to sex steroids while others depend on chromosomal sex
(hormonal vs genetic effects) (Arnold 2009; Arnold & Chen 2009; Carruth et al. 2002),
hence, we cannot rule out the possibility that chromosomal sex factors could be also

involved in the sex differences found in prolactinoma development.

2.2 Differences among animal models and human prolactinomas

As exposed, mice models of prolactinoma share features of exacerbated phenotype

(hyperpolactinemia and prolactinoma development) in females compared to males. These
8



observations are contrary to those found in humans where men usually present with larger
and more aggressive adenomas. Even though these differences could be attributed, at
least partially, to the delayed diagnosis in men vs. women, as it was discussed before,
species-specific mechanisms accounting for the higher propensity of female mice to
develop prolactinomas may be involved. One possibility is that the effect of sex hormones,
as estradiol, plays a more important role in mice vs. humans. In fact, it was demonstrated
that contrary to what is observed in rats, estrogens have little effect on PRL release in
humans (Ben Jonathan & Hnasko 2001; Sarkar et al. 1998a). Moreover, estradiol exerted
distinctive and strain-specific effects on lactotroph function in mice and rats (Sinha &
Gilligan 1982). In addition, estradiol could be exerting different permissive effects for the

action of other growth factors in the development of prolactinomas in mice vs. humans.

Mechanisms underlying strain-specific and gender-specific responses to estradiol remain
largely unknown, and other intra-pituitary growth factors could be also involved in strain-

and gender differences found prolactinoma development.

3. Pituitary TGFB1 system

Among the growth factors participating in the intra-pituitary regulation of lactotroph
function, TGFB1 has received special attention, as it was demonstrated that TGF31
mediates dopamine and estradiol effect on lactotroph physiology (Recouvreux et al. 2011;
Sarkar et al. 2005). Furthermore, the pituitary TGFB1 system has been proposed as a
novel target for the development of new therapies in resistant prolactinomas (Faraoni et al.
2017; Recouvreux et al. 2012). In addition, sex differences found in the expression and
activity of pituitary TGFB1 system were associated with gender differences found in the

development of prolactinomas (Faraoni et al. 2017; Recouvreux et al. 2012).



TGFB1 is a well-known inhibitor of lactotroph proliferation and prolactin secretion, and both
TGFB1 and its receptor TRRII are expressed in lactotrophs (Sarkar et al. 1992; Sarkar et
al. 1998b). Moreover, the main physiological modulators of lactotroph function, dopamine
and estradiol, also regulate TGFB1 and TRRIl expression in the pituitary. Whereas
estradiol decreases the expression of TGFB1 and stimulates prolactin secretion, dopamine
up-regulates local TGFB1 expression and secretion, with a concomitant reduction in

prolactin release and proliferation rate of lactotrophs (Recouvreux et al. 2013).

The TGFf biology is complex, and, due to the potent biological activity of the cytokine, its
synthesis, secretion, storage and activation are tightly regulated. The three TGFf isoforms
are synthesized as precursor molecules containing a pro-peptide called the latency-
associated peptide (LAP). Within the trans-Golgi, LAP is processed by furin-like enzymes,
but remains associated with TGFB by non-covalent interactions (Annes et al. 2003). In
addition, within the endoplasmic reticulum, LAP is linked to a latent TGF binding protein
(LTBP) by disulfide bonds. LTBPs belong to a family of large secretory extracellular matrix
(ECM) proteins. LTBPs are glycoproteins that facilitate the secretion, storage, and
activation of the TGFB-LAP complex. The large latent complex (LTBP-LAP-TGFpB) is
incorporated as component of the extracellular matrix, which acts as a cytokine reservoir.
Trapped in the ECM, latent TGFB must undergo a highly regulated process of activation by
which the mature cytokine is released from its latent complex to enable the active form to
bind its receptor and signal through the SMAD2/3 signaling pathway (Annes et al. 2003;

Rifkin 2005).
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Even though several latent TGFB1 activators have been described (including proteases,
integrins avB6 and avp8, thrombospondin-1 (TSP-1), and reactive oxygen species), their
individual contribution in releasing TGFB1 from its latent complex in each tissue, and their
local regulation are still not fully understood (Annes et al. 2003; Annes et al. 2004;

Yoshinaga et al. 2008).

4. TGFB1 alterations during prolactinoma development:

TGFB1 expression and activity are reduced in different animal models of prolactinomas,
and TGFB1 has been postulated to be involved in tumor development (Faraoni et al. 2017;
Pastorcic et al. 1995; Recouvreux et al. 2011; Recouvreux et al. 2012; Recouvreux et al.
2016). In the estrogen-treated rat model forof prolactinoma (Heaney et al. 1999; Heaney et
al. 2002), chronic estradiol treatment decreases pituitary TGFB1 and TBRII mRNA and
protein, together with an-increase in prolactin levels (De et al. 1996; Hentges & Sarkar
2001; Pastorcic et al. 1995; Sarkar et al. 1992). In agreement, pituitary tumorigenesis
induced by estrogen treatment is greatly accelerated in TBRII heterozygous knockout mice
(TBRII*") where the expression of TRRII is markedly reduced (Shida et al. 1998). On the
other hand, active and total pituitary TGFB1 levels, as well as the expression of several
components of the TGFB1 system, were also reduced in female pituitaries from Drd2”
mice compared to wild type counterparts (Recouvreux et al. 2011; Recouvreux et al.

2013).
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Moreover, we recently described a reduced pituitary TGFB1 system in another model of
prolactinoma: mice that overexpress the human chorionic gonadotropin 8 subunit (hCGB+

mice) (Faraoni et al. 2017; Recouvreux et al. 2011).

Alterations in the pituitary TGFB1 system have been also observed in human pituitary
adenomas. It has been described that TGFB1 and p-Smad3 protein levels gradually
decreased, while the inhibitory Smad7 protein gradually increased when normal anterior
pituitaries were compared to noninvasive and invasive pituitary adenomas (Zhenye et al.
2014), suggesting that the activity of TGFB signaling would be limited during tumor
development. A recent report also described a significant down-regulation of the
TGFB1/Smad signaling in 12 cases of dopamine resistant prolactinomas compared to

normal human pituitaries (Li et al. 2015).

These findings support the contention that decreased pituitary TGFB1 activity is involved in
the development of prolactinomas. Moreover, this hypothesis was corroborated when a
pharmacological treatment that restore pituitary TGFB1 activity was successful in
recovering the intrapituitary pSMADZ2/3 expression, decreasing pituitary tumor size and
reducing hyperprolactinemia, in two different animal models of prolactinoma (Faraoni et al.
2017; Recouvreux et al. 2012). Thus, improvement of the local TGFB1 biological activity is

associated with the inhibition of prolactinoma growth.

5. Sex differences in the pituitary TGFB1 system in animal models of prolactinoma.
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The presence of sex differences in the pituitary TGFB1 system was described for the first
time in the Drd2” mice model of prolactinoma (Recouvreux et al. 2013). Male mice
express more robust levels of pituitary TGFB1 system components than females, including
active TGFB1 levels, and the expression of TRRII, LTBPs and many TGFB1 activators
(TSP1, KLK1, MMP2, MT1-MMP, integrins avf6 and avp8). These results suggest that
TGFB1 could be protective in males by restraining excessive lactotroph proliferation and

prolactin secretion (Figure 1).

The expression of higher levels of several components of the TGFB1 system in male
pituitaries could be attributed to the lower serum estradiol levels present in males, as it
was demonstrated that estradiol negatively controls most of the components of the system

(Recouvreux et al. 2013).

Gender differences in dopaminergic and estradiol effects at the pituitary level were
described several years ago. It'is. well known that the concentration of dopamine in the
median eminence of female rats in diestrus is 7 times higher than in males (Gudelsky &
Porter 1981). On.the other hand, basal tuberoinfundibular dopaminergic system (TIDA)
activity is five times higher in females than in males (Freeman et al. 2000). In agreement
with these sex divergences in the dopaminergic regulation of lactotroph function, the loss
of dopamine action through Drd2 disruption (Drd2” mice model) has a stronger effect in
female than in male mice (Diaz-Torga et al. 2002; Saiardi et al. 1997). Although in Drd2"
mice both female and male pituitaries are devoid of dopamine inhibitory control, females
develop higher hyperprolactinemia than males from 2 months onwards, and while in
females lactotroph hyperplasia is observed at 6 months, Drd2”'males only develop pituitary

lactotroph adenomas at 17 to 20 months of age (Asa et al. 1999).
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Interestingly, the loss of dopamine action also has a stronger effect in the pituitary TGFB1
system in females than in males. Active and total TGFB1 levels are reduced in Drd2”
female pituitaries compared to wild-type, highlighting the stimulatory role of dopamine on
pituitary TGFB1 system (Recouvreux et al. 2011; Recouvreux et al. 2013). Concomitantly,
downregulation of several putative TGFB1 activators (as TSP1, MMP2, MMP9, MT1-MMP,
and tissue kallikrein), as well as the decreased expression of TGFf1 target genes, TGFB
receptor and LTBPs, was observed in Drd2” females vs. their wild<type counterparts.
However, the disruption of dopaminergic inhibition did not affect these parameters in male
pituitaries. These results demonstrated, for the first time,“a gender difference in the

dopaminergic regulation of the pituitary TGFB1 system (Figure 2).

Similar observations of the link between sex differences in the TGFB1 system and
prolactinoma development were recently described in the mice model of hCGp
overexpression (Faraoni et -al. 2017), in which only hCGBR+ females develop
prolactinomas. The pituitary hyperplasia becomes evident in females from 2 months of age
onwards, and progresses to adenoma by the age of 8-10 months, concomitant with severe
hyperprolactinemia (Rulli et al. 2002). Because of the high levels of circulating hCG, the
ovaries of hCGB+ females present massive luteinization, and progesterone becomes the

main steroid hormone produced; however, serum estradiol remains at physiological levels.

In_this model TGFB1 levels (active and total cytokine), as well as TGFB1 target genes,
TGFp receptor, LTBPs, Smad4 and Smad7 expression, were found decreased in hCGR+
female pituitaries compared to their wild-type counterparts. However, no differences in the

pituitary TGFB1 system were found between the transgenic and wild-type male pituitaries.
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On the other hand, a stronger TGFB1 system was observed in male pituitaries and this fact
could protect them from excessive lactotroph proliferation (Faraoni et al. 2017) (Figure 1).
Once more, the sex differences in the regulation of the pituitary TGFB1 system correlate

with gender differences in the incidence of prolactinoma.

It is worth to mention that the sexual differences in pituitary TGFB1 described here have
been only studied in animal models of prolactinoma. Whether these differences are also
occurring in human pituitary tumors and whether they can account for sexual differences in

tumor incidence and/or behavior in humans remain to be studied.

There is a critical relationship between sex steroids and dopamine tone in regulating
lactotroph function. The balance between estradiol and dopamine is an important factor in
regulating pituitary TGFB1 function. The recent findings on sex divergences in the control
of the pituitary TGFB1 system by dopamine and estradiol suggest the involvement of local
TGFB1 in gender-related differences found in the control of lactotroph function in animal

models.

Summarizing, sex differences were observed in the regulation of the pituitary TGFf1
system in animal models of prolactinoma. In males, the increased cytokine activity and
increased levels of most of the pituitary TGFB1 system components could be protective
from excessive lactotroph proliferation and prolactinoma development. On the other hand,

when dopaminergic regulation is lost, the pituitary TGFB1 system is deeply affected in
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females, but not in males, and this could also account for the gender divergences in

prolactinoma incidence in the animal models (Figure 2).

It would be worth determining whether sexual differences in pituitary TGFB1 system are
also found in humans, and if they are involved in the differences found in prolactinoma

incidence during fertile period.

Funding: This work was supported by the Agencia Nacional de Promocion Cientifica y
Técnica, Buenos Aires, Argentina (grant PICT N2136 to GDT), CONICET, Argentina (PIP

183 to SBR) and René Bardn Fundation (to GDT and SBR).

Figure Legends

Figure 1. Sex differences in pituitary TGFB1 system in mice models of prolactinomas.
TGFB1 is a potent suppressor of lactotroph proliferation and prolactin secretion. In the
Drd2 " and hCGB+ mice models of prolactinoma, males present higher levels of active
TGFB1, and higher expression of TRRII receptor, LTBPs, and TGFB1 activators compared
to females. Increased levels the pituitary TGFB1 system components, could be protective
from excessive lactotroph proliferation and prolactinoma development. Modified from

Recouvreux et al, J Endocrinol. 2016; 228(3):R73-83. doi: 10.1530/JOE-15-0451 .

Figure 2. Gender differences in the pituitary TGFB1 system, and its regulation by estradiol
(E2) and dopamine (DA). Males present a more robust pituitary TGFB1 system compared

to females (see Figure 1), which is proposed to have a protective effect, restraining
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excessive lactotroph proliferation and prolactin secretion. Estradiol exerts a negative
control on the expression of several components of the pituitary TGFB1 system, possibly
accounting for the observed gender differences. On the other hand, dopamine positively
regulates pituitary TGFB1 in females, therefore, loss of dopamine regulation in Drd2” mice
deeply affects pituitary TGFB1 system in females but not in males, also accounting for

gender differences in prolactinoma development in this model.

References

Ahtiainen P, Sharp V, Rulli SB, Rivero-Muller A, Mamaeva V, Roytta M & Huhtaniemi | 2010
Enhanced LH action in transgenic female mice expressing hCGbeta-subunit induces
pituitary prolactinomas; the role of high progesterone levels. Endocr.Relat Cancer 17
611-621.

Annes JP, Chen Y, Munger JS & Rifkin DB 2004 Integrin alphaVbeta6-mediated activation
of latent TGF-beta requires the latent TGF-beta binding protein-1. J Cell Biol. 165 723-
734.

Annes JP, Munger JS & Rifkin DB 2003 Making sense of latent TGFbeta activation. J Cell
Sci. 116 217-224.

Arafah B & Nasrallah M 2001 Pituitary tumors: pathophysiology, clinical manifestations and
management. Endocr Relat Cancer 8 287-305.

Arnold AP 2009 Mouse models for evaluating sex chromosome effects that cause sex
differences in non-gonadal tissues. J.Neuroendocrinol. 21 377-386.

Arnold AP & Chen X 2009 What does the "four core genotypes" mouse model tell us about
sex differences in the brain and other tissues? Front Neuroendocrinol. 30 1-9.

17



Asa SL, Kelly MA, Grandy DK & Low MJ 1999 Pituitary lactotroph adenomas develop after
prolonged lactotroph hyperplasia in dopamine D2 receptor-deficient mice. Endocrinology
140 5348-5355.

Ben Jonathan N & Hnasko R 2001 Dopamine as a prolactin (PRL) inhibitor. Endocrine
reviews 22 724-763.

Borrelli E, Sawchenko PE & Evans RM 1992 Pituitary hyperplasia induced by ectopic
expression of nerve growth factor. Proceedings of the National Academy of Science 89
2764-2768.

Cai A, Hayes JD, Patel N & Hyde JF 1999 Targeted overexpression of galanin in lactotrophs
of transgenic mice induces hyperprolactinemia and pituitary hyperplasia. Endocrinology
140 4955-4964.

Carruth LL, Reisert | & Arnold AP 2002 Sex chromosome genes directly affect brain sexual
differentiation. Nat.Neurosci. 5 933-934.

Ciccarelli A, Daly AF & Beckers A 2005 The epidemiology of prolactinomas. Pituitary. 8 3-6.

Colao A, Amato G, Pedroncelli AM, Baldelli R, Grottoli S, Gasco V, Petretta M, Carella C,
Pagani G, Tambura G & Lombardi G 2002 Gender- and age-related differences in the
endocrine parameters of acromegaly. J.Endocrinol.Invest 25 532-538.

Colao A, Sarno AD, Cappabianca P, Briganti F, Pivonello R, Somma CD, Faggiano A,
Biondi B & Lombardi G 2003 Gender differences in the prevalence, clinical features and
response to cabergoline in hyperprolactinemia. European Journal of Endocrinology 148
325-331.

Daly AF, Tichomirowa MA & Beckers A 2009 The epidemiology and genetics of pituitary
adenomas. Best.Pract.Res.Clin.Endocrinol.Metab 23 543-554.

De A, Morgan TE, Speth RC, Boyadjieva N & Sarkar DK 1996 Pituitary lactotrope expresses
transforming growth factor beta (TGF beta) type Il receptor mMRNA and protein and
contains 125I-TGF beta 1 binding sites. Journal of Endocrinology 149 19-27.

18



Delgrange E, Trouillas J, Maiter D, Donckier J & Tourniaire J 1997 Sex-related difference in
the growth of prolactinomas: a clinical and proliferation marker study. Journal of Clinical
Endocrinology and Metabolism 82 2102-2107.

Diaz-Torga G, Feierstein C, Libertun C, Gelman D, Kelly MA, Low MJ, Rubinstein M &
Becu-Villalobos D 2002 Disruption of the D2 dopamine receptor alters GH and IGF-I
secretion and causes dwarfism in male mice. Endocrinology 143 1270-1279.

Ezzat S, Zheng L, Zhu XF, Wu GE & Asa SL 2015 Retraction. Targeted expression of a
human pituitary tumor-derived isoform of FGF receptor-4 recapitulates pituitary
tumorigenesis. J.Clin.Invest 125 3303.

Faraoni EY, Camilletti MA, Abeledo-Machado A, Ratner LD, De Fino F, Huhtaniemi |, Rulli
SB & Diaz-Torga G 2017 Sex differences in the development of prolactinoma in mice
overexpressing hCGbeta: role of TGFbetal. Journal of Endocrinology 232 535-546.

Farrell WE 2006 Pituitary tumours: findings from whole genome analyses. Endocr Relat
Cancer13 707-716.

Fernandez A, Karavitaki N & Wass JA 2010 Prevalence of pituitary adenomas: a
community-based, cross-sectional study in Banbury (Oxfordshire, UK). Clinical
Endocrinology (Oxford) 72 377-382.

Freeman ME, Kanyicska B, Lerant A & Nagy G 2000 Prolactin: structure, function, and
regulation of secretion. Physiological Reviews 80 1523-1631.

Gillam MP & Molitch ME 2015 Prolactinoma. In The Pituitary, edn (third edition), Ed
Shlomo Melmed. Elsevier Inc.

Gillam-MP, Molitch ME, Lombardi G & Colao A 2006 Advances in the treatment of
prolactinomas. Endocrine reviews 27 485-534.

Gudelsky GA & Porter JC 1981 Sex-related difference in the release of dopamine into
hypophysial portal blood. Endocrinology 109 1394-1398.

Heaney AP, Fernando M & Melmed S 2002 Functional role of estrogen in pituitary tumor
pathogenesis. Journal of Clinical Investigation 109 277-283.

19



Heaney AP, Horwitz GA, Wang Z, Singson R & Melmed S 1999 Early involvement of
estrogen-induced pituitary tumor transforming gene and fibroblast growth factor
expression in prolactinoma pathogenesis. Nature Medicine 5 1317-1321.

Hentges S & Sarkar DK 2001 Transforming growth factor-beta regulation of estradiol-
induced prolactinomas. Frontiers in Neuroendocrinology 22 340-363.

Hentges ST & Low MJ 2002 Ovarian dependence for pituitary tumorigenesis in D2
dopamine receptor-deficient mice. Endocrinology 143 4536-4543.

Iglesias P, Arcano K, Trivino V, Garcia-Sancho P, Diez JJ, Villabona C & Cordido F 2017
Prevalence, Clinical Features, and Natural History of Incidental Clinically Non-
Functioning Pituitary Adenomas. Horm.Metab Res.

Kelly MA, Rubinstein M, Asa SL, Zhang G, Saez C, Bunzow JR; Allen RG, Hnasko R, Ben-
Jonathan N, Grandy DK & Low MJ 1997 Pituitary lactotroph hyperplasia and chronic
hyperprolactinemia in dopamine D2 receptor-deficient mice. Neuron 19 103-113.

Khare S, Lila AR, Patt H, Yerawar C, Goroshi M, Bandgar T & Shah NS 2016 Gender
differences in macroprolactinomas: a single centre experience. Endocr.Connect. 5 20-27.

Li Z, Liu Q, Li C, Zong X, Bai J, Wu Y, Lan X, Yu G & Zhang Y 2015 The role of TGF-
beta/Smad signaling in dopamine agonist-resistant prolactinomas. Mol.Cell Endocrinol.
402 64-71.

Lines KE, Stevenson M & Thakker RV 2016 Animal models of pituitary neoplasia. Mol.Cell
Endocrinol. 421 68-81.

Liu X, Zhu X, Zeng M, Zhuang Y, Zhou Y, Zhang Z, Yang Y, Wang Y, Ye H & Li Y 2015
Gender-Specific Differences in Clinical Profile and Biochemical Parameters in Patients
with Cushing's Disease: A Single Center Experience. Int.J.Endocrinol. 2015 949620.

McAndrew J, Paterson AJ, Asa SL, McCarthy KJ & Kudlow JE 1995a Targeting of
transforming growth factor a expression to pituitary lactotrophs in transgenic mice results
in selective lactotroph proliferation and adenomas. Endocrinology 136 4479-4488.

20



McAndrew J, Paterson AJ, Asa SL, McCarthy KJ & Kudlow JE 1995b Targeting of
transforming growth factor-alpha expression to pituitary lactotrophs in transgenic mice
results in selective lactotroph proliferation and adenomas. Endocrinology 136 4479-4488.

Melmed S 2011 Pathogenesis of pituitary tumors. Nat.Rev.Endocrinol. 7 257-266.
Melmed S 2015 Pituitary tumors. Endocrinol.Metab Clin.North Am. 44 1-9.

Nishioka H, Haraoka J & Akada K 2003 Growth potential of prolactinomas in men: is it really
different from women? Surg.Neurol. 59 386-390.

Pastorcic M, De A, Boyadjieva N, Vale W & Sarkar DK 1995 Reduction in the expression
and action of transforming growth factor-b1 on lactotropes during estrogen-induced
tumorigenesis. Cancer Research 55 4892-4898.

Perumal P & Vrontakis ME 2003 Transgenic mice over-expressing galanin exhibit pituitary
adenomas and increased secretion of galanin, prolactin and growth hormone. Journal of
Endocrinology 179 145-154.

Pinzone JJ, Katznelson L, Danila DC, Pauler DK, Miller CS & Klibanski A 2000 Primary
medical therapy of micro- and macroprolactinomas in men. Journal of Clinical
Endocrinology and Metabolism 85 3053-3057.

Recouvreux MV, Camilletti MA, Rifkin DB, Becu-Villalobos D & Diaz-Torga G 2012
Thrombospondin-1 (TSP-1) Analogs ABT-510 and ABT-898 Inhibit Prolactinoma Growth
and Recover Active Pituitary Transforming Growth Factor-betal (TGF-betal).
Endocrinology 1563 3861-3871.

Recouvreux MV, Camilletti MA, Rifkin DB & Diaz-Torga G 2016 The pituitary TGFbeta1
system as a novel target for the treatment of resistant prolactinomas. Journal of
Endocrinology 228 R73-R83.

Recouvreux MV, Guida MC, Rifkin DB, Becu-Villalobos D & Diaz-Torga G 2011 Active and
Total Transforming Growth Factor-{beta}1 Are Differentially Regulated by Dopamine and
Estradiol in the Pituitary. Endocrinology 152 2722-2730.

Recouvreux MV, Lapyckyj L, Camilletti MA, Guida MC, Ornstein A, Rifkin DB, Becu-
Villalobos D & Diaz-Torga G 2013 Sex differences in the pituitary transforming growth

21



factor-betal system: studies in a model of resistant prolactinomas. Endocrinology 154
4192-4205.

Rifkin DB 2005 Latent transforming growth factor-beta (TGF-beta) binding proteins:
orchestrators of TGF-beta availability. Journal of Biological Chemistry 280 7409-7412.

Rulli SB, Kuorelahti A, Karaer O, Pelliniemi LJ, Poutanen M & Huhtaniemi | 2002
Reproductive disturbances, pituitary lactotrope adenomas, and mammary gland tumors
in transgenic female mice producing high levels of human chorionic gonadotropin.
Endocrinology 143 4084-4095.

Saiardi A, Bozzi Y, Baik J-H & Borrelli E 1997 Antiproliferative role of dopamine: loss of D2
receptors causes hormonal dysfunction and pituitary hyperplasia. Neuron 19 115-126.

Sarkar DK, Chaturvedi K, Oomizu S, Boyadjieva NI & Chen CP 2005 Dopamine, dopamine
D2 receptor short isoform, transforming growth factor (TGF)-beta1, and TGF-beta type |
receptor interact to inhibit the growth of pituitary lactotropes. Endocrinology 146 4179-
4188.

Sarkar DK, Hentges ST, De A & Reddy RH 1998a Hormonal control of pituitary prolactin-
secreting tumors. Front Biosci. 3. d934-d943.

Sarkar DK, Kim KK & Minami-§ 1992 Transforming growth factor-betal messenger RNA
and protein expression in the pituitary gland: its action on prolactin secretion and
lactotropic growth. Molecular Endocrinology 6 1825-1833.

Sarkar DK, Pastoric M, De A, Engel M, Moses H & Ghasemzadeh MB 1998b Role of
Transforming Growth Factor-b Type | and TGF-b Type Il Receptores in the TGF-b1
Regulated Gene Expression in Pituitary Prolactin-Secreting Lactotropes. Endocrinology
139 3620-3628.

Schuff KG, Hentges ST, Kelly MA, Binart N, Kelly PA, luvone PM, Asa SL & Low MJ 2002
Lack of prolactin receptor signaling in mice results in lactotroph proliferation and
prolactinomas by dopamine-dependent and -independent mechanisms. Journal of
Clinical Investigation 110 973-981.

22



Shida N, Ikeda H, Yoshimoto T, Oshima M, Taketo MM & Miyoshi | 1998 Estrogen-induced
tumorigenesis in the pituitary gland of TGF-beta(+/-) knockout mice. Biochim.Biophys
Acta 1407 79-83.

Sinha YN & Gilligan TA 1982 Estrogen in high doses inhibits perphenazine-induced
prolactin release. Endocrinology 110 126-130.

Wong A, Eloy JA, Couldwell WT & Liu JK 2015 Update on prolactinomas. Part 2: Treatment
and management strategies. J.Clin.Neurosci. 22 1568-1574.

Yoshinaga K, Obata H, Jurukovski V, Mazzieri R, Chen Y, Zilberberg L, Huso D, Melamed
J, Prijatelj P, Todorovic V, Dabovic B & Rifkin DB 2008 Perturbation of transforming
growth factor (TGF)-beta1 association with latent TGF-beta binding protein yields
inflammation and tumors. Proceedings of the National Academy of Science 105 18758-
18763.

Zhenye L, Chuzhong L, Youtu W, Xiaolei L, Lei C, Lichuan H, Hongyun W, Yonggang W,
Fei W & Yazhuo Z 2014 The expression of TGF-betal, Smad3, phospho-Smad3 and
Smad?7 is correlated with the development and invasion of nonfunctioning pituitary
adenomas. J.Transl.Med. 12 71.

Zilio M, Barbot M, Ceccato F, Camozzi V, Bilora F, Casonato A, Frigo AC, Albiger N,
Daidone V, Mazzai L, Mantero F & Scaroni C 2014 Diagnosis and complications of
Cushing's disease: gender-related differences. Clinical Endocrinology (Oxford) 80 403-
410.

23



Figure 1

9“@@\%

TGFp1 Activators
Active TGF-81

,§<3 \\»W9<6

24



ACCEPTED MANUSCRIPT

25



Graphical abstract

E2 6\
NN

TGFm TGF B1

Lactotroph

Prolactln

Prolactln

26



Highlights

Sex differences in prolactinomas size, behavior and incidence is described.

TGFB1 is an important inhibitor of lactotroph function

TGFB1 activity is reduced in prolactinomas in a sexually dimorphic manner.
TGFB1 involvement in sex differences found in prolactinomas is suggested.
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